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Abstract

Thisreport identifies key technical issues related to hydro-
logic assessment of water flow in the unsaturated zone at
low-level radioactive waste (LLW) disposal facilities. In
addition, a methodology for incorporating theseissuesin
the performance assessment of proposed LLW disposal
facilitiesis identified and evaluated. The issues discussed
fall into four areas:

(1) Estimating the water balance at asite (i.e., infiltration,
runoff, water storage, evapotranspiration, and
recharge);

(2) Anayzing the hydrologic performance of engineered

components of afacility;

Evaluating the application of modelsto the prediction

of facility performance; and

Estimating the uncertainty in predicted facility perfor-

mance.

3)
(4)

An estimate of recharge at aLLW siteisimportant since
recharge isa principal factor in controlling the release of
contaminants via the groundwater pathway. The most com-
mon methods for estimating recharge are discussed in Chap-
ter 2. Many factors affect recharge; the natural recharge at
an undisturbed site is not necessarily representative either of
the recharge that will occur after the site has been disturbed
or of the flow of water into a disposal facility at the site.
Factors affecting recharge are discussed in Chapter 2.

At many sites engineered components are required for a
LLW facility to meet performance requirements. Chapter 3
discusses the use of engineered barriers to control the flow
of water inaLLW facility, with a particular emphasis on
cover systems. Design options and the potential perfor-
mance and degradation mechanisms of engineered compo-
nents are also discussed.

Water flow inaLLW disposal facility must be evaluated
before construction of the facility. In addition, hydrologic
performance must be predicted over avery long time frame.
For these reasons, the hydrologic evaluation relies on the
use of predictive modeling. In Chapter 4, the evaluation of
unsaturated water flow modeling is discussed. A checklist of
itemsis presented to guide the evaluation. Several computer
simulation codes that were used in the examples (Chapter 6)
are discussed with respect to this checklist. The codes used
include HELP, UNSAT-H, and VAM3DCG.

To provide a defensible estimate of water flow inaLLW
disposal facility, the uncertainty associated with model pre-
dictions must be considered. Uncertainty arises because of
the highly heterogeneous nature of most subsurface envi-
ronments and the long time frame required in the analysis.
Sources of uncertainty in hydrologic evaluation of the
unsaturated zone and several approaches for analysis are
discussed in Chapter 5. The methods of analysis discussed
include a bounding approach, sensitivity analysis, and
Monte Carlo simulation.

To illustrate the application of the discussion in Chapters 2
through 5, two examples are presented in Chapter 6. The
first exampleis of abelow ground vault located in a humid
environment. The second example looks at a shallow land
burial facility located in an arid environment. The examples
utilize actual site-specific data and realistic facility designs.
The two examplesiillustrate the issues unique to humid and
arid sites aswell as the issues common to all LLW sites.
Strategies for addressing the analytical difficultiesarisingin
any complex hydrologic evaluation of the unsaturated zone
are demonstrated.

The report concludes with some final observations and rec-
ommendations.
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Executive Summary

Thisreport identifies key technical issues related to hydro-
logic assessment of the unsaturated zone at low-level radio-
active waste (LLW) sites. The issues discussed fall into four
areas:

(1) Estimating the water balance at a site (i.e., infiltration,
runoff, water storage, evapotranspiration, and
recharge);

(2) Anayzing the hydrologic performance of engineered

components of afacility;

Evaluating the application of modelsto the prediction

of facility performance; and

Estimating the uncertainty in predicted facility perfor-

mance.

3
(4)

Thereisaneed for asummary of the information that is cur-
rently available for evaluating these hydrologic issues at
LLW sites. We address these mgjor issues and provide a
review of the related current research in unsaturated zone
hydrology. A methodology for incorporating these issuesin
the performance assessment of proposed LLW disposal
facilitiesis identified and evaluated. This methodology isa
revision and extension of the work reported in Smyth et al.
(1990).

Estimating water flow within the unsaturated zone at aL LW
siteisimportant because it is this water that plays a princi-
plerolein controlling the release of contaminants viathe
groundwater pathway. An estimate of the natural (undis-
turbed site) recharge is used in the regional groundwater
flow component of LLW site performance assessment. An
estimate of the flow of water into awaste disposal facility, a
term we call seepage, is required for the source term compo-
nent of performance assessment. We emphasi ze the differ-
ence between these two terms — the natural recharge at an
undisturbed site may not be a conservative estimate either of
recharge at the same site after it has been disturbed, or of
seepage into an engineered facility at the site. Thisis
because site surface conditions (e.g., soil and plant charac-
teristics), which are always modified from their natural
state, strongly control the flow of water into awaste disposal
facility.

Estimation of Recharge

The most common methods for estimating recharge, at
undisturbed or disturbed sites, are discussed in Chapter 2
and include water budget analysis, lysimetry, zero-flux
plane, unit hydraulic gradient, and tracers. The water budget
method can provide reliable estimates of recharge at humid
sites, but is problematic for arid sites, primarily because
recharge is usually calculated as the difference between pre-
Cipitation and evapotranspiration. At arid sites, one can be
very nearly equal to the other; such acalculation has an
inherently large error (often several orders of magnitude).

Lysimetry is the only method available for directly measur-
ing recharge. One of the strengths of lysimetry isthat it pro-

Xi

vides a control volume in which a number of water balance
components can be measured directly, thus providing the
necessary datato calibrate numerical models, which can
then be used to forecast recharge. Lysimeters have several
disadvantages. They are usually fixed in space and are there-
fore limited in their ability to quantify the effects of spatial
variability. The natural stratification or layering of soilsis
usually not preserved in alysimeter. For determining
recharge at aLLW site, however, this may not be a disad-
vantage since the natural layering may not be representative
of the final engineered disposal facility. The primary disad-
vantage of lysimetry is that the length of the datarecord is
often relatively short, so that meaningful long-term averages
may be difficult to obtain.

Applying the zero-flux plane and the unit gradient methods
to recharge estimation is often impractical. These methods
can typically provide reliable estimates only when the water
profileisfairly constant in time and the soil profile is homo-
geneous.

Tracers, most commonly chloride, chlorine-36 (*6Cl), and
tritium (3H), are areliable means to estimate natural, undis-
turbed-site recharge. Tracers provide an estimate of
recharge averaged over the period of timein which the
tracer residesin the soil. For 36Cl and 3H, this period of time
islessthan 40 years, which makesit difficult to estimate
recharge at low flux rates using these tracers. The use of
36l and ®H is also limited because their movement in the
root zoneis significantly affected by plant uptake,
macropore flow, and other near-surface processes. Studies
have shown that when recharge rates are below 20 mm/yr.,
estimates of recharge with 36C| are not reliable. Chloride
provides arecharge estimate that represents a historical
average over along period of time and appears to be the
most reliable tracer for arid and semi-arid locations, espe-
cially for low recharge rates.

Engineered Barriers

At many sites, engineered barriers are required for the facil-
ity to meet performance requirements. For a hydrologic
evaluation of LLW disposal facilities, engineered barriers
are those components that provide structural stability or
limit the movement of water into the waste and the move-
ment of contaminant from the disposal facility into the envi-
ronment. The role of engineered cover systems and waste
containment structuresin controlling the flow of water in a
LLW facility is discussed in Chapter 3. Emphasisis on
cover systems because they are the primary means of reduc-

ing seepage into afacility.

Cover system components are categorized as surface layer,
protective layer, drainage layer, and barrier layer. The func-
tions of the surface layer are to manage runoff, minimize
erosion, and maximize evapotranspiration. The protective
layer, often placed directly beneath the surface layer, pro-
tects underlying layers from degradation through repeated
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freezelthaw cycles, repeated excessive wetting/drying, and
plant, animal, or human intrusion. A drainage layer is typi-
cally placed beneath the protective layer and above the bar-
rier layer to collect water that has infiltrated and to divert
thiswater laterally so that it has no opportunity to contact
the waste. The barrier layer is often the most critical compo-
nent of the cover system; itslow permeability isusually the
primary means of limiting seepage to the extremely small
value necessary for afacility to meet the performance
requirements.

Optionsin materials and design for each of the cover system
components are discussed. The types of barrier layersdis-
cussed are compacted soil (clay), gegomembrane, geosyn-
thetic clay liner, asphalt mixture, and capillary barriers.
Composite barriers made up of more than one of these types
are al'so examined. The potential performance and probable
failure mechanisms are discussed for each of the barrier
types, including composites. Field, laboratory, and analyti-
cal evidence for the behavior of barrier layersis presented.

Evaluating Models

Water flow inaLLW disposal facility must be evaluated
before construction of the facility. In addition, hydrologic
performance must be predicted over avery long time frame.
For these reasons, hydrologic evaluation relies on the use of
predictive modeling. In Chapter 4 the evaluation of unsatur-
ated water flow modeling is discussed.

To understand the modeling process and how to evaluate its
use, we view the development of a model for evaluating
hydrologic processes at a LLW facility as athree-step pro-
cess. development of a conceptual model; predictive smula-
tion using a mathematical model that represents the key
aspects (processes) of the conceptual model; and interpreta-
tion of results from the simulations in terms of the concep-
tual model.

All three steps are crucia in the devel opment of a capable
model and its successful application. The use of a computer
code does not replace the human tasks of defining an
acceptable conceptualization of the real physical system or
interpreting the resultsin light of the limiting assumptions
made in the conceptualization. Justification for code selec-
tion must therefore be based on arealistic conceptualiza-
tion.

Site characterization and modeling efforts should be inti-
mately connected. A data collection program that is not
guided by the needs of the model(s) may collect unneces-
sary data and neglect to obtain critical information, thereby
wasting time and resources. Even during construction and
after closure, an ongoing data collection program should
include among its purposes collection of data necessary to
verify the initial hydrologic assessment by updating param-
etersto “as built” values.
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A checklist of itemsto guide the evaluation of moddl useis
presented in Table 4.1. Each criterion in the checklist is dis-
cussed in more detail throughout Chapter 4. When com-
bined with the use of professional judgement, the checklist
can reduce the introduction of modeling errors. Several
codes that are used in the examples of Chapter 6 are also
discussed with respect to the checklist. The codesused in
the examples include HELP, UNSAT-H, and VAM3DCG.

Uncertainty Analysis

Many processes and phenomenainvolved in the flow of
water through a LLW disposal facility are characterized by
randomness and are conseguently unpredictable to some
degree. To provide a defensible estimate for predictions of
water flow in aLLW disposal facility, the uncertainty asso-
ciated with model predictions must be considered.

The sources of uncertainty are many. Among climatic pro-
cesses and parameters that exhibit significant spatial and
temporal variability, precipitation is particularly important
because of itsdirect effect on all water balance components.
Air temperature, wind velocity, and solar radiation primarily
affect evapotranspiration. In addition, because the size of a
LLW facility is small relative to the spatial variability of
these climatic processes, the temporal variability is of great-
est concern.

The inherent variability of natural geologic formations and
soils can be quite large. Studies of soils data indicate that
saturated hydraulic conductivity has the greatest variability
of these parameters, as measured by the coefficient of varia-
tion. The water retention parameter related to the air entry
pressure (van Genuchten’s a) also exhibits significant vari-
ability. The porosity and the water retention parameter
related to the pore size distribution (van Genuchten’s n)
have the least amount of variability.

Consideration of the temporal variability of vegetationis
important in an uncertainty analysis simply because a plant
community on aLLW disposal facility will change over
time, either through natural succession or through cata-
strophic events such as fires and large storms.

The long-term performance of engineered barriersis uncer-
tain due to a number of causes, most importantly construc-
tion defects and long-term aging and degradation, including
subsidence. Engineering judgement and sensitivity analysis
can be used to estimate the relative importance of each of
these processes. For those processes judged to be of greatest
importance, their potential variability (spatial or temporal)
can be characterized using literature-derived values and
pilot studies.

The methods of uncertainty analysis discussed for eval uat-
ing water movement at aLLW disposal facility are Monte
Carlo simulation, the bounding approach, and sensitivity

analysis. The method of uncertainty analysis that is appro-
priate is usually determined by the complexity of the prob-



lem and the available data. In many cases, more than one
method can be applied simultaneously. Expert (engineering)
judgement is also an uncertainty evaluation method. We
acknowledge the use of expert judgement as essentia to a
credible and defensible performance assessment, and sug-
gest that it should always be used in conjunction with one or
more of the approaches described in Chapter 5.

Application Examples

To illustrate the application of the discussions in Chapters 2
through 5, two examples are presented in Chapter 6. The
first example is of a below ground vault located in a humid
environment. The second example looks at a shallow land
burial facility located in an arid environment. The examples
utilize actual site-specific data and realistic facility designs.
The two examplesillustrate the issues unique to humid and
arid sites as well as the issues common to all LLW sites.
Strategies for addressing the analytical difficultiesarising in
any complex hydrologic eva uation of the unsaturated zone
are demonstrated.

Humid Ste Example

The humid site example emphasized the analysis of the
engineered components of the facility. Thefacility consisted
of a series of concrete vaults topped by a multi-layer cover.
A single vault/cover unit was examined. The cover con-
tained several design featuresintended to minimize the flow
of water into the concrete vault, including a sloping soil sur-
face to promote runoff, plant growth to minimize erosion
and promote transpiration, a composite geomembrane/com-
pacted soil barrier, and a capillary break. The hypothetical
facility was located in a humid environment (southeast U.S.
coastal plain) characterized by high annual rainfall and short
duration, high-intensity precipitation events. Hourly precip-
itation data and daily pan evaporation data were used in the
analysis.

The analysis was simplified by performing two complemen-
tary simulations. The first was a one-dimensional, transient
simulation limited to that portion of the cover above the
geomembrane/compacted soil barrier. With this approach,
near-surface processes such as precipitation and evapotrans-
piration could be modeled at arelatively short time-scale
(one hour). In this humid environment, the temporal vari-
ability of precipitation has a strong influence on the flow of
water through the upper layers of the cover. Below the com-
posite barrier, however, temporal variability islessimpor-
tant; a steady-state analysis is appropriate. The geometry of
the facility and the multidimensional flow it producesis of
greater importance. The second part of the analysis was thus
athree-dimensional, steady-state simulation limited to the
capillary barrier and concrete vaullt.

The one-dimensional simulationsiillustrated the effect of
averaging precipitation data. Using hourly averaged precipi-
tation resulted in almost six times less net infiltration (and
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six times more runoff) than using daily averaged precipita-
tion. Thisresult has implications for the design of the sur-
face layer (to prevent erosion), the surface drainage system,
and the subsurface drainage layer. In addition, the amount
and distribution in time of net infiltration will influence the
potential for desiccation of the compacted soil barrier. The
simulation using hourly data showed that the net infiltration
occurred in short pulses with up to four years of very little
net infiltration between pulses. Finaly, the estimate of net
infiltration is important because it may be used as an upper
bound for the water flux through the facility in the event that
the barrier layers become completely degraded.

An evaluation of uncertainty showed that the hydraulic
parameters of the topsoil had a marked influence on runoff,
evapotranspiration, and net infiltration. In this study, varia-
tions in the parameters K5 and o produced two orders of
magnitude variation in net infiltration. The relationship
between net infiltration and the hydraulic parameters was
nonlinear. In addition, combined changes in the two param-
eters produced a greater effect than a changein either
parameter alone. Both the nonlinearity and the combinato-
rial effect are important if the analysisisintended to bound
the water flux through the facility.

Thethree-dimensional simulation assessed the performance
of the capillary barrier. The assessment considered three
capillary barrier slopes (1:5, 1:10, and 1:25) and three mate-
rial property combinations for the sand and gravel of the
capillary barrier. Simulations were carried out in two and
three dimensions to explore the importance of dimensional-
ity in predicting barrier effectiveness.

The hydraulic properties of the capillary barrier materials
were shown to be the most important factor for capillary
barrier effectivenessin diverting water. The slope of the
capillary barrier was only mildly important for the hypothet-
ical waste disposal facility design we analyzed. Achieving
design hydraulic propertiesin the as-built condition is there-
fore crucial to the success of the disposal facility. These
results were obtained for anumerical simulation under an
assumption of stable slopes (no subsidence), which may not
be true for actual waste site conditions.

The importance of dimensionality in evaluating a waste dis-
posal facility designis, of course, strongly dependent on the
design geometry. For the humid site design, several combi-
nations of material properties and slope caused significant
three-dimensional flow within 5 m of the corner of the vault.
For capillary barrier effectiveness, the three-dimensional
estimate of |eakage through the barrier was always less than
the two-dimensional estimate. The difference, however, was
never more than 8% (absolute) of the flux input at the top of
the barrier. Two-dimensional modeling, in this case, pro-
duces a reasonable and conservative result.
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Arid Ste Example

The hypothetical arid site facility consisted of a4-m-deep
trench backfilled with coarse, homogeneous soil. Underly-
ing sediments were coarse and heterogeneous. The slope of
the surface soil was less than 2% and no surface drainage
systems were used. No barrier systems were employed and
vegetation was expected to reestablish itself naturally after
closure of the facility. The hypothetical facility was located
in an arid environment (southwestern U.S., Mojave Desert)
characterized by very low and infrequent precipitation.
Meteorological and soils data from a USGS study site near
Bestty, NV and from the Nevada Test Site were used in the
analysis.

Transient, one-dimensional simulations of the hypothetical
facility were conducted using the UNSAT-H and HEL P
computer codes. A simple one-dimensional, steady-state
analysis was also used to demonstrate the potential signifi-
cance of the geothermal gradient on deep percolation of
water at the hypothetical arid site.

Simulations were conducted with the UNSAT-H code using
hourly and daily averaged precipitation datato determine
the effect of temporal averaging. No significant differences
between the predicted water balance results were obtained.
Thisisin contrast to the humid site, where significantly
more runoff was obtained using hourly data than when
using daily averaged data. This difference between humid
and arid sitesis apparently aresult of thelow and infrequent
precipitation and high evaporative demand at the arid site.

The results of a45-year simulation using UNSAT-H sug-
gested that in the absence of vegetation, approximately 95%
of precipitation is evaporated. These results also indicated
that nonisothermal processes at the site have a significant
influence on the predicted water balance and that vapor flow
is the dominant mechanism controlling water movement at
the site. The estimated net infiltration from the UNSAT-H
simulations was very small (0.0002 mm/yr) and was prima-
rily aresult of the imposed lower boundary condition.
Fluxes at the 5-m and 10-m depths were upward.

The 45-year HEL P simulation predicted much less evapora-
tion than the UNSAT-H simulations. The net infiltration

NUREG/CR-6346

Xiv

estimated by HEL P was 11.5 mm/yr., significantly larger
than the UNSAT-H estimate.

The 45-year UNSAT-H simulations indicated a slow
increase in water storage in the backfill material resulting
from theinitially dry condition and the absence of plants.
UNSAT-H and HEL P were also used in 500-year simula-
tionsto estimate the long-term flux through the facility
under vegetated and nonvegetated conditions. Without
plants, both UNSAT-H and HEL P indicated that a quasi-
steady state would be reached within 500 years. The long-
term flux at a depth of 13-m predicted by UNSAT-H was
about 2.5 mm/yr. The corresponding flux predicted by
HELP was nearly ten times larger. When water uptake by
plants was modeled, UNSAT-H predicted aflux of only
0.0002 mml/yr. at the 13-m depth. HEL P predicted a much
larger flux of 0.69 mm/yr. These results demonstrate the sig-
nificant influence of plants.

The 500-year simulations also demonstrated the large vari-
ability that can occur in model predictions of recharge. This
variability can arise from the particular processes simulated
(e.g., including vapor-phase flow reduced the amount of
stored water in the 45-year simulations) and from the sensi-
tivity of the model results to the parameters of the model.
The latter condition wasiillustrated for HELP by increasing
the evaporative depth by about afactor of two. Thisresulted
in more than aten-fold reduction in the predicted flux at the
13-m depth.

The strong thermal gradients, dominant vapor flow, and
proximity of waste disposal trenches to the ground surface
all suggest that potential exposure to contaminants viathe
air pathway may be of greater concern than potential expo-
sure viathe groundwater pathway at the hypothetical arid
site. Vapor-phase transport appears to be the dominant
mechanism by which water movement occurs at this site.
Advective gas transport in coarse sedimentsis a potential
mechanism for the movement of several contaminants (e.g.,
3H, 14C, and 2%2Rn). This suggests that performance assess-
ment eval uations of LLW disposal facilitiesthat use shallow
land burial of wastesin arid environments should consider
and evaluate the potential risks associated with vapor-phase
transport of contaminants.



Foreword

Thistechnical report was prepared by Pacific Northwest
Laboratory® under aresearch project with the Waste Man-
agement Branch in the Office of Nuclear Regulatory
Research (JCN L2466). The report presents aframework for
evaluating infiltration, percolation, and redistribution of
water through natural and geotechnical materials and com-
ponents associated with the site and engineered systems at
commercia low-level radioactive waste (LLW) facilities.
Specific information is provided on technical issues, mod-
els, and analyses for numerical estimates of water move-
ment through the various natural and engineered systems at
aLLW facility. The report also discusses application of the
Hydrologic Evaluation Methodology (arevision and exten-
sion of an “Infiltration Evaluation Methodology” previously
documented in NUREG/CR-5523) to two hypothetical
LLW disposal facilities, using both an arid and a humid set-

1 pacific Northwest Laboratory is operated for the U.S.
Department of Energy by Battelle Memoria Institute under
Contract DE-ACO06-76RL O 1830.
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ting. Thiswork provides, in part, the technical bases for
hydrologic evaluation analyses in support of the NRC staff
development and testing of a performance assessment meth-
odology for LLW facilities. The Hydrologic Evaluation

M ethodol ogy was designed to provide assistance to techni-
cal reviewers with the Agreement States, NRC staff and
interested parties. This report has been peer reviewed by
technical experts and has been circulated for comment to
other federal agencies before publication.

NUREG/CR-6346 is not a substitute for NRC regulation,
and compliance is not required. The approaches and/or
methods described in this NUREG/CR are provided for
information only. Publication of this report does not neces-
sarily constitute NRC approval or agreement with the infor-
mation contained herein.
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Symbols

Roman Symbols

c solute concentration of the fluid phase (M/L3)

Cy measured Cl~ concentration in soil water (M/L3)

D deep percolation (L/T)

D solute hydrodynamic dispersion coefficient (L2/T)

Dy Cl” deposition rate (M/L2 T)

D coefficient of molecular diffusion in the pore fluid (L2/T)

Dg osmotic fluid diffusivity (L2/T per bar)

D; thermal fluid diffusivity (LT °K)

ET Evapotranspiration (L/T)

H hydraulic head (L)

hm matric potential (soil water pressure head) (L)

Pme parameter of the Brooks-Corey water retention relationship (L)
hy osmotic potential (L)

h, gravitational potential (L)

i gradient (L/L)

J net residual flux (L/T)

K hydraulic conductivity (L/T)

Ks saturated hydraulic conductivity (L/T)

I depth below which 3H concentration is negligible (L)

L length (L)

m parameter of the van Genuchten water retention relationship (dimensionless)
n parameter of the van Genuchten water retention relationship (dimensionless)
P precipitation (L/T)

q vertical water flux (L/T L?)

P’ flux through barrier (L/T)

q® capacity flow rate of drainage layer per unit width (L2/T)

g average net infiltration; average flux of water percolating below the root zone and into drainage layer (L/T)
Q™ required average flow rate of drainage layer per unit width (L/T)
R solute retardation factor (dimensionless)

RG recharge (L/T}

RO runoff (L/T)

S solute concentration associated with solid phase of soil (M/L3)

S soil moisture storage (L/T)
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S sensitivity coefficient (dimensionless)

Shi normalized sensitivity coefficients (dimensionless)

t time (T)

Tk absolute temperature (°K)

T thickness (L)

TH total quantity of 3H stored in the soil profile (M)

Tpi average 3H concentration in precipitation for year i before sampling (M/L3)
u source or sink term used to account for water uptake by plant roots (M/T)

\ average pore water velocity (L/T)

W, weighting factor (dimensionless)

z depth, measured positive downward from the soil surface (L)

Greek Symbols

a parameter of the van Genuchten water retention relationship (1/L)

oL dispersivity (L)

B angle of sloped layer

0] source or sink for solute (M/T)

Y semivariogram

A parameter of the Brooks-Corey water retention relationship (dimensionless)
Ay decay constant (1/T)

3] volumetric water content, or volume of water per unit bulk volume of soil (L3/L3)
6, residual water content (L3/L3)

0 saturated water content (L3/L3)

0, volumetric water concentration at depth z (L%/L3)

p soil bulk density (M/L3)

T tortuosity factor (dimensionless)

Other Symbols

O vector gradient operator (1/L)
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1 Introduction

Near-surface disposal of low-level radioactive wastes
(LLW) is permitted under the Code of Federal Regulations,
10 CFR Part 61. Analysis of water movement in unsaturated
soils and the determination of soil and hydrologic parame-
ters are therefore needed to support the U.S. Nuclear Regu-
latory Commission (NRC) and state regulatory authorities
in licensing and regulating LLW disposal sites. How much
water infiltrates and how fast it moves to the waste and sub-
sequently mobilizes and transports contaminants to the
underlying water table are integral questionsin the perfor-
mance assessment of a LLW disposal facility.

Regulatory acceptance of aproposed LLW facility depends,
in part, on demonstrating that the water flux into the facility
can be controlled or limited to levelsthat ultimately provide
acceptable groundwater quality for long periods of time
(e.g., 500 years and longer). This demonstration is com-
pounded by the complexity of facility design; although the
natural environment of the site plays akey role, an engineer-
ing solution is often necessary to limit water accessto the
waste (Bedinger and Stevens, 1990). In addition, the long-
term nature of LLW disposal makes prediction of facility
performance difficult. Sitesthat at one time were thought to
be suitable for long-term disposal have been shown later to
have significant groundwater contamination problems
(Nativ, 1991).

Itis clear that regulatory and technical issues related to the
water pathway need to be integrated in order to determine
the optimum engineering solution for LLW sites. In the fol-
lowing discussion we address the regulatory and technical
issues that determine the level of hydrologic analysis that
may be required for evaluating LLW sites.

1.1 Regulatory Issues

Safe disposal of LLW in near-surface facilities depends on
our ability to rely on a combination of the natural system
and suitable engineered barriers to isolate the waste from
pathways to the biosphere. To this end, numerous concepts
have been proposed. In France, Germany, and other coun-
tries, well engineered sites with suitable hydrologic condi-
tions are being used for disposal with apparent success
(Schwarz, 1990; Templeton et al., 1994). In Europe, there
appears to be regulatory acceptance for and confidencein a
variety of disposal optionsthat are a product of both engi-
neered and natural system performance, coupled with assur-
ances of long-term institutional control over waste sites. In
the U.S,, careful consideration and analysis of engineered
hydrologic controls and site suitability are required for LLW
disposal facilities to be accepted.

1.1.1 Near-term vs. Long-term Per spective

A review of the technical issues raised by the NRC staff and
its contractors reveal s a set of issues that can apply to either

anear- or along-term perspective. Treatment of these issues
in current performance assessments is skewed toward the
long-term perspective; few treatments address the real confi-
dence we have in the relatively near-term performance of
systemsin the next 500 years. More attention should be paid
to thistime period. This dilemma has arisen because our
attention is often focused on the health threat posed by long-
half-life inventory items such as T¢c-99 and 1-129 that move
with water in the vadose zone and into the groundwater
aquifer after they are released from the waste form and engi-
neered system. Regarding this type or class of inventory
item, 10 CFR Part 61 § 61.7 calls for the following;

“For certain radionuclides prone to migration, a maxi-
mum disposal site inventory based on the characteristics
of the disposal site may be established to limit potential
exposure.”

In NUREG-0782 (USNRC, 1981; Val. 1, pg. 40) under the
topic of waste classification, the NRC further clarifies their
position on the issue of the mobile and long-half-life radio-
nuclidesin the inventory as follows;

“... four radionuclides were identified that are of signifi-
cance from the standpoint of migration. These are H-3,
C-14, Tc-99, and 1-129. These nuclides have been
addressed on a site-specific inventory basis. That is, the
total quantity of these four radionuclides acceptable for
disposal at any particular site will be determined as part
of the licensing process based on the specific hydrogeo-
logical conditions, facility designs, and operating proce-
dures at the site”

In this report, we assume that the NRC isintent on limiting
nuclide inventories at LLW facilities to safe levels, thus
focusing on relatively short-term needs (less than 500
years). This viewpoint requires demonstrating that, for the
current estimated inventory, a reasonable assurance exists
for compliance with regulation. Under the inventory-limit-
ing concept, conservative approaches can be taken to esti-
mate the long-term performance of wastes (controlled by a
combination of engineered barriers and natural systems).
Society then has the opportunity to choose the lowest risk
option at the expense of locating the long-half-life nuclides
in another disposal site in which it has greater confidence.
With this premise, we have chosen to address the short-term
(<500 year) issue. If simple and conservative or worst case
conceptual models and simulation methods do not provide
the necessary assurance, then reasonabl e assurance may be
achievable through progressively more sophisticated engi-
neering barrier and environmental pathway conceptualiza-
tions and simulations. Such an approach isillustrated in the
humid site example (Section 6.1), with an analysis that
moves from relatively simple one-dimensional hydrologic
models to more complicated three-dimensional models of a
LLW disposal facility.
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1.2 Technical Issues: Hydrology

Guidelines for conducting necessary research and for clo-
sure of LLW sites have been written (O'Donnell and Lam-
bert, 1989; White et a., 1990). Three areas of research —
source term (release rates), concrete structure performance,
and hydrologic assessments — have been identified as key
areas where studies have been needed for LLW (Fischer,
1986; O'Donnell and Lambert, 1989). Thisreport focuseson
hydrologic assessment, particularly the unsaturated zone.

The following questions have been raised by the NRC relat-
ing to engineered covers and their hydrology at LLW sites:

* How should infiltration, recharge, and seepage into
waste be determined in humid and semi-arid or arid
environments?

» How should spatial heterogeneity be incorporated into
the analysis?

» How should constitutive properties of natural and engi-
neered materials be determined?

» How should the analysis of infiltration and rechargein
the natural setting be validated?

e What constitutes an appropriate cover design?

» How important is the geometry of the cover layersto
limiting water movement?

» How will engineered covers perform over time?
» How should the engineered system be analyzed?

» How should the analysis of water flow in the facility be
validated?

» Should there be adesign goal for the cover (i.e., should it
be designed to achieve a specific seepage flux?)

» |If thereisadesign goal, what criteria should be used for
determining the adequacy of the designed engineered

system in limiting seepage?
These guestions can be grouped into four major issues:

(1) Estimating the water balance at asite (i.e., infiltration,
runoff, water storage, evapotranspiration, and
recharge);

(2) Analyzing the hydrologic performance of engineered
components of afacility;

(3) Evaluating the application of models to the prediction
of facility performance; and

(4) Estimating the uncertainty in predicted facility perfor-
mance.

Thereisaneed for asummary of the information that is cur-
rently available for evaluating these hydrologic issues at
LLW sites. We address these major issues and provide a
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review of current research in unsaturated zone hydrology
that relates to these issues. Much of the research is ongoing.
The methods needed to eval uate the hydrol ogic performance
of engineered barriers, particularly in arid climates, remain
largely untested.

1.2.1 Hydrologic Evaluation M ethodology

The general objective of ahydrologic evaluation at aLLW
site isto determine the flux of water into the disposal facil-
ity. While the particular flux value, or range of values,
arrived at isimportant, the questions listed above indicate
that the process by which the flux is estimated is equally
important. Only when the processisjustifiable can the result
of the process be acceptable. This report presents a process,
or methodology, for hydrologic evaluation of LLW facilities
that is based on the best current technical understanding.

Figure 1.1 isaflowchart for the hydrol ogic evaluation meth-
odology presented in this report. It serves as both asimple
outline for the report and as aroad map for the preparation
or review of the unsaturated zone hydrology component of a
LLW facility license application. The sequence of the flow-
chart reflects the organization of this report with one excep-
tion; identifying and characterizing sources of uncertainty is
located early in the flowchart. Thisis an indication of our
belief that uncertainty should be considered early in an
investigation. Site characterization and design should con-
sider the primary sources of uncertainty.

Thefirst step in the flowchart is the identification of the pro-
cesses and factors affecting recharge and seepage through
the facility. Technical issues related to the estimation of
water balance at aLLW site are discussed in Section 2.1,
with areview of the factors controlling recharge contained
in Section 2.2. Identification and characterization of the pri-
mary sources of uncertainty (Section 5.1) isthe next stepin
the flowchart. With knowledge of the uncertainties, the natu-
ral recharge at the undisturbed site can be estimated; the
most common estimation methods are reviewed in

Section 2.3. The natural recharge estimate is used in the
regional groundwater flow component of aLLW site perfor-
mance assessment.

The flowchart continues with a description of the engi-
neered components of the facility, including their classifica-
tion according to function, their potential performance,
applicable design criteria, and potential degradation mecha-
nisms (Chapter 3). The next item in the flowchart describes
the simulation of water flow in LLW facilities, including the
modeling process (Section 4.1), criteriafor use in the evalu-
ation of model applications (Section 4.2), and a description
with respect to these criteria of several representative mod-
els (Section 4.3). Methods for estimating the effect of uncer-
tainty on model predictions are presented in Section 5.2.
The flowchart concludes with a determination of the rate of
water flow into the waste, the quantity we call seepage. The
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Identify processes and factors at
the site affecting natural recharge

and seepage. (2.1, 2.2)

Estimate natural | dentify and characterize important - ;
(undisturbed site) - sources of uncertainty affecting | D?iﬁ: fzigiglli?ee(rgcizcgrgpgrlgnts
recharge. (2.3) natural recharge and seepage. (5.1) Y- (94,953

e For usein theregional
groundwater flow com-
ponent of performance
assessment.

Simulate the flow of water through
the facility. (4.1, 4.2, 4.3)

v

Estimate water flow into the

Estimate the effect of uncertainty
on the simulation results. (5.2)

waste (seepage).
e For usein the sourceterm
component of performance

assessment.

Figurel.1l Flowchart for the Hydrologic Evaluation M ethodology. Numbersindicate sectionsin thisdocument in

which theitems are discussed.

source term component of LLW site performance assess-
ment requires an estimate of seepage.

The methodology as outlined in the flowchart is applied
using two example facilities, onein a humid environment

and the other in arid site conditions. These examples are
presented in Chapter 6 and illustrate both the methodology
and many of the technical issues discussed in Chapters 2
through 5.

NUREG/CR-6346






2 Fundamental Hydrologic Concepts

Thefirst step in the hydrologic evaluation of a LLW facility
isto identify the processes and factors that affect the water
balance at the site. A number of potentially important pro-
cesses are listed in Figure 2.1. The role these processes play
in determining the water balance at a site is discussed in
Section 2.1. Section 2.2 extends the discussion to include
climate, soil, vegetation, and engineered barrier factors
affecting water flow. The discussion of the issues related to
water flow through an engineered barrier system is brief.
Detailed discussion of engineered barriersis contained in
Chapter 3. Section 2.3 addresses the estimation of recharge,
including a discussion of the governing equations of water
flow in unsaturated porous media. The typical methods for
estimating recharge are described, with an assessment of
their relative strengths and weaknesses. The chapter con-
cludes with a brief discussion of hydrologic property mea-
surement and the estimation of model parameters.

2.1 Water Balance

The essential hydrologic components of awater balance are
precipitation, infiltration, runoff, water storage, and
recharge. Figure 2.2 illustrates the components of water bal-
ance at aL LW site. Each of these components is discussed
in this section.

2.1.1 Precipitation

Precipitation, occurring as either rain or snow, is the source
term in awater balance and therefore must be accurately
estimated. Precipitation at apotential LLW site can berela-
tively easily measured using automatic equipment. Unfortu-
nately, several factors conspire to make estimates of long-
term precipitation somewhat uncertain.

fl dentify processes and factorsat the site affecting\\
natural recharge and seepage.

Section 2.1. Processes include: precipitation, snow
accumulation and melt, infiltration, surface runoff,
evaporation, plant growth, plant uptake of soil water,
subsurface lateral drainage, thermal effects and vapor
phase flow, and heterogeneity, hysteresis, and
anisotropy of soil properties.

Section 2.2. Factorsinclude: climate, soils, vegetation,

& and engineered barriers. //

. /
// Egtimate natural \\ Identlfy and characterizeimportant \ / Descrl be engineered components \

undisturbed site) recharge. || <« 1  sourcesof uncertainty affecting | #
( ) 9 \ hatural recharge and seepage. (5.1) Y, \  ofthefadility. (32,33 34) I

Section 2.3. Methods include: ~— — - = - - - = — v
water budget analysis,
lysimetry, zero-flux plane,

/ Smulatetheflow of water through \

unit hydraulic gradient, \ the facility. (4.1, 4.2, 4.3) /
tracers, and numeficl [} G _ _ _ _ _ _ _ __ e
simulation. v

» For useintheregional
groundwater flow compo-
nent of performance assess-

N\ et )

/ Estl mate the effect of uncertai nty
_______ \  onthesimulationresults. (5.2) /
/ Estlmatewaterflowmtothe g T <
I waste (seepage). ‘
|+ For useinthe sourceterm
(|  component of performance |
assessment. /

Figure2.1 Flowchart for the Hydrologic Evaluation Methodology. Chapter 2 discusses the processes and factors
affecting recharge and seepage as well as methods for estimating recharge. Number sindicate sectionsin
this document in which the items are discussed.
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For many LLW sites, particularly in arid and semi-arid
areas, site-specific precipitation records are often limited or
absent. At such sites, estimates of precipitation are often
made using records from sites located 10 to 20 km or more
away from the site of interest. The spatial variability of cli-
mate at this scale is widely acknowledged and experienced
by everyone. When data from a distant location are used,
thereisahigh likelihood that the resulting precipitation esti-
mates will not accurately represent the actual site-specific
record.

Precipitation is also highly variable in time. Measurements
that are averaged over hours, days, or months may poorly
represent the actual, variable precipitation that occurs at the
site. This can significantly affect recharge estimates (see
Section 2.2.1 for an example). Snow precipitation can also
contribute to the time variability of the water balance. An
extreme, but not infrequent, example of snow-affected water
balance is seen in the Pacific northwest climate where warm
“chinook” winds cause rapid snowmelt. Rapid snowmelt
may produce localized runoff, ponding, and subsequent
deep percolation (and recharge) in coarse soils (Gee and
Hillel, 1988).

Even when a precipitation record exists, it islikely to be of
short duration relative to the operating life of aLLW facil-
ity. A short record will provide uncertain estimates of the
probable maximum precipitation or other design events.

2.1.2 Infiltration

Infiltration is defined simply as the intake of water into sur-
face soils (Hillel, 1982). In practice, infiltration is treated as
agross water balance parameter and never measured
directly. A typical analysis of water infiltration requires an
assessment of the infiltration capacity of soil, the instanta-
neous precipitation rate, and the runoff susceptibility
(USDA, SCS, 1985). In awater balance analysis, infiltration
would be defined as the difference between the precipitation

Precipitation

VYV
i A

R A

Vegetation
Surface Runoff

Recharge

Figure2.2 Water balanceat aLLW site
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and the runoff for a given time period (assuming intercep-
tion by vegetation and surface evaporation during rainfall
are negligible). While of importance in the analysis of water
erosion potential for aLLW site, infiltration is seldom used
as adefining parameter for subsurface water movement.

Theterm “net infiltration” has been used to refer to the over-
all processes of net water intake into soils. In this context,
net infiltration is computed as the difference between water
applied (precipitation) and water lost from runoff and
evapotranspiration. If computed over a sufficiently large
time frame where annual storage change is negligible, net
infiltration is synonymous with the term deep percolation.
Under special circumstances, where lateral flow does not
occur and there are no other water removal processes (e.g.,
deep plant root extraction, etc.) so that the downward perco-
lating water enters the water table, net infiltration can also
be called recharge. A quantitative method for transforming
infiltration into recharge using a parametric transfer func-
tion approach is described by Besbes and deMarsily (1984).

Because infiltration has been used to refer to a number of
different quantities, the following definitions are offered and
will be consistently used throughout the text:

 infiltration —water entering the ground across the sail
surface

* netinfiltration — water passing beneath the zone of
evapotranspiration

« recharge — water reaching the water table.

Since LLW disposal facilities are likely to have engineered
components that control water flow, two additional terms
will be used to refer to quantities of subsurface water flow:

» subsurface lateral drainage — water diverted laterally by
some combination of engineered components

e seepage — water entering the part of the facility contain-
ing waste.

2.1.3 Runoff

Water lost from surface soilsin overland flow is termed run-
off (Hillel, 1982). Factors that affect runoff include precipi-
tation rates, soil hydraulic properties, surface slope, and
surface roughness. Short duration, high intensity storms are
far more likely to cause runoff than gentle rains. Well vege-
tated, highly permeable, granular surfaces are less suscepti-
ble to runoff than bare, low permeable soils. Transient
changes in runoff characteristics for surface soilsrelate to
changes in soil water content, vegetation, soil freezing, and
soil dispersion (from salt accumulation, etc.).

Details for calculating runoff using U.S. Soil Conservation
Service (SCS) -type curves (based on soil texture, and plant
cover conditions) are available in the National Engineering
Handbook (USDA, SCS, 1985). It should be noted that



these runoff curves have been developed over the yearsfrom
data collected largely from agricultural fields. Just how well
these type curves describe runoff potential at constructed
waste sites has not been determined.

2.1.4 Soil Water Storage

Soil water storage is the total quantity of water in the soil
zone of interest. For LLW sites with an engineered barrier,
this generally refersto the water storage in the surface
cover. Water storage changes are most pronounced near the
soil surface and within the top two or three meters, where
roots are active and evaporation processes are most effec-
tive. Of all the components of the water balance, water stor-
ageis one of the more easily measured parameters. Thisis
accomplished by monitoring the soil water content and inte-
grating over the soil depths of interest (Hillel, 1982).
Changesin calculated storage over a selected time interval
are usualy of most interest.

There are anumber of waysto monitor soil water. Several of
these, including neutron probe and time domain reflectome-
try are described in detail in arecent NUREG report
(Wierengaet al., 1993). Typical errorsin measurement of
water storage range from 2 to 4% of the total storage value.
In a2-m-deep soil profile, at an average water content of 20
volume percent, this translates to an error ranging from 8 to
20 mm. Whilethisis arelatively small error, it can be sig-
nificant for arid site water balance.

2.1.5 Evapotranspiration

Evapotranspiration (ET) is the combined evaporation from
soil and plant surfaces (Hillel, 1982). In awater balance
analysis, precipitation that isintercepted by vegetation and
that subsequently evaporates is accounted for in ET. Subli-
mation of snow would aso be acomponent of ET. ET can
account for 50% or more of water losses at the soil surface
at humid sites and generally accounts for most, if not all,
water losses at arid sites. Measurement of ET isnever direct
and most often is calculated as a difference between precip-
itation and the remaining components of the water balance:
runoff, storage change, and recharge.

Micrometeorol ogical methods, such as Bowen ratio and
eddy correlation, estimate ET by measuring transient tem-
perature and humidity gradients near the ground surface and
estimating latent heat fluxes from soil surfaces. For arid
sites, these methods have met with limited success when
measurements are made over hot, dry surfaces where latent
heat fluxes are small (i.e., below 0.5 mm/day).

ET can also be estimated as some fraction of potential
evapotranspiration (e.g., Thornthwaite and Mather, 1955;
Saxton et a., 1974; Morton, 1983). Potential ET isamea-
sure of the maximum amount of water that can be absorbed
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into the atmosphere given the atmospheric vapor density
and radiant energy condition (Campbell, 1977). Various
methods can be used to calculate potential ET, typically
using solar radiation, wind speed, and other climate data
(Doorenbos and Pruitt, 1977). Potential ET can be used to
empirically estimate actual evaporation and transpiration
without describing any controlling physical processes such
as diffusion and convection. In the absence of plants, only
evaporation is considered for the ET component.

Unfortunately, no approach short of very data-intensive
energy balance methods accurately accounts for evaporation
from dry surfaces. A very compelling discussion of this
observation is given by Campbell (1977), who states,
“Numerous attempts have been made to express non-poten-
tial [actual] ET as some fraction of potential ET. If the sail
or soil-plant system (rather than atmospheric factors) is con-
trolling water loss then such attempts are obvioudly futile
because ET is not functionally related to potential ET.”

At arid and semi-arid sites, for alarge portion of the year the
soil-plant system, rather than the atmospheric variables, is
controlling water loss from the surface. As an example, for
the Hanford Site, a semi-arid site in southcentral Washing-
ton State, an annual potential ET value of 1600 mm was cal-
culated, while for the same period, the actual evaporation
from both bare and vegetated soils was measured to be less
than 120 mm, or less than 10% of the potential ET (Gee et
al., 1989).

Estimates of annual ET using any of these techniques are at
best accurate to within 10% (Gee and Hillel, 1988). At
humid sites, where annual precipitation may be 1000 mm or
more and ET as much as 500 mm, errors of 50 mmin ET
may betolerable. At arid sites, however, where precipitation
may be 160 mm and ET 150 mm or more, errors of 15 mm
or greater become relatively more important.

2.1.6 Recharge

Asdiscussed earlier, recharge is water that eventually
reaches the water table. Of all the water balance compo-
nents, recharge is perhaps the most difficult to estimate reli-
ably. It can be estimated as aresidua of the other water

bal ance terms (precipitation, runoff, water storage, and ET),
measured as drainage from lysimeters, or estimated from
chemical tracer profiles and assumptions about chemical
mass balances. These methods (and others) are discussed in
somedetail in Section 2.3.2. Errors of estimation are usually
largefor the recharge term, ranging from 20% at humid sites
to 100% or more at arid sites.

2.2 FactorsAffecting Recharge

Recharge and the related quantity, seepage, when coupled
with the release rate of the contaminant provide one of the
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key input parameters needed in LLW performance assess-
ments (used to predict long-term acceptability of subsurface
disposal of LLW). Perhaps one of the greatest challenges
currently faced in providing technically sound performance
assessments is the quantification of recharge and the pro-
cesses that lead to it (Rockhold et al., 1995). Because of the
need to quantify recharge, it isimportant to understand the
factorsthat affect the estimate of recharge at both humid
and arid sites.

2.2.1 Climate

Climate is the dominant variable in controlling water flow
and transport at LLW sites. Variations in precipitation
amount, duration, and intensity, coupled with the energetics
of solar radiation, temperature, and wind combine to dictate
the water input at the surface of aLLW site. It isthe com-
plex interaction of these variables that create significant
uncertainties in both infiltration and ET from the surface of
aLLW site.

While weather records are often available for agiven LLW
site, they are generally of insufficient duration (and quality)
to provide adequate statistics to estimate precipitation input
or evaporation potential for extended time periods. At the
present time, records obtained from the closest recording
station in the NWS-NOAA (National Weather Service) net-
work must be relied on. These data, coupled with extreme
value statistics (Kinneson, 1983), can be used to predict the
extreme weather conditions likely to be encountered over
thelife of the LLW disposal facility. Whileit is not possible
to predict exact climatic variation with any accuracy, daily
climatic variations can be estimated via stochastic weather
generation models such asWGEN (Richardson, 1981; Rich-
ardson and Wright, 1984). An application of WGEN for
generating a 500 year weather sequenceis described in Sec-
tion 6.2.

Climatic parameters such as precipitation and ET vary dra-
matically in space and time, and these variations cannot be
ignored. In arecharge analysis, average values of these
parameters are typically used. This can have adramatic
effect on recharge estimates asisillustrated in several exam-
ples provided here.

Meyer (1993) simulated the water balance for ahypothetical
disposal facility located in a humid environment. The top
meter of soil was simulated to estimate the amount of net
infiltration (i.e., the amount of water passing below the zone
of evapotranspiration). Meyer (1993) compared the use of
average daily and average hourly precipitation. In the humid
environment simulated, with many short-duration, high-
intensity storms, the predicted net infiltration was signifi-
cantly reduced by the use of hourly averaged data. Results
of the two-year simulation are given in Table 2.1.
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Table2.1 Simulated water balanceat a humid site (from
Meyer, 1993)

Water Balance [cm/yr.]
(% of Precip.)

Daily Average  Hourly Average

Precipitation Precipitation
Infiltration 112.1 (93.0) 76.3 (63.3)
Runoff 8.4 (7.0) 44.2 (36.7)
Storage -0.2(-0.2) -1.6 (-1.3)
ET 76.9 (63.8) 72.9 (60.5)
Net Infiltration 35.5(0.29) 4.8 (4.0)

A second illustration is found in the recharge study of the
U.S. Geologica Survey (USGS) at the Hanford Site. A
model was developed by the USGS to cal culate average
annual recharge using input parameters that included
dynamic (time-dependent) input for precipitation, and static
(time-independent) soil type and vegetative cover input
(Bauer and Vaccaro, 1986). The model wasrun in two ways.
First, the actual daily climatic records (along with input
parameters obtained from soil and plant data) were used to
predict annual recharge using a 21-year record of precipita-
tion. Second, the average daily climatic records were used
to predict annual recharge for the same climatic record.

Table 2.2 Simulations of recharge at the Hanford Site
using a 21-year climate record (from Bauer and
Vaccaro, 1986)

Recharge[mm/yr.]

Actual Daily Aver age Daily
Climate Climate
Maximum 58 31
Minimum 0.5
Average 12 2

Table 2.2 shows adramatic difference in results between the
two model runs. Input of actual daily precipitation resulted
in prediction of an annual recharge rate six-fold higher than
that predicted when precipitation was input as daily aver-
ages from the 21-year record.

2.2.2 Soil

Heterogeneity, anisotropy, and hysteresisin the hydraulic
properties of natural and emplaced soils can have a signifi-
cant effect on recharge. Recharge events are typically
caused by extremesin precipitation (i.e., thunderstorms,
rapid snowmelt events, etc.). When soils get sufficiently



wet, pulses of water from these extreme events can flow
through macropores (i.e., root channels, fissures, cracks, and
other heterogeneitiesin soil profiles) and can cause water to
recharge underlying aquifers more quickly than would
occur if the soil were uniform and precipitation steady (Gee
and Hillel, 1988). In addition, unstable flow (fingering) can
be created in layered soils and in relatively uniform soils
(e.g., coarse sands) when appropriate conditions on pore
size distribution and water flux are met (Hillel, 1987; Gish
and Shirmohammadi, 1991; Glass, 1992).

Because precipitation is high and surface soils often satu-
rated, flow through preferred pathwaysis of greatest con-
cern in humid environments. The surface soil isliterally
teaming with life (roots, earthworms, burrowing animals,
etc.), all combining to promote preferred pathways of flow.
Because most surface soils at humid sites contain large
numbers of macropores of various sizes and configurations,
and the distribution of these macroporesis seldom well
known, chances for accurately predicting water infiltration
(and subsequent percolation and recharge) rates at a humid
site are low. The dynamics and hydrologic significance of
these preferred paths or channels, their formation, distribu-
tion and persistence, are just now being evaluated (Ger-
mann, 1988; van Genuchten et al., 1991a; Gish and
Shirmohammadi, 1991; Gee, 1991). The major problemin
the analysis of water infiltration and recharge at humid sites
liesin the characterization of soil macropores.

Soil hysteresis has been shown to be an important factor in
accurate predictions of seepage through an engineered cover
at the semi-arid Hanford Site (Fayer, 1995). Six years of
water storage and drainage data were collected in aweigh-
ing lysimeter filled with 1.5 m of silt loam overlying
approximately 0.1 m of sand and a shallow gravel layer.
This placement of materials constitutes a capillary barrier
(see Section 3.2.3), increasing the storage capacity of the
silt loam and delaying drainage. The lysimeter was kept free
of vegetation. Drainage occurred only in the final year of
operation.

Water flow in the lysimeter was modeled with UNSAT-H,
Version 3.0 using a variety of approaches including the use
of calibration, heat flow modeling, and hysteresis modeling.
Theresults, shown in Table 2.3, demonstrate that although
the four UNSAT-H models had comparable errorsin stor-
age, only the model that included hysteresis predicted the
drainage that occurred. This model predicted 52% of the
actual drainage and predicted drainage within one month of
its actual occurrence. (Results using the HEL P, Version 2.05
code are shown in Table 2.3 for comparison. HELP pre-
dicted drainage in all six years, probably due to its inability
to model the physics of flow through the capillary barrier.)
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Table 2.3 Modeling of lysimeter drainage at the
Hanford Site over a six year period. M easured drainage
was 29.6 mm. (Y indicates a processthat wasincluded in

the model, N indicates one that was not.)

= %]

'% é 8 storage

5 5= & RMS  Cumulative

= 8 2 Error Drainage
Code o T T |mm [mm]
UNSAT-H N N N 23.6 0.0
UNSAT-H Y N N 23.6 0.0
UNSAT-H N Y N 234 0.0
UNSAT-H N N Y 23.7 15.3
HELP N N N 97.6 537.0

2.2.3 Vegetation

Large-scale changes in surface conditions at LLW sites can
affect infiltration and recharge. Vegetation changes resulting
from drastic disturbances such asfire, pest and disease,
land-use changes, or extreme weather (tornadoes, hurri-
canes, €tc.) can cause reductionsin ET, ultimately increas-
ing recharge rates. The removal of deep- rooted vegetation
can have a particularly dramatic effect. Examples of the
effect of changing land use on recharge are provided by
Allison et a. (1994). Farming practices in Australia, which
have removed native trees and replaced them with shallow-
rooted pasture, have dramatically increased recharge along
the Murray River drainage basin. The increased recharge
has leached salts from the arid soils and has resulted in the
salinization of the major fresh water resourcein Australia.

Examples can a'so be found of the effect of vegetation
changes on recharge at arid waste sites. An 18-m-deep,
closed-bottom lysimeter at the Hanford Site was sampled
gravimetrically for water content during filling in December
1971 and again in October 1985 (Fayer et a., 1986). No
drainage occurred, and storage decreased over the 14 year
period. During this time, vegetation (e.g., annual and peren-
nial desert species including tumbleweed and scurf pea)
became established on the lysimeter. After al plants were
removed from the lysimeter in February of 1988, water stor-
age increased more than 100 mm over a 3-year period. In
spring 1991, subsequent reinvasion of vegetation on the
lysimeter completely removed the excess water storage in
just afew months (Gee et a., 1994). These data clearly
show the impact of both the presence and absence of vegeta-
tion in controlling arid-site recharge.
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2.2.4 Engineered Barriers

The term engineered barrier refersto those components of a
waste disposal facility that are intended to improve the facil-
ity’s ahility to meet the performance objectives. (Chapter 3
discusses engineered barriersin detail.) The presence of an
engineered barrier system will have a dramatic effect on
recharge (and seepage). When operating as designed, a bar-
rier system should significantly reduce the recharge rate. As
the engineered system degrades, however, its presence may
actually increase recharge over that of the natural preexist-
ing (undisturbed) site. Thisisthe worst possible conse-
guence of an engineered system and must be avoided. Ways
in which afailed engineered barrier system may enhance
recharge include the following:

* Reduction of surface runoff: water, initially directed
away from the site by engineered, surface-diversion fea-
tures, can be rerouted by subsidence or other surface
alterations so that water is ponded on, or adjacent to, the
waste site.

» Reduction of ET: ateration of the natural (undisturbed
site) vegetative community may reduce ET (e.g., replac-
ing deep-rooted vegetation with shallow-rooted plantsin
athin topsoil layer). This increases the proportion of
water available for recharge in the event of barrier fail-
ure.

» Reduction of subsurface lateral drainage: lateral diver-
sion drains can seal off in time through the process of
siltation. In addition, subsidence could divert lateral
drainage systems and potentially saturate soils above the
waste.

Suter et al. (1993) have identified a variety of mechanisms
that have caused water movement through covers at waste
sites. These mechanismsinclude design and construction
flaws, shrink-swell cycles, freeze-thaw cycles, erosion, sub-
sidence, root intrusion, and animal intrusion. These failure
mechanisms will be addressed in more detail in the follow-
ing chapter. Suter et al. (1993) and others correctly conclude
that the likelihood of long-term failure suggests that either
perpetual care must be provided for buried wastes, or the
waste site must be designed to withstand long-term threats
to barrier integrity.

2.3 Estimating Recharge

A variety of methods are available for estimating natural
groundwater recharge rates in undisturbed systems and
recharge (or seepage) rates in systems involving engineered
components. These methods are all based on quantifying
water flow and solute transport processes in the unsaturated
zone. In this section, the fundamental principles and govern-
ing equations used to describe unsaturated flow and solute
transport are briefly reviewed, followed by descriptions of
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methods that have been used for estimating recharge rates.
Portions of this section are taken from Rockhold et al.
(1995).

2.3.1 Governing Equations

Water flow and solute transport processes in the unsaturated
zone are complex and multidimensional and generally occur
under nonisothermal conditions with multiple fluid phases
(liquid water and water vapor). For brevity, the following
discussion will be limited to the description of isothermal,
single-phase (liquid water) flow and solute transport in one
dimension (the vertical direction).

Water moves from regions of higher to lower potential
energy, with thetotal potential generally taken to be the sum
of the matric potential and the gravitational potential. (This
assumes that the gas pressure and osmotic potentials are
negligible.) Matric potential consists of hydrostatic pressure
and the capillary and adsorptive forces that attract and bind
water to the soil matrix. Gravitational potential isthe energy
associated with the location of water in the Earth’'s gravita-
tional field, measured with respect to some reference point
such as the ground surface or the water table.

This sum of the matric and gravitational potentials, when
expressed on an equivalent height-of-water basis, is com-
monly referred to as the hydraulic head, or H. That is,

H=hy,+h, (2-1)
where
hy, = matric potential, and
h, = gravitational potential.
The matric potential is also referred to as the soil water pres-
sure head and is negative for unsaturated conditions. Corey
and Klute (1985) provide a detailed discussion on the appli-

cation of the potential energy concept to soil water equilib-
rium and transport.

For saturated systems, the vertical flux of water through soil
can be determined using the Darcy flow equation

oH

q= _Ksafz

(2-2)

where
g = vertical water flux
K = saturated hydraulic conductivity
Z = depth, measured positive downward from the
soil surface

For unsaturated soils, the hydraulic conductivity is nonlin-
early related to the pressure head or water content. There-
fore, Eq. 2-2 isusualy modified as



q = KO 23)

where
K(8) = hydraulic conductivity

0 = volumetric water content, or volume of water
per unit bulk volume of soil.

To describe transient water flow in the vertical direction,
Eqg. 2-3 is combined with the equation of continuity,

90 _ _aq ]
at - oz @4
to give
0 _ 0 oH ]
5 = aﬂK(@){TJ +u (2-5)
where
t = time, and

u = asource or sink term used to account for
water uptake by plant roots.

Equation 2-5 is known as the Richards equation (Richards,
1931) and forms the basis for most process-based descrip-
tions of water movement in the unsaturated zone. Equation
2-5 can also be expressed as

% = 2 [k (hge Ky | +u (2:)

To solve Equation 2-6, constitutive functions relating the
unsaturated hydraulic conductivity and the water content to
the pressure head are needed. The most commonly used
relationships are those of van Genuchten (1980) and Brooks
and Corey (1964), although other expressions are available
(Mualem, 1992; Rossi and Nimmo, 1994; Fayer and Sim-
mons, 1995). The van Genuchten water retention relation-
shipis

e(hm) = er + (es_ er)[]- + (a‘hm‘)n] -m (2'7)
where

a = curve fitting parameter related to air entry
pressure

n,m = curve fitting parameters related to pore size
distribution; the relationship, m=1-1/n, is
often assumed

6, = residual water content
65 = saturated water content

The van Genuchten hydraulic conductivity relationship,
based on the model of Mualem (1976) is
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-m 2
{1-(alhy)" T2+ (a]hy)"T )
K(hy) = K L - OLHT‘ (2-9)
[1+ (ajhy))]
The corresponding Brooks-Corey relationships are
8(h,) = 6, +(6,—6 )E|P““DA h<hie (2-9)
6(h,) = 6shn=hoe (2-10)
and
2+ 3\
K(h,) = ng:]—mm% h,<h . (2-11)
K(h,) = Kgh,=hpe (2-12)
where
hye = curvefitting parameter related to air entry
pressure
A = curvefitting parameter related to pore size
distribution.

These single-valued relationships (Equations 2-7 through
2-12) assume that hysteresisis not important.

The advective-dispersive solute transport equation can be
written as

dc

%(ps) 2(80) = —[GDa—Z ch+¢ (2-13)

where

s = solute concentration associated with the solid
phase of the soil,

p = soil bulk density,

¢ = solute concentration of the fluid phase,

D = solute hydrodynamic dispersion coefficient,
¢ = source or sink for solute.

If the source/sink termsin Egs. 2-6 and 2-13 are neglected
and the adsorbed concentration is related to the solution
concentration through the linear sorption isotherm (i.e., s =
kqC), Eq. 2-13 reduces to the standard advection-dispersion
equation

R - pIC

aq - gp oz (2-14)

where
v = (/0 isthe average pore water velocity, and
R =1+ pky/0 is the solute retardation factor.
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The dispersion coefficient can be defined as
D=1Dy +a_v| (2-15)
where
T = atortuosity factor,

D,,, = the coefficient of molecular diffusion in the
pore fluid [L%/T], and

o =thedispersivity [L].

The dimensionless tortuosity factor can be written asafunc-
tion of 8 using arelationship such asthat of Millington and
Quirk (1961),

1=0103/92 (2-16)

Equations 2-3, 2-6, 2-13, and 2-14, or variants of these
equations, form the mathematical basis for most of the
methods used to estimate groundwater recharge. The most
common of these methods are described in the following
section.

2.3.2 Recharge Estimation Methods

Recharge is seldom measured directly. At humid sitesa
water budget analysisis generally used. Rechargeis often
simply estimated as the difference between precipitation
and the sum of ET and runoff (Simmers, 1988). Estimates of
recharge at humid sites rely on reasonable estimates of ET,
which is generally about one-half of the precipitation. Esti-
mation errors of 10% in ET and runoff giveriseto errorsin
recharge that are generally less than 20%.

For semi-arid and arid sites, Allison et al. (1994)) have indi-
cated that recharge can be estimated in several waysinclud-
ing water budget analysis, lysimetry, and tracer analysis. At
these drier sites, ET isgenerally amuch larger percentage of
precipitation than at humid sites. This can lead to relatively
large errors in estimates of recharge when using water bud-
get analysis (see Section 2.3.2.1). Of the avail able methods,
lysimetry and tracer analysis appear to be the most reliable
and water budget modeling the least reliable for estimating
recharge at semi-arid and arid sites.

2.3.2.1 Water Budget Analysis

Gee and Hillel (1988) discuss the use of awater budget to
obtain recharge estimates. Thisis awell known and often
used method of attempting to measure all components of the
water balance including precipitation (P), runoff (RO), ET,
and the changein soil moisture storage (AS). See Figure 2.2
for an illustration of these components. The remaining com-
ponent, the deep percolation that eventually constitutes
recharge (RG), can then be determined as the difference
between precipitation and the sum of all other components:

RG =P- (RO +ET +AS) (2-17)
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Thereliability of the recharge estimate thus cal culated obvi-
ously depends on the accuracy and precision with which
each of the other componentsis measured at a (presumably)
representative site. The problem isthat such measurements
are seldom very accurate or precise; when the differenceis
taken between two nearly equal quantities, each of whichis
fraught with an appreciable measure of uncertainty, the
resulting uncertainty easily becomes untenably large. This
condition can be demonstrated by the following equation.

XEX)-(Yxy)=(X-Y)x(xzty) (2-18)

Asan example, if the mean difference between X andY is
0.1X, and the range of uncertainty in each, £x and ty, is
only 0.05X, then we obtain

(X £0.05X) - (0.9X + 0.05X) =0.1X + 0.1X.  (2-19)

This shows that an uncertainty range of only 5% in the two
values can magnify to an uncertainty of 200% in the differ-
ence between them. Precipitation measurements are hardly
ever more precise than £5% and ET measurements are
almost never more precise than £10%, so the resulting error
in estimating recharge can be even greater than the example
given. Asthe value of recharge becomes small, errors of
several orders of magnitude are entirely possible.

Water budget models have serious deficiencies at arid sites
for the following reasons: 1) water budget models often rely
on generalized site characteristics that are derived from
average values; 2) water budget models do not properly
account for evaporation from dry surfaces, and they tend to
estimate evaporation and transpiration more reliably at
humid sites; 3) all water budget models (when used where
runoff is negligible) calculate recharge as the difference
between precipitation and ET. At arid sites, one can be very
nearly equal to the other, so such a calculation has an inher-
ently large error (often several orders of magnitude); 4) veg-
etation distributions change with time, potentially causing
dramatic changes in rooting depths and water extraction
rates (thus altering ET); 5) recharge can be transmitted from
the soil surface to the water table by preferred pathways,
thus bypassing much of the soil volume (Gee and Hillel,
1988).

2.3.2.2 Lysimetry

The water budget method is classified as an indirect physi-
cal method because recharge is not directly measured. The
only method available for directly measuring recharge is
lysimetry. One of the strengths of lysimetry isthat it pro-
vides a control volume in which a number of water balance
components can be measured directly, thus providing the
necessary datato calibrate numerical models, which can
then be used to forecast recharge.

The two principal types of lysimeters are drainage lysime-
tersand weighing lysimeters. Drainage lysimeters consist of
soil-filled containers instrumented with neutron probe



access tubes or other sampling means that allow for the
measurement of water contents at different depths. Changes
in water storage can be calculated from these measure-
ments. Weighing lysimeters consist of soil-filled containers
resting on platform scales. Weight changesin the lysimeter
are measured and related to changesin storage. In either
case, drainage is directly measured. If precipitation is also
measured, ET can be calculated using Eq. 2-17. Lysimeters
are generally built on relatively flat surfaces and have ele-
vated edges. These features eliminate runon and runoff.

Although they provide the only direct means of measuring
recharge, lysimeters have several disadvantages, compared
to some indirect methods. Lysimeters are usually fixed in
space and are therefore limited in their ability to quantify
the effects of spatial variability. The soilsfilling the lysime-
ters may represent composite samples of the surrounding
sediments; therefore, the natural stratification or layering is
usually not preserved. For determining recharge at a LLW
site, however, this may not be a disadvantage since the natu-
ral layering may not be representative of the final engi-
neered disposal facility. Finally, the length of the datarecord
available from lysimeters is often relatively short, so that
meaningful long-term averages may be difficult to obtain
from lysimeter records.

2.3.2.3 Zero-Flux Plane

The zero-flux plane method for estimating recharge relies
on determining the location of a plane of zero hydraulic gra-
dient in the soil profile (Wellings, 1984). The location of
this plane can be determined using sensors to directly or
indirectly measure soil suction or capillary pressure (e.g.,
tensiometers, thermocouple psychrometers, heat dissipation
sensors, etc.). Recharge for agiven duration is cal culated by
integrating water-content measurements bel ow the zero-flux
plane to determine the change in total water stored in the
profile. A decreasein total storage below this plane over the
time period is assumed to be recharge. Unfortunately, this
zero-flux planeis not always stationary, and the method
cannot be used during periods of high infiltration if the
hydraulic gradient becomes positive downward throughout
the profile. In acomparison of recharge estimation methods,
Healy (1989) determined that the zero-flux plane method
had such severe limitations that its use was inappropriate at
the LLW site studied.

2.3.2.4 Unit Hydraulic Gradient

While studying drainage losses from lysimeters, Black et al.
(1969) noted that a*“ unit gradient” condition often occurred.
This condition arisesfor fairly uniform (homogeneous) soils
when the water content is nearly constant with depth and
resultsin dH/dz = (-)1. For unit gradient conditions, Eq. 2-3
reduces to q = K(8), and the flux of water moving through
the soil is equal to the unsaturated hydraulic conductivity of
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the soil. Unit gradient conditions have been observed in
some lysimeters and at some water balance study locations
on the Hanford Site (Rockhold, et al. 1988; Gee et al.,
1989). For unit gradient conditions, recharge rates can be
estimated from the measured volumetric water content and
the estimated unsaturated hydraulic conductivity of the soil
below the plant root zone (Nimmo et al., 1994).

Both direct and indirect methods are available for measur-
ing or estimating unsaturated hydraulic conductivities
(Klute and Dirksen, 1986; van Genuchten et al., 1992).
However, no single method appears to be suitable for pro-
viding reliable estimates of unsaturated hydraulic conduc-
tivity over awide range of soils.

2.3.2.5 Tracers

Various chemical and radioactive tracers can be used to esti-
mate natural groundwater recharge ratesin arid and semi-
arid environments (Allison et al., 1994; Phillips, 1994). As
noted by Phillips (1994), these tracers should possess sev-
eral characteristics. Most importantly, the tracer must be
conservative, meaning that it is not adsorbed onto the solid
phase and it isnot produced in the soil. Therate at which the
tracer isintroduced into the soil must also be known. The
most common tracers used to estimate recharge include
chloride (CI°), chlorine-36 (6Cl), and tritium (3H).

Tritium

Large quantities 3H were released into the environment by
atmospheric nuclear weapons testin g mostly during the
early 1960s (Phillips, 1994). Some °H was also generated
from sea-level nuclear weapons testing in the 1950s. This
entered the hydrologic cycle as tritiated water vapor, wh|ch
behaves almost identically to water vapor. Therefore, °H is
an excellent tracer for water movement in both I|qU|d and
vapor phases (Phillips, 1994). The use of bomb- 3H asan
environmental tracer is limited because its half-lifeis 12.4
yr. (Phillips, 1994).

Allison (1981) described two si mpI e methods for estimating
mean annual recharge using bomb-3H profiles. In the first
method, assuming steady-state (with constant water con-
tent) and piston flow (no dispersion) and that 3H moveswith
the mass fluid flow, recharge is estimated by dividin :g the
total amount of water stored in the profile above the °H peak
by the time elapsed since the fallout peak. In the second
method, local annual recharge or net residual flux, J,, isesti-
mated by evaluating the *H mass balance as

‘]I’ = TH/TA (2—20)

where T isthetotal quantity of 3H stored in the soil profile.
Ty iscaculated as

|
= [T (2-21)
0
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where

¢ = the depth below which the 3H concentration
isnegligible,

T, = 3H concentration at depth z,
8, = volumetric water content at depth z.

Theterm T, isgiven by

n
—iA
A= zWiTpie "

i=1

(2-22)

where

W; = weighting factor that accounts for year-to-
year variationsin recharge,

Tpi = average 3H concentration in precipitation for
year i before sampling,

Ay = decay constant for °H,
n = number of years considered before sampling.

Allison and Hughes (1978) tested different schemes for esti-
mating the weighting factors, W;, but determined that using
a constant value of 1.0 was adequate. An application of this
method for estimating natural groundwater rechargein a
semiarid region of New Mexico is described by Mattick et
al. (1987). Both of the methods described above require the
1962-1965 bomb-3H peak to be clearly identified in the soil
profile.

Chlorine-36

Chlorine-36 (*6Cl) is produced naturally in the atmosphere,
but was also produced indirectly, as a by-product of nuclear
weapons testing, by thermal neutron |rrad|at|on of chloride
in seawater (Phillips, 1994). This bomb-38Cl was rel eased
in measurable amounts only during the sea-level testsin the
1950's, rather than during the stratospheric tests of the
1960's (Bentley etal., 1982 Elmoreetal., 1982) Therefore
the maximum fallout of 5CI preceded the maximum 3H
fallout by about 10 yr. (Phillips, 1994).

The 38Cl fallout entered the hydrologic cycle as chloride
anion d|ssolved in precipitation and as dry fallout (Phillips,
1994) 5Clis conservatrve chemrcally stable, and nonvola-
tile. Therefore, unlike 3H, it is atracer for the transport of
solutes only in the liquid phase. The half-life of 3°Cl is
approximately 301,000 years (Phillips, 1994).

The methods used to estimate natural groundwater recharge
from 36CI/Cl ratios are eseentlal ly the same as those
described previously for 3H. Since 3H move£|n both thelig-
uid and vapor phases, it can move faster than 36CI. A major
problem with the use of 36Cl (and 3H) to estimate recharge
at low flux ratesisthe relatively short residence time of
these tracersin soil (less than 40 years). In addition, plant
uptake, macropore flow, and other near-surface processes
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can significantly affect 36CI (and ®H) movement in the root
zone. Tyler and Walker (1994) have shown that when
recharge rates are below 20 mm/yr., estimates of recharge
with 3°Cl are not reliable.

Chloride

Meteoric chloride (CI°) originates primarily from sea salts
and is continuously deposited on the land surface by precip-
itation and as dry fallout. This CI” movesinto the soil profile
with infiltrating precipitation. CI” is conservative and non-
volatile and is almost completely retained in the soil when
water evaporates or istranspired by plants (Phillips, 1994).
Therefore CI°, like many other tracers, may concentrate in
theroot zone asaresult of ET. The CI” mass balance method
has become arelatively popular method for estimating
recharge rates. A brief description of this method is given
below, after Phillips (1994).

Assuming one-dimensional piston flow (no dispersion),
recharge or net residual water flux can be calculated from
CI” measured in a soil profile as

= Dg/Cq (2-23)

where

J; = the net downward residual water flux at the
depth of measurement (L/T),

Dy = the CI” deposition rate (M/L2 T), and

Cy =the measured CI™ concentration in the sail
water (M/L3).

The value of Cy can be determined by plotting cumulative
CI™ content with depth against cumulative water content at
the same depths. The slopes of straight line segments corre-
spond to C for the depth interval (Phillips, 1994). Changes
inthe slopes of different line segments, corresponding to the
different depth intervals, can represent temporal variability
of recharge rates.

In soils with high pH and high adsorption of other anions,
anion exclusion can result in faster movement of Cl™ than
3H. Previous studies have shown adirect correlation
between clay content and anion exclusion (Warrick et a.,
1971). James and Rubin (1986) reported an increasein the
velocities of Cl™ over pore water velocities of about 10% in
columns containing sandy soils. Thisincreasein velocities
was directly attributed to anion exclusion.

Phillips (1994) suggests that systematic uncertaintiesin
estimated CI” deposition rates (D) can be asgreat as20% if
the ClI” mass balance technique is extended to estimate
recharge rates before the Holocene epoch (approximately
10,000 years before present). Errorsin estimated deposition
rates linearly propagate into the recharge estimates made
using the ClI~ mass balance method.



Tracer Summary

During the past 20 years, estimates of recharge have been
made using chemical tracersincluding 3H, 20Cl, and CI". Of
these tracers, Cl™ appears to be the most reliable for arid and
semi-arid locations (Allison et a., 1994). A recent summary
of tracer studies by Cook and Walker (1995) indicates that
Cl" isamore reliable indicator of recharge rate when the
flux isless than 20 mm/yr. Above this value all three meth-
ods give similar results.

We emphasize at this point that tracers such as Cl” and SH
are areliable way to estimate natural recharge at an undis-
turbed site. Such an estimate, however, may not be a conser-
vative estimate either of recharge at the same site after it has
been disturbed, or of seepage into an engineered facility at
the site. Thisis because site surface conditions (e.g., soil
and plant characteristics), which are aways modified from
their natural state, strongly control the flow of water into a
waste disposal facility.

2.3.2.6 Numerical Simulation

If sufficient data are available, Egs. 2-6 and 2-13 or variants
of these equations can be used to simulate soil-water
dynamics and solute transport in response to observed or
estimated weather data and tracer deposition rates. Scanlon
(1992) recently used simulations of thistype to estimate
natural recharge rates in the Chihuahuan Desert of Texas.
Numerical simulation is the most date-intensive method for
estimating groundwater recharge rates and probably yields
recharge estimates that have the most uncertainty. Neverthe-
less, numerical simulation has several unique advantages
over the other methods.

Numerical ssimulation is useful for investigating “what if”
questions. For example, how do predicted recharge rates
change if precipitation doubles or triples as aresult of cli-
mate change? Also, how do predicted recharge rates change
if the dominant vegetation changes from deep-rooted sage-
brush to shallow-rooted grasses as a result of range fires?
These types of questions either cannot be answered or
require an impractical amount of data to answer using
lysimetry or tracer techniques. Numerical simulation can
also be used to evaluate the sensitivity of recharge estimates
to different parameters. Such a sensitivity analysis can help
focus future data collection activities on the areas or param-
eters that have the greatest influence on the system.

Although numerical ssimulation isthe only practical tool for
forecasting recharge rates for future climate and land use
scenarios, it relies on the use of numerous parameters esti-
mated from data to represent climate, soils, and vegetation
characteristics. Lysimeter data are useful for testing numeri-
cal simulation models and for refining the mechanistic
descriptions of various processes in these models.
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Lysimetry, tracer techniques, and numerical simulation all
have unique strengths and weaknesses. The use of several
methods in combination provides the most defensible esti-
mates of recharge for the performance assessment of aL LW
disposal facility.

2.3.3 Hydrologic Property M easurement and
Parameter Estimation

Developing defensible conceptual and mathematical models
of recharge and seepage at a LLW disposal site requiresthe
measurement or calculation of a number of physical and
hydraulic properties of the natural soils and engineered
materials used in the construction of the facility. These
properties generally include, but may not be limited to:

e particlesize distribution

e particle density

* bulk density

 total porosity

e water retention

» saturated hydraulic conductivity

¢ unsaturated hydraulic conductivity.

Description of several methods for measuring or calculating
each of these properties can be obtained from numerous
textbooks and references on this important subject (e.g.,
Klute, 1986; van Genuchten et al., 1992, Wierengaet al.,
1993). A number of methods are also included in ASTM
standards (ASTM, 1995).

Asdiscussed in Section 2.3.1, methods for the solution of
the equations describing flow in unsaturated porous media
often use models of the water retention and unsaturated
hydraulic conductivity (e.g., Equations 2-7 through 2-12).
These models contain parameters that are commonly deter-
mined by fitting the chosen model to measured data. The
parameters of the Brooks-Corey and van Genuchten rela-
tionships can be estimated using the optimization software
RETC (van Genuchten et al., 1991b; Leij et al, 1992; Yates
eta., 1992).

Since the quality of any hydrologic evaluation depends on
the quality of the available data, careful consideration must
be given to the collection of data. Locations of samples, col-
lection methods, and descriptions of measurements should
al be well documented. Replicate tests should be carried
out whenever possible. Since all the hydrologic properties
listed above are spatially variable, multiple samples should
be collected to obtain a measure of spatial variability. We
also emphasize that water pressure and hydraulic conductiv-
ity are highly non-linear functions varying by orders of
magnitude as water content changes from saturation to air
dry. Measurements must be carried out over arange of water
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content and pressure expected to occur during the life of the
LLW facility. Other test conditions should also reflect
expected site conditions. For instance, hysteresisin water
retention and unsaturated hydraulic conductivity should be
measured if the sitewill undergo wetting as well asdraining
conditions. Results of some tests may be a function of tem-
perature or the chemical characteristics of water; this should
be accounted for in the analysis.
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The results of ahydrologic evaluation at a LLW disposal
facility are highly dependent on how well the hydraulic
properties and parameters reflect the actual site conditions.
Failure to collect quality data at this point of an analysis
may lead to failure in accurately predicting recharge, seep-
age, and subsequently contaminant transport and dose.



3 Engineered Barriers

To meet performance requirements, aLLW facility will gen-
eraly require one or more engineered components to limit
the amount of water reaching the waste. The analysis of the
engineered componentsis provided in the hydrologic evalu-
ation methodology (Figure 3.1). In this chapter, engineered
components are classified according to their functions. The
expected performance, design criteria, and degradation
mechanisms of engineered components are discussed.

7/ \dentify processes and factorsat \

3.1 Overview

Several types of disposal facilities are typically considered
for near-surface disposal of LLW. Inthe past, LLW has been
disposed of via shallow land buria using asimple earthen
cover to cap an open trench. While thistype of disposal
facility is still applicable in certain arid regions, itsusein
humid environments is problematic, requiring structurally
stable waste forms. Alternative disposal methods for humid
sites (and aso arid sites) use a containment structure to iso-
|ate the wastes from the environment. Examples include

| the site affecting natural recharge |
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Specify for each engineered
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performance, design and
construction criteria, potential
degradation and failure
mechanisms, and estimated
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Section 3.2. Cover systems:
surface, protective, drainage,
and barrier layers.

Section 3.3. Waste containment
structures: concrete and asphalt.

Section 3.4. Subsurface collection

& and removal systems. J

/ Simulate the flow of water through \
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P

/ Estimate the effect of uncertainty
on the simulation results. (5.2) /
P

| AS

Figure3.1 Flowchart for the Hydrologic Evaluation M ethodology. Chapter 3 discussesthe engineered components
of thefacility. Number sindicate sectionsin this document in which theitems are discussed.
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below ground vaults, earth mounded concrete bunkers, and
above ground vaults. Shaft disposal and mined cavity dis-
posal have also been considered for LLW. In this report, the
discussion islimited to shallow land burial and below
ground vault disposal facilities, although most of the ideas
presented also apply to earth mounded concrete bunkers.

A disposal facility typically uses one or more engineered
barriersto isolate the waste from the environment. Engi-
neered barriers are components of awaste disposal facility
designed and built to improve the facility’s ability to meet
performance objectives (as specified in 10 CFR 61 Subpart
C). For the purposes of this discussion, however, the term
engineered barriers will refer only to those components that
provide structural stability or limit the movement of water
into the waste and the movement of contaminant from the
disposal facility into the environment. The stabilized waste
formisitself an engineered barrier but will not be discussed
as such in this report. Chemical barriers, such as a sorbing
backfill, are potentially very effective at limiting the release
of contaminants (IT Corp., 1994) but also will not be dis-
cussed here. Engineered barriers are distinguished from nat-
ural barriers, such as groundwater divides and natural low-
permeability formations, by the fact that they are composed
of synthetic materials or of natural materials whose compo-
sition and placement have been engineered.

Engineered barriersfall into one of three major functional
categories. cover systems, waste containment structures,
and subsurface collection/removal systems. Cover systems
overlie the waste and are intended to limit the amount of
water that comesinto contact with the waste. Cover systems
are used in both humid and arid environments and are com-
mon to shallow land burial and below ground vault facili-
ties. Waste containment structures provide structural
stahility, physical containment and separation of the waste,
and potentially an additional barrier to water. Waste contain-
ment structures are used in both humid and arid environ-
ments. Subsurface collection and removal systems providea
means to collect and remove water that has percolated
through the cover system and can therefore potentially come
into contact with the waste. Subsurface collection and
removal systems are not typically used in arid environ-
ments.

Figure 3.2(A) is aschematic for a below ground vault facil-
ity asit might be applied at a humid site. Thisfacility con-
tains all three of the functional categories of engineered
barriers. The cover system consists of multiple layers of
materials, each serving a particular purpose. The waste con-
tainment structure is a concrete vault. The subsurface col-
lection and removal systems may have two parts: a primary
drainage system, which collects water from inside the vaullt,
and a secondary system, which collects water outside and
below the vault. Figure 3.2(B) shows a schematic for a shal-
low land burial facility asit might be applied at an arid site.
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In this case, the only engineered barrier used is a multilayer
cover system.

For an evaluation of unsaturated water movement, the most
important engineered barrier is the cover system. For this
reason, the discussion in this chapter emphasizes cover sys-
tem components and their functions. Specific discussion of
laboratory and field tests for cover systems can be found in
Bennett and Horz (1991). The role of containment struc-
tures and collection and removal systemsin limiting water
movement into the waste is briefly discussed. For the appli-
cation examples presented in Chapter 6, the analysisislim-
ited to the cover systems.

3.2 Cover Systems

The primary objective of aLLW disposal facility cover sys-
tem isto limit the amount of water that passes through the
cover, thus limiting the amount of water potentially contact-
ing the waste. There are only afew ways in which the cover
can limit the passage of water: by evapotranspiration (ET)
and by diverting water into runoff or subsurface lateral
drainage. Thisisillustrated in Figure 3.3. Note, the particu-
lar cover design may allow subsurface drainage to occur in
more than one layer. Assuming the total amount of water
stored in the cover is constant (which is reasonable over
long periods of time), a simple water balance yields:

Seepage = Precipitation - Surface Runoff -
Evapotranspiration - Subsurface Lateral Drainage

Since precipitation cannot be controlled, seepage can only
be minimized by maximizing the sum of runoff, ET, and
subsurface lateral drainage. Other objectives that have a
direct impact on water flow through the cover are aso often
important. For instance, it is often necessary for the cover to
minimize wind and water erosion and to prevent plant and
animal intrusion. Which of these multiple objectivesis
emphasized may be site-specific. At an arid site, for exam-
ple, proper control of ET and erosion may be al that is
required to achieve a sufficiently small amount of seepage.
At ahumid site, control of runoff and subsurface lateral
drainage may also be essential.

The cover must also remain stable for it to prevent seepage
of water. Stability is strongly dependent on cover slope, the
materials of the cover (both natural and synthetic), water
content of the cover soils, and the foundation materials.
Because of this dependence, a geotechnical stability analy-
sisand an evaluation of unsaturated water flow are best car-
ried out concurrently. U.S. EPA (1995) contains current
guidance for stability analysis of covers. Stability analysis,
however, will not be addressed in this report. The collection
and controlled release of gasesis a possible additional
regquirement of a cover system, but is outside the scope of
this report.
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Figure3.3 Illustration of a ssimple steady-state water
balancein a cover system

Following the categorization of Daniel and Koerner (1993),
cover system components can be placed in one of the fol-
lowing four groups:

» surfacelayer

* protective layer

» drainage layer

* barrier layer.

A typical arrangement of component layersisillustrated in
Figure 3.4. Not all layersarerequired at any given site; a
drainage layer may not be required at an arid site, for exam-
ple. In addition, each component of the cover system may
serve more than one function. For example, ageomembrane
placed above a compacted clay layer acts as alow perme-

ability barrier and also servesto protect the clay from desic-
cation.

3.2.1 Surfaceand Protective Layers

3.2.1.1 Functions

The surface layer of a cover system is the component most
exposed to the atmospheric and biotic processes acting on
the cover. This exposure requires that the surface layer be
carefully designed to perform multiple functions. The func-
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Figure3.4 Illustration of cover system components

tions of the surface layer depend on the climatic conditions
of the site but typically include the following:

e managing runoff
e minimizing erosion
e maximizing ET.

Note, the first two functions are not independent; a surface

layer that produces large amounts of runoff may erode rap-

idly. Typically, some balance must be reached between run-
off and erosion.

A protective layer is often placed directly beneath the sur-
face layer. The combined layers function to protect underly-
ing layers from degradation, which can occur through:

* repeated freeze/thaw cycles
» repeated excessive wetting/drying
e plant, animal, or human intrusion.

3.2.1.2 Optionsin Materialsand Design

The design variables for the surface and protective layers
include material type(s), slope, thickness, and vegetation.

Material Types

Natural materials that could be considered for a surface
layer include the following:

» topsoil — supports the growth of vegetation by providing
water storage capacity



» topsoil/gravel mixture — promotes vegetation while
resisting wind erosion in dry climates (Ligotke and
Klopfer, 1990)

» cobbles— minimizes erosion but does not limit infiltra-
tion and does not support vegetation.

Synthetic materials that might be considered for a surface
layer include the following:

» ageosynthetic erosion control layer. This material may
be used to prevent erosion while vegetation is becoming
established. A geosynthetic would not be relied on to
prevent erosion in the long term, however.

» paving materials (Daniel and Koerner, 1993) such as
concrete or asphalt

» sheeting materials such as corrugated aluminum or fiber-
glass (Schulz et al., 1992).

Paving and sheeting materials can be relatively easily main-
tained since they lie directly at the surface and may there-
fore be applicable as atemporary cover during the period of
waste subsidence. Because they require constant mainte-
nance, however, these materials are not an adequate surface
layer in the long term.

For the protective layer, two materials are typically consid-
ered:

» loca soil —arelatively inexpensive choice to protect an
underlying barrier layer from freezing and excessive
drying. The local soil is placed directly beneath the sur-
face layer.

» cobbles — placed deeper within the cover to minimize
animal and inadvertent human intrusion. A cobble or
gravel layer may also limit root intrusion somewhat. In
some instances, a cobble layer at depth may serve asan
erosion resistant layer in the event that all layers above
are removed in a catastrophic event.

Slope

The slope of the surface layer plays animportant role in
determining runoff, erosion, and infiltration. Steeper slopes
produce greater runoff, more erosion, and less infiltration.
Typica dopesfor that portion of the cover directly over the
waste range from:

* 3-5% in humid environments — this range is chosen to
produce runoff while limiting erosion, and

e 2% in arid environments, where runoff may be less
important.

Side slopes may be steeper, up to 20% for humid environ-
ments and perhaps even larger in arid environments. Stabil-
ity and erosion are concerns with such steep slopes. Daniel
(1994) emphasizes that surface layer erosion is often under-
estimated in cover design. The Universal Soil Loss Equation
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(Wischmeier and Smith, 1965) is an empirical method avail-
able to determine rates of erosion. U.S. NRC (1990) recom-
mends the use of the tractive force (or shear stress) method
(Templeet al., 1987) in cover design because it can incorpo-
rate the effect of design storms and gully erosion. Bennett
and Horz (1991) discuss methods that can be used to esti-
mate rates of wind erosion. U.S. EPA (1989) recommends a
rate of erosion no greater than 4.5 MT/halyr. (2.0 tons/acre/
yr.) for hazardous waste landfill covers.

Thickness

The surface and protective layers commonly serve as pro-
tection against freezing and/or desiccation of a deeper bar-
rier layer such as a compacted clay. It is the combined
thickness of these layers (as well as any drainage layer
above the barrier) that offers this protection. The depth of
maximum frost penetration has been well mapped (see U.S.
EPA, 1989, for example). The depth required to protect a
compacted clay layer from desiccation isless certain. This
issue will be discussed further in Section 3.2.3.

If vegetation is a component of the cover, it is the combined
thickness of the surface and protective layers that provides
the water storage capacity for plant growth and mainte-
nance. Allowance must be made for plant requirements dur-
ing periods of drought, which will tend to increase the
reguired thickness. Anderson et a. (1993) estimated the
capacity of three grasses and one shrub to remove water
from the soil in a semi-arid environment. Combining these
estimates with site-specific precipitation data and a measure
of their cover soil’s storage capacity, they recommended a
cover layer of 200 cm.

A topsoil surface layer over alocal subsoil protective layer
istypical. Typical thickness for the combined topsoil/sub-
soil layersis:

e 60-100 cm in a humid environment, and
e 200 cm or morein an arid environment.

Note, these values are much |ess than the maximum rooting
depths of plantsthat can be expected to devel op on the cover
if not maintained (see the following section).

The soil thickness required to support vegetation can be
deduced by observing a natural plant community similar to
that expected to develop on the cover. The climate and the
surface soils of the natural community must be similar to the
LLW site for this comparison to be valid. Additional thick-
ness may be required for frost protection, as discussed
above.

Vegetation

Vegetation on a cover has both benefits and risks. Vegetation
will reduce the amount of runoff, thereby significantly
reducing erosion of the surface layer. Although this will
simultaneously increase the amount of infiltration, with
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appropriate soils in the surface and protective layer, the
additional infiltration will be stored in the soil and subse-
guently removed by ET. Therisk of vegetation, however, is
that it may ultimately increase the amount of seepage if the
roots penetrate a barrier such as a compacted clay or geo-
synthetic clay liner. Root channels provide a preferential
flow path for water. By removing water from the soil col-
umn, plants may also contribute to the desiccation of a clay
barrier. In addition, there is the potential for plants to take
up contaminants if the roots penetrate deeply into the facil-
ity.

In humid environments, shallow-rooted (less than one
meter) grasses are the preferred vegetation. Without contin-
ual maintenance, however, ecological succession will
quickly change the plant community. Suter et al. (1993) esti-
mate that at Oak Ridge, Tennessee the transition from grass
to mature forest could take as little as 65 years without inter-
vention. The average rooting depth of larger woody shrubs
and trees may be three meters or more (Foxx et al., 1984b).
Such plants are likely to have roots capable of penetrating
compacted soil barriers. In addition, Suter et al. (1993) point
out that trees allowed to reach maturity may be uprooted by
high winds, which may have disastrous effects on the cover.

Reynolds (1990) studied three semi-arid grasses and one
shrub and found that each plant species was able to pene-
trate a0.6-m clay barrier in just three years. Reynolds also
looked at the use of gravel/cobble and scoria (basalt) as bar-
riersto root penetration. While these materials were more
effective than the compacted soil in limiting the depth of
penetration and the root density, Reynolds observed that
instances of complete barrier penetration occurred for each
plant species in each barrier type.

In semi-arid regions of the western U.S., grasses and shrubs
are common vegetation types, with many areas devoid of
trees (Rickard and Vaughan, 1988). Grasses common to the
arid and semi-arid west, however, have maximum rooting
depths greater than 2 m (Foxx et al., 1984a). Common
shrubs have average rooting depths of 2-4 m, with roots
extending to maximum depths of 5 m or more (Foxx et a.,
19844). Natural revegetation in arid environments may be
unpredictable. At the Hanford Site, one area that was
cleared remained free of vegetation 35 years|ater (Fitzner et
al., 1979). In addition, there is some evidence that the plant
community may be undergoing changes dueto therelatively
recent introduction of foreign species. The dominant shrub
(sagebrush) may be unable to compete with the introduced
species (mainly cheatgrass) after the occurrence of fires
(Leopold, 1966). The replacement of deep-rooted shrubs
with shallow-rooted grass will increase the seepage at this
site.

An active revegetation program is preferable to natural
revegetation. An unvegetated surface layer is susceptible to
erosion, particularly in ahumid environment. In addition,
during thetime it takes for vegetation to move back onto the
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cover, ET isgreatly reduced. Theresultant increase in stored
water and, potentially, seepage may be significant. Thisis
particularly true in arid environments due to the length of
time required for natural revegetation and the relative
importance of plant uptake of water.

3.2.2 Drainage L ayer

3.2.2.1 Function

The function of adrainage layer isto collect water that has
infiltrated and to divert this water laterally so it has no
opportunity to contact the waste. Drainage layers are typi-
cally placed beneath the surface/protective combined layers
and above the barrier layer(s). In thislocation, adrainage

layer:

 reduces the head of water on the barrier layer, which
limits the flow of water through the barrier, and

* reduces the water content of the surface and protective
layers, improving the stability of these layers and
increasing their storage capacity.

A drainage layer is generally susceptible to failure due to
the transport of fine soil particles that can:

« fill the void spaces of the drainage layer material,
thereby reducing its ability to transmit water, or

« clogthe outlet of the drain, causing a backup of water in
the drainage layer.

The potential movement of fine soil particlesis usually
addressed by placing afilter layer adjacent to the drainage
layer. Failure of the drainage layer can still occur, however,
if the filter itself becomes clogged with fine particles.

If the drainage layer or filter becomes excessively clogged,
pore pressures within and above the drainage layer may rise
to the point where the drainage layer or the overlying soils
become unstable. A landslide may then occur leading to cat-
astrophic failure of the cover. Failure of the drainage system
in acover system is particularly acute because there is no
way to design aredundant system (unlike a barrier).

3.2.2.2 Optionsin Materialsand Design

To fulfill its function, a drainage layer must be capable of
transmitting whatever amount of water passes through the
surface and protective layers. The flow capacity of adrain-
age layer is determined by the drainage layer material type,
slope, and thickness as well as the applied normal stress.



Materials

Daniel and Koerner (1993) identify a number of alternative
drainage/filter layer combinations, consisting of natural and
synthetic materials. These include:

» Sand or gravel drainage layer with a soil filter
» Sand or gravel drainage layer with a geotextile filter

» Geosynthetic drainage options: athick geotextile acting
as both drain and filter, a geonet drain with a geotextile
filter, or a geocomposite sheet drain (consisting of an
encapsulated polymeric drainage core with an overlap-
ping geotextile filter)

Geosynthetic drainage layers offer several advantages. They
can be made with avery high in-plane transmissivity, espe-
cialy geonets and geocomposites. Because they are light-
weight, geosynthetics can be installed using light equipment
that isless likely to puncture an underlying barrier layer
(such as a geomembrane). In addition, they can be inexpen-
sively shipped to any location.

One of the disadvantages of geosynthetics, particularly geo-
nets and geocomposites, is that they introduce a potential
plane of slippage between components of the drainage layer
and between the drainage layer and an underlying geomem-
brane. The primary disadvantage of geosynthetic drainage
layers, however, isthat their long-term viability isuncertain.
Koerner (1994) describes tests that have been used to esti-
mate the effects on geosynthetic performance of clogging
and various degradation mechanisms. Unfortunately, these
testsare all relatively short-term and do not provide the
required information on geosynthetic aging and long-term
degradation. Several additional factors argue against the use
of geosynthetics as drainage componentsin LLW disposal
facility cover systems:

» Thereisarelatively short history of experience with
geosynthetics.

» LLW disposal requires along operating life.

e Geosynthetics with a high ratio of surface areato mass,
such as geotextiles, tend to be shorter lived (Daniel,
1994).

» Disposd facilities cannot be designed with redundant
drainage systems without great cost.

In sum, these factors provide a strong case for constructing
adrainage layer of natural materials only, as recommended
by Daniel (1994). For similar reasons, Daniel (1994) also
cautions against the use of manufactured drains, such as
pipes, at the toe of the slope (the outlet of the drainage

layer).

The advantage of a sand filter and sand/gravel drainage
layer is primarily the long history of application. The disad-
vantages of these natural materials are:

Engineered Barriers

¢ Finesoil particlesin the materials can betransported to a
point where they clog the drainage layer or the drain out-
let, resulting in failure as described above. The potential
for this problem to occur can be reduced by washing the
drainage materials before construction.

* A gravel drainagelayer may puncture ageomembrane or
geosynthetic clay liner if placed directly on top of it.
Daniel and Koerner (1993) recommend restrictions on
maximum particle size or the use of acushioning layer if
thisis aconcern.

» Potentially high cost if the natural materials are not
available locally.

Slope and Thickness

Flow in adrainage layer occurs primarily under gravita-
tional forces. In this case, asimple analysis using Darcy's
Law can be used to evaluate the drainage layer design. The
required average flowrate of the drainage layer is given by

Q¥=qL (3-1)
where the parameters are identified in Figure 3.5 and
defined asfollows:

Q"™ = required average flowrate of the drainage layer
per unit width [cm?/s]

g; = average net infiltration: the average flux of
water percolating below the zone of ET and
into the drainage layer [cm/s]

L = the (horizontal) length of the drainage layer
[cm]

The capacity flowrate of the drainage layer must be greater
than the required flowrate and can be estimated as
QP =K Ti (3-2)
where
Q% = capacity flowrate of the drainage layer per unit
width [cm?/s]
K= in-plane saturated hydraulic conductivity of the
drainage material [cm/s]

T = thickness of the drainage layer [cm)]
i = the gravitational gradient [= sin 3 = slope]
Theseterms are also illustrated in Figure 3.5.

If the average net infiltration at asiteis 5.0 x 107 cm/s
(12.6 cm/year) with adrainage length of 60 m, Eq. 3-1
resultsin arequired flowrate of 0.003 cm?/s. The U.S. EPA
recommended drainage layer for hazardous waste disposal
facility covers consists of 30 cm of soil with a saturated
hydraulic conductivity of at least 10 cmi/s, placed on a
slope of at least 3%. According to Eq. 3-2, thisyieldsa
capacity flowrate of 0.009 cm?/s, threetimeswhat is
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Figure3.5 Parametersused in evaluating drainage

required. The appropriate factor of safety to apply in this
case is amatter of engineering judgement but should con-
sider the long required operating life of the cover and that
the required flowrate will vary over time and may be signifi-
cantly higher at any moment than the average value.

Flow in geosynthetic drainage materials can be similarly
analyzed, although the flow is potentially turbulent, particu-
larly in geonets and geocomposites. Koerner (1994) pro-
vides adiscussion of the appropriate analysis in this case.

Applied Normal Stress

The transmissivity of a geosynthetic drainage layer may be
astrong function of the applied normal stress (Koerner,
1994). A possible reduction in the drainage capacity dueto a
sustained load must be accounted for in this case. With
proper compaction during construction, thisis not an issue
for sand and gravel drainage layers.

3.2.3 Barrier Layer

3.2.3.1 Function

Although each component of a cover system serves a pur-
pose, the barrier layer is often the most critical component.
Thisis because of the typical requirement that a waste dis-
posal facility allow only avery small amount of water to
contact the waste (on the order of afew cm/year or less: 10”7
cm/s= 3.2 cmlyr.). It isvery difficult for runoff and ET
aloneto limit seepage into the waste to such asmall amount,
even in dry climates. Barrier layers are typically located
immediately beneath adrainage layer and, through their low
permeability, are capable of successfully limiting seepage
into the waste.

3.2.3.2 Optionsin Materials and Design

The most important considerations in the success of a bar-
rier layer are the choice of materials and proper installation.
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Barriersfall into one of two broad classes — those that rely
on the low intrinsic permeability of their materials:

e compacted soil

e geomembranes

e geosynthetic clay liner
e asphalt mixtures

and those that rely on a contrast in unsaturated hydraulic
characteristics between two different materials, commonly
known as capillary barriers.

Each of these materialsis discussed below. Composite barri-
ers (made up of acombination of materials) are discussed in
Section 3.2.3.3.

Compacted soil layers

Compacted soil layers (composed of clay-rich soils or soil/
bentonite mixtures) were once commonly used as the sole
barrier component of disposal facility (hazardous and solid
waste) covers. These materials were believed to be adequate
because of their low permeability; under ideal conditions a
compacted soil with high clay content can have a saturated
hydraulic conductivity less than 1.0 x 10" cm/s (3.2 cm/
yr.). In acover with adequate drainage, the head of water
driving flow through the barrier will be fairly small. Under
such circumstances, the gradient is approximately one and
the flux through the barrier can be calculated using Darcy’s
Law as

T = Ksi=Kg (3-3)
where

P27 = the flux through the barrier [cm/s]

K= the vertical saturated hydraulic conductivity of
the barrier [cm/s]

i = the vertical gradient acrossthe barrier [cm/cm],
usualy calculatedas(H + T) / T; when H is
small withrespectto T, theni =1

H = the head of water above the barrier [cm]
T = the thickness of the barrier [cm]

Under ideal conditions, the water flux through the com-
pacted soil barrier is thus approximated by the saturated
hydraulic conductivity of the barrier material.

It is now recognized that there are several mechanismsto
which compacted soil layers are susceptible that may lead to
aflux through the barrier much greater than that given by its
saturated hydraulic conductivity. In addition, these mecha-
nisms may produce failure of the barrier in arelatively short
period of time. The mechanisms are:

* inadequate construction techniques

» freeze/thaw cycles



e desiccation
 root penetration
o (differential settlement.

Inadequate construction techniques. U.S. EPA recommen-
dations for hazardous waste covers are for a compacted soil
barrier with a saturated hydraulic conductivity no greater
than 1.0 x 107 cm/s. It is generally believed that such a
requirement can be met using typical compaction methods
(ASTM D698 or ASTM D1557; seedso U.S. EPA, 1988a).
Thefield-scale study of Krapac et al. (1991) demonstrated
that proper attention to construction techniques can satisfy
the EPA requirement. Depending on the method of measure-
ment, their 90 cm thick compacted soil liner had an as-built
hydraulic conductivity of 3.3 x 10 - 6.7 x 108 cr/s.

Several authors have shown that standard |aboratory mea-
surements of hydraulic conductivity (ASTM D5084) of both
undisturbed and recompacted samples may be more than
1000 times smaller than the actual averagefield value (Day
and Daniel, 1985; Daniel, 1984; Rogowski, 1988). Elsbury
et al. (1990) attribute this phenomenon primarily to the per-
sistence of soil clods and to afailureto bond soil lifts. These
conditions lead to macropore flow between clods and lifts.
Daniel (1989) reviews options for measuring the hydraulic
conductivity of compacted soil barriers. He recommendsthe
use of sealed double-ring infiltrometers and pan lysimeters
because they measure over an area sufficiently large to
account for the effects of macropore flow and they provide
reliable measurements of the low hydraulic conductivity
values of awell-constructed barrier. These tests should be
carried out on the actual barrier, or on atest pad representa-
tive of actual site construction practices.

Freeze/thaw cycles. Even abarrier that is carefully con-
structed to achieve alow field value of hydraulic conductiv-
ity can be quickly degraded by any of several mechanisms.
All barrier layers must have a sufficient overburden thick-
ness to prevent freezing of the pore water within the barrier,
as discussed previously. The formation of ice lensesin the
overburden, however, can contribute to desiccation of a bar-
rier layer. When water in soil freezes, capillary pressuresare
reduced, thus producing a movement of liquid water from
unfrozen soil to the frozen zone.

Desiccation is of great concern with compacted soil barriers
because it generally causes the soil to shrink, potentially
producing cracks that can significantly increase the overall
hydraulic conductivity of the barrier. The problem is made
worse by conventional construction practicesin which the
barrier is emplaced at fairly high water contentsin order to
produce satisfactory compaction and sufficiently low
hydraulic conductivity. As Daniel and Wu (1993) point out,
however, the potential shrinkage of the soil increases with
the water content. Thisis particularly important for covers
because a desiccation crack is more likely to reseal when
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inundated with water if the effective confining pressureis
large (Boynton and Daniel, 1985). The thin layer of soil
above the barrier in atypical cover will produce relatively
low pressures.

Daniel and Wu (1993) present a method to determine the
range of water content and compaction density to provide
low hydraulic conductivity, minimal potential for shrinkage
on drying, and adequate shear strength for stability. As
Daniel and Wu state, however, thereis currently very lim-
ited datato relate the degree of shrinkage to the significance
of cracking (namely, Kleppe and Olson, 1985, asingle study
using three soils).

The effect of desiccation on compacted soil barriersis most
convincingly illustrated by the results of a study carried out
in Hamburg, Germany (Melchior et al., 1993, 1994) This
large-scale field test examined severa cover designs includ-
ing one with a 60 cm compacted soil layer (17% clay, 26%
silt, 52% sand, and 5% gravel; lab measured geometric
mean saturated hydraulic conductivity of 2.4 x 108 cm/s)
overlain by 25 cm of coarse sand and 75 cm of grass-vege-
tated topsoil. Two experimental covers were constructed
with this design, one at a 20% slope and one at a 4% slope.
The compacted soil layers began to pass significant quanti-
ties of water after only 20 months of operation. During the
fifth year of operation, the leakage through the barriers was
14.3% (for the 20% slope) and 31.3% (for the 4% slope) of
the water percolating into the overlying drainage layer
(Melchior et al., 1994). Table 3.1 presents the results for the
first five years of data.

A tracer study showed the existence of continuous preferen-
tial flow paths in the compacted soil barriers. Mechanisms
other than shrinkage due to desiccation were ruled out as
explanations for the presence of macropores. Upward capil-
lary flow of water during the relatively dry summers and the
removal of soil water by plant roots produced the desicca-
tion of the barrier. The desiccation occurred despite careful
construction procedures and minimization of shrinkage
potential through appropriate choice of materials (clay com-
position was 50% illite, 30% smectite, and 20% kaolinite
and chlorite).

Root penetration. High clay content and compaction to
increase soil bulk density both impede plant root growth. In
addition, the high water content of a compacted soil barrier
prevents root growth by limiting oxygen availability. Never-
theless, an unprotected, compacted soil barrier is susceptible
to root penetration in the long term. Desiccation cracks,
areas of poor compaction, and worm holes provide potential
avenues for root growth. The study of Reynolds (1990) dis-
cussed earlier demonstrates the potential for rapid root pen-
etration in compacted soil barriers. (Although it should be
noted that Reynolds [1990] gives no data describing the
compaction.)
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Table 3.1 Subsurface lateral drainage and leakage through a compacted soil barrier (after Melchior et al., 1994)

20% Slope 4% Slope
L eakage [cm/g] L eakage [cm/g]
SubsurfaceL ateral (% of potential SubsurfaceL ateral (% of potential
Drainage [cm/s] leakage) Drainage [cm/s] leakage)

1988 1.2x1078 6.0 x 109 (0.5) 1.2 x10° 2.2x108(1.9)
1989 7.8x107 1.0 x 108 (1.3) 5.7 x 1077 25x108(4.2)
1990 1.0 x 10°® 4.2 x 108 (4.0) 9.2x 107 55 x 108 (5.7)
1991 5.6 x 10”7 4.2 x108(7.1) 5.8 x 107’ 2.7x 108 (4.5)
1992 9.1x107 1.5x 107 (14.3) 7.1x 107 32x107 (3L3)

Differential settlement. Daniel and Koerner (1993) summa-
rize the available data on the relationship between differen-
tial settlement and tension cracking in compacted soils.
They conclude that compacted soil barrierswill crack when
their distortion due to differential settlement is greater than
0.05to0 0.1. Distortion is defined as the ratio of differential
settlement to length of settlement (see Figure 3.6.) For a
10-m diameter crater, for example, this means that cracking
can be expected for settlements greater than 0.25-0.5m. In
the experience of Daniel and Koerner (1993), this magni-
tude of distortion is common in municipal landfill coversin
which the waste is typically quite compressible. They
believe, however, that such large distortions are not likely in
modern hazardous waste disposal facility covers. By anal-
ogy, differential settlement is unlikely to be an issue for
LLW aslong as disposal practices require stabilized and
well packed-waste. Differential settlement islikely to be of
greater concern with shallow land burial than with vault-
type disposal.

Geomembranes

Geomembranes have become increasingly common as a
component of cover systems and are currently recom-
mended by the EPA for hazardous waste disposal facilities
(U.S. EPA, 1989; U.S. EPA, 1988b). Koerner (1994) lists
nine types of geomembranes currently in use and compares

Differential Settlement

Figure3.6 Definition of distortion, A/L, in acompacted
soil barrier due to differential settlement
(after Daniel, 1994)
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the properties of a number of these. For cover applications,
high-density polyethylene (HDPE) seemsto be the most
popular.

Geomembranes have several advantages over compacted
soil barriers. They are not susceptible to damage from freez-
ing, desiccation, or root penetration. In addition, they are
able to withstand much greater differential settlement.
While compacted clays cannot sustain tensile strains larger
than 0.1-1% (Daniel and Koerner, 1993), laboratory tests
reported in Koerner (1994) indicate that HDPE can sustain
axisymmetric strains in excess of 20% (corresponding to
distortionsin excess of 0.5). Other geomembranes with
greater extensibility such as very low-density polyethylene
(VLDPE), sustained strains greater than 70%. A final advan-
tage of geomembranes isthat their cost is not dependent on
local availability, asis the case with natural clay soils.

The primary advantages of geomembranes are their
extremely low permeabilities. The permeability of an intact
geomembrane is so low, in fact, that standard water perme-
ability measurement techniques are inadequate. Geomem-
brane permeability is typically measured instead by a water
vapor transmission test (ASTM E96); resulting equivalent
hydraulic conductivities are on the order of 1.0 x 101 to
1.0 x 10'13 cm/s (Giroud and Bonaparte, 1989a; Koerner,
1994). These values are much smaller than anything achiev-
able with compacted soil barriers. (Note, flow in geomem-
branesis modeled using Darcy’s Law even though thisis not
strictly correct. The resulting hydraulic conductivities are
referred to as “ effective” because the value obtained for a
particular geomembrane is a function of the pressure gradi-
ent producing the flow [Giroud and Bonaparte, 19894].)

Geomembranes are not the perfect barrier, however, particu-
larly for LLW disposal. The primary failure mechanisms
are

e punctures produced during construction
e poor quality seams



» long-term degradation and aging of geomembranes.

Thefirst two mechanisms cause increased flow through the
geomembrane and generally result in reduced cover perfor-
mance from the time of construction. Reduction in perfor-
mance due to degradation and aging occur gradually over a
much longer time period.

Giroud and Bonaparte (1989a) used the results of asimple
model to estimate the flowrate through a geomembrane con-
taining holes. A portion of their results are summarized in
Table 3.2. As the table indicates, the presence of holes can
have adramatic effect on the flux through a geomembrane.
These results assume an HDPE geomembrane with a thick-
ness of 1.0 mm (40 mils) and that a coarse drainage material
(Ks= 0.1 cm/s) lies above and bel ow the geomembrane. The
presence of less permeable materials adjacent to the
geomembrane will reduce the flowrate through the holes.

Table 3.2 Estimated flux [cm/s] through a geomembrane
with holes (after Giroud and Bonaparte, 1989a)

Water Depth on Top of the

Hole Geomembrane [cm]
Diameter
[mm] 0.3 3.0 30
0.0 1x1014 1x1012 1x 10710
0.1 1x 1012 1x101 1x 10710
2.0 1x108 3x108 1x107
11.3 3x107 1x10° 3x10°

Giroud and Bonaparte (1989a) also assumed the geomem-
brane had an average of one hole per 4000 m? (1 acre). This
value was based on six case studies that documented the
detection of seam defects and assumed adequate quality
control and an independent quality assurance inspection fol-
lowed by repair. The results presented in Table 3.2 could be
multiplied by an appropriate factor if thefrequency of
defects was greater than one per 4000 m?. Daniel (1994,
personal communication) estimated that a defect frequency
of afew holes per acre was achievable. Gilbert and Tang
(1993) performed a probabilistic analysis of results from
case studies of 16 hazardous waste landfillsincluding pri-
mary and secondary liners. For the landfill cells examined,
the estimated defect frequency after msgection and repair
ranged from 3 to 52 defects per 4000 m~ (including seam
and panel defects) The average over al cellswas 17 defects
per 4000 m2. Gilbert and Tang (1993) also estimated the
mean defect size, which was found to range from 7 to 11
mm, with an average over al cells of 9 mm. This compares
well with the largest hole diameter presented in Table 3.2.

Punctures can occur during construction due to the use of
heavy machinery and the placement of the geomembrane
adjacent to gravel layers. Preventing puncturesis particu-
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larly important because they usually occur after the
geomembrane is covered; detection is consequently diffi-
cult. Koerner (1994) discusses the available lab tests for
measuring puncture resistance of geomembranes (ASTM
D5494 and D4833). The results of these tests indicate that
the resistance increases linearly with geomembrane thick-
ness. Placing a cushioning geotextile on the geomembrane
greatly increases its puncture resistance. Koerner (1994)
also discusses severa field-simulated performance tests that
are under devel opment for testing puncture resistance.

Seams are typically regarded as the weak point in geomem-
brane construction, especially when they are made in the
field. Koerner (1994) provides an extensive discussion of
factory and field seaming of geomembranes and the various
tests (both destructive and continuous, nondestructive)
available to determine the quality of the seams. Additional
information can be found in U.S. EPA (1991) and U.S. EPA
(1993a).

Koerner (1994) emphasizes the importance of proper seam-
ing and seam testing. He argues for the use of seaming
methods with features that can be controlled according to
weather conditions and feedback from seam quality mea
surements. The hot wedge fusion system is one such
method. Koerner (1994) also argues for the use of a nonde-
structive test that can assess the quality of 100% of the
seams on a continuous basis. The current method preferred
by design engineers and construction quality assurance
inspectors (the vacuum box method) has serious deficien-
cies. One-hundred percent inspection isimpractical using
the vacuum box method, and this method cannot be used on
slopes, in corners, and around details (e.g. sumps, vents, and
patches), places where seaming problems are most likely.
Koerner (1994) suggests that ultrasonic methods show par-
ticular promise.

Long-term degradation and aging. Koerner (1994) summa-
rizes the available information on the endurance properties
of geomembranes. The mechanisms discussed are ultravio-
let, radioactive, biological, chemical, and thermal degrada-
tion. For a LLW cover application in which the
geomembrane is covered with ameter or more of soil, the
most important mechanisms are radioactive degradation (a
concern mainly because of the lack of data) and biological
degradation (mainly potential damage from burrowing ani-
mals). No established test procedures exist for either degra-
dation mechanism.

Lifetime prediction techniques are al so discussed by
Koerner (1994). These techniques attempt to predict the
lifetime of a geomembrane under field conditions by per-
forming measurements of its strength (or some other prop-
erty) at elevated temperatures. The tests assume that the
high temperature results, which are obtained in a practical
amount of time, can be extrapolated to low temperatures and
correspondingly long lifetimes. Although the techniques
discussed by Koerner (1994) are all applied to measure-
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ments of stress, it is possible that they could be applied as
well to measurements of permeability, which may be of
most concern in LLW cover applications. The consensus on
lifetimeisthat an HDPE geomembrane as a component of a
cover system can be expected to perform for afew hundred
years (Daniel, 1994, personal communication).

Koerner (1994) expresses concern over the ability of a
geomembrane to survive the packaging, handling, transpor-
tation, and installation processes. He summarizes the sur-
vivability requirements of geomembranesto provide a
check on design and offers the following minimum require-
ments for cover applications:

* thickness as measured by ASTM D5199 — 0.88 mm (35
mils)

 tensile behavior using a25 mm strip as measured by
ASTM D882 —10.5 kN/m (60 Ib./in.)

 tear resistance as measured by ASTM D1004 Die C —
67 N (151b.)

* puncture resistance as measured by ASTM D4833 modi-
fied—160 N (351b.)

e impact resistance as measured by ASTM D1424 modi-
fied— 15 J (20 ft.-1b.)

These requirements are al lab index tests. Koerner (1994)
strongly recommends the use of field-simulated perfor-
mance tests whenever available in addition to the index
tests. A construction quality control/quality assurance pro-
gram is an added requirement.

Geosynthetic Clay Liners

Geosynthetic clay liners (GCLs) are arelatively new addi-
tion to the world of geosynthetic barriers. The GCLs cur-
rently available consist of athin layer of bentonite clay
stitched, needled, or glued between two geotextile sheets or
glued to ageomembrane. The amount of clay used is 4.9 kg/
m? (1.0 Ib./ft.2), approximately 5 mm thick, measured as-
received. The bentonite provides alow permeability barrier.
Daniel (1993) summarizes the available data on the hydrau-
lic conductivity of GCLSs (see also Estornell and Danie,
1992); valuesfall in the range of 2 x 10°1%to 6 x 10 cn/s,
The geotextiles contribute shear strength to the GCL but
mainly serve as a carrier for the bentonite.

GCL seamsare formed by overlapping the sheetsfrom 75 to
225 mm, spreading bentonite between sheetsin certain
cases (U.S. EPA, 1993b). Estornell and Daniel (1992) found
only minor increasesin hydraulic conductivity due to seams
when the manufacturer’s recommendations were followed.

GCLsarerelatively new and experience of their behavior
under various conditionsis currently limited. Several poten-
tial failure mechanisms resulting from their application in
cover systems have been identified, however. These include:
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¢ excessive shear stresses, in-plane and those due to differ-
ential settlement

* punctures
* desiccation and freezing
e root penetration.

Shear. Koerner (1994) states that the resistance to shear in a
GCL is dominated by its geosynthetic component. He dis-
cusses several lab tests that can be used to measure GCL
shear behavior. Daniel (1994) cautions that a GCL will
undergo long-term shearing stresses (difficult to measure
using lab index tests) that need to be considered in the
design. Citing studies by LaGatta (1992) and Boardman
(1993), Daniel (1994) concludes that GCL s can withstand
distortions up to 0.5 without significant increases in hydrau-
lic conductivity (approximately 5 to 10 times larger than for
compacted soil layers). This amount of distortion corre-
spondsto atensile strain of 10 to 15%. As noted, most of a
GCL's resistance to shear comes from its geosynthetic com-
ponents, not from the bentonite.

Punctures. The thinness of GCL s renders them susceptible
to punctures. Because bentonite swells greatly when
hydrated, however, minor punctures will reseal. Shan and
Daniel (1991) punctured a dry, geotextile-encased, adhe-
sive-bonded GCL and found that, when hydrated, punctures
less than 25 mm in diameter resealed.

Desiccation and freezing. Few data exist on the effect of
desiccation and freezing on GCLs. Shan and Daniel (1991)
found no change in the hydraulic conductivity of a geotex-
tile-encased, adhesive-bonded GCL after three wet/dry
cycles, each of which produced severe desiccation cracking.
Boardman (1993) desiccated a GCL buried under 60 cm of
gravel and found that its hydraulic conductivity returned to
its original value when rehydrated. Shan and Daniel (1991)
also subjected a GCL to repeated freeze/thaw cycles and
found that its hydraulic conductivity was unaffected. Daniel
(1994) reports that similar results have been obtained in
other unpublished studies.

Root penetration. There are no published studies on the
ability of rootsto penetrate GCL s and the resulting effect on
GCL performance. When hydrated, the bentonite compo-
nent of aGCL will resist root penetration. When desiccated,
however, bentonite cracks severely. Combined with the thin-
ness of GCLs, this suggests that the bentonite component
may provide little protection against root penetration in the
long term. The geotextile components are also unlikely to
provide any significant barrier to root penetration. The
geomembrane component of a geomembrane/bentonite
GCL, however, will provide resistance to root penetration.

While the laboratory results on GCL performance are
encouraging, no long-term studies of GCL performance
under realistic field conditions have been carried out. Such



studies are required to test the ultimate value of GCL's as
components of LLW cover systems.

Asphalt Mixtures

Asphalt mixtures are an uncommon, but potentially effec-
tive and long-term barrier in covers. Natural asphalts are
known to have survived in the subsurface for more than
5000 )éears (Forbes, 1955). Hydraulic conductivities as low
as 10™ cm/s have been measured using hot-mix asphaltic
concrete material (Freeman et a., 1994). A large-scale field
study of a cover system utilizing a sprayed asphalt barrier is
currently underway at the Hanford Site in Washington State
(Wing and Gee, 1994; Gee et al., 1994).

Capillary Barriers

In contrast to compacted soil, geomembrane, and GCL bar-
riers, acapillary barrier does not rely on the low intrinsic
permeability of its materials to be an effective barrier. In
fact, capillary barriers must be constructed of materials that
have rather high saturated hydraulic conductivities. The use
of capillary barriersin cover systems has been suggested by
Frind et a. (1977) and Johnson et al. (1983) among others.
Anillustration of acapillary barrier is shown in Figure 3.7.
The actual barrier isformed by the interface of afine mate-
rial and a coarse material (e.g., sand over gravel). Water per-
colating from above (g in Figure 3.7) movesthrough thefine
soil until it reaches the interface. At the interface, capillary
forces hold the water in the smaller pores of the fine mate-
rial thus preventing deeper percolation of water into the
coarse material.

With a capillary barrier of slope, 3 = 0, water will accumu-
late above the interface, increasing the pressure head there.
If the pressure at the interface becomes so high that it is
insufficient to hold the water in the fine sail, the capillary
barrier will fail aswater moves into the coarse material. The
barrier must thus be designed to remove water from the
interface. This can be done in one of two ways. Plant roots
will remove water from the fine layer if they are able to
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Figure3.7 lllustration of a capillary barrier
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grow within the barrier. This approach is applicable in rela
tively arid environments. An alternative approach, usually
necessary in humid environments, isto construct the barrier
with aslope 3 > 0. In this case, water reaching the interface
will be ableto drain laterally, thus increasing the pressure
head at the interface.

There are several critical factorsin the successful design
and construction of a capillary barrier. These include;

o selection of materids
e limiting the input flux, g, in humid environments

« dope and thickness (and plant selection in horizontal
barriers)

e proper construction.

Thefirst three design variables can be evaluated using
numerical models of unsaturated water flow (e.g., Olden-
burg and Pruess, 1993; Meyer, 1993; Yeh et a., 1994). Asa
relatively simple check on design, however, the anaytical
solutions of Ross (1991, 1990) or Morel-Seytoux (1994)
can be used.

Materials. The effective length of a capillary barrier isa
nonlinear function of the properties of its materials. The
selection of materials for a capillary barrier istherefore
complex, requiring knowledge of the unsaturated hydraulic
characteristics of both drainage and barrier layers. Ina
humid environment, acapillary barrier typically will consist
of acoarse sand or gravel soil overlain by a drainage layer
composed of asoil that is finer than the barrier layer.
Although geotextiles can also be used for either component
of the capillary barrier, their questionable longevity argues
for the use of natural materials. In an arid environment in
which lateral subsurface drainage is not aconcern, the upper
material may have a higher percentage of fines.

Figure 3.8 shows unsaturated characteristic curves for two
soils that might be used to construct a capillary barrier. In
this example, the coarse soil has a saturated hydraulic con-
ductivity two orders of magnitude larger than the fine soil.
At lower pressures, however, the hydraulic conductivity of
the coarse soil is several orders of magnitude smaller than
the fine soil. For the example shown in Figure 3.8(A), the
critical pressure (the point at which the hydraulic conductiv-
ities of thetwo soilsare equal) is approximately 0.7 cm. The
capillary barrier will be successful aslong asthe pressure at
the interface remains somewhat larger than this critical
value.

It is commonly assumed that a capillary barrier will fail
when the fine soil at the interface becomes saturated. This
condition corresponds to the optimal situation and isillus-
trated by the water retention curvesin Figure 3.8(B). How-
ever, some materials may function as a capillary barrier at
low pressures yet fail well before the fine soil becomes satu-
rated at the interface. A careful analysis that considersthe

NUREG/CR-6346



Engineered Barriers

(A)

- )
-4
E 10" -
> ]
s 10°
5
> .
g 10°
3 7] e
o . s
3 10°° | [Coarse Soil]
-% 12 i
10

R

I I
10° 10"

I I
100 100 100 10° 1

Pressure Head [-cm|

04

unsaturated flow characteristics is necessary to predict the
performance of a capillary barrier.

Figure 3.8(A) also illustrates the low hydraulic conductivi-
tiesthat can be achieved with a capillary barrier. Coarse
materials such as gravels, when dry, can have hydraulic con-
ductivitiesthat rival those of geomembranes. As explained
above, these low conductivities can only be achieved if the
pressure head at the interface is kept sufficiently low by
choosing an appropriate fine soil.

Input flux. As discussed above, the success of a capillary
barrier requires that the soil water pressure at the interface
of the fine and coarse materials be relatively low. In an arid
environment, this may not be an issue simply because pre-
cipitation islow and ET is high. Nyhan et al. (1990) illus-
trated the potential effectiveness of a capillary barrier in a
semi-arid environment (Los Alamos, NM). Their capillary
barrier field plots (3.0 m by 10.7 m) consisted of 71 cm of
sandy loam topsoil over 5-10 mm gravel. The interface was
maintained with a geotextile. The capillary barrier increased
ET from approximately 88% of precipitation (in the control
plots) to just over 96%. Seepage was 0.0 and 1.5% of pre-
Cipitation in the two plots with capillary barriers and 6.1%
in the control plots. These data were collected over three
years under natural precipitation.

In ahumid environment, a capillary barrier is not likely to
be successful unless the input water flux to the top of the
finesoil (qin Figure3.7) islimited in someway. Thiscan be
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Figure3.8 Unsaturated hydraulic conductivity (A) and water retention (B) characteristicsin a capillary barrier

done by placing alow permeability barrier such asacom-
pacted soil layer, geomembrane, or GCL immediately above
the fine soil layer of the capillary barrier.

In spite of the careful selection of materials, a capillary bar-
rier will fail if thereis a sufficiently large input of water.
Unlike other barriers, however, this failure does not signal
the end of the barrier’s useful life. The capillary barrier will
function again once the input of water is reduced and the
materials dry out.

Sope. In an arid environment, a capillary barrier with no
slope can be utilized. Such adesign has been used in a pro-
totype barrier constructed at the Hanford Site (Gee et al.,
1993). Two meters of silt loam overlie coarse sands and
gravels. The capillary barrier acts to hold water in the silt
loam during the winters (when precipitation is high and ET
islow). Thiswater is subsequently removed from the fine
soil during the spring and summer when evaporation and
plant transpiration are both much higher. The success of this
design requires that plants be able to extract soil water from
the two meter depth and that the storage capacity of the silt
loam, which isincreased by the action of the capillary bar-
rier, be sufficient to hold the winter precipitation (Geeet al.,
1993).

In ahumid environment, the capillary barrier must be sloped
to drain the water that reaches the interface. Cost consider-
ations will generally require that a cover system be con-
structed with each of itslayers at approximately the same



slope (as shown in Figure 3.2). The use of arelatively steep
slope to increase the effective capillary barrier length must
therefore be balanced against the design requirements of the
surface and drainage layers. The solutions of Ross (1991)
and Morel-Seytoux (1994) can facilitate this design analy-
sis.

Construction. Asisthe casefor barriersrelying on their low
intrinsic permeability, the performance of a barrier layer is
sensitive to the quality of its construction. The interface
between the fine and coarse materials must be fairly sharp.
In addition, excessive movement of fine soil particlesinto
the coarse layer may reduce the effectiveness of the barrier.
A filter layer is sometimes used to limit fine particle move-
ment. The presence of the filter layer may change the behav-
ior of the barrier, however. This should be considered in the
design.

The large-scale field experiment of Melchior et a. (1993,
1994) described above (in the Compacted Soil Layers sec-
tion, page 25) included a study of acapillary barrier. In
increasing depth from the surface, the experimental cover
consisted of 75-cm of topsoil, a 25-cm coarse sand drainage
layer, a40-cm compacted soil barrier composed of the same
meateria as described earlier, 60 cm of fine sand, and 25 cm
of coarse sand/fine gravel. The last two layers comprise the
capillary barrier. The barrier was constructed at a 20%
dlope.

Results of capillary barrier performance are given in Table
3.3, taken from Melchior et al. (1994). The capillary barrier
performed perfectly for four years, successfully diverting
100% of the water passing through the compacted soil bar-
rier. The amount of water leaking through the compacted
soil layer increased each year, however. Thislayer was
undergoing gradual degradation due to desiccation as
described earlier. In the fifth year of operation, sufficient
guantities of water passed through the compacted soil layer
to cause leakage in the capillary barrier. However, the capil-
lary barrier still diverted 87% of the water reaching it.

Stormont et a. (1994) have proposed the maintenance of a
capillary barrier in semi-arid environments by blowing dry
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air through a coarse soil layer. Numerical simulations of a
cover system incorporating such adry barrier layer (Stor-
mont et al., 1994) show that significant amounts of water
can be removed from the coarse layer at certain times of the
year. No field experiments of cover performance have been
reported, however, and the numerical simulations did not
include transient water input. Timing of precipitation may
be critical since the greatest amount of water can be
removed from adry barrier during the summer, whereas the
greatest need for removal may be in the winter (if precipita-
tionishigh and ET low at thistime). The success of adry
barrier will also depend on cover thickness and the amount
of available water storage, as does a passive capillary bar-
rier.

3.2.3.3 Composite Barrier Designs

Because the barrier layer plays such acritical rolein the
success of the cover system, most cover designs incorporate
redundant barrier layers, often utilizing more than one mate-
rial to satisfy the permeability requirement in the long term.
The benefit of this approach wasiillustrated in the examples
of Melchior et a. (1994) discussed above (resultsin Tables
3.1 and 3.3). In these exampl es, the performance of a com-
pacted soil/capillary barrier combination was much better
than the performance of the compacted soil barrier alone.
Barrier redundancy is particularly important given the long
reguired period of safe performance of LLW disposal facili-
ties.

Daniel and Koerner (1993) consider a variety of options for
cover system barriers and summarize the relative perfor-
mance of each with respect to a number of critical factors.
For LLW disposal, the single-component options considered
by Daniel and Koerner (1993) cannot be recommended. The
multiple-component (composite) options they discuss are:

¢ geomembrane/compacted soil
e geomembrane/GCL
e geomembrane/compacted soil/geomembrane

Table 3.3 Subsurface drainage and leakage through a capillary barrier with a 20% dlope (after Melchior et al., 1994)

Subsurface Lateral Drainage
above Compacted Soil Barrier

Subsurface Lateral Drainage

L eakage Through Capillary
Barrier [cm/s] (% of potential

[cm/q] within Capillary Layer [cm/q] leakage)
1988 1.2 x10° 2.7x108 0.0(0.0)
1989 74 %107 45x108 0.0 (0.0)
1990 1.0 x 10°® 9.8x10°% 0.0 (0.0)
1991 6.3x 10’ 1.0 x 1077 0.0 (0.0)
1992 8.8x107 32x107 4.8 %108 (3.9
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» geomembrane/GCL/geomembrane.
Each of these optionsiis briefly discussed bel ow.
Geomembrane/Compacted Soil Barriers

This composite barrier is attractive because the weaknesses
of the geomembrane (possible punctures, seaming defects,
and uncertainty in lifetimes) are complemented by the
strengths of the compacted soil. Likewise, the geomem-
brane limits the major degradation mechanisms of the com-
pacted soil layer (desiccation from above and root
penetration). In addition, the geomembrane withstands
much larger differential settlements than the compacted soil.

Giroud and Bonaparte (1989b) derived expressions to esti-
mate the flux through a composite geomembrane/compacted
soil barrier. With an intact barrier, flow will be governed by
the hydraulic conductivity of the geomembrane and the
head above the barrier. If there are holesin the geomem-
brane, however, the flux through the composite barrier will
also be afunction of the size of the holes, the hydraulic con-
ductivity of the compacted soil, and the spacing between the
geomembrane and the compacted soil. A small spacing
between the two components of the barrier tends to reduce
the amount of flow. In deriving their results, Giroud and
Bonaparte (1989b) relied on the laboratory experiments of
Brown et al. (1987) and Fukuoka (1986).

Theresults of Giroud and Bonaparte (1989b) are summa-
rized in Table 3.4. Thefield conditions refer to the ability to
provide good contact between geomembrane and com-
pacted soil. Good field conditions require a soil without
ruts, clods or cracks and a flexible geomembrane without
wrinkles. Good field conditions result in a small spacing
between barrier components. Poor field conditions result in
alarge spacing. Asin Table 3.2, the results of Table 3.4
assume an HDPE geomembrane thickness of 1mm, ahole
frequency of one per 4000 m?, and a0.9-m-thick compacted
soil layer with asaturated hydraulic conductivity of 1 x 1077

Table 3.4 Estimated flux [cm/s] through a composite
geomembrane/compacted soil barrier with holes (after
Giroud and Bonaparte, 1989b)

Water Depth on Top of the

_ Hole Geomembrane [cm]
Field Diam.
Conditions  [mm] 0.3 3.0 30
Ggggror 00 1x10¥ 1x102  1x1010
Good 2.0 2x1012  2x1011 1x1010
00
11.3 2x1012  2x1011  2x1010
5 2.0 1x1011  1x1010  7x1010
or
113  1x101  1x1010  gx1010

cm/s. A comparison with Table 3.2 illustrates the advantage
of acomposite barrier.

Melchior et a. (1993, 1994) constructed an experimental
cover using a composite geomembrane/compacted soil bar-
rier. This cover was identical to the compacted soil barrier
discussed earlier except that an HDPE geomembrane was
placed over the compacted soil. The flux results of this
experiment are presented in Table 3.5 (taken from Melchior
et a., [1994]) and illustrate the improvement in perfor-
mance of the composite barrier.

The small discharges observed by Melchior et al. (1994)
were believed to be moisture losses from the compacted soil
layer driven by thermal gradients. This raises the issue of
potential long-term desiccation of the compacted soil layer.
Vielhaber et a. (1994) present confirmation that moisture
lossin ageomembrane/compacted soil barrier can be driven
by thermal gradients. Whether the loss of moisture can be
large enough to cause cracking of the compacted soil is
unknown. In any event, once the geomembrane decays, the

Table 3.5 Subsurface lateral drainage and leakage through a composite geomembrane/compacted soil barrier (after
Melchior et al., 1994)

20% Slope 4% Slope
L eakage [cm/q] L eakage [cm/g]
SubsurfacelL ateral (% of potential SubsurfacelL ateral (% of potential
Drainage [cm/s] leakage) Drainage [cm/s] leakage)

1988 1.1 x10°® 1.9 x107(0.2) 9.4 %107 1.1x108(1.1)
1989 75x 107 9.5 x 1010 (0.2) 49x107 1.9 x 10 (0.4)
1990 1.0 x 10°® 1.6 x 10 (0.2) 85x 1077 1.3x 107 (0.1)
1991 6.0 x 1077 2.2 x107°(0.4) 5.2 x107 1.6 x10°(0.3)
1992 1.1x10° 3.2x107(0.3) 9.9 x 10”7 2.5x1079(0.3)
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performance of the compacted soil can be expected to
quickly degrade aswell.

Geomembrane/GCL Barriers

This barrier requires the GCL to perform similarly to the
compacted soil in a geomembrane/compacted soil barrier.
Koerner (1994) and Daniel (1994) discuss GCL/compacted
soil equivalency and conclude that a GCL can be equivalent
or superior to a compacted soil layer in most respects. In
terms of potential leakage, puncture resistance is the most
notable areain which a GCL isclearly inferior. In addition,
predicting the performance of compacted soil barriers may
be more reliable because of their long history of use.

Daniel (1993) raises the issue of transmission of water
through geomembrane holes and laterally within the geotex-
tile component of the GCL. If significant, thiswould greatly
reduce the composite action of the barrier just asalarge
spacing between geomembrane and compacted soil results
in reduced performance of that composite barrier. Estornell
(1991) provides evidence that the presence of the geotextile
component produces potentialy significant lateral flow.
Because overburden pressure compresses the barrier and
causes intrusion of clay into the geotextile, Koerner (1994)
concludes that lateral flow is not a concern with woven geo-
textiles. For needle-punched, nonwoven geotextiles the con-
cern can be eliminated by purposely fouling the geotextile
with clay during manufacture of the GCL and by using a
textured geomembrane that will physically intrude through
the geotextile and into the clay component of the GCL.

The equations devel oped by Giroud and Bonaparte (1989b)
for flow through a geomembrane/compacted soil barrier
(including flow between the two barrier components)
assumed that the hydraulic gradient in the soil was one. This
assumption will only be valid when the hydraulic head act-
ing on the soil issmall compared to the thickness of the soil.
Since a GCL isonly afew millimeters thick, this assump-
tionisnot likely to be valid. The flux through a composite
geomembrane/ GCL barrier when the geomembrane con-
tains holes will thus be larger than the values givenin Table
3.4.

Because of these concerns, acomposite geomembrane/GCL
barrier does not appear as attractive for LLW disposal appli-
cations as a composite barrier using a compacted soil.

Geomembrane/Compacted Soil/Geomembrane Barriers

This three-component barrier addresses the potentia prob-
lem of drying from below in a geomembrane/compacted
soil barrier. The second geomembrane placed below the
compacted soil severely limits the potential for desiccation.
Daniel and Koerner (1993) point out the construction diffi-
culties of this barrier, particularly the compaction of clay on
a geomembrane. The multiple interfaces also increase the
potential for stability failure. Daniel and Koerner (1993,

p. 481) recommend this design only “for extremely sophisti-

Engineered Barriers

cated waste containment facilities where an extraordinary
degree of redundancy in the design isrequired.” It is possi-
ble that safe disposal of LLW in some humid environments
can only be achieved with such redundancy.

Geomembrane/GCL/Geomembrane Barriers

Thisthree-component design isa so highly redundant and is
relatively easy to construct. The multiple interfaces create
potential stability problems, but these can be addressed
using appropriate anchoring of the geosynthetic compo-
nents. The addition of alower geomembrane, however, does
not address the principal concerns with the geomembrane/
GCL composite barrier. Thisthree-component barrier is till
vulnerable to puncture during construction (although the
redundancy reduces the probability of complete barrier
puncture) and relies on components whose long-term field
behavior isrelatively uncertain.

3.3 Waste Containment Structures

3.3.1 Function

A waste containment structure may be designed to serve
several functions by providing:

e structura stability
» physical separation of the waste from the surface

e abarrier to intrusion, whether by plants, animals, or
humans

e physical and chemical containment of the waste, limiting
the movement of mobile contaminants out of the struc-
ture

* an additional barrier to water flow.

Thefirst two functions are particularly important when the
waste must be located relatively close to the ground surface.
Thisis most likely in humid environments where a shallow
water table can restrict the depth of a disposal facility. The
function of awaste containment structure of most relevance
to an evaluation of unsaturated zone hydrology is the addi-
tional barrier to water flow that the structure provides. This
is particularly important in a humid environment. At arid
sites, awaste containment structure may be less important
because the amount of water is naturally small and the waste
can typically be buried quite deeply.

3.3.2 Optionsin Materialsand Design

The typical materials considered for construction of waste
containment structures are reinforced concrete and asphalt.
Concrete provides much greater structural strength than
asphalt, but is susceptible to cracking under sustained loads.
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Asphalt can be used in two ways. as a component of an
asphalt-cement mixture and as a coating for a concrete sub-
structure. Asphalt tends to deform under load, but may be
lesslikely to crack than concrete.

The ability of asphalt to deform without cracking was
observed by Rogers et al. (1987) who used bench-scale
models of buried vaultsto examine the flow of water and the
release of soluble salts through waste containment struc-
tures. Five vaults were constructed; two were concrete, one
was an asphalt emulsion solids admixture (with concrete
sand and chopped fiberglass), another was a “ rubberized”
asphalt, and one consisted of a concrete substrate coated
with athin layer of the rubberized asphalt. Rogers et al.
(1987) applied gradually increasing loads and a constant
infiltration rate to the vaults. Release of the salts from the
concrete vaults increased significantly when the structures
failed. The vault consisting of asphalt-coated concrete
released far smaller concentrations of salts, even after struc-
tural failure, apparently because the asphalt deformed with-
out cracking.

The primary issues involved in the analysis of concrete and
asphalt as barriers are the hydraulic conductivity and the
long-term durability of each material.

3.3.2.1 Hydraulic Conductivity
Concrete

The saturated conductivity of concreteisafunction of many
variables, including the water to cement ratio, cement addi-
tives, curing conditions, and age of concrete. In general, the
saturated hydraulic conductivity of concrete can be reduced
by using:

* |ow water-to-cement ratios

» additives such as slag, fly ash and silicafume (among
others)

* humid curing conditions
» longer time periods for curing
e adequate quality control.

In addition to the conductivity of intact concrete, the ability
of joints and sealants to limit the passage of water for long
time periods needs to be considered.

Various methods are avail able for measuring concrete
hydraulic conductivity. Mercury intrusion porosity can be
used to relate pore size distribution to permeability (Young,
1988). Hydraulic conductivity can be measured directly
using a permeameter-type device. Air permeability is often
commonly measured. Tests that require less time and show
good correlation with permeameter measurements are also
available (Whiting, 1988). Laboratory measurements such
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asthese indicate that concrete hydraulic conductivities of
1x101%t0 1 x 101 cmi/s are achievable.

Asphalt

Thereisvery little information available on the hydraulic
characteristics of asphalt. In a study carried out for the per-
formance assessment of tank waste disposal at the Hanford
Site, Clemmer et a. (1992) measured the permeability to
nitrogen of cores taken from afield-placed asphalt barrier.
The saturated hydraulic conductivity for water estimated
from these measurementswas 2 x 1013 cm/s (Kincaid et al.,
1994). The asphalt/aggregate mixture for this barrier con-
sisted of 7.5 + 0.5% asphalt by weight, compacted to a min-
imum of 96% of maximum density and to less than 4% by
volume of air voids (Kincaid et al., 1994). Note, the design
described in Kincaid et al. (1994) consists of aburied con-
crete vault surrounded by a (minimum) 1-m-thick asphalt
barrier.

3.3.2.2 Long-term Dur ability
Concrete

The long-term durability of concreteis related to many fac-
tors, including its permeability. Reinforced concrete integ-
rity can be compromised by chemical reactionswith various
ions, particularly sulfate and chloride, transported into the
pore space of the concrete. A low-permeability concrete can
thus be expected to survive intact alonger time. ACI (1984)
discusses the mechanisms by which concrete is known to
crack. Prominent failure mechanisms for buried concrete
vaultsinclude:

« shrinkage due to nonuniform drying
o thermal stress

» concrete chemical reactions

e rebar corrosion

 construction joint failure due to degradation of water
sedls

e gtructural loading.

Models for the failure of concrete structures have been pro-
posed by Walton (1990), Clifton and Knab (1989), and
Hookham (1991). It is difficult, however, to quantify con-
crete degradation such that changes in hydraulic characteris-
tics over periods of 100sto 1000s of years can be accurately
predicted. A qualitative approach such as that adopted by
Winkel (1994) is more practical. Winkel (1994) evaluated
the significance of various concrete cracking mechanismsas
the product of two factors, the probability of occurrence (on
ascale of 1-5) and the relative consequence (also on ascae
of 1-5). Based on the significance factors, and utilizing engi-
neering judgement, the location and sizes of cracks were
predicted for time periods of 0-100, 100-1000, 1000- 10%,



and 10*-10° years from construction. Hydraulic properties
were then modified in the location of the cracks to be equiv-
alent to the properties of the surrounding backfill soil
(Kincaid et al., 1994).

Asphalt

Asmentioned earlier, natural asphalts have been observed to
survive in the subsurface for at least 5000 years. Whether
asphalt elements of engineered barriers can function as
designed for similar time periods is uncertain, however.

Several important mechanisms contributing to the degrada-
tion of subsurface asphalt structures are:

» hardening of the asphalt due to oxidation or other reac-
tions

» shrinkage dueto volatilization

» slumping due to deformation of the underlying concrete
or waste form

 cracking due to seismic stresses on hardened asphalt
» thermally induced cracking
» biodegradation.

There are no models available for subsurface asphalt struc-
ture failure. Winkel (1994) used a qualitative, significance
factor approach (identical to the concrete degradation
approach described above) for the analysis of asphalt barrier
failure.

3.4 Subsurface Collection and Removal
Systems

Subsurface drainage components of the cover system (i.e.,
the lateral drainage layers above any barriers) should be
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designed to divert water away from the waste to a point
where the diverted water cannot interact with the waste.
Some (small) amount of water may percolate through the
cover system and the waste containment structure (if it is
used) and potentially leach contaminants. The purpose of a
subsurface collection system bel ow the emplaced wasteisto
collect any water that has potentially comeinto contact with
the waste. Thiswater istypically drained to a point where it
can be removed from the subsurface. Subsurface collection
and removal systems are not typically used in arid environ-
ments, nor should they be needed in humid environments
after closure when the final cover isin place and function-
ing. Water backing up within the subsurface collection sys-
tem after closure may adversely affect the performance of
the facility.

The required capacity of a subsurface collection and
removal system is determined by the performance of the
cover and must consider that the performance of the cover is
likely to change over time. Guidance on design of subsur-
face collection systems can be found in U.S. EPA (1985) as
well as many hydraulicstexts. Koerner (1994) discusses the
use of geosyntheticsin collection system applications. A
typical design includes a composite geomembrane/com-
pacted soil barrier with a sand/gravel drainage layer above.

Liquid collected by the subsurface system should be capable
of being removed. Knowing the volume of liquid collected
provides a measure of the performance of the cover system.
In some designs, water from inside the waste containment
structure is kept separate from water percolating through the
cover system but not entering the waste containment struc-
ture. In this case, the quantity and quality of the liquid pro-
vides an indication of the performance of the waste
containment structure and the waste packaging.
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4 Evaluating Models

Before a LLW facility is approved or constructed, the sub- dence in that prediction will depend on ajudgement of the
surface hydrologic environment it will form must be charac- applicability and capability of the model. Model capability
terized to ascertain the risk of water contact with the waste isjudged based on its demonstrated accuracy, function, and
and subsequent opportunity for contaminant migration away reliability. Model applicability isjudged on the degree to
from the facility. The time for which safety must be assured, which the underlying assumptions of the model represent
usually more than 500 years, renders prototype or demon- the real system being simulated. In Section 4.1, the model-
stration approaches infeasible. Consequently, predictive ing process is defined in away that allows us to examine
modeling is often performed to eval uate the subsurface model capability and applicability in a systematic manner.
hydrologic behavior. Simulation of water flow within a In Section 4.2, criteriafor evaluating model capability and
LLW facility enters the hydrologic evaluation methodol ogy applicability are developed and discussed. These criteriaare
asindicated in Figure 4.1. used in Section 4.3 to compare several computer codes used

inth licati f Chapter 6.
If an analyst relies on amodel to predict water distribution nthe gpprications of Lhapler

in the subsurface environment of aLLW facility, the confi-
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| the site affecting natural recharge |
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N o e e e e — — — —
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(2.3) I \ hatural recharge and seepage (5.1)/ - _ _ _ _y_ R
| For use in the regional | ~—————— = = = - ¥
groundwater flow com-

| ponent of performance | // Simulate the flow of water N
\ assessment / through thefacility.

Section 4.1. Conceptualize the site
and facility; Develop a
mathematical model - choose
codes, integrate codes,
Simulate to predict the
movement of water through the
facility

Section 4.2. Criteriafor evaluating
the application of models

Section 4.3. Discussion of several
representative unsaturated flow
codes: HELP, UNSAT-H,

\_VAM3DCG )
SR S
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Figure4.1 Flowchart for the Hydrologic Evaluation Methodology. Chapter 4 discusses the simulation of water flow
through thefacility and the evaluation of model application. Number sindicate sectionsin this document
in which the items are discussed.
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4.1 Perspectiveon the Modeling Process

Fluid flow in porous media, asin most natural systems, is
extremely complex. Our understanding of fluid flow pro-
cesses is based on conceptualizations of the actual systems.
We seek to develop asimplified model capable of suffi-
ciently describing certain key aspects of the real system
whose full complexity is beyond our perception. In doing
s0, there must be a balance between detail and perspective
when selecting the resol ution with which to model areal
system. Since all models represent a simplification of the
real system, the evaluation of a model must be based on the
choice of simplifications and whether adequate evidence is
provided to justify the simplifying assumptions.

To understand the modeling process and how to evaluate its
use, we view the development of aphysical model for evalu-
ating hydrologic processes at a LLW facility as athree-step
process:

(1) A conceptualization, or conceptual model, is devel oped
from available regional and site-specific data, design
specifications, and other pertinent information.

(2) A mathematical model that represents the key aspects
(processes) of the conceptual model is developed, and
simulations are conducted with this mathematical
model to predict the behavior of the facility. This step
often, but not always, involves the use of a computer

code.

Results obtained from simulation of the mathematical
model are interpreted in terms of the conceptual model.

3

This general perspective of the modeling process provides a
useful way to evaluate a model's capability and application.
A systematic approach to the modeling process, similar to
what is presented here, was previously suggested by Sim-
mons and Cole (1985).

All three steps are crucial in the development of a capable
model and its successful application. Notice that under this
definition we distinguish between a model and a computer
code. A computer code embodies only step two — the mathe-
matics. A computer code may be restricted to a certain range
of conceptualizations because of the code's specific capabil-
ities or because it assumes a certain type of conceptualiza
tion, but that does not make it a complete model. The use of
a computer code does not replace the human-oriented tasks
of defining an acceptable conceptualization of the real phys-
ical system (step 1), or interpreting the resultsin light of the
limiting assumptions made in the conceptualization (step 3).
Therefore, we distinguish between a code, which can be
used in the modeling process, and the model. Failure to rec-
ognize this difference risks the making of errorsin stepsone
and three and therefore of making unwarranted conclusions.
For example, choosing the computer code to use before the
conceptual model is fully developed often |eads to concep-
tualizing the physical system in ways the code can solve,
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not in terms of how the real system behaves. Therefore, we
must insist upon ajustification for code selection based on a
realistic conceptualization.

Opportunity exists for the introduction of error in al three
steps. Errors introduced in step one are termed conceptual
errors and are highly subjective. Conceptual errors result
from proposing a model that omits important processes,
misrepresents the real system, or relies on unrealistic
assumptionsin translating concepts into mathematical
terms. To accommodate the subjectivity of this judgement,
the U.S. NRC in their Draft Branch Technical Position on
Performance Assessment for LLW Disposal Facilities (U.S.
NRC, 1994) advised that equally valid conceptualizations
may be proposed, that all valid alternatives should be mod-
eled, and that the worst results (not the average) be used as
the basis for evaluation. Chapter 5 of this report takes up
this concept in greater detail.

In contrast to subjective step one errors, errorsin step two
are very objective. This makes errorsin step two easier to
avoid. Technical training focuses intensively on this step
and usually the correct application of the precise set of rules
that constitute mathematicsis carried out correctly. Also,
because of the precise and consistent nature of mathematics,
errorsin step two are easier to detect than errorsin steps one
or three. Advances in computer technology have provided
the opportunity to accomplish much more in step two; a
computer's most notable ability is to manipulate numbers
following a precisely defined set of rules very quickly and
accurately. Although a computer code is not essential to
modeling flow in porous media, one is commonly used. All
of the concerns we have with modeling in general apply
when using a computer code, and afew additional concerns
specific to computer codes should be considered al so.

Step three isthe most difficult (and often most neglected) in
the modeling process. Like step one, the errorsin step three
aretypically subjective. Comparison of model resultsto lab-
oratory or field data can be an important part of this step.
Such data cannot verify (that is, prove) a model, but do act
to build confidence in the results of amodel for agiven sim-
ulation. More important, conclusions reached in step three
must be consistent with the limiting assumptions made in
step one, devel oping a conceptualization. To repeat this
point for emphasis: conclusions (step 3) reached based on
simulation results (step 2) must be consistent with the
assumptions made in devel oping the conceptualization of
the problem (step 1).

4.2 Evaluating M odel Capability and
Applicability
Model capability isjudged based on the demonstrated accu-

racy, function, and reliability of the model. Model applica-
bility is evaluated based on the degree to which the



underlying assumptions of the model represent the real sys-
tem. To alarge degree, capability and applicability are intri-
cately linked: amodel incapable of modeling a given
phenomenais inapplicable to the problem. However, the
capability to model aprocessdoesnot, in and of itself, make
the model applicable to the problem at hand. We will there-
fore consider how to evaluate applicability and capability
together.

Models vary in type and solution techniques, which results
in differing capabilities to consider. For computer codes,
justifying the selection of a specific code requires some
additional considerations. Judging the applicability of a
model can be more subjective than judging capability. This
document cannot provide an exhaustive list of applicability
concerns. Instead, we'll discuss several critical applicability
issues and encourage the use of active professional judge-
ment to challenge specific models that exhibit alack of
applicability to the specific sites they are to represent.
Table 4.1 provides a concise checklist of capability and
applicability criteria as an evaluation aid. Each criterionin
the checklist is discussed in more detail in this section to
guide the evaluator in making an informed judgement about
model application.

4.2.1 Comprehensive Conceptualization

As previously discussed, developing an acceptable concep-
tualization of aphysical system is step one of the modeling
process. The modeling process seeks to successfully bal-
ance detail and perspective: we cannot hope to simulate, or
even understand, all processes occurring in aphysical sys-
tem at all scales. The conceptual model defines the specific
processes the model will focus on; that is, how the system
will be abstracted and simplified. The expectation isthat the
conceptualization will include all processes that have asig-
nificant effect on the results sought.

In the case of LLW facilities, there are numerous hydrologic
processes that may be important in the conceptualization,
including:

e precipitation

» snow accumulation and melt
 infiltration

* surface runoff

* evaporation

e plant growth

e plant uptake of soil water

» subsurface lateral drainage

» thermal effects and vapor phase flow
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* heterogeneity, hysteresis, and anisotropy of soil proper-
ties.
A specific conceptual model may not include some of these
hydrologic processes, but their omission should be based on
site-specific and facility design information that clearly jus-
tifies an assumption of insignificance for that process. For
example, snow accumulation and melt can safely be omitted
from a conceptual model for siteslocated in climatic region
where snow rarely or never occurs. Surface runoff may be
unimportant in arid climates where infiltration rates are not
limiting.

4.2.2 Conceptual Model Dimensionality

The actua world isthree-dimensional, of course, but to sim-
plify physical models conceptual models are often one or
two dimensional. The geometry of the LLW facility design
must be studied carefully, and the relevant hydrologic pro-
cesses considered, to justify reducing the dimensionality of
aconceptual model for convenience. If water infiltration at a
siteis essentialy uniform and vertically-downward, a one-
dimensional model is probably adequate. If, on the other
hand, it is arguable that the flow has a significant horizontal
component, a conceptualization that assumes one-dimen-
sional flow or acomputer code that accommodates only one
dimension isinadequate and two or perhaps three dimen-
sions must be included. Judgements with regard to the con-
ceptualization may be arguable: there may be severa
equally valid conceptualizations of the system, as pointed
out earlier. Nonetheless, the evaluator must make a judge-
ment as to whether the model's dimensionality is applicable
to the specific site in consideration.

4.2.3 LLW Facility Design Considerations

Any performance assessment mode! is based on the pro-
posed design of a given facility as well asthe site where it
will be located. The conceptualization must therefore por-
tray the geometry of the proposed design (thicknesses,
slopes, layering) if it isto represent the response of the
hydrologic system. Evidence that the conceptualization is
based on the intended design should be provided. Some fea-
tures of the design may not be hydrologically important and
can be safely omitted from the conceptualization: e.g., a
geotextile used to maintain a sharp discontinuity between
soil layersisan important design feature, but is otherwise
hydrologically unimportant.

4.2.4 Alternative Conceptualizations

The subjective nature of conceptual model formulation
implies that there may be more than one equally valid con-
ceptualization, each of which may fit the available site infor-
mation. The U.S. NRC advised how to accommodate such

NUREG/CR-6346



Evaluating Models

Table4.1 Checklist for evaluating model application

Criterion

Reference
Section

Judgement

Sep One Issues: Conceptualization

1A

Does the conceptualization (conceptual model) identify all of the hydrologic pro-
cesses significant to water distribution and movement in the subsurface environ-
ment at the site and facility?

Processes to consider: precipitation, snowmelt, infiltration, surface runoff, evapora-
tion, plant growth, plant uptake of soil water, subsurface lateral drainage, thermal
effects, vapor phase flow, soil property heterogeneity, anisotropy, and hysteresis.

421

OYes ONo

1B

Isthe dimensionality of the conceptualization adequate to capture the behavior of
the real physical system?

4.2.2

OYes ONo

1C

Isthe design of the LLW facility adequately represented by the conceptualization?

423

OYes ONo

1D

Were ALL valid, defensible conceptual models identified and proposed?

Note: If aternative, significantly different conceptualizations that are supported by
availableinformation occur to the evaluator, they should be described to the analyst
for consideration.

424

OYes [ONo

Sep Two Issues: Model Smulation

2A

Arethe hydrologic processes simulated consistent with the conceptual model? If a
processis part of the conceptualization but is not simulated, is adequate justifica-
tion given for not including it?

425

OYes [ONo

2B

Were the number of dimensions simulated consistent with the conceptualization?

425

OYes ONo

2C

Arethe boundary conditions used consistent with the conceptualization? | s there
adequate justification for the chosen boundary conditions?

425

OYes ONo

2D

Is the computational approach used adequate to the resolution in time and space
required by the conceptual model? If there are limits on the temporal or spatial dis-
cretization (e.g., one day or one cell per layer), isthere adequate justification that
these limits will not adversely affect the results and that these limits are consistent
with the conceptualization?

4.2.6

OYes ONo

2.E

If a steady-state solution was used:

Was sufficient justification provided that time-dependent processes are not signifi-
cant to the problem? Also, was a steady-state analysis consistent with the conceptu-
alization?

4.2.6

OYes ONo
O N/A

2F

If mechanistic approaches were used for any part of the model:

Were the governing equations solved correctly and the computations consi stent?
(For widely reviewed computer codes, reference to documentation is sufficient to
meet this criterion).

4.2.7

OYes ONo
O N/A

2.G

If empirical approaches were used for any part of the model:

Is adequate justification given that the conditions under which the empirical model
was devel oped reflect the site-specific conditions being simulated? Are the assump-
tions of the empirical model consistent with the conceptualization?

4.2.7

OYes ONo
O N/A

2H

If empirical approaches were used for any part of the model:

Was the empirical model calibrated to local site conditions and over the range of
expected variation at the site? Were sufficient data available or collected to assure
high confidence in the empirical parameter values used?

4.2.7

OYes ONo
O N/A
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Table4.1 Checklist for evaluating model application

Reference
Criterion Section Judgement

2.1 If an analytic solution was used: 428 OYes ONo
Were the assumptions and approximations used to obtain the analytic solution con- O N/A
sistent and reasonable with respect to the conceptualization?

2.J If anumerical solution was used: 428 OYes ONo
Was evidence of solution stability with respect to grid and time resol ution pro- O N/A
vided? (i.e., an investigation of the errors due to the discretization and demonstra-
tion that the errors were sufficiently small?)

2K If anumerica solution was used: 4.2.8 OYes ONo
Was the spatia grid refined enough to capture the hydrologic processes of concern, O N/A
and reflect the complexity of the conceptual model ?

2.L If acomputer code was used: 4.2.9 OYes ONo
Was its selection justified by the applicant on the basis of a conceptual model O N/A
developed for the specific site under consideration?

Sep Three Issues: Model Interpretation and Confidence Building

3.A Was confidence in the model demonstrated either by conducting verification, 4.2.10 OYes ONo
benchmarking, and validation studies or by reference to supporting documentation
of such studies? Do benchmarking and validation problems demonstrated or cited
reflect important aspects of the actual site-specific problem?

Note: Verification by users, rather than by reference to others' documentation, is
preferable because it demonstrates the user possesses the basic ability to properly
operate the computer code.

3.B Was confidence in the model demonstrated by using site-specific data to history- 4.2.10 OYes ONo
match (calibrate) the simulation results? (For example, a comparison of measured
and predicted water content over a period of time.)

3.C Arethe conclusions reached based on modeling results within the limitations 4211 OYes ONo
imposed by the assumptions of the conceptual model ?

subjectivity in their Draft Branch Technical Position on Per-
formance Assessment for LLW Disposal Facilities (U.S.
NRC, 1994). They advised that equally valid conceptualiza-
tions may be proposed, that all valid alternatives should be
modeled, and that the worst results (not the average) should
be used as the basis for evaluation. Therefore, the evaluator
should accept multiple conceptualizations if proposed, see
that each has been modeled, and use the worst results as the
basisfor evaluation. If other valid conceptualizations that
could result in less favorable outcomes should occur to the
evaluator, these alternative conceptualizations should be
identified to the analyst for further consideration.

41

4.2.5 Consistency of Mathematical M odel with
Conceptual M odel

An adequate conceptualization alone is not an assurance
that the model will address all relevant hydrol ogic processes
in the system. The mathematical implementation must be
examined to ensure that all the processes identified by the
conceptual model are actually simulated. If aprocessis not
simulated, ajustification must be provided for not doing so.
The dimensionality of the mathematical model must also
match the conceptual dimensionality. Finally, a mathemati-
cal model requires that boundary conditions be defined. The
conceptual model may not explicitly define these bound-
aries, but the boundary conditions chosen for the mathemat-
ical model must at least be consistent with the
conceptualization. Further, there must be some physical jus-
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tification for choosing a boundary type (e.g., symmetry,
physical divide, water table presence, etc.).

The dimensionality of computer codesillustrates how a
mathematical model is chosen to meet the needs of the con-
ceptualization. If water infiltration at asite is essentialy
uniform and vertically downward, a one-dimensional com-
puter code such as UNSAT-H (Fayer and Jones, 1990) is
applicable. Both the conceptualization proposed to describe
theinfiltration and the mathematical solution used are suit-
able to the process being modeled. If two or three dimen-
sions are required to address lateral flow, an analyst may
have to use a code that accommodates this, such as
VAM3DCG (Huyakorn and Panday, 1993) or MSTS (White
and Nichols, 1993; Nichols and White, 1993). Some codes
may provide “quasi-" dimensionality aswell. HELP
(Schroeder et al., 1994a), for example, is a quasi-two-
dimensional codeinwhich horizontal runoff within layersis
accounted for, but laterally-diverted water cannot cause dif-
ferent conditions downslope.

4.2.6 Time and Space Resolution

Many computational approaches discretize aphysical sys-
tem in time and/or in space. Such discretization treats the
hydrologic processes of concern asif they occur in discrete,
or finite, steps. If such an approach is used, the resolution of
the discretization must be shown to be fine enough to ensure
that the results are not affected by the discretization itself. A
simple way this is sometimes accomplished is to increase
the resolution (e.g., use twice as many grid cellsin each
dimension, or use atime step half as large) and repeat asim-
ulation. If the results do not change appreciably, then the
original resolution was adequate. In certain cases, grid
Peclet and Courant number limitations provide an indication
of numerical solution stability. Adherence to these limits
should be demonstrated.

If the physical system is subject to large variation in condi-
tions over time that could affect the assessment, the model
should probably be time-transient. The aternative to tran-
sient analysisisto generate a steady-state solution, which
presumes that variation in time is unimportant in the analy-
sis. Steady-state solutions have several advantages, includ-
ing faster solutions and reduced data requirements. These
advantages are particularly appealing in stochastic simula-
tion (refer to Chapter 5). However, use of steady-state solu-
tions must bejustified on asite-specific basis. A steady-state
analysisisgenerally more applicable to simulations of water
flow in deep soils (e.g., below the rooting zone and range of
ET effects). Simulations in the near-surface soil profile
involve time-dependent processes that must be evaluated
with atransient analysis.
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4.2.7 Model Types: Empirical to Mechanistic

Models range in type from empirical to mechanistic. Most
modelsincorporate elements of both approaches to varying
degrees. The empirical approach utilizes observation of
relationships between various parameters and system
responses to predict future response based on parameter val-
ues. The mechanistic approach relies on identifying the pro-
cesses and fundamental laws that control the system and
formulating these concepts in ways that allow prediction of
future responses.

Mechanistic approaches are typically based on physical
laws such as conservation of mass, conservation of energy,
and Darcy's Law. These mechanistic descriptions of the fun-
damental physics do not change from one system to another
and are often identified as the “ governing equations” of the
mechanistically-based model. M echanistic approaches are
generally preferred to empirical approaches, but in many
cases we lack sufficient knowledge of the controlling pro-
cesses or it may be too difficult to solve the governing equa-
tions. In these cases, we often rely on empirical approaches
instead of, or in addition to, mechanistic ones. Because of
the more universal nature of mechanistic approaches, the
evaluator can have greater confidence in their use, assuming
that the governing equations are correctly formulated and
implemented. For existing, widely used computer codes,
documents usually exist that can be cited to provide assur-
ance of this. Any concern with a mechanistic model should
be focused on the data quality and quantity used asinput to
the model.

Concerns with empirical models center on the fact that they
must be developed and calibrated to each specific system
modeled, and confidence can only be assured for the range
over which the calibration was performed. This does not
imply that empirical approaches are bad, only that greater
caution in their application is necessary because, unlike the
physical laws that mechanistic approaches are based upon,
empirical models are not universal.

Many porous mediaflow modelsrely on a generally mecha-
nistic approach but require empirical relations to complete
the description. For example, many mechanistic computer
codes such as UNSAT-H (Fayer and Jones, 1990), MSTS
(White and Nichals, 1993; Nichols and White, 1993), and
VAM3DCG (Huyakorn and Panday, 1993) solve the nonlin-
ear Richards Equation (Richards, 1931), a mechanistic
description of flow in unsaturated porous mediain terms of
water pressure. However, an empirical relationship, such as
van Genuchten's (1980) function, is utilized in these codes
to describe the relationship between fluid pressure and the
degree of liquid saturation. A model's capability will be lim-
ited by the capability of such empirical relations to describe
the physical system under consideration, and thisin turnis
limited by the site-specific data available to develop the
empirical relationship.



To summarize, use of an empirical model requires the fol-
lowing:

» application of the model only to conditions that are simi-
lar to those under which the model was developed, and

» cdlibration of the empirical model to local conditions
using adequate data collected across the range of
expected variation.

An analyst is expected to demonstrate that these conditions
have been satisfied to justify the use of an empirical
approach in amodel, including empirical components of
primarily mechanistic codes.

4.2.8 Solution Types. Analytical to Numerical

Models may employ analytical and numerical solutionsto
the mathematical problems posed. An analytical solution is
exact: the differential equations posed by the model have
been solved so that for given input parameter values, the
system response is directly computed from an equation.
Unfortunately, most differential equations encountered are
too complex, or even intractable, to solve by analytic means.
To proceed in these cases, numerical approximation
schemes are used to approximate the solution. Numerical
schemes have become very powerful with the advance of
computer technology. Hence, computer codes are widely
used for solving the complex, highly nonlinear equations
that describe unsaturated flow systems. Where possible,
analytic solutions are desirable for exactness and speed, but
numerical solutions offer amuch broader range of applica-
tion. When an analytical solution isused, only mathematical
verification of the correctness of the solution and accuracy
of the computations is necessary to provide full confidence
in asolution. For anumerical solution, additional effort
must be made to demonstrate that the solution meets stabil-
ity criteria (e.g., adherence to Peclet and Courant number
criteria, or demonstration that temporal and spatial discreti-
zation did not ater the solution).

4.2.9 Justifying Code Selection

The need to select a computer code to fulfill the require-
ments of a conceptualization was discussed above (Section
4.1). Again, the choice of acomputer code must be based on
the conceptualization and not vice versa. While this
approach may result in a conceptual model that is beyond
the ability of any computer code or computational technique
to solve, this emphasis on the conceptual model’s priority is
necessary. When such solution difficulties arise, the problem
might be addressed by using anumber of simpler (tractable)
models and linking these models together to represent the
entire system. The conceptual model might also be revised
to the least degree possible to allow simulation, recognizing
that the interpretation of the simulation results must con-
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sider the full conceptual model. Either of these approaches
is preferable to conceptualizing the site only in ways the
preferred computer code can simulate while ignoring pro-
cesses it cannot simulate. The evaluator is thus urged to be
wary of conceptualizations devel oped to suit a specific com-
puter code.

The combination of applicability demands on acode may be
more than any single code can meet. For example, the need
to evaluate infiltration in a time-dependent manner and
simultaneously account for multidimensional flow requires
alarge computational effort. The combination realistically
could be beyond the ahility of any one code to accommo-
date. The humid site application example (Section 6.1) illus-
trates such a problem, where the surface cover layer requires
daily or even hourly modeling to account for precipitation,
evaporation, transpiration, and infiltration, while the barrier
layers and the waste vault require multidimensional flow
modeling to account for lateral subsurface flow. The solu-
tion in this example was to partition the problem, recogniz-
ing that the top layers of the cover could be modeled
separately from the rest of the facility. The upper layers
were modeled using a one-dimensional code, UNSAT-H
(Fayer and Jones, 1990), which can account for al of the
hydrologic processes in the near-surface in atime-varying
manner. The lower region was modeled using a multidimen-
sional code, VAM3DCG (Huyakorn and Panday, 1993), that
handled the spatial discretization particularly well for the
different sloping interfaces between soil typesin the design.
Neither of these codes would have been applicable to the
other part of the analysis, but dividing the problem provided
a compound model that fulfilled analysis needs.

4.2.10 Building Confidencein a Modél

Building confidence in amodel generally involves establish-
ing confidence in the computer codes being used. Confi-
dencein code capability is built by the processes of
verification and benchmarking. Verification compares a
code's results to analytical solutions for (usually) simple
problems. Further confidenceis built by contrasting the
results obtained with a code to those obtained from other
established codes. Such inter-code comparison is usually
called benchmarking. While verification essentially ensures
that the code isinternally consistent and correctly solvesthe
equations, benchmarking goes further by demonstrating that
the equations embedded in the code compare well with
other codes that have had a history of successful application
to field problems.

Building confidence in amodel by comparison with field
and laboratory data has been called validation (Tsang,
1991). The use of thisterm is controversial (Oreskes et al.,
1994; Konikow and Bredehoeft, 1992). Nevertheless, we
will use it with the understanding that while verification and
benchmarking are finite tasks, validation is never complete.
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Thus, we speak of having verified and benchmarked a code,
but we only point to greater levels of confidence building in
validation, for we can never be certain a model will cor-
rectly predict a system’s behavior under every set of condi-
tions. All of these detailed processes (verification,
benchmarking, validation) are not usually carried out as part
of asite assessment, but the analyst should cite such studies
to provide confidence in the code used.

The highest possible degree of confidenceis, of course, to
demonstrate that the model accurately predicts system
response by comparing predictions with actual datafrom
the specific site. As previously mentioned, thisis not possi-
ble for the long time periods of concern in LLW disposal.
Nevertheless, some history-matching (calibration) can be
accomplished. For example, model results for an undis-
turbed site could be compared to lysimetry datato show that
the model accurately predicts recharge for local soils and
meteorological conditions over aperiod of afew years. In
addition, data that are collected during the construction and
operation of the facility can be used to test and refine the
model of the site. Such evidenceis direct, abeit limited,
assurance of model capability and applicability.

4.2.11 Conclusions Constrained by
Assumptions

The essence of step three in the modeling process asit was
presented in Section 4.1 was to judge whether the conclu-
sions reached based on simulation results were reasonable
in light of the assumptions madein step one, the conceptual -
ization. Evaluating this criterion requires the evaluator to
apply careful scientific judgement in examining each con-
clusion to find if the conclusion iswarranted or unwarranted
in view of the limiting assumptions of the conceptualiza-
tion.

4.2.12 User-Centered Reasonsfor Code
Sdlection

There are other reasons for code selection that, while valid,
are not important to the evaluator. These include the sophis-
tication and ease-of -use of the user interface, the familiarity
of userswith the code, the license status of the code (propri-
etary or public domain), the quality of code documentation
and code support, and other ease-of-use criteria. These are
important factors to the code user, not just in terms of con-
venience but because they have direct implications for the
user's ahility to conduct a hydrologic assessment efficiently
and without error. None of these ease-of-use factors out-
weighs the capability and applicability issues identified
above, however. The applicability of a code to the site-spe-
cific conceptual model and demonstrated confidence in the
code are the factors that concern the evaluator. The evalua-
tor is concerned with the overall accuracy of the code, not
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the speed or ease with which it is used. Therefore, citing
such criteria should not affect the evaluation of model appli-
cation.

4.2.13 Data | ssues

We have stressed the importance of selecting a computer
code to meet the needs of a conceptualization and the dan-
gers of reversing that order by modeling a system so that a
particular computer code can be used. Data collection for
hydrologic evaluation of a specific site follows this model -
driven approach. Data requirements are defined by the needs
of amodel and the purposes for which the model is being
used. If asiteis not complex and arelatively simple model
isrequired (as determined by the evaluation criteria dis-
cussed throughout Section 4.2), the data requirements may
consequently be limited. We stress, however, that data avail-
ability isnot avalid criterion for model selection. Intention-
aly choosing amodel to suit an extremely limited datasetis
unjustifiable. Recognizing that data collection can be a
lengthy, expensive process and that some data might not be
obtainable (e.g., an 80-year meteorological record specific
to the site), data adequate to meet the needs of the modeling
process must still be identified and collected.

The data collection or site characterization program must be
coupl ed to performance assessment modeling efforts. A data
collection program that is not guided by the needs of the
model (s) may collect unnecessary dataand neglect to obtain
critical information, thereby wasting time and resources.
Even during construction and after closure of aLLW dis-
posal facility, an ongoing data collection program should
include among its purposes the collection of data necessary
to verify the initial assessment by updating parameters to
“as built” values. Dramatic changes from design conditions
could then be evaluated to ensure that the facility still meets
regulatory requirements as construction proceeds, or to
guide reaction to unanticipated problemsthat might occur in
the future.

4.3 Overview of Unsaturated Flow
Computer Codes

The preceding discussion provided a general framework
from which to evaluate any model applied to examine sub-
surface water movement at LLW facilities. Severa applica-
ble computer codesthat are, in many ways, representative of
the variety of codes available are discussed in this section.
These codes were chosen because they are used in the appli-
cations presented in Chapter 6. No endorsement isimplied
by their being discussed here. We encourage the use of any
code (currently available or that becomes available in the
future) that can satisfy the evaluation criteria discussed
above and summarized in Table 4.1. This discussion is not
intended as afull critique of any code. Our purposeis not to



evaluate any given code, but to provide an outline of the
general features, capabilities, and applicabilities of severa
common codes to illustrate the general framework given
above. For complete code evaluations, see Kozak et al.
(1991) and Reeves et al. (1994), for example. Remember
that model evaluation concerns not just evaluation of acom-
puter code, but of the whole application of the modeling
process to a specific site and facility design.

Two codes not discussed in this section were used in a pre-
vious, related study (Meyer, 1993), but were not used to
obtain any of the results presented in Chapter 6. MSTS
(White and Nichols, 1993; Nichols and White, 1993) isa
three-dimensional, integrated-finite-difference code capa-
ble of simulating coupled water flow, air flow, heat transfer,
and solute transport in variably saturated geologic media.
The Two-Dimensional Princeton Unsaturated Code (Celia,
1991) simulates water flow using afinite element, mass con-
serving method (Celia et al., 1990).

4.3.1 TheHELP Code

The computer code Hydrologic Evaluation of Landfill Per-
formance, or HELP, has been devel oped by the U.S. Army
Corps of Engineers (Vicksburg, Mississippi) for the Envi-
ronmental Protection Agency (see Schroeder et al., 1984,
Schroeder et al., 1994a,b). It was developed for conducting
water balance analyses of landfills, cover systems, and solid
waste disposal and containment facilities. HELP isused in
the humid and arid site applications presented in Chapter 6.

4.3.1.1 Conceptualization | ssues
Hydrologic Processes Simulated

HELP is capable of using meteorological data, including
precipitation, to account for infiltration, surface storage,
snowmelt, runoff, ET, plant growth, and lateral subsurface
drainage. HEL P does not account for thermal effects, vapor
phase flow, or hysteresis or anisotropy of soil moisture
retention relations. The dimensionality limitation of HELP
makes the surface runoff and subsurface lateral drainage
estimates of limited value. Refer to the discussion on
dimensionality (below) for more information on this aspect
of HELP.

HELP isinapplicableto the analysis of acapillary barrier. A
capillary barrier is formed by the presence of avery coarse
material below avery fine material under unsaturated condi-
tions (see Section 3.2.3). HEL P cannot be used to model
this phenomenon because the code does not include capil-
lary effects. The humid site application example (Section
6.1) illustrates the use of loping capillary barrier in a hypo-
thetical LLW design. This feature cannot be modeled with
HEL P because “the model [code] does not permit a vertical
percolation layer to be placed directly below alateral drain-
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agelayer” (Schroeder et a., 1994b), which is how asloping
capillary barrier isformed. Hence, if the design callsfor this
barrier, the analyst will have to use a multidimensional,
more mechanistic code to model the facility.

Dimensionality and Geometric Configurations

HELP is aquasi-two-dimensional code. The principal, full
dimension is aligned with that of infiltration (vertical). Mul-
tidimensional characteristics such as surface and subsurface
lateral flow are accounted for indirectly. For example, sur-
face runoff is predicted using the SCS curve number
method, an empirically-based technique. The predicted sur-
face runoff isa*“ point value” that does not include the true
multidimensional effects of runoff water from higher slopes
or the effect of runoff downslope. Thisis also true of subsur-
face lateral drainage predictions. Therefore, while lateral
flow effects are accounted for, they are only applicablein
cases where the runoff is routed away from the cover or bar-
rier in question without an opportunity to resume vertical
infiltration downsl ope.

4.3.1.2 Simulation and Mathematical 1ssues
M echanistic and Empirical Approaches

Solution algorithms of the HEL P code were initially based
on the concept of fixed water extraction limits (Schroeder et
al., 1984). Storage limits were assigned to each soil layer. In
HELP Version 1.0, no vertical flow occurs when water stor-
age drops below the “field capacity” (i.e., the hydraulic con-
ductivity of the layer is assumed to be zero). Above this
limit, water is allowed to flow at arate controlled by the
hydraulic conductivity value assigned to the average water
content of the layer. Below field capacity water is extracted
from the soil profile by ET until the wilting point is reached,
then al water loss from the profile ceases. Water remainsin
the soil profile but is unavailable for either vertical flow or
ET. InHELPVersion 2.0, vertical flow isallowed to proceed
below the field capacity in al layers. The flow rateis deter-
mined by the water content through the Brooks-Corey water
retention relationship (Brooks and Corey, 1964). In the most
recent version of HEL P (3.0), vertical flow below field
capacity is allowed only in the topsoil.

Field capacity and wilting point are often estimated using
available soils data. Many surface soils have been analyzed
for their water retention characteristics (i.e., water content
data from sampl es that have been equilibrated on pressure
plates at selected pressures). Water content at 0.3 bars (0.03
MPa) is often used to estimate field capacity while water
content at 15 bars (1.5 MPa) is used to estimate the wilting
point (Cassel and Nielsen, 1986). The difference between
these two water contents when multiplied by the soil rooting
depth isthe “available water” in the profile. It should be
noted that these limits are texturally dependent. For very
coarse soils (sands and gravels), the field capacity isat a
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much lower tension (< 0.1 bars) while for very fine clays, it
may be higher than 0.5 bars. Cassel and Nielsen (1986) dis-
cuss the issues related to these variable limits.

Water extraction by ET isinitially controlled by climate
variables (i.e., solar radiation, wind speed, and air tempera-
ture). As profile water content decreases below field capac-
ity and further extraction continues to the wilting point,
water lossis controlled mainly by soil factors (i.e., the
unsaturated hydraulic conductivity).

Two of the three versions of the HEL P code (Versions 1.0
and 3.0) predict that vertical flow in soil layers below the
topsoil does not occur when moisture content is below field
capacity. All versions of HELP predict that no water extrac-
tion occurs below the wilting point. In truth, water is always
moving in asoil system (either asaliquid or avapor). In
general, the driving forces for water in an unsaturated sys-
tem are gravity and capillarity. When soils are wet, gravity
dominates the downward movement of water. As the soil
dries, capillary forces begin to dominate. Soils being wetted
experience the combination of gravity and capillarity. The
HEL P code only approximates these processes, and the
errorsinvolved in assuming flow-limit controls need to be
quantified.

4.3.1.3 Confidence and Other Issues
Confidence Building

Barnes and Rogers (1988) found that the HEL P code pre-
dicted water contents that were much less than actual in a
field plot at LosAlamos, New Mexico over athree-year test
period (1983-1985). The underestimate of water content
was attributed, in part, to the inability to initialize soil water
with field-measured values and a so to excessive ET esti-
mates predicted by HELP.

Martian (1994) reported on aHELP (v. 2.0) code analysis
for the Hanford Site. A comparison was made between
HEL P results and measured water storage in weighing
lysimeters. After an extensive calibration effort, Martian
(1994) determined that HEL P underestimated ET and over-
estimated drainage from the lysimeter. Martian (1994) con-
cluded that HEL P inadequately modeled the physics of flow
in ashallow capillary barrier, particularly with an absence
of vegetation. In addition, the evaporative depth parameter
could not be predicted because it was time dependent.

Stephens and Coons (1994) used HEL P Version 2.05 to esti-
mate the recharge at a proposed landfill in southern New
Mexico. They obtained a recharge value of 0.03 mm/yr.
(9.66 x 10°1% cmy/s), which compared favorably to the value
of 0.02 mm/yr. (6 x 10"1% cm/s) obtained at the same site by
the chloride mass balance method. Stephens and Coons
(1994) modeled both runoff and plant transpiration in their
application of HELP.
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Predictions using the HEL P code suffer from uncertainties
in the water balance estimate which may overestimate
recharge and seepage in some cases and underestimate them
in others. Because the HEL P code has gained wide regula
tory acceptance, it is clear that knowing how well it per-
forms isimportant. Estimation errors should be evaluated
for the HEL P code over awide range of applications. To our
knowledge, a systematic evaluation of estimation errors has
not been undertaken for the HEL P code.

For humid sites, whereinfiltration is often alarge fraction of
the total water budget, soils are often at field capacity or
wetter. In terms of seepage, the error in assuming flow-lim-
its (i.e., no vertical flow below field capacity) can lead to
nonconservative predictions using HELP. This occurs
because water does not actually ceaseto flow at field capac-
ity. While flow rates at field capacity are small, they are not
negligible. A typical rate of vertical flow at 0.3 bar water
content for most medium and fine textured soilsis 1-10 mm/
day, which iswell over 30 mm/yr.

For arid sites, underestimates of available water can lead to
overestimates of seepage and recharge. Such underestimates
are common for arid sites. The major reasons for this are
improper accounting of the wilting point and the fact that
soilsin arid environments can dry substantially below the
wilting point. Under desert (arid site) conditions, the soil
profile dries by plant-water extraction to values drier than
the 15-bar estimate since native plants generally do not wilt
until water is extracted to a 50-bar or greater limit. In coarse
sands, the water storage error is small since water extracted
at 15-barsisonly marginally greater than the water
extracted at 50-bars (i.e, the water retention characteristic is
very steep). However, in finer soils (silt and clay), water
retention characteristics are such that the error is generally
significant, amounting to alarge fraction of the available
water.

In arid climates, surface soils can dry to valuesthat arein
equilibrium with the surface humidity, which often is gener-
aly very low (equivalent to 1000 bars or greater; i.e., well
below the wilting point). While evaporative drying seldom
occurs below the top meter of a soil profile, this additional
drying can have a measurable effect on the total water bal-
ance.

The result of these two processes (i.e., lower wilting point
values for desert plants and accelerated surface drying in
arid soils) isthat the soil profile can become drier than pre-
dicted by HEL P through extraction processes of evaporation
and transpiration. Thus, in this situation the storage capacity
of asoil isunderestimated by HEL P. Recharge and seepage
under these conditions are overestimated because more
infiltration is converted to recharge when the water storage
capacity of the soil is exceeded. An example of such overes-
timation is suggested in a study by Nichols (1991), who
compared HELP (v. 2.0) with UNSAT-H (v. 2.0) and found
that HEL P predicted higher seepage rates than UNSAT-H



over a10-year simulation period. Under the conditions of
the simulations, the overestimation of seepage by the HELP
code was small but potentially significant (4 mm).

Several other errors are possible with the HEL P code, par-
ticularly in semi-arid or arid climates. One is the estimation
of ET. HELP calculates surface water |osses based on an
estimate of the surface energy budget. Traditional energy
budget estimates (e.g., based on Penman- or Thornthwaite-
type formulas) of ET must be adjusted to account for dry-
surface conditions that exist most of the time. As an exam-
ple, potential ET at an arid site may be well over 1500 mm/
yr., with precipitation seldom more than 150 mm/yr. Actual
surface water losses (over extended time) cannot be more
than precipitation, thusactual ET must be asmall fraction of
potential ET for arid sites. Calibration data (from direct or
indirect measurement of ET) are required to make correct
adjustmentsin ET estimates. Such calibration data are sel-
dom available for agiven site. Thus, the accuracy in ET esti-
mates is generally poor, resulting in poor estimates of the
water balance.

Ease-of-Use | ssues

HELP isan attractive code to users for anumber of reasons.
The codeisin the public domain and freeto users. Itis
accepted or required by a number of regulatory agencies.
HEL P also uses many empirical input terms rather than
data-derived mechanistic input. Empirical inputs (e.g., the
evaporative depth) may be convenient in their simplicity but
are often vague about the actual physical processes being
simulated.

HELP features an interface that is easier to use than many
comparable codes. A good interface is always desirable
(although not a replacement for a good computational
code). The interface to HEL P can become quite difficult,
however, if the user wishes to input their own (e.g., Site-spe-
cific) climate data such as daily temperature and rainfall.
Theinterface is considerably simplified when using default
values, which HEL P uses in many instances when actual
data are not provided. Evaluation should focus suspiciously
on this“advantage.” Such defaults are general values that
might be useful for first-cut evaluations or learning pur-
poses, but all too often their easy availability leadsto their
usein place of site-specific data. The analyst should be chal-
lenged to defend any use of a default value by demonstrat-
ing or providing arationale that its use either will not affect
the final results or that the default values are truly represen-
tative of the actual site and LLW facility being simulated.

4.3.2 The UNSAT-H Code

UNSAT-H was developed at Pacific Northwest Laboratory
for the U.S. Department of Energy. It has been used prima-
rily for predicting the near-surface water balance at waste
disposal sites, including the analysis of cover systems
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(Fayer and Jones, 1990; Fayer et a., 1992a,b; Martian and
Magnuson, 1994). The UNSAT-H code is used in the humid
and arid site applications presented in Chapter 6.

4.3.2.1 Conceptualization Issues
Hydrologic Processes Simulated

The UNSAT-H code is deterministic and requires specific
climate (e.g., precipitation, temperature, and solar radia-
tion), soil, and plant data as input. It generates values for
infiltration, evaporation, transpiration, redistribution, and
recharge from these input data. Vapor flow in the soil isalso
incorporated in the code. Evaporation and transpiration are
calculated, utilizing site-specific plant and soil data. Soil
hydraulic properties (e.g., hydraulic conductivity and water
content as functions of water potential) for individual soil
horizons are inputs to the code as are detailed plant parame-
ters such as plant rooting depth and density, and leaf area.
UNSAT-H can compute water runoff and surface water
detention but does not predict lateral routing of water.

Dimensionality and Geometric Configurations

UNSAT-H is gtrictly one-dimensional and does not predict
lateral routing of water. As such, UNSAT-H is not suited to
analyses of subsurface facilities or porous media structures
that serveto route water laterally by design or circumstance.
UNSAT-H utilizes daily or hourly precipitation data and
daily meteorologic data to model surface fluxes of moisture
and energy as well as plant interactions in the hydrologic
processes of the near surface. This makes the UNSAT-H
code most useful for highly mechanistic simulation of cover
designs and ambient site conditions wherein water move-
ment iswell approximated by a one-dimensional (vertical)
model, and surface fluxes are important.

4.3.2.2 Simulation and M athematical |ssues

M echanistic Approaches

The UNSAT-H code is more mechanistic than the HELP
code. Unlike the HEL P code, UNSAT-H utilizes a water
potential (head) formulation based on the Richards equation
(Richards, 1931) to calculate water flow. While this mecha
nistic approach provides a better representation of the phys-
ics of unsaturated flow than the empirical approach of
HELP, the computational demands of solving the Richards
equation may make a code such as UNSAT-H less practical
in certain cases. A judgement of which type of approach is
most appropriate must be made on a site-specific basis.
Often the use of more than one code is the best approach.
Thisapproach isillustrated in the example of section 6.1, in
which UNSAT-H is used to estimate the potential errorsin
the water balance estimates of HEL P due to the daily aver-
aging (in HELP) of precipitation. The HELP code can then
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be used with greater confidence to make long-term predic-
tions.

Empirical Approaches

Hydraulic parameters for the UNSAT-H code are obtained
from both laboratory and field measurements. Water reten-
tion tests using hanging water columns, pressure plates, and
vapor equilibrium techniques (Klute, 1986) provide the
basic hydraulic property data for individual soil layers.
Field-measured saturated and unsaturated conductivity (at
water contentsin the range from saturation down to drained
water contents at or near field capacity) provide the best
estimates of the conductivity (Rockhold et a., 1988). In the
absence of these data, |aboratory saturated conductivity val-
ues are combined with water retention data, and estimates of
the hydraulic conductivity function can be made using
Brooks and Corey (1964) or van Genuchten (1980) models.

Numerical Solutions

The UNSAT-H code, version 2.0, uses afinite difference
method with a direct solver for the linear algebraic equa-
tions. A Picard iteration is used to linearize the Richards
equation. Without careful user oversight, the methods used
in UNSAT-H, Version 2.0 can result in unacceptably large
mass balance errors, particularly when simulating arid envi-
ronments. Codes utilizing mass conserving numerical meth-
ods (Celiaet al., 1990; Kirkland et a., 1992) may be more
appropriate in these cases.

4.3.2.3 Confidence and Other Issues
Confidence Building

A detailed sensitivity analysis of an early version of
UNSAT-H was reported by Freshley et al. (1985), who used
the code to simulate the water balance of a soil cover placed
over an oil shale pile. Parametric analysis |ooked at the sen-
sitivity of seepage and actual ET to precipitation, potential
ET, saturated hydraulic conductivity, initial soil conditions,
plant sink term, and rooting depth and density. Results of
the sensitivity analysis demonstrated that the water flow
model was most sensitive to precipitation, potential ET, ini-
tial soil conditions, rooting depth and density. The model
was less sensitive to hydraulic conductivity and the plant
root sink term.

UNSAT-H has been successfully tested against analytical
solutions for infiltration (Fayer and Jones, 1990) and is cur-
rently being calibrated using Hanford Site lysimeters. The
model has been tested against measured water storage and
lysimeter drainage for a 1.5-year-period (Fayer et al,
1992a). The uncalibrated model, while agreeing with annual
water balance measurements, diverged from both winter and
summer water storage measurements (root-mean-square
error aslarge as £ 22 mm, in a soil whose average storage
was about 350 mm). Calibration, without optimization of
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thefit, reduced prediction error substantially (over 60% to
about + 8 mm).

Ease-of-Use | ssues

UNSAT-H uses formatted input, which can make the prepa-
ration of correct input files somewhat more difficult than
necessary. UNSAT-H Version 2.0 isin the public domain.

4.3.3 TheVAM3DCG Code

TheVariably Saturated Analysis Model in 3 Dimensions
with Preconditioned Conjugate Gradient Matrix Solvers
(VAM3DCG) was devel oped by Hydrogeologic, Inc. It sim-
ulates saturated-unsaturated ground-water flow and solute
transport (Huyakorn and Panday, 1993). Use of the
VAM3DCG code has been reported in Panday et al. (1993)
and in the humid site application in this document

(Section 6.1).

4.3.3.1 Conceptualization Issues
Hydrologic Processes Simulated

The VAM3DCG code accounts for heterogeneity, hystere-
sis, and anisotropy of soil properties, and has alimited abil-
ity to account for evaporation and infiltration boundaries
and plant root water uptake. These capabilities are not ssmu-
lated as mechanistically asin the UNSAT-H code but do
nonethel ess provide a multidimensional code with the abil-
ity to model these atmospheric-driven fluxesin alimited
way. Infiltration and ET are handled in VAM3DCG by a
iterative procedure adapted from Neuman et al. (1974). The
parameters required for this procedure include wilting point
(see discussion on the HEL P code above for wilting point
information), potential transpiration rate, and the relation-
ship of root effectiveness function with depth. VAM3DCG
does not account for thermal effects, vapor phase flow, or
snow accumulation and melt.

Dimensionality and Geometric Configurations

VAM3DCG is athree-dimensional code. Either a rectangu-
lar or curvilinear orthogonal grid may be used with this
code. The curvilinear grid provides greater flexibility to
accommaodate complex geometries such asthe multilayered,
sloping materials of LLW engineered barriers. Cylindrical
and radial coordinate systems are not handled by
VAM3DCG.

4.3.3.2 Simulation and M athematical |1ssues

M echanistic Approaches

The VAM3DCG code is deterministic, requiring specific
hydrologic and dilute species data as input. It generates val-
uesfor soil or rock continuum pressure, saturation, and flow



velocitiesin liquid water phase only. The VAM3DCG code
is highly mechanistic, solving the Richards equation for
water flow in variably saturated soil.

Empirical Approaches

The relationship between liquid pressure and saturation are
handled by empirical relationships, either the van Genu-
chten (1980) relationship or the Brooks and Corey (1964)
relationship. Hysteresis in these functions can be modeled
using the VAM3DCG code. The water retention parameters
required by VAM3DCG include empirical curve-fitting
parameter values for a van Genuchten (1980) or Brooks and
Corey (1964) water retention function, saturated hydraulic
conductivity values, porosity, and species diffusion coeffi-
cientsif transport will be modeled.

Numerical Solutions

The VAM3DCG code uses a finite element method with a
conjugate gradient numerical solver. Newton-Raphson and
Picard iterations schemes are available as are other applica-
tion-specific advanced numerical techniques.
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4.3.3.3 Confidence and Other Issues
Confidence Building

Several verification problems are presented in the
VAM3DCG User's Manual (Huyakorn and Panday, 1993)
aswell as some limited benchmarking. We are not aware of
any more comprehensive verification and benchmarking
studies of VAM3DCG, or of any validation studies.

Ease-of-Use | ssues

The conjugate gradient and other advanced solversused in
VAM3DCG can shorten computer simulation time. The cur-
vilinear grid can simplify the modeling of certain complex
geometries such as layered soils. Preparation of input files
and verification of their correctness can require substantial
effort due to the use of formatted input and the complicated
dependencies between input parameters. The code is copy-
righted and is subject to alicense agreement and fee.
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5 Analysisof Uncertainty

The concept of reasonable assurance stated in 10 CFR 61
implies that the performance assessment of a LLW disposal
facility must consider the uncertainty associated with model
predictions. The objective of an uncertainty analysisisto
determine the uncertainty in predicted performance as a
function of the cumulative variability in the input data and
model parameters. Uncertainty analysis is necessary
because of the highly heterogeneous nature of most subsur-
face environments and the long time frames of interest for
forecasting the performance of LLW disposal facilities.

Asillustrated in Figure 5.1, the assessment of uncertainty
entersinto the hydrologic evaluation methodology at two
points. Early in the analysis, the most important sources of
uncertainty should be identified and characterized. Appro-
priate data must be gathered to sufficiently characterize the
uncertainty. Examples of parameters that contribute to
uncertainty in the hydrologic evaluation of the unsaturated

zone at LLW disposal facilities are discussed extensively in
Section 5.1.

Uncertainty analysis also enters the methodology after a
simulation model has been developed. Several methods for
evaluating the effect of uncertainty on the results of asimu-
lation are reviewed in Section 5.2 along with the relative
benefits and possible problems associated with these meth-
ods. Each of the methods discussed can be carried out with
virtually any model, including all those discussed or men-
tioned in Chapters 3 and 4.

For the engineering design of a LLW disposal facility, per-
formance measures of interest might include the amount of
surface layer erosion, the required capacity of a subsurface
lateral drainage layer, the fraction of percolating water
diverted laterally by a barrier layer, and the water retention
characteristics of the soil components of a capillary barrier.
For an comprehensive facility performance assessment, the
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most pertinent measure of performance with respect to the
unsaturated zone water flow isthe flux of water reaching the
waste.

5.1 Typesand Sources of Uncertainty

Uncertainty is classified here into three major types:
» random or systematic measurement error

» random variability inherent in many physical processes
and measurable quantities

» imperfect knowledge of parameters, models, or underly-
ing physical processes.

The first two types of uncertainty are exhibited in experi-
ments that produce different (random) results under appar-
ently identical conditions. Many processes and phenomena
involved in the flow of water through a LLW disposal facil-
ity are characterized by randomness and are consequently
unpredictable to some degree. Precipitation is an excellent
example. The number of defectsin ageomembrane liner is
another. Predictions involving random processes and phe-
nomena (seepage through a cover, for example) are natu-
rally uncertain. The essential characteristic of random
uncertainty isthat it cannot be reduced by the collection of
data (although data may help to better characterize random
uncertainty).

In contrast to random uncertainty, the uncertainty arising
from imperfect knowledge of parameters, models, and
underlying physical processes can be reduced by the collec-
tion of additional data. Following Wu et al. (1991), we clas-
sify uncertainty due to imperfect knowledge into three

types:

* Parameter uncertainty is associated with imprecise or
inaccurate model input parameters that may result from
estimating parameters using inaccurate, unrepresenta:
tive, or limited data. For example, the parameters of the
van Genuchten water retention model may be estimated
from one or two soil samples.

» Modeling uncertainty is a consequence of using imper-
fect representations of reality (models) to describe a
physical system. Examplesinclude use of anormal
probability distribution to model variability in precipita-
tion that may be better characterized as lognormal, and
use of aone-dimensional model for a three-dimensional
reality. Modeling uncertainty can also arise from the
application of amodel outside its range of validity; for
example, extrapolating parameters determined from
short-term experimental data to longer time frames.

» Completeness uncertainty arises from afailure to con-
sider al the significant processes and potential future
states (scenarios). The impacts of potential future sce-
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narios such as land use change and climate change are
examples of completeness uncertainty.

Of the three types of uncertainty due to imperfect knowl-
edge, parameter uncertainty is the easiest to quantify. There
is often insufficient data available (or it is ssmply too expen-
sive to obtain) to reliably estimate the impact of model and
compl eteness uncertainty.

Kozak et al. (1993) describe a comprehensive approach to
uncertainty analysisin LLW disposal facility performance
assessment that incorporates all the types of uncertainty dis-
cussed above. This approach attempts to deal with model
and completeness uncertainty by enumerating and eval uat-
ing all plausible conceptual models (e.g., one- vs. two-
dimensions, isothermal vs. nonisothermal conditions,
macropore flow, and material degradation rates) and scenar-
ios (e.g., climate and land use changes). The approach of
Kozak et a. (1993) is depicted in Figure 5.2. For many
applications, it may be sufficient to limit the analysisto a
single scenario and even a single conceptual model. In this
case, only parameter uncertainty and random variability
would be considered (using one of the methods described in
Section 5.2).

Section 2.2 discussed four broad factors that affect recharge
at aLLW disposal facility: climate, soil, vegetation, and
engineered barriers. Under each of these factorsfall a num-
ber of processes or phenomena that exhibit inherent vari-
ability that can lead to uncertainty in recharge (and seepage)
estimates. In addition, parameter estimation and modeling
are anintegral part of unsaturated zone hydrologic evalua-
tion and contribute added uncertainty. The remainder of this
section discusses specific sources of uncertainty in the
hydrologic evaluation of the unsaturated zone at LLW dis-
posal facilities.

5.1.1 Climate

Climatic processes and parameters that exhibit significant
spatial and temporal variability include:

e precipitation amount, duration, and intensity

e air temperature

e wind speed and direction

» solar radiation.

While each of these climatic parametersisimportant, vari-
ability in precipitation is particularly important because of
its direct effect on al water balance components. Air tem-
perature, wind velocity, and solar radiation primarily affect
ET. In addition, because the size of a LLW facility is small

relative to the spatial variability of these climatic processes,
the temporal variability is of greatest concern.
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Treatment of
Scenario 1 Scenario N Completeness
Uncertainty
Conceptual Conceptual Conceptual Conceptual Treatment
Model 1 Model L Model 1 Model L of Model
Uncertainty
Parameter Parameter Parameter Parameter Treatment
Set 1 Set 1 Set 1l
Set 1 of Parameter
Parameter Parameter Parameter Parameter g;‘geé?nggm
Set 2 Set 2 Set 2
Set 2 Variability
Parameter Parameter Parameter Parameter
Set J Set K Set J Set K

Decision

Figure5.2 An approach to uncertainty analysisfor low-level waste perfor mance assessment (after Kozak et al.,

1993)

Temporal variability in precipitation isillustrated in

Figure 5.3, a histogram of the (log of) daily precipitation at
asoutheast (U.S.) coastal plain location for 1949-1991.
Only those days on which precipitation was measured are
included in the histogram. (Data for 1949-70 were collected
in hundredths of aninch. In 1971, data began to be collected
in tenths of an inch, resulting in the spike at -0.6.) Also
shown is agaussian fit to the data (excluding the spike).
Daily precipitation is approximately lognormally distributed
with amean value of 1.26 cm/day (on those days when pre-
cipitation occurred) and a standard deviation of 1.58 cm/

day. The maximum daily precipitation at this site over this
43-year period was 21.5 cm.

In many humid environments, rainfall intensity can vary
dramatically in time, a phenomenon that is not captured by
the average daily precipitation. Short duration, high inten-
sSity rainfall events increase runoff and erosion. Long dura-
tion, low-intensity rainfall leads to greater infiltration. This
additional variability may be important in estimating
recharge and should not be discounted without careful con-
sideration. Figure 5.4(A) is a histogram of the (log of) daily
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net infiltration for the southeast coastal plain site mentioned
above. Recall that net infiltration is the difference between
precipitation and water lost to runoff and ET. The net infil-
tration represented in Figure 5.4(A) was obtained by simu-
lation using hourly averaged precipitation data. The net
infiltration was also obtained using the same precipitation
data but distributing each day’s precipitation over the entire
24-hour period (daily averaging). The histogram of the
resulting daily net infiltrationisshown in Figure 5.4(B). Itis
clear that the distribution of precipitation can have amarked
influence on the character of the temporal variability of net
infiltration.

5.1.2 Soil

Theinherent variability of natural geologic formations and
soils can be quite large. This variability is reflected in the
parameters describing flow in the unsaturated zone, namely:

» saturated hydraulic conductivity

e water retention parameters (o and n in the van Genu-
chten parameterization, for example)

* porosity.

Studies of soils data gathered from 42 U.S. states (Carsel
and Parrish, 1988) and from exhaustive sampling of asingle
experimental plot (Rockhold et a., 1994) indicate that the
saturated hydraulic conductivity has the greatest variability
of these parameters, as measured by the coefficient of varia-
tion. The water retention parameter related to the air entry
pressure (van Genuchten's a) also exhibits significant vari-
ability. The porosity and the water retention parameter

(A)
1000
Number 15703 ,

8004 ik Mean 1.92><10'7 cm/s
i SDev. 951<10 cm/s
3 600 — mbEHELERHHLE Min.  1.29<10  cm/s
% L | Med. 2.05><10': cmis
L 400 Max. 2.58<10 cm/s

200 -
0 | | T |

9 -8 -7 -6 -5 -4
log(Net Infiltration - cm/s)

600 —
Number 3780
500 — Mean  1.26 cm/d
S.Dev. 1.58cm/d
400 Min.  0.03 cv/d
> - Med.  0.75cm/d
Max 21.5 cm/d
5 300
g
LL
200 —
100 —
/
T T T 1

=
-15 -10 -05 00 05 1.0
log(Precipitation - cm/day)
Figure5.3 Histogram of daily precipitation data for a
43 year period
related to the pore size distribution have the least amount of
variability.

In addition to the parameters listed above, variability in
unsaturated flow may be enhanced by:

« macropores (density, location, depth, size)
e unstable flow conditions.

Unfortunately, the variability of these phenomenaisdifficult
to characterize. Nevertheless, these phenomena can have a
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Figure5.4 Histograms of simulated daily net infiltration for a 43 year period based on (A) hourly averaged
precipitation and (B) daily averaged precipitation
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dramatic effect on unsaturated flow and they should not be
dismissed without consideration. Macropore flow is particu-
larly important sinceit islikely to exist to some extent at the
majority of LLW sites.

As an example of soil variability, Figure 5.5 shows a histo-
gram of saturated hydraulic conductivities, K, for soils at
the Las Cruces Trench Sitein New Mexico (Wierenga et al,
1989). The datain Figure 5.5 represent a 25-m-long by 6-m
deep, two-dimensional cross section of the sandy |oam soil
at the Las Cruces site. Note that the values of Kg shown in
Figure 5.5 vary by more than three orders of magnitude and
arelog-normally distributed. This range of variability and
probability-distribution type are typical for Kgin soils
(Nielsen et al., 1973; Carsel and Parrish, 1988; Wierenga et
al., 1989).

The probability density functions describing the statistical
distributions of water retention parameters and other physi-
cal properties may or may not be well represented by nor-
mal or log-normal distributions. Hydraulic properties may
also be cross-correlated with one another. Cross-correlation
between parameters may have a significant effect on flow
and should not be dismissed without consideration.

Theinherent variability of physical and hydraulic properties
isusually not entirely random but is more often spatially
correlated. Values of measured properties that are close
together in space are usually more similar than those mea-
sured farther apart. For example, Jacobson (1990) used
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Figure5.5 Histogram and probability density function
for log-transformed values of in situ
measur ements of K4 from the Las Cruces
Trench Site
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directional semivariograms, y, to analyze the spatial conti-
nuity of the log-transformed values of Kg shown in

Figure 5.5. Using atwo-dimensional, exponential semivari-
ogram model, autocorrelation lengths of 2.5 and 0.5 m were
estimated for the horizontal and vertical directions, respec-
tively (Jacobson, 1990). The sample and theoretical semi-
variograms determined from this analysis are depicted in
Figure 5.6. | saaks and Srivastava (1989) provide an excel-
lent description of different methods for quantifying spatial
variability and structure.

If site-specific dataare limited, adevel oper may be tempted
to use literature-derived values of soil hydraulic properties
that represent texturally-similar soils to simulate water
movement at a proposed L LW disposal facility. Kool et al.
(1990) simulated a field-scale, infiltration experiment con-
ducted in spatialy variable, unsaturated soil at the Las
Cruces Trench Sitein New Mexico (Wierengaet a., 1989)
using hydraulic properties determined from site-specific
data and properties obtained from the literature for a textur-
aly similar soil (Carsel and Parrish, 1988). A spatial
moment analysis was used to provide quantitative compari-
sons between the observed and simulated flow and transport
behavior. Poor matches between the observed and simulated
flow and transport behavior were obtained using literature-
derived values of the van Genuchten model water retention
parameters and K¢ for atexturally-similar soil. The results
of Kool et al. (1990) suggest that the use of literature-
derived model parametersleadsto predictions of infiltration
and recharge that are more uncertain than predictions made
using model parameters derived from site-specific data. This
additional parameter uncertainty suggests that site-specific
data are preferred for performance assessments of LLW dis-
posal facilities.

5.1.3 Vegetation

Natural communities of vegetation are typically spatialy
heterogeneous. A LLW disposal facility, however, islikely
to have afairly homogeneous plant community, particularly
during the period of institutional control. When active con-
trol of the facility ends, the plant community will evolve and
become more heterogeneous. The spatia variability in ET
resulting from a heterogeneous plant community is difficult
to predict. The effect of this spatial variability on the aver-
age amount of net infiltration at the siteislikely to be small,
however.

Consideration of the temporal variability of vegetation is of
greater importance in an uncertainty analysis than spatial
variability. Previous discussions (Sections 2.2.3 and 3.2.1)
have emphasized the dramatic effect that vegetation can
have on the water balance and the effectiveness of an engi-
neered cover system. Temporal variability in vegetation
must be considered in an uncertainty analysis simply
because a plant community on a LLW disposal facility will
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Figure5.6 Exponential semivariograms determined from log-transformed, in situ measurements of Kg at the Las

Cruces Trench Site (after Jacobson, 1990)

change over time, either through natural succession or
through catastrophic events such asfires and large storms.
Since changesin a plant community are difficult to predict,
they should be considered using a bounding method and
sensitivity analysis (see Sections 5.2.2 and 5.2.3).

5.1.4 Engineered Barriers

The long-term performance of engineered barriersis uncer-
tain due to a number of causes (see Chapter 3), including:

» construction defects — punctures, faulty seams, etc. in
geomembranes and geosynthetic clay liners; poor com-
paction of clay barriers; hydraulic conductivity variation
in capillary barriers

* long-term aging and degradation — clogging of drainage
layers; root penetration and desiccation of clay barriers;
increased permeability of synthetic barriers; cracking of
concrete vaults; differential settlement.

Engineering judgement and sensitivity analysis (see Section
5.2.3) can be used to estimate the relative importance of
each of these processes. For those processes judged to be of
greatest importance, their potential variability (spatial or
temporal) can be characterized using literature-derived val-
ues (e.g., the geomembrane defect frequency data of Gilbert
and Tang [1993]) and pilot studies (e.g., a construction test
pad utilizing sealed double-ring infiltrometers to estimate
the spatial variability in hydraulic conductivity of aclay
barrier).
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Literature reviews and pilot studies can provide bounds and
probability distributions for parameters. In addition, such
data can provide information about spatial and/or temporal
autocorrelation and cross-correl ation between parameters.
In general, however, some amount of random variability in
engineered components (as well as climate, soil, and vegeta-
tion) will remain no matter how much data are collected.

Engineered (and natural) components of a L LW disposal
facility that are nonuniform and heterogeneous are often
modeled as being uniform and homogeneous, or one-dimen-
sional rather than multidimensional, to reduce the complex-
ity and computational requirements of the analysis or
simply because of insufficient data. Such simplifications
may be necessary in some cases for practical reasons but
can introduce additional uncertainty into estimates of water
flow.

For example, GCLs can be evaluated in the laboratory to
determine certain characteristics of the intact GCL such as
permeability. However, the degradation of GCLs and other
engineered components of a disposal facility over time may
alter their permeability and water retention characteristics.
The uncertainty associated with material degradation rates
(or cracking) and the resulting changes in hydraulic proper-
ties adds uncertainty to long-term predictions of the effec-
tiveness of engineered barriers.

5.2 Methods of Analysis

Numerous methods are available for analyzing uncertainty
in performance assessment applications (Buxton, 1989;



Zimmerman et al., 1990; Zimmerman et al., 1991; Wu et al.,
1991; Kozak et al., 1993; Robinson and Grinrod, 1994). For
the purpose of evaluating water movement at aLLW dis-
posal facility, we will focus on three primary methods:

* Monte Carlo simulation

 the bounding approach

e sensitivity analysis.

Several aternative approaches are also discussed.

Most methods of uncertainty analysis are not mutually
exclusive. The type(s) of uncertainty analysis that is appro-
priateis usually determined by the complexity of the prob-
lem and the available data. Wu et al. (1991) aso considered
expert (engineering) judgement to be an uncertainty evalua-
tion method. We acknowledge the use of expert judgement
as being essential to a credible and defensible performance
assessment and suggest that it should always be used in con-
junction with one or more of the other approaches described
below.

5.2.1 Monte Carlo Simulation

Monte Carlo simulation is the most comprehensive method
of uncertainty analysis discussed here. Input uncertainties
are represented as probability density functions (pdf’s),
such as that shown in Figure 5.7(A). In this example, the
parameter varies between one and four and is more likely to
take on lower values. Each pdf is sampled a number of
times; the sampled parameter values are used as input to
analytical or numerical models of performance.

Figure 5.7(B) is an example of an analytical model of per-
formance (a quadratic function). Each sampled parameter
value, when simulated in a model, produces a value of per-
formance. The collection of simulated performance values
defines a pdf of performance (Figure 5.7(C)) that is used to
estimate the average performance and the uncertainty in
performance predictions. The approach described here and
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illustrated in Figure 5.7 for asingle input parameter is easily
generalized to complex models with multiple uncertain
parameters, each described by its own pdf.

A number of methods for sampling parameter pdf’s are
available. Random sampling selects parameter values at ran-
dom from the input pdf. Thisresultsin alarge number of
samples where the parameter value is most likely (1.25-2.0
in Figure 5.7(A)) and very few samples where the parameter
valueisunlikely (3.0-4.0in Figure 5.7(A)). Stratified and
Latin hypercube sampling (McKay et al., 1979; Iman and
Shortencarier, 1984) ensure that al regions of the pdf are
sampled. Importance sampling (Wu et al., 1991) is atype of
stratified sampling where more samples are taken from the
region of the input parameter pdf deemed most important
(e.g., values corresponding to poor performance: 2.0-4.0in
Figure 5.7(B)). Kozak et al. (1993) recommend that param-
eter uncertainty analysis be addressed using a Monte Carlo
simulation approach coupled with Latin hypercube sam-
pling. Wu et a. (1991) caution, however, that latin hyper-
cube sampling has not been shown to produce unbiased
estimates or to be superior to stratified sampling when the
input variables have a complex dependency structure. They
recommend the use of stratified and importance sampling.

In general, Monte Carlo simulation may be computationally
impractical, depending on the complexity of the models
used, because it requires many simulations (or realizations)
to ensure that the pdfs of input parameters and the pdf(s) of
performance measure(s) are adequately described. Latin
hypercube sampling, stratified, and importance sampling
schemes can reduce the required number of simulations.

Even with improved sampling schemes, however, practical
use of Monte Carlo simulation for evaluating uncertainty
associated with the predicted performance of aLLW dis-
posal facility may be limited to simplified analytical or
steady-state solutions, and/or one-dimensional models,
because of the large computational effort required to solve

(A) (B) ©
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Figure5.7 Hypothetical estimates of LLW disposal facility performance for different values of a model input

parameter (pdf = probability density function)
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the nonlinear, transient form of the governing equation (i.e.,
the Richards equation).

The efficacy of Monte Carlo ssimulation is also dictated by
the quantity and quality of available data. Having sufficient
datato accurately estimate the parametersin the probability
density functions for the model input parameters will likely
be amajor problem for most LLW disposal facilities. There-
fore, in order to use Monte Carlo simulation, a devel oper
may be forced to make assumptions about model parameter
distributions, or to rely on, for example, surrogate data or
parameters for texturally similar soils. As noted previoudly,
the use of literature-derived values of soil hydraulic proper-
ties, rather than site-specific properties for deterministic
simulation islikely to result in inaccurate model predic-
tions. However, when applied in a probabilistic framework,
this approach may yield more reasonabl e results.

Given the fact that most performance assessment applica-
tions will be data-limited, it is useful to have other sources
of data, parameters, and procedures that can be used to esti-
mate model parameters from other related data. Van Genu-
chten et al. (1992) describe numerous indirect methods for
estimating the hydraulic properties of unsaturated soils. L €ij
et al. (1994) also recently published apreliminary version of
asoil hydraulic property data base that represents a compi-
lation of hydraulic property data for soilsfrom all over the
world. The procedures described by van Genuchten et al.
(1992) and the database of Leij et a. (1994) could conceiv-
ably be used to estimate parameter distributions for textur-
ally similar soilsif site-specific data are limited. Estimation
of model parameters using indirect, related data and data
from texturally similar soils can be used to establish reason-
able bounds on the parameter space and measures of central
tendency if thisinformation cannot be reliably estimated
from limited site-specific data. However, we will continue
to emphasize that parameters estimated using site-specific
data should be preferred over literature-derived values.

5.2.2 The Bounding Approach

Because of limited data, it is often not possible to specify
the complete pdf and spatial correlation (see Figures 5.5 and
5.6) for al input variables. It is generally possible, however,
to establish certain bounds on the input variables using a
combination of the available data, theoretical consider-
ations, and expert judgement. The estimated parameter
bounds can then be used to bracket the expected perfor-
mance of the LLW disposal facility.

If only sparse or generic data are available, it may be neces-
sary to estimate the bounds as the minimum and maximum
parameter values that are physically possible, or that have
been measured for similar conditions. The extreme values
used with this bounding approach can be modified later to
reflect site-specific data as site characterization progresses
and more information becomes available.

NUREG/CR-6346

58

Although the bounding approach is probably the simplest
approach that can be used to evaluate uncertainty, it has sev-
eral drawbacks. The object of the method isto bound some
measure of performance. Unfortunately, the minimum and
maximum values of performance are not likely to corre-
spond to minimum and maximum parameter values. Thisis
illustrated in Figure 5.7(B) for the case of a single parame-
ter. The minimum performance occurs at avalue of 3
although the parameter bounds are 1 and 4. In the typical
case, the performance measure(s) will be a complex func-
tion of several parameters, making it unlikely that smula-
tions carried out for extreme parameter values will produce
the bounding values of performance. Many additional simu-
lations will need to be carried out for intermediate parame-
ter values. In this case, the bounding approach | oses some of
its computational advantage over Monte Carlo simulation.

The bounding approach a so does not provide any informa-
tion about how probable any particular estimate of perfor-
manceis. As discussed previoudly, Figure 5.7(A) illustrates
apossible pdf for a parameter that is more likely to be near
its minimum than its maximum value. This parameter pdf,
when combined with the performance function depicted in
Figure 5.7(B), resultsin apdf of performance that lookslike
that in Figure 5.7(C). It is clear that the probability of per-
formance is nonuniform; although two-thirds of the parame-
ter range (2-4) resultsin avalue of performance less than
0.4, the probability that the performanceislessthan 0.4 is
only about 25%. This information would not arise from a
bounding analysis.

If abounding approach isused, it is recommended that
some measure of the central tendency of the parameter dis-
tributions (i.e., the mean or median value) also be evaluated.
Thefirst order approximation of the mean performanceis
found by evaluating the performance measure at the mean
parameter value(s). It iswell known, however, that the first
order approximation is appropriate only when the perfor-
mance measure is a (nearly) linear function of the parame-
ters or when the variance of the parametersis small with
respect to the mean performance (Ang and Tang, 1975).
These conditions are often not satisfied for unsaturated flow
problems.

5.2.3 Sengitivity Analysis

Several different types of sensitivity analyses can be applied
for engineering design and performance assessment. Sensi-
tivity analysisis a useful tool for identifying key design
variables, processes, and model parameters that contribute
the most to uncertainty. Thisinformation can be used to
direct future data collection and analysis activities, to focus
on those areas that have the greatest influence on the system.



5.2.3.1 Deterministic Sensitivity Analysis

Inadeterministic analysis, first-order sensitivity coefficients
can be computed to quantify the effects of input parameter
variability and the relative importance of different input
parameters on amodel output or performance measure
(McCuen, 1973). The sensitivity coefficient, S, for a given
performance measure, Z, can be determined by

Si:aiz
0X;i

where X; isadesign variable or input parameter. (Examples
of applicable performance measures were discussed in the
introduction to this chapter.)

(5-1)

A perturbation approach can be used to calculate sensitivity
coefficients with the following finite-difference approxima-
tion

Zo-21
Xi2 - Xi1

where the subscripts 1 and 2 correspond to negative and
positive symmetrical perturbations, respectively, from an
expected or baseline value. This approximation isonly valid
if S isapproximately linear in the range of values consid-
ered. Therefore, the perturbations from the expected param-
eter values are usualy (but not necessarily) taken to be
relatively small.

S O

(5-2)

Differences in the magnitudes of parameters can make

direct comparison of sensitivity coefficients difficult. It is

often more useful to compute normalized sensitivity coeffi-
Xi

cients, Sy, as
AZ
), 9

X; = istheinitial or baseline value of the ith parame-
ter and

F(Z) = isthe value of the performance measure when
al parameters are equal to their baseline val-
ues.

Shi =

where

If aninput parameter isnormally distributed, the mean value
of the parameter should be used as the expected or baseline
value. If aparameter islognormally distributed, the median
value is amore appropriate baseline value. The larger the
value of the computed sensitivity or normalized sensitivity
coefficient, the more sensitive the model output (or pre-
dicted performance measure) is to the particular parameter.

Deterministic sensitivity analysis has two potentially signif-
icant problems. Firgt, the sensitivity of amodel output may
not be constant over the range of variability of a particular
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parameter. Second, the sensitivity of one parameter may not
be independent of the value of another parameter. This sec-
ond condition is an underlying assumption in the determin-
istic sensitivity analysis approach described above.

5.2.3.2 Probabilistic Sensitivity Analysis

Asnoted by Wu et al. (1991), for probabilistic performance
assessment, probability/reliability sensitivity can be deter-
mined by measuring the change in probability/reliability rel-
ative to changes in the parameters representing the pdfs of
the input variables (i.e., mean and standard deviation). The
relative importance of the random variables can be evalu-
ated by repeated probabilistic analysisin which one variable
at atimeistreated as a deterministic variable (with zero
variance). Thistype of analysis resultsin a number of cumu-
lative distribution functions (cdfs) or reliability curves that
can be used to rank the relative importance of the input vari-
ables.

Wu et a. (1991) also discuss the extension of probabilistic
sensitivity analysestoinclude all the major assumptions that
are uncertain. These include such things as the types of
probability distributions assumed for the input parameters
(i.e.,, normal, lognormal, etc.), the process models (i.e., sin-
gle-phase flow versus coupled, two-phase flow), and other
empirical parameters (i.e., material degradation rates, etc.).
In practice, Wu et al. (1991) recommend limiting probabilis-
tic sensitivity analysisto only the most critical models and
assumptions.

5.2.4 Other Uncertainty Analysis M ethods

Several other methods are also available for evaluating
uncertainty (Zimmerman et al., 1990; Wu et a., 1991, Rob-
inson and Grinrod, 1994). Stochastic-perturbation and
nested set/fuzzy logic methods are two alternative methods
that may be well suited for evaluating the uncertainty asso-
ciated with performance predictions. Brief descriptions of
these methods are given below.

5.2.4.1 Stochastic-Perturbation Method

Early efforts at stochastic modeling of unsaturated flow are
described by Dagan and Bresler (1979), Dagan and Bresler
(1983), Yeh et al. (1985), and Mantoglou and Gelhar (1987),
and others.

Polmann et al. (1988) summarize many of the early studies,
and provide a detailed discussion of a stochastic-perturba-
tion method developed by researchers at the Massachusetts
Ingtitute of Technology for modeling large-scal e unsaturated
flow and solute transport. This method extends the previous
work of Mantoglou and Gelhar (1987).
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The stochasti c-perturbation method described by Manto-
glou and Gelhar (1987) and Polmann et al. (1988) provides
away of deriving effective expressions for large-scale flow
and transport processesin field soils. The theory presumes
that local variations in hydraulic properties may be repre-
sented by spatially correlated random fields with known sta-
tistics (i.e., the mean and covariance). The effective
parameters are propagated through a modified form of the
Richards equation, using spectral representation techniques,
to yield estimates of the mean flow behavior and the vari-
ances in pressure head and water content associated with
small-scale fluctuations in the mean hydraulic properties.
These variance estimates can be used to approximate the
uncertainty associated with the predicted mean flow behav-
ior. Complete details of the theory and numerical implemen-
tation are given by Polmann et al. (1988) and Polmann
(1990).

Polmann et a. (1991) compared the results obtained using
the stochastic-perturbation method with the results from a
numerical experiment described by Ababou (1988). Luis
and McLaughlin (1992) compared results obtained using
this method with data from an infiltration experiment con-
ducted at the Las Cruces Trench Site. In both cases, the
observed flow behavior was predicted reasonably well by
the effective flow parameters, and most of the observed val-
ues of pressure head and water content were bounded by the
+2 standard deviation confidence intervals that were esti-
mated using the stochastic approach.

Gelhar et al. (1994) suggest that approximate expressions
for the variance of small-scale fluctuationsin travel time or
solute concentration could be derived from a version of the
stochastic theory. The resulting variances obtained using
thistype of analysiswould not be as informative as the com-
plete pdfs obtained by Monte Carlo simulation. Gelhar et al.
(1994) suggest, however, that their variance estimates could
provide some indication of the margin of error for agiven
application. At present, the stochasti c-perturbation approach
described above is limited to research applications.

5.2.4.2 Nested Set/Fuzzy L ogic Approaches

As noted previously, there are several difficulties or poten-
tial problems associated with probabilistic methods for eval-
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uating uncertainty. An alternative approach, based on nested
set analysis and fuzzy logic is described by Robinson and
Grinrod (1994). This approach is particularly well suited for
incorporating subjective uncertainties based on expert
judgement.

In this approach, groups of experts (or stakeholders) are
reguested to categorize different scenarios, conceptual mod-
els, and/or parameter sets according to their level of confi-
dence in each choice. The choices are categorized using
natural language expressions (rather than probabilities) that
might range, for example, from “fully supported” or “very
possible” to “completely unsupported” or “highly unlikely”.
Different categories, or nested sets, are developed between
these extremes. For example, an intermediate category/
nested set of values might be referred to as “marginally sup-
ported”. The number of nested sets can aso be determined
by considering the proportion of experts who consider that
each particular choice is possibly correct. This approach
corresponds to a“ membership” in fuzzy set theory.

The categories, or nested sets, define ranges of possibilities
and their relative importance or likelihood of occurrence. A
nested set of consequencesis calculated for each set of val-
ues/models within each category. Consequenceintervalsare
established from the results obtained using choicesthat have
membership equal to or higher than that interval.

A nested set approach portrays the combinations of subjec-
tive uncertainties that arise in most performance assess-
mentsin away that matches the intuition and expectation of
nontechnical stakeholders. Stochastic variability can still be
analyzed using an objective, probabilistic or Monte Carlo
simulation approach embedded within a nested set analysis.
The output distribution functions obtained with such a com-
bined approach can be partitioned according to the conse-
quence intervals described above to communicate the
potential risks more effectively to nontechnical stakehold-
ers.



6 Application Examples

This chapter presents two examples of the hydrologic
assessment of the unsaturated zone at LLW facilities. The
intent of the examplesisto illustrate the issues raised in the
preceding chapters and to demonstrate a methodology for
analysis. One significant aspect of the analysis that is not
addressed in these examplesis the manner in which the
hydraulic properties of the soil and engineered materials
will change over time asthe result of degradation and aging.
The hydrol ogic assessment described here can be repeated
using degraded properties that are estimated using engineer-
ing judgement and the results of laboratory and prototype
testing.

Thefirst example presented in this chapter is of a below
ground vault located in a humid environment. The second
example looks at ashallow land burial facility located in an
arid environment. The examples utilize actual site-specific
data and redlistic facility designs. The two examplesillus-
trate the issues unique to humid and arid sites aswell asthe
issues commonto al LLW sites. Strategies for addressing
the analytical difficulties arising in any complex perfor-
mance assessment are demonstrated.

6.1 Humid Site Example

The humid site application exampleis for a hypothetical
below ground vault LLW disposal facility constructed in the
humid climate regime representative of the southeast U.S.
The site exhibits a shallow regional water table and arela
tively high annual average precipitation. The example uses
climate data from South Carolina and afacility design pro-
vided by the U.S. NRC. This humid site example applica
tion has been documented previously in Meyer (1993) and
Nichols and Meyer (1996)", and the technical information
presented here has been drawn extensively from those
SOUrces.

6.1.1 Problem Definition

The objective is to estimate the steady-state water distribu-
tion within ahypothetical LLW facility barrier designed for
ahumid site. The problem is defined by the site at which the
facility islocated (its sail types, climate, topography, etc.)
and the specific design of the facility itself. Each of theseis
discussed in the following sections. An overview of the
approach used to fulfill the objective follows.

1. Nichols, W. E. and P. D. Meyer, “Multidimensional water flow in alow-
level waste isolation barrier,” to appear in Ground Water, July-August or
September-October, 1996.

6.1.1.1 Site Description

The hypothetical waste disposal facility islocated in an
environment typical of the southeast U.S. coastal plain
region. The topography of the region is characterized by
gently rolling hills although the waste disposal facility itself
islocated in arelatively flat region. The climate is character-
ized by warm, humid summers and mild winters.

Climatic data were taken from nearby National Oceanic and
Atmospheric Administration stations. Mean annual precipi-
tation is approximately 111 cm/yr. based on 43 years of data
(1949-1991). Rainfall is dightly higher than average during
the summer months and slightly lower than average during
thefall asillustrated in Figure 6.1. Precipitation during the
spring and summer months frequently occurs as localized,
intense thunderstorms. Winter precipitation tends to occur
over abroader area. The regional mean annual snowfall is
approximately 3 cm.

The mean monthly measured pan evaporation, also shown
in Figure 6.1, varies significantly with the seasons. Mean
annual evaporation based on 26 years of data (1964-1989) is
approximately 137 cm/year. If potential ET is approxi-
mately equal to measured pan evaporation, then based on
monthly averages, there is a precipitation excess during the
winter months and thus an opportunity for significant
recharge at that time.

The mean monthly maximum temperature ranges from
approximately 60°F to 90°F. The mean monthly minimum
temperature ranges from approximately 35°F to 70°F. The
regional mean annual snowfall is approximately 3 cm, and
the regional depth of frost penetration is less than 25 cm.

6.1.1.2 Facility Design

The hypothetical LLW disposal facility consists of an array
of below-ground concrete waste containment structures,
each overlain by a multilayer cover (see Figure 6.2(A)).
The cover is sloped to promote runoff, which is collected by
a surface drainage system located between each of the con-
crete vaults. A cross-section through one of the concrete
vault/cover combinations appearsin Figure 6.2(B). The
cover system over each concrete vault uses many of the
components discussed in Chapter 3 and is depicted in Fig-
ure 6.3.

The surface layer’s functions are to promote runoff and
maximize ET (by promoting plant growth). The surface
layer is composed of 61 cm of topsoil classified asasilty
sand (ASTM D2487). The surface layer thickness provides
protection against frost damage and water storage for plant
growth. Native, relatively shallow-rooted grasses are the
anticipated vegetation. The relatively steep slope of the sur-
face layer (20%) will produce significant runoff; erosion is
thus a concern. Application of the Universal Soil Loss Equa-
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Figure6.1 Average monthly precipitation and pan evaporation for the humid site application

tion (Wischmeier and Smith, 1965) suggests that soil loss
from the surface layer due to water erosion is likely to be
higher than 4.5 MT/halyr. (see Appendix A). Active erosion
prevention measures could render a20% slope acceptable. It
islikely to be more cost-effective, however, to simply
reduce the slope.

Thefacility usesfilter and drainage layers composed of nat-
ural materials. The gravelly sand immediately beneath the
topsoil functions as afilter layer to prevent small particles
from entering thetwo layers beneath. The peagravel and the
underlying gravelly sand function as adrainage layer. This
drainage layer directs water laterally to a point where the
water enters the surface drainage system and is removed
from the site.

The peagravel is aso intended to function as a protective
layer, restricting root and animal penetration. The gravel
layer is only 23 cm thick, however, and may provide little
resistance to deep-rooted plants. Peagravel is not likely to
be large enough to be a significant barrier to burrowing ani-
mals. If protection against intrusion by plant roots and ani-
malsis of great concern, then evidence should be presented
justifying the use of peagravel asabarrier or acobble layer
should be used.

A redundant barrier system is used in this design consisting
of acomposite geomembrane/compacted soil barrier overly-
ing asand/gravel capillary barrier. Geomembrane/com-
pacted soil composite barriers have been shown to be
effective in limiting the seepage of water to very small val-
ues. The capillary barrier’s function is to provide an addi-
tional barrier to water flow as the composite barrier
degrades. The capillary barrier drainsto a point beneath the
concrete vault. Water can move from that point to the water
table.
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The concrete vault waste containment structure functions
primarily to provide structural stability to the facility and to
physically separate the waste. In addition, it acts asabarrier
to water flow because of itslow permeability. The top sur-
face of the concrete vault is sloped at 2% to drain any water
reaching it. The concrete is covered by bentonite panels
whose primary purpose isto extend the life of the concrete
as awater flow barrier.

Thereisno subsurface collection and removal system at this
facility.

6.1.1.3 Overview of the Analysis

There are many processes and phenomena that could signif-
icantly affect water flow at the facility described above; pre-
cipitation, surface runoff, infiltration, ET, and subsurface
lateral drainage are all important. At this facility, these pro-
cesses are likely to exhibit significant temporal variability
on the time scale of hours or even minutes. Snowmelt,
nonisothermal processes, and vapor phase flow are not
likely to have amajor impact at this humid site. Long-term
processes that will significantly affect flow are the degrada-
tion of the geomembrane/compacted soil barrier and of the
concrete vault. These processes will take place over years or
tens of years. Additional phenomena of unknown impor-
tance include macropore flow, soil spatial variability, anisot-
ropy, and hysteresis.

The approach adopted for the analysis of unsaturated water
flow at the humid sitefacility wasto divide the problem into
relatively independent pieces that could be analyzed sepa-
rately. The problem was divided according to the time scale
of the relevant transient processes. Above the composite
geomembrane/compacted soil barrier, transient processes



with temporal variability on the order of minutes, hours, and
days will dominate the distribution of water. The analysis of
this region must account for this transience. Below the com-
posite barrier, the important transient processes occur on the
scale of years or more. A steady-state analysis or a piece-
wise steady-state analysisis applicable in this region.

Theillustrations of the site design (Figure 6.2) clearly show
that two- (and perhaps three-) dimensional flow of water

(A) <— 120 m —>>
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will take place throughout the facility. The success of the
facility depends on this. It is nevertheless possible to learn
much of importance about the performance of the facility
design using asimpler one-dimensional analysis. Although
surface runoff will clearly have alarge horizontal compo-
nent, water that infiltrates will primarily flow in avertical
direction until reaching the composite barrier. The top four
layers of the cover were thus modeled in one dimension.
This simplification allows us to consider the short time-
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Figure6.2 (A) Plan view and (B) cross-section of the hypothetical humid site facility
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scale variability of the near-surface processes, atask that
would be computationally difficult in two or three dimen-
sions. This one-dimensional model was used to address sev-
eral important issues: determination of the key processes
influencing the near-surface water balance, estimation of the
surface and subsurface drainage requirements, and estima-
tion of the amount of water availablefor percolation into the

clay layer.

The results of the one-dimensional analysis were also used
to determine the upper boundary condition of atwo- and
three-dimensional model of that portion of the facility
below the composite barrier. This was a steady-state analy-
sis. The multidimensional analysis addressed the design and
performance of the capillary barrier and the ultimate flux
(seepage) into the concrete vaullt.

6.1.2 One-Dimensional Analysis. Upper Cover

A number of simulation codes are applicable to the one-
dimensional analysis of the humid site facility. We chose to

Geo™ o\
d

Capillary Barrier
(46 cm sand over
1to4 mgravel)
/
Gravel

Bentonite Panel

use UNSAT-H (Fayer and Jones, 1990) and HELP
(Schroeder et al., 1994a, 1994b). (See Chapter 4 for a brief
description of these codes.) The results of these codes are
discussed and compared in this section.

6.1.2.1 Climate and Vegetation Parameters

The physical processes modeled by UNSAT-H included pre-
cipitation, evaporation from the soil surface, infiltration,
transpiration, and redistribution. Precipitation and ET inputs
varied with time. Forty-three years of hourly precipitation
data were used (see Section 6.1.1.1). These data are plotted
as daily averaged precipitation in Figure 6.4(A). A histo-
gram of this data was previously presented as Figure 5.3.

I nterception was assumed to be negligible.

ET can becalculated in UNSAT-H from either daily weather
dataor potential ET valuesthat are input by the user. For the
hypothetical site, daily potential ET values for each year of
the 43-year simulation (1949-1991) were set equal to the
average daily pan evaporation as measured over the period
1964-1989 (see Figure 6.1). Each year of the simulation

Surface Layer (61 cm)

Filter Layer (23 cm)
Protective Layer (23 cm)
Drainage Layer (23 cm)

Composite Barrier (91 cm)

Concrete Vault (2% Surface Slope)

Figure 6.3 Detailsof the multilayer cover system for the humid site facility
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thus used identical potential ET values (but different precip-
itation values) to calculate actual ET.

Runoff is calculated in UNSAT-H as the amount of precipi-
tation applied at arate in excess of the maximum infiltration
rate. The maximum infiltration rate is determined by the
maximum pressure head, a parameter input by the user. For
the hypothetical facility, the maximum pressure head of the
topsoil was taken to be zero. Therefore, positive pressure at
the soil surface during a precipitation event resulted in a
portion of the precipitation being partitioned into a runoff
component. Runoff isnot allowed toinfiltrate at alater time.
This method may result in a greater amount of runoff than
would occur under actual conditions, since vegetation slows
the rate of overland flow and may allow water that runs off
the upper slope to infiltrate farther downslope. In this case,
UNSAT-H may underpredict the amount of net infiltration.

The transpiration component of ET (water uptake by plants)
isrepresented in UNSAT-H asasink at nodes within the
root zone. The potential (maximum) transpiration is cal cu-
lated as afraction of potential ET and is afunction of the
leaf areaindex. The leaf areaindex used to model the hypo-
thetical site varied over the year such that potential transpi-
ration constituted 98% of potential ET during June, 95% of
potential ET during July and August, and 100% of potential
ET during the rest of the year (see Figure 6.5(A)).

UNSAT-H distributes potential transpiration over the root
zone according to the root density, which declines exponen-
tially with depth. The maximum depth of root penetration
for the hypothetical site was 50 cm, limiting root growth to
the topsoil layer. Figure 6.5(B) shows the root length den-
sity function used.

Actual transpiration at each node will be less than the poten-
tial, depending on the node’s volumetric water content, 6.
Above 8=6,,, plants cease to transpire because of anaerobic
conditions. At very low water content, plants have difficulty
drawing water from the soil. The point at which transpira-
tion begins to be reduced is denoted as 84. The water con-
tent below which plants wilt and all transpiration ceasesis
denoted as 8,,. Representative valuesfor 8y, 84, and 6,, were
chosen as 0.369, 0.115, and 0.113, respectively (corre-
sponding to pressure heads of -30 cm; -10,000 cm; and
-14,000 cm). Figure 6.5(C) illustrates the transpiration frac-
tion as afunction of the water content.

6.1.2.2 Soil Parametersand Model Specification

The UNSAT-H code solves Richards equation for unsatur-
ated flow (Equation 2-6) using the van Genuchten constitu-
tive relationships (Equations 2-7 and 2-8). The parameter
values required for the van Genuchten model are listed in
Table 6.1 for each of the materials of the facility. Only the
top four layers were simulated using UNSAT-H. The
remainder of the materials are presented for completeness.
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Figure6.5 Plant relationshipsused in the UNSAT-H
simulation (PT - potential transpiration;
PET - potential ET)

Nodal spacing of the one-dimensional model varied with
depth; spacing was reduced at the surface and at the inter-
faces between layers. The total number of nodes used was
104 over the 1.2-m depth simulated. The geometric average
was used for internodal conductivities. During precipitation,
a specified flux was applied at the upper boundary equal to
the precipitation rate. If at any time the pressure head
exceeded 0.0 cm, the surface node was held at a constant
pressure of 0.0 cm until the pressure fell below this value.
Similarly, aflux equal to the potential evaporation was
applied at the surface node between precipitation events. If
the pressure fell below the minimum allowable value of -
15.3 m, the surface node was held constant at thisvalue. The
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Hydraulic parameters of the humid sitefacility materials

. Water Content van Genuchten Saturath
Material Name Parameters Hydraulic
(refer to Figure 6.3) Conductivity
Residual  Saturated a (cm™) n (cm/s)
Topsoil 0.10 0.47 0.0440 1.523 1.00 x 104
Upper Gravelly Sand 0.02 0.32 0.1008 2.922 1.00 X 102
Pea Gravel 0.03 0.26 4.6950 2572 1.00
Lower Gravelly Sand 0.02 0.34 0.1008 2.922 1.00 X 1072
Clay 0.0001 0.36 0.0016 1.203 1.00 x 10”7
Sand (Capillary Barrier) 0.045 0.37 0.0683 2.080 3.00 X 102
Gravel (Capillary Barrier) 0.014 0.51 3.5366 2.661 1.85
Concrete 0.08 0.40 0.0063 1.080 1.00 x 108
Undisturbed Clayey Sand 0.21 0.30 0.0035 3.000 1.40 x 1077

bottom boundary was specified to have unit hydraulic head
gradient.

6.1.2.3 UNSAT-H Simulation Results

Table 6.2 summarizes the results of the 43-year simulation
of the upper four layers of the humid site facility. Results
are given as the fraction of precipitation allocated to each
term of the water balance over the entire 43-year period.
Note, interception losses are assumed to be negligible and
all evaporative losses occur from the soil surface after infil-
tration. Thefirst column of datalists the water balance
resulting from the use of hourly averaged precipitation.
Almost one-third of the precipitation becomes runoff and
only 5% is net infiltration.

ET represents the single largest sink of water at 62% of pre-
cipitation. Most of the ET is attributable to plant uptake; of
the total predicted ET, approximately 88% occurs as tran-
spiration. Figure 6.4(B) illustratesthe daily ET asafunction
of time. The annual variation in ET is evident. The peak ET
isrelatively constant from year to year as a consequence of
using the long-term average daily potential ET for each year
(see Section 6.1.2.1). There is considerable day-to-day vari-
ability, however, as plant uptake responds to soil water con-
ditions. Since the plant model parameters described in
Section 6.1.2.1 were not based on site-specific data, the esti-
mated ET is considered to be relatively uncertain.

Net infiltration tends to occur in short pulses over the 43-

year simulation period. Thisis shown in Figure 6.4(C). Net
infiltration increasesrapidly over avery short period of time
and then decreases more slowly. These pulses usually occur

Table 6.2 Simulated water balance at the humid site asa fraction of precipitation

UNSAT-H HELP
Hourly Daily Daily
Precipitation Precipitation Precipitation

Infiltration 0.675 0.944 0.901
Runoff 0.325 0.056 0.099
A Storage -0.001 0.000 0.001
ET 0.621 0.633 0.732
Net Infiltration 0.054 0.312 0.168
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early in the year when precipitation is relatively high and
transp| ration quite low. The peak flux of net infiltration var-
ies and occasionally exceeds 107 cmi/s. The histogram of
the net infiltration was presented previously as

Figure 5.4(A), which illustrates its highly skewed nature.
Thereare several i nstances where the average daily net infil-
tration exceeds 10" crm/s for two weeks or more. For acal-
culation of the required subsurface lateral drainage capacity,
thislarger flux is more appropriate than the mean flux of
1.92 x 10" s, Appllcatlon of Equation 3-1 using a net
infiltration rate of 5 X 10°® cm/s and alength of 60 myields
arequi red subsurface lateral drainage flowrate of Q™4 =
0.03cm?/s. The capau ty flowrate of the lower gravel 9/
aloneis Q°® = (1072 cm/s) (23 cm) (0.2) = 0.046 cm*/

Since the pea gravel will contribute to the lateral drai nage
during periods of high flow, the drainage layer appears ade-
guate for this environment.

AsFigure 6.4(C) shows, a pulse of net infiltration does not
occur every year. For most of the simulation, including
stretches of three to four years, the net infiltration is very
small (< 10 cm/s). During such extended periods of low
net infiltration, the compacted soil barrier would be suscep-
tible to desiccation without the protection of the overlying
geomembrane.

The humid site facility was also simulated using daily aver-
aged precipitation. That is, each day’s precipitation was dis-
tributed evenly over its 24 hours. The results of the 43-year
simulation, with all other parameters the same as described
above, are presented in the second column of Table 6.2.
Using daily precipitation produces significantly more net
infiltration and much less runoff. The amount of ET remains
approximately the same. A histogram of the net infiltration
from this simulation was shown in Figure 5.4(B). Net infil-
tration is still highly skewed, but significantly more days
have a value greater than 10°®

The amount of ET predicted by UNSAT-H represents just
50% of the potential ET. Transpiration islimited by two fac-
tors. First, during rain events no transpiration (or evapora
tion) occurs. The results presented in Table 6.2 suggest,
however, that the total amount of ET at the hypothetical
facility isinsensitive to the average rate of rainfall. The sec-
ond factor limiting transpiration is the reduction that takes
place when soil water pressure becomes very high or very
low. Thisis controlled by the plant parameters 8,,, 84, and
0,,. Obtaining accurate values for the plant parametersis
thus crucial to accurately predict ET with this type of
model.

6.1.2.4 HELP Simulation Results

The 43-year simulation was also carried out using HELP
Version 3.0. All parameters were selected to be as close as
possible to the parameters of the UNSAT-H simulation.
Field capacity and wilting point were calculated from the
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van Genuchten water retention function (Equation 2-7) eval-
uated at 340 and 15,300 cm (0.33 and 15 bars), respectively,
using the parameters from Table 6.1. Runoff is calculated in
HELP using the SCS curve-number method (USDA, SCS,
1985). A curve number of 85 was used here with a runoff
length of 50 m. The evaporative zone depth was 50.8 cm,
and the maximum leaf areaindex was 2.99. The growing
season was 255 days. Temperature and other meteorological
data were synthetically generated by HEL P using data from
Columbia, South Carolina. The precipitation data used were
identical to the daily averaged data used in the UNSAT-H
simulations.

Water balance results for the 43-year HELP simulation are
presented in the third column of Table 6.2. They are qualita-
tively similar to the UNSAT-H results using daily averaged
precipitation. HEL P predicts somewhat higher ET and
approximately one-half the net infiltration of the UNSAT-H
daily precipitation simulation. In this example, the greatest
discrepancy in the results of the two codes appearsto be the
time-scale over which precipitation is averaged. Knowing
this, the HEL P code, which is computationally faster, could
be used to perform a more extensive uncertainty evaluation
than would be possible with UNSAT-H. Very long-term sim-
ulations that might require an excessive amount of time
using UNSAT-H may also be more feasible using HELP.

6.1.2.5 Uncertainty Evaluation

The results of the one-dimensional UNSAT-H and HELP
simulations presented above provide an estimate of the
long-term average net infiltration and illustrate how the net
infiltration can be expected to vary over time. These results
were obtained using asingle set of plant and soil parame-
ters. To illustrate the uncertainty in the water balance esti-
mates presented in Table 6.2, a sensitivity analysiswas
carried out. The hydraulic parameters of the topsoil were
varied in this case, although a similar analysis could be per-
formed on the plant parameters. The UNSAT-H model with
hourly precipitation was used in this sensitivity anaysis.

The topsoil was chosen for this analysis simply because the
hydraulic parameters of the topsoil will have amuch greater
influence on the water balance than the parameters of the
underlying sand and gravel layer. Aswas previoudly dis-
cussed (see Section 5.1.2), of the parameters listed in Table
6.1 the saturated hydraulic conductivity Kg and the van
Genuchten parameter o possess the greatest variability as
measured by the coefficient of variation. Carsel and Parrish
(1988) determined the variability of soils based on soil
types. The parameters of the topsoil used here most closely
matched the mean parameters of the silt loam data they
examined. The coefficients of variation in their silt loam
datawere 2.751 for Kg and 0.647 for a. Carsel and Parrish
(1988) also found that the best fit for the distribution of
these parameters was lognormal in each case.
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Table 6.3 Sensitivity of thesimulated water balance at a humid siteto the hydraulic parameter s of thetopsoil. Results
are presented as a fraction of precipitation. Unitsof a are cmL. Units of Kgarecm/s.

Infiltration Runoff A Storage ET Net Infiltration
Base Case: 0=0.044, K 5:10'4 0.675 0.325 -0.001 0.621 0.054
Case 1. 0=0.044, KS:10'3 0.951 0.049 -0.001 0.833 0.119
Case 2: 0=0.044, Ks=10"° 0.235 0.765 -0.003 0.238 0.001
Case 3: 0=0.018, KS:lo'4 0.789 0.211 -0.003 0.761 0.030
Case 4: 0=0.018, K 3:10'3 0.978 0.022 -0.002 0.882 0.096
Case 5: 0=0.018, Ks=10"° 0.397 0.603 -0.003 0.399 0.001
Case 6: 0=0.111, KS:lo'4 0.552 0.448 0.000 0.299 0.254

The values used for the two parameters were the base case
value (given in Table 6.1) plus or minus approximately 1.5
standard deviations (of the log-transformed parameter). The
standard deviation for each parameter was based on the
coefficients of variation given above. Appendix B describes
the procedure used to arrive at the following values:

Ks ={10° 104103 cm/s
a  ={0.018,0.044,0.111} cm™.

The 43-year simulation described above was carried out
using various combinations of these two parameters. The
parameter combinations and the results of the simulations
given in terms of the water balance are presented in

Table 6.3 (including the base case for comparison). These
resultsillustrate the relatively large differencesin the pre-
dicted water balance that can result from moderate changes
in the hydraulic parameters of the topsoil. The predicted net
infiltration varied over two orders of magnitude from an
inconsequential 0.1% of precipitation to more than 25%.

The results presented in Table 6.3 also illustrate the nonlin-
ear nature of the problem. Comparing the base case to cases
1and 2, itisclear that an increase in Kg from 10 to 10
cm/sresultsin amuch larger increase in the net infiltration
(54 times) than does an increase in Kg from 10 to 10°3 cm/
s (2.2 times). The parameter o exhibits asimilar relation-
ship. Anincreasein a from 0.018 to 0.044 cm L resultsinan
increase in net infiltration by afactor of 1.8 (compare the
base case to case 3), while an increasein a from 0.044 to
0.111 cm! results in an increase in net infiltration by afac-
tor of 4.7 (compare the base case to case 6).

A further consideration is the combined effect of parame-
ters. Consider case 5, which results in anet infiltration of
just 0.1% of precipitation. Increasing just o to 0.044 cmt
(case 2) resultsin no increase in net infiltration. Increasing
just Kgto 10* cm/s (case 3) increases net infiltration by a
factor of 30. When both parameters are increased, however,
the net infiltration isincreased by afactor of 54 (base case).
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Thusif the bounding values of net infiltration are of interest,
combinations of parameter values must be examined.

6.1.3 Multidimensional Analysis. Capillary
Barrier

The one-dimensional simulation of the top four layers of the
cover incorporated the transient processes of most impor-
tance at the site: precipitation and ET. These transient pro-
cesses produce atransient net infiltration. The net
infiltration exhibits less variability on a day-to-day basis
than either precipitation or ET, however (see Figure 6.4).
Thistemporal variability is expected to be even further
attenuated by the passage of water through the clay barrier.
The analysis presented in this section assumes that the fluc-
tuations in net infiltration have little effect on the flow of
water within and below the clay barrier. With this assump-
tion in mind, the purpose of the multidimensional analysis
was to estimate the performance of the capillary barrier and
the steady-state flux (seepage) into the concrete vaullt.

The design of the capillary barrier will produce two-dimen-
sional and perhaps three-dimensional water flow as the cap-
illary barrier divertswater around the concrete vault. One of
the questionsthat arisesin this case iswhether atwo-dimen-
sional analysisis sufficient. This question was answered by
comparing the results of athree-dimensional ssmulation and
an approximately equivalent two-dimensional simulation.
Each simulation was carried out for a number of capillary
barrier designs to provide some indication of the sensitivity
of the results. The computer code used for these simulations
wasVAM3DCG (see Chapter 4).

6.1.3.1 Conceptualization

For the multidimensional analysis, we simplified the humid
site facility design to a conceptual model that captured the
three-dimensional geometry and salient features related to
the capillary barrier and concrete vault. Our conceptual
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Figure6.6 Elevation, plan, and sideviews of 1:5 slope configuration three-dimensional model.

model isillustrated in Figure 6.6, which depicts the eleva-
tion (XZ), plan (XY), and side (Y Z) perspectives of one-
guarter (from symmetry considerations) of asingle vault in
the facility (see Figure 6.2). Figure 6.6 also shows the
arrangement of barrier soils and materials; note, the capil-
lary barrier surrounds the concrete vault on the top and all
sides, though it only slopesin the XY direction. Three-
dimensional flow can occur because of the (cross-slope)
capillary force induced by the presence of the sand on the
sides of the vault.
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6.1.3.2 Design Parameters and Uncertainty Evaluation

The two most important aspects of the capillary barrier
design, from a hydrologic perspective, are the slope of the
barrier and the hydraulic properties of its materials. Severa
values of these design parameters were simulated to esti-
mate the sensitivity of the capillary barrier performance to
its design. Three barrier slopes were considered: 20%, 10%,
and 4% (1.5, 1:10, and 1:25). Elevation views for al three
slope configurations are depicted in Figure 6.7, with the
numerical grid discretization used in the VAM3DCG simu-
lation superimposed on each.

Three sets of sand and gravel properties were also simu-
lated. Following the nomenclature of Meyer (1993), we
identify thefirst of these as a high quality control (HIQC)
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Figure6.7 Elevation (XY) perspectives of the three-dimensional model for three capillary barrier slopes.
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material property set that represents the base case design
values for coarse sand and gravel (see Table 6.1). For alow
quality control (LoQC) set, properties of silty sand were
substituted for coarse sand, and properties of gravelly sand
were substituted for gravel. The LoQC property set repre-
sents possible mixing between coarse and fine materials
during cover construction and/or potentia degradation with
time resulting from migration of fine particles into the pore
spaces of underlying coarse materials. A MidQC property
set represents an intermediate condition.

Each slope configuration was combined with each set of
material properties, which resulted in nine casesto simulate.
To explore dimensionality effects, al nine cases were simu-
lated in two- and in three-dimensions.

VAM3DCG solves athree-dimensional form of Equation
2-6. Van Genuchten’s (1980) relationships between pressure
head, water content, and unsaturated hydraulic conductivity
(Equations 2-7 and 2-8) were used. The discretized grid
included 304 elements for the two-dimensional simulations
and 7904 elements for the three-dimensional simulations.
The boundary conditions applied for the simulations
included alower boundary at saturation (atmospheric pres-
sure), no flow conditions at al vertical faces (symmetry
condition), and a constant input flux of 106 cmi's uniformly
distributed over the upper boundary. Based on results pre-
sented in Chapter 3 (Tables 3.1, 3.4, and 3.5) and on the
one-dimensional simulation results presented above, aflux
of 10°® cm/s through a composite geomembrane/compacted
soil barrier would represent a severely degraded state of the
barrier. Thisinput flux thus provides a reasonably conserva-
tive test of the capillary barrier performance.

The values of the hydraulic parameters for the materials of
the capillary barrier arelisted in Table 6.4. (The HIQC
parameters were previoudly listed in Table 6.1.) For conve-
nience, we set the hydraulic parameters of the waste to those
of the gravelly sand (drainage) layer specified in Table 6.1
(specific waste properties were unimportant because water
did not infiltrate through the concrete in any of the simula-
tions performed for this study). The water retention and

hydraulic conductivity curves for the HIQC, MidQC, and
LoQC sands and gravels are shown in Figure 6.8 (curves
marked with an“S” distinguish sand from unmarked curves
that represent gravel).

6.1.3.3 Dimensionality

The question of dimensionality isimportant from a compu-
tational standpoint. It is simpler and faster to model such a
barrier design in two dimensions (in our case, the XZ, or
elevation, cross sections shown in Figure 6.7). However, if
water flow isthree-dimensional, using a two-dimensional
model may yield asignificantly different prediction of bar-
rier performance than would be obtained using a three-
dimensional model. To test the importance of this effect for
the hypothetical LLW design, we simulated the nine cases
in both two and three dimensions. The two-dimensional
model was actually a three-dimensional simulation with
only one element in the Y-direction, whose Y-length was
equal to the total Y-dimension of the three-dimensional
model (22.86 m). This made flux predictions of the two-
dimensional model directly comparable to those of the
three-dimensional model. The two-dimensional model
neglects the presence, and hence the effect, of the vertical
columns of sand, gravel, and concrete that extend along the
bottom of the plan view in Figure 6.6.

6.1.3.4 Multidimensional Simulation Results

The capillary barrier'sfunction isto divert water downslope
and around the waste vault. Figure 6.9 isa compound vector
plot and grayscale image of elemental fluxesfor the plane of
computational elements just above the capillary barrier
interface (XY plane 15) from the 1:5 slope and HiQC prop-
erties. Thisfigureillustrates how water is diverted over the
capillary barrier and downward around the concrete vault.
The grayscal e image shows the magnitude of downward
vertical fluid velocities (light for low velocity over the capil-
lary barrier, dark at the draining edges), while the superim-
posed vector plot depicts the relative magnitude of velocity

Table 6.4 Three sets of hydraulic parametersfor the humid site capillary barrier materials

Water Content Parameters

van Genuchten Parameters

Saturated Hydraulic

Material Name Residual, 8,  Saturated, 6 a (/em) n Conductivity, K¢ (cm/s)
Sand (HiQC) 0.045 0.37 0.068 2.080 3.0x 107

Sand (MidQC) 0.098 0.35 0.044 1.523 3.0x 102

Sand (LoQC) 0.098 0.35 0.044 1.523 1.0x 10

Gravel (HiQC) 0.014 0.51 3.537 2.661 1.85

Gravel (MidQC) 0.020 0.34 0.400 2.922 1.00

Gravel (LoQC) 0.020 0.34 0.101 2.922 1.0x 1072
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Figure 6.8 Water retention and hydraulic conductivity curves for Hi-, Mid-, and LoQC sand and gravel materials.
Curves labeled with an “S” are sand, and the others are gravel (MidQC and LoQC water retention

curves for sand coincide).

down and across the capillary barrier slope. Because the
barrier only slopes in the X-direction, any significant Y-
direction velocity components are due to the capillary force
of the sand “drain” (the vertical column of sand elements at
the far left of the XZ views shown in Figure 6.7) in the third
dimension. Significant Y-direction velocities only occurred
within 5 m of the cross-slope drain in all simulations.

The effectiveness of a particular capillary barrier design can
be measured by comparing the portion of water that crosses
the barrier interface into the gravel (leakage) to the amount
that flows through the upper conductive sand layer (lateral
drainage). The results of the simulations for all parameter
combinations are presented in Table 6.5. The results show
that our simulations captured a range of barrier perfor-
mances, from 100% effective cases in which all water is
diverted around the waste vault (HiQC properties, any
slope) to cases where the barrier is only about 5% effective
(LoQC properties, any slope). Clearly, the material proper-
ties of the sand and gravel that compose the capillary barrier
are much more important as a factor in barrier effectiveness
than the slope of the capillary barrier. This does not imply
that no slope is necessary in the design, rather that the
degree of slope is not as critical as the properties of materi-
als used to construct the barrier. '

The importance of dimensionality is revealed by comparing
the predictions of capillary barrier effectiveness obtained
from the two- and three-dimensional simulations

(Table 6.5). For HiQC properties, there were no differences
because all HiQC simulations resulted in 100% effective-
ness. For MidQC and LoQC materials, however, the esti-

mate of leakage from the two-dimensional simulation was
greater than the estimate produced by the three-dimensional
simulation. In all cases the absolute difference in leakage
was less than 8% (although relative differences for the
MidQC materials were significant), Two-dimensional pre-
dictions in this case are conservative, since any acceptable
result obtained with a two-dimensional model would only
be made more acceptable by using a three-dimensional
model.

6.1.4 Humid Site Conclusions

The humid site examplie of a hydrologic evaluation at a
LLW disposal facility emphasized the analysis of the engi-
neered components of the facility. The facility consisted of a
series of concrete vaults topped by a multilayer cover. A sin-
gle vault/cover unit was examined. The cover contained
several design features intended to minimize the flow of
water into the concrete vault, including a sloping soil sur-
face to promote runoff, plant growth to minimize erosion
and promote transpiration, a composite geomembrane/com-
pacted soil barrier, and a capillary break. The hypothetical
facility was located in a humid environment (southeast U.S.
coastal plain) characterized by high annual rainfall and short
duration, high-intensity precipitation events. Hourly precip-
itation data and daily pan evaporation dala were uscd in the
analysis.

The analysis was simplified by performing two complemen-
tary simulations. The first was a one-dimensional, transient
simulation limited to that portion of the cover above the
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Figure 6.9 Velocity vector plot for three-dimensional model, 1:5 dope, HIQC materialsin XY plane 15 (the plane
immediately abovethe capillary barrier). The vectorsdepict the velocity componentsin the X and Y
directions (parallel to the capillary barrier), whilethe grayscale raster image depicts the magnitude of
the element vertical (Z-direction) velocity components.

geomembrane/compacted soil barrier. With this approach,
near-surface processes such as precipitation and ET could
be modeled at arelatively short time-scale (one hour). The
temporal variability of precipitation has a strong influence
in this humid environment on the flow of water through the

upper layers of the cover. Below the composite barrier, how-
ever, temporal variability islessimportant; a steady-state
analysisis appropriate. The geometry of the facility and the

multidimensional flow it producesis of greater importance.
The second part of the analysis was thus a three-dimen-
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sional, steady-state ssmulation limited to the capillary bar-
rier and concrete vault.

The one-dimensional simulationsillustrated the effect of
averaging precipitation data. Using hourly averaged precipi-
tation resulted in almost six times less net infiltration (and
six times more runoff) than using daily averaged precipita-
tion. This result has implications for the design of the sur-
face layer (to prevent erosion), the surface drainage system,
and the subsurface drainage layer. In addition, the amount
and distribution in time of net infiltration will influence the
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Table 6.5 Comparison of two- and three-dimensional simulations of capillary barrier performance for each of the
barrier material propertiesand slopes

Two-Dimensional Results

Three-Dimensional Results

Subsurface Lateral L eakage [m°/s] SubsurfaceL ateral L eakage [m°/s]
Material  Slope Drainage [m°/s] (% of potential leakage) Drainage [m°/s] (% of potential |eakage)
1:25 3.62x 10 -1.12x 1019 (0.0) -3.62x 10 -5.09 x 101 (0.0)
HiQC 1:10 3.60 x 10°° -1.55 x 101 (0.0) -3.60 x 106 -9.00 x 1012 (0.0)
1:5 355x 10 -3.76 x 1012 (0.0) -355x 10° -2.87x 1012 (0.0)
S 1:25  319x100 434%x107(120)  -345x108 169x107 (47)
MidQC  1:10 354 x 10 -6.94 x 108 (1.9) -358x 10°© -2.24 x 108 (0.6)

1:5 354 x 10 -1.28 x 108 (0.4) -355x 10° -4.14 x 107 (0.1)
R 125 19%6x107 342x10%(946) - 364x107  -326x10°(89.9)
LoQC 1:10 -2.08 x 10”7 -3.40 x 10 (94.2) -3.77x 107 -3.23 x 10-6 (89.5)

1.5 -2.29x 1077 -3.32x 10 (93.6) -3.96x 1077 -3.16 x 10 (88.8)

potential for desiccation of the compacted soil barrier. The
simulation using hourly data showed that the net infiltration
occurred in short pulses with up to four years of very little
net infiltration between pulses. Finally, the estimate of net
infiltration is important because it may be used as an upper
bound for the water flux through the facility in the event that
the barrier layers become completely degraded.

An evaluation of uncertainty showed that the hydraulic
parameters of the topsoil had a marked influence on runoff,
ET, and net infiltration. In this study, variationsin the
parameters Kg and a produced two orders of magnitude
variation in net infiltration. The relationship between net
infiltration and the hydraulic parameters was nonlinear. In
addition, combined changesin the two parameters produced
agreater effect than a changein either parameter alone.
Both the nonlinearity and the combinatorial effect are
important if the analysisisintended to bound the water flux
through the facility.

The three-dimensional simulation assessed the performance
of the capillary barrier. The assessment considered three
capillary barrier slopes (1.5, 1:10, and 1:25) and three mate-
rial property combinations for the sand and gravel of the
capillary barrier. Simulations were carried out in two and
three dimensions to explore the importance of dimensional-
ity in predicting barrier effectiveness.

The hydraulic properties of the capillary barrier materials
were shown to be the most important factor in terms of cap-
illary barrier effectivenessin diverting water. The slope of
the capillary barrier was only mildly important for the hypo-
thetical waste disposal facility design we analyzed. Achiev-
ing design hydraulic propertiesin the as-built condition is
therefore crucia to the success of the disposal facility.

These results were obtained for anumerical simulation
under an assumption of stable slopes (no subsidence), which
may not be true for actual waste site conditions.

The importance of dimensionality in evaluating a waste dis-
posal facility designis, of course, strongly dependent on the
design geometry. For the humid site design, several combi-
nations of material properties and slope caused significant
three-dimensional flow within 5 m of the corner of the vault.
In terms of capillary barrier effectiveness, the three-dimen-
sional estimate of |eakage through the barrier was always
less than the two-dimensional estimate. The difference,
however, was never more that 8% (absolute) of the flux
input at the top of the barrier. Two-dimensional modeling, in
this case, produces a reasonable and conservative result.

6.2 Arid Site Example

Evaluation of net infiltration at LLW disposal facilities
located in arid and semi-arid environments generally
requires other considerations in addition to those that were
addressed in the humid site example. The application exam-
ple presented below represents a hypothetical facility
located in an arid climate regime. The example uses climate
data from Beatty, Nevada, soil hydraulic property datafrom
aUSGS study site near Beatty, and adisposal facility design
appropriate for the extremely arid environment. The trench
design consists of abackfill cover overlain by avegetated
soil layer. The cover does not utilize any geosynthetic mate-
rials. The arid site facility design also does not use a waste
containment structure or a subsurface collection system.
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6.2.1 Problem Definition

The objective isto estimate net infiltration and the flux of
water below a backfilled trench. As with the humid site
example, the problem is defined by the site at which the
facility islocated (its soil types, climate, topography, €etc.),
and the specific design of the facility. Each of theseisdis-
cussed in the following sections.

6.2.1.1 Site Description

The hypothetical waste disposal facility islocated in an arid
environment typical of the southwestern U.S. Mojave
Desert area. The topography in the region is characterized
by long, broad valleys bounded by block-faulted mountains
composed primarily of lower Paleozoic and Tertiary volca
nic rocks. The hypothetical disposal facility islocated in a
relatively flat part of the valley, several kilometers away
from the closest mountains. The valley sediments are
coarse-textured gravelly sands and loams underlain by more
than 170 m of alluvial fan, fluvial, and ephemeral lake
deposits. The depth to the water table is approximately 85
m.

The climate is characterized by very hot, dry summers and
mild winters. Climate data were obtained from weather sta-
tions operated by the U.S. Geological Survey (USGS) near
Beatty, Nevada. Mean annual precipitation in the areavaries
from about 11.4 cm at Beatty (altitude 1,005 m), 17.4 km
north of the hypothetical site, to 7.4 cm at Lathrop Wells
(altitude 817 m), 30 km southeast of the site (Nichals,
1986). Thus, the mean annual precipitation is more than
one-order-of-magnitude |ess than that at the hypothetical
humid site described previously. About 70% of the precipi-
tation falls during October through April. For the period
1949-79, the mean daily maximum temperature exceeded
32° C from June through September (Nichols, 1986). The
mean daily maximum temperature in July is 37° C. Mean
daily minimum temperatures fall below 0" C during Decem-
ber, January, and February, but snow isinfrequent. Vegeta-
tioninthe areais sparse; the dominant vegetation is
creosote bush.

6.2.1.2 Facility Design

The hypothetical LLW disposal facility consists of several
shallow (2 to 15 m deep), backfilled trenches similar to that
depicted previously in Figure 3.2(B). For the purposes of
this example, the hypothetical facility is represented as a 4-
m-deep backfilled trench shown in Figure 6.10. This design
does not use a geomembrane or an engineered waste con-
tainment structure. The coarse-textured nature of the sedi-
ments, and the fact that precipitation at the hypothetical arid
siteisvery low and infrequent, suggests that runoff at the
facility is negligible. Therefore, the slope of the surface soil
isless than 2% and no surface drainage systems are used.
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Figure 6.10 Cross-section of hypothetical arid-siteL LW
disposal facility

The trenches at the hypothetical facility are backfilled with
common fill material obtained during excavation of the
trenches. No capillary barriers or other barrier systems are
employed. Vegetation is expected to reestablish itself natu-
rally after closure of the facility.

6.2.1.3 Overview of the Analysis

As with the humid site example, there are many processes
that could significantly affect water flow at the arid site dis-
posal facility. Given the arid climate, coarse sediments, and
topographic setting, processes such as snowmelt and runoff
will probably be insignificant. However, nonisothermal pro-
cesses and vapor phase flow are likely to have a very signif-
icant affect on water movement. Since no manufactured
materials and no waste containment structure are used in the
facility design, the long-term degradation of these materials
isnot of concern. The effects of soil spatial variability, pref-
erentia flow, anisotropy, and hysteresisin water retention
characteristics are of unknown importance. Since noniso-
thermal processes, vapor phase flow, and water uptake by
plants are likely to have a significant effect on water move-
ment at the site, the analysis presented here will focus on
evaluating the significance of these processes.

6.2.2 One-Dimensional Analysis

A one-dimensional model was chosen for this application
because, except for the slightly sloped surface (which may



generate runoff from an extreme precipitation event), there
are no features of the trench design that create lateral flow.
There are numerous computer codes that may be applicable
to aone-dimensional analysis of the facility. Very few docu-
mented computer codes are available in the public domain,
however, that account for water flow in both the liquid and
vapor phases under nonisothermal conditions, compute sur-
face energy balance using a mechanistic approach based on
actual hourly or daily meteorological data, and account for
water uptake by plants. An analysis of al of these compo-
nents may be required to provide defensible estimates of
deep drainage or recharge at LLW disposal siteslocated in
arid or semi-arid environments. The UNSAT-H code (Fayer
and Jones, 1990) was selected for this example because it
has these capabilities. Although the HEL P code cannot
model nonisothermal processes or vapor-phase flow, it was
also used in the arid site application. HEL P was chosen
because it iswidely used and we felt its comparison to a
more mechanistic model (UNSAT-H) at an arid site would
illustrate a number of issues raised earlier in this report
(e.g., see Section 4.3.1).

The governing equationsin UNSAT-H are based on a modi-
fied form of the Richards equation for liquid water flow,
Fick’'slaw of diffusion for the isothermal or thermal flow of
water vapor, Fourier’s law of heat conduction, and the the-
ory of coupled water and heat flow in soils proposed by
Philip and de Vries (1957). UNSAT-H does not directly
solve the coupled equations for two-phase (liquid water and
water vapor) flow, but instead uses a modified form of the
single-phase Richards equation that includes a vapor con-
ductivity term. This approximation isvalid aslong asthe air
pressure in the soil-water system is not significantly differ-
ent from atmospheric pressure. The modified water and heat
flow equations are solved sequentially using an iterative
numerical scheme. For brevity, the governing equations
used in UNSAT-H are not included here. Complete details
on the theory and numerical implementation of the govern-
ing equations are provided by Fayer and Jones (1990).

Several important issues should be considered when simu-
lating water and heat flow in soils under dry, nonisothermal
conditions. These issues are related primarily to the numeri-
cal approximations of the governing equations, and the con-
stitutive relations used to represent relative permesbility,
saturation, and capillary pressure. These issues are dis-
cussed briefly below.

One of theissues that should be considered when evaluating
water infiltration into dry soilsthat aretypical of arid sitesis
the accuracy of the numerical methods used to solve the
governing flow equation. Celia et al. (1990) demonstrated
that conventional pressure-head-based numerical approxi-
mations of the Richards equation are not necessarily mass
conservative, especially when simulating water infiltration
into dry soils. They proposed a mixed-variable form of the
Richards equation with a Picard iteration scheme, which
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they referred to as the modified-Picard iteration method.
This formulation was shown to provide superior mass con-
servation relative to standard pressure-head based formula-
tions when simulating water infiltration into dry soils. In
order to avoid potential mass balance problems, amodified
version of UNSAT-H (Version 3.0) that uses a mixed form
of the Richards equation with modified-Picard iteration was
used for the arid site example application presented here.
Kirkland et al. (1992) have proposed severa other numeri-
cal approximations for the Richards equation that are supe-
rior to standard pressure-head-based formulationsin terms
of both mass conservation and speed of execution.

Another issue that should be considered is the numerical
scheme used to approximate the flow of water in the liquid
and vapor phases under nonisothermal conditions. Experi-
mental evidence suggests that Fick’s law of diffusion may
underpredict thermal water vapor flux by as much as afac-
tor of two (Philip and DeVries 1957, Cass et al. 1984). It has
been suggested that actual vapor diffusion in soilsis greater
than that predicted by Fick’s law because the measured ther-
mal gradient underestimates the actual thermal gradient
within the air phase, and the latter would be a more appro-
priate value to use in Fick’s law. An aternative explanation
isthat water vapor is effectively transported through the lig-
uid phase by condensation and evaporation processes oper-
ating within individual pores. Thiswould effectively
increase the cross-sectional area available for vapor diffu-
sion to avalue larger than the air-filled porosity and would
effectively decrease the tortuosity, or path length for diffu-
sion. Philip and de Vries (1957) proposed adding an
enhancement factor to the thermal vapor diffusion termin
the governing equation used to describe the nonisothermal
transport of water to account for these processes. This
enhancement factor isafunction of the temperature gradient
and the soil water content, and typically ranges in value
fromO0to 2 (Cass et a. 1984). Jury and Letey (1979) and
Cary (1979) attempted to measure values of this enhance-
ment factor, but generated somewhat contradictory results.

A thermal vapor diffusion enhancement factor isimple-
mented in UNSAT-H. This enhancement factor was not used
for the nonisothermal simulations that are reported here
because no data were available from the Beatty Site for esti-
mating the parameters that describe the functional relation-
ship between the enhancement factor, soil water content,
and the temperature gradient. It should be noted, however,
that not including this thermal vapor diffusion enhancement
factor should result in underpredicted evaporation rates,
which would eventually lead to more water stored in the soil
profile and higher predicted recharge rates. Thus, neglecting
this thermal vapor diffusion enhancement factor should be
conservative in terms of predicted recharge rates.

NUREG/CR-6346



Application Examples

400 —
. — NTS Bestty Weather Stations
- - - NTS Beatty Stations 1 & 2 Average 1949-1993
e NTS Beatty Station 1 Average 1949-1972
- -.-.NTS Bestty Station 2 Average 1973-1993
300 —o- USGS Weather Station
. . ---- Adjusted Precipitation Record
E -
é -
5 ]
§ 200 -
=2 ]
4 3
o 3
100
0 IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII

1950 1960

1970
Y ear

1980

Figure6.11 Yearly average precipitation data used for the arid site application

6.2.2.1 Climate Data

The USGS collects micrometeorological datafrom several
locations near Beatty, Nevada. Hourly precipitation, air tem-
perature, wind speed, and solar radiation data for 1986
through 1989 were obtained from USGS records (Wood and
Fischer, 1991; Wood and Fischer, 1992; Wood et al., 1992;
Wood and Andraski, 1992). These data were supplemented
with alonger daily record of precipitation and air tempera-
ture data from two other weather stations near Beatty that
are operated as part of a micrometeorological monitoring
network for the Nevada Test Site (NTS). Thislonger daily
weather record extends from mid-1948 through the present.

The NTSweather station near Beatty was moved to a higher
elevation in December 1972. Consequently, the long-term
average yearly precipitation recorded after 1972 is greater
than that recorded up through 1972. The yearly average pre-
cipitation values recorded at the NTS and USGS weather
stations are shown in Figure 6.11. The total precipitation
recorded for 1986 through 1989 at the USGS weather sta-
tion is approximately 56% of that recorded at the current
NTS weather station. However, the trends in yearly average
precipitation at the two sites are similar over thistime
period. Although the NTS and USGS weather stations are
less than 20 km apart, the differences in observed precipita-
tion at the sites are significant. Figure 6.11 illustrates the
uncertainty in precipitation that can result from using data
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that represent different locations with dightly different ele-
vations or topographic settings.

The precipitation data recorded after 1972 from the current
NTS weather station were adjusted (i.e., reduced by 44%) to
compensate for the apparent elevation-induced change in
precipitation between the locations of the NTS and USGS
weather stationsin order to provide a more consistent, long-
term record of precipitation for use in model simulations.
The mean annual precipitation for the adjusted 45-year
record is9.54 cm.

Hourly data from the USGS station were used directly in 4-
year model simulations for 1986 through 1989. These simu-
|ations examined the importance of using hourly precipita-
tion datainstead of daily averaged precipitation data.
Simulations using the 45-year adjusted NTS precipitation
record were also performed (see Section 6.2.2.8). These
simulations examined the importance of nonisothermal pro-
cesses and vapor-phase flow. Since no solar radiation or
wind speed data were available from the longer-term daily
NTS weather station records, daily average values of solar
radiation and wind speed were computed from the hourly
USGS observations for 1986 through 1989 and used as esti-
mates of the daily solar radiation and wind speed for all
other yearsin the 45-year model simulations.

As noted previously, one of theissues of concern when eval-
uating the performance of LLW disposal facilitiesin both
arid and humid environmentsis their long-term perfor-
mance. Since climate is the dominant variable controlling
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Figure 6.12 Monthly average precipitation (top) and histograms of daily precipitation for the arid site example
(Observed: 45-year adjusted record; Generated: thefirst 45 years of WGEN simulated precipitation)

water flow and transport at LLW sites, it is of interest to
generate longer-term climate data for use in ssimulation
models to forecast this long-term performance. For thisarid
site application example, the WGEN code (Richardson,
1981; Richardson and Wright, 1984) was used in conjunc-
tion with the modified, 45-year record of datafrom USGS
weather stations near Beatty to generate a stochastic realiza-
tion of daily weather data for a 500-year period. 500-year
simulations were then conducted with UNSAT-H and HEL P
using these synthetic westher data (see Section 6.2.2.9).

Monthly averages of the weather data generated using
WGEN (precipitation, minimum and maximum tempera-
tures, and solar radiation) matched the observed data rea
sonably well. Average monthly precipitation (observed and
generated) for theinitial 45-year period is shown in

Figure 6.12. Sincethe WGEN code does not generate values
of wind speed, daily average values of wind speed were
computed from the 4 years of record obtained from the
USGS study site near Beatty, and used for all 500 yearsin
the model simulations.

6.2.2.2 Soil Hydraulic Properties

Two sources of datafor the hydraulic properties of sedi-
ments in the vicinity of the hypothetical arid site were iden-
tified. Istok (1994) reported hydraulic property data
representing sediment core samples collected from more
than 140 locations on 183-m-long transects established
along the exposed face of two excavations at a Radioactive
Waste Management Site (RWMYS) inArea5 of theNTS. The
RWMS islocated approximately 60 km west of Beatty, just
north of Mercury, Nevada. The 45-year simulations dis-
cussed in Section 6.2.2.8 used hydraulic properties deter-
mined using data from Istok et al. (1994). Andraski (1991)
and Andraski (1996)1 reported physical and hydraulic prop-
erty data representing approximately 92 sediment samples
collected from several boreholes and shallow excavations at
a USGS study site near Beatty. The 500-year simulations
discussed in Section 6.2.2.9 used hydraulic properties deter-
mined from the data reported by Andraski (1996).

1. Andraski, B. J., “ Properties and variability of soil and trench fill at an
arid waste-burial site” Soil Sci. Soc. Am. J. (in press), 1996.
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The parent materials and sediment types at the RWMS and
USGS Beatty site are similar, and the two sitesarein rela
tively close proximity. However, the sediments near Beatty
generally have alarger percentage of gravel and larger-sized
particles. This difference can be attributed to different depo-
sitional environments. The RWMS islocated on an alluvial
fan in a closed topographic basin. Hence, the sediments are
primarily alluvia deposits. Nichols (1986) suggested that
the sediments near Beatty arelargely fluvial deposits associ-
ated with the Amargosa River.

The hydraulic properties of the sediment samples from the
RWM S were determined from whole sediment samples,
including the gravel fraction, using standard methods
(ASTM D2216, D2325, D2434). Therefore, no corrections
for gravel were required for these data. The hydraulic prop-
erties of the sediments from the USGS study site were
determined on the less-than-2-mm size fraction. Therefore,
corrections were made to these data to account for the
reduced cross-sectional areafor flow and the lower porosity
caused by the gravel and larger-sized particles (Andraski,
1996). Mehuys et a. (1975), Bouwer and Rice (1983), and
Gardner (1986) describe procedures that can be used to cor-
rect the hydraulic properties determined on the |ess-than-2-
mm size fraction to account for gravel.

Modeling water flow in arid and semi-arid environments
requires an accurate representation of soil water retention
characteristics near saturation and in the very dry range
(>15,000 cm of tension). The dry range isusualy less of a
concern in humid environments or for agricultura applica-
tions where the soils are typically relatively wet. Rossi and
Nimmo (1994) and Fayer and Simmons (1995) recently pro-
posed modifications to the standard Brooks and Corey
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(1964) and van Genuchten (1980) water retention models
that better approximate soil water retention behavior in the
very dry range and still provide excellent fits to datain the
wet range. The modified van Genuchten function proposed
by Fayer and Simmons (1995) can aso utilize previously
determined parameters, thus allowing for the extended use
of existing parameter sets. As an alternative to using the
modified functions described above, the residual water con-
tent term in the standard van Genuchten or Brooks-Corey
models can simply be set to zero, and the m parameter in the
van Genuchten model can befit, rather than relying on the
usua assumption that m=1-1/n, in order to obtain better rep-
resentations of water retention characteristics over the full
range of water contents.

For this study, we used the Brooks-Corey water retention
and the Burdine (1953) relative permeability models (Equa-
tions 2-9 to 2-12) to represent the sediment hydraulic prop-
erties. The water retention data for al of the samples
collected from the USGS Beatty site are shown in

Figure 6.13(A). (A plot of the RWMS dataissimilar but is
not shown.) The water retention data were simultaneously
fit with a common pore size distribution parameter, A, using
multiple linear regression by the method of dummy vari-
ables (Draper and Smith, 1981). Only the data representing
less than -20 cm of pressure head were used (-60 cm for the
RWMS data). Theresidua water content, 8, was assumed
to be zero for each sample to ensure a reasonably good rep-
resentation of water retention behavior at low water con-
tents. The A parameter in the Brooks-Corey model is equal
to the slope of astraight line fit to the log(8) versuslog(h,,)
data pairs. Evaluation of the Brooks-Corey mode! at 6
using the fitted model parametersyieldsthe air entry param-
eter, he The saturated water content values, 6, were
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Figure 6.13 Pressure-saturation data from the Beatty Site used to estimate the Brooks-Corey model water
retention parameters. (A) Unscaled data, (B) Scaled data
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Figure 6.14 Histograms of the arid site soil hydraulic parameters derived from the USGS Beatty Site
data (top) and the RWM S data (bottom)
assumed to be equal to the measured value of porosity for sented using the fitted parameters for the scaled data (shown
each sample. in Figure 6.13(B) for the Beatty site). The Brooks-Corey

) parameters derived from the Beatty site data and the RWM S
Histograms of the log-transformed values of hye, 85, and Kg data are listed in Table 6.6. The water retention and hydrau-
are shown in Figure 6.14. (Beatty site datais across the top

and RWMS data is across the bottom.) The parameter 65 TABLE 6.6 Brooks-Corey parametersderived from
may be relatively well represented by anormal distribution. the soil hydraulic data at the two arid sites
Note that 6 at the Beatty site is significantly lower than at

the RWMS, Although K¢ at the RWM S appears to be log- Beatty Site RWMS

normally distributed, K at the Beatty site and hy, at both
sites are not well represented by either anormal or log-nor- O 0.0 0.0
mal distribution. Transformations other than the log-normal R 0.232 0.34

may be applicable for h,,e and K4 (Carsel and Parrish, 1

1988). Standard tests can be used to justify a particular sta- Pime (GM™) 14.765 495
tistical model (but were not used in this example). A 0.227 0.198
Pressure-saturation data were scaled and fit with an average Ks (cm/s) 5.354 x 10 1.294 x 1073
or scale-mean water retention curve. The unscaled and . . ) ) .

scaled pressure-saturation data for the USGS Bestty site are lic conductivity relationships for the Bestty site data (used
shown in Figure 6.13. For all simulations, the trench backfill to represent the backfill material in the 500-year simula-

material was assumed to be homogeneous and was repre- tions) are depicted in Figure 6.15. (A corresponding figure
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Figure 6.15 Water retention, liquid conductivity, and
isothermal vapor conductivity (20°C)
relationships for the backfill material
estimated from Beatty site data

for the RWMS data, used to represent the backfill material
in the 45-year simulations, is not shown.)

Driller’s logs and neutron probe data indicate that the sedi-
ments underlying the trench are relatively heterogeneous.
For the UNSAT-H simulations, these sediments were
assumed to be scale-heterogeneous (Russo, 1991) and their
hydraulic properties were estimated using the conditional
simulation procedure described by Rockhold et al. (1994).
This procedure for the conditional simulation of soil
hydraulic properties has been tested using data from the Las
Cruces Trench Site in New Mexico. Very good matches
between the observed and simulated fiow and transport
behavior were obtained for the latest experiment conducted
at that site using this method, without any model calibration
(Rockhold et al. 1994). A brief summary of the conditional
simulation procedure is given in Appendix C.

Soil hydraulic properties for the HELP simulations were
homogeneous and are listed in Section 6.2.2.6.

6.2.2.3 Soil Thermal Properties

Two independent thermal properties are required for a quan-
titative description of heat transfer by conduction. These
properties are the thermal conductivity and the heat capac-
ity, which are functions of soil water content. The quotient
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of these two is referred to as the thermal diffusivity. Fischer

. (1992) used thermocouple psychrometer data from 2 USGS

study site near Beatty to estimate a single, average value of
thermal diffusivity equal to 6.8 X 10”7 m?/s over a volumet-
ric water content range from approximately 0.03 to 0.11. No
other information pertaining to the thermal properties of
sediments in the vicinity of the hypothetical arid site are
available.

Information on the thermal properties of various minerals,
soils, and rocks can be obtained from the literature (De
Vries, 1963; Koorevaar et al., 1983). Koorevaar et al. (1983)
note that at low water contents, the thermai conductivity of
most mineral soils is less than 0.5 J/m-s K. The maximum
theoretical value of thermal conductivity is reached at water
saturation. For most mineral soils, this value is generally
between 1.5 and 2.0 J/m-s K (Koorevaar et al.; 1983). De
Vries (1963) also provides estimates of the thermal proper-
ties of several different minerals, soils, and rock materials at
different temperatures and water contents.

Due to the paucity of site-specific thermal property data, the
thermal conductivity parameters and heat capacity reported
by Fayer and Jones (1990, p.D.37) for a silty gravel were
adjusted to obtain an approximate match to the diffusivity
value reported by Fischer (1992). The estimated thermal
properties are shown in Figure 6.16. The parameters repre-
senting the estimated thermal properties fall within the
range of parameters that appear in the literature for similar
media (De Vries, 1963; Koorevaar et al., 1983).

6.2.2.4 Plant Properties

Plants are expected to eventually reestablish themselves nat-
urally on the surface cover at the hypothetical disposal site.
The timing of plant reestablishment is unknown, however.
As noted previously, vegetation in the area is sparse, with
the dominant vegetation being creosote bush. The creosote
bush in the vicinity of the site generally has relatively shal-
low roots (< 1 m), and is known to be extremely drought tol-
erant (Wallace and Romney, 1972; Barbour et al. 1977).
Simulations that included water uptake by plants were car-
ried out to demonstrate the potential effectiveness of plants
such as creosote bush in removing water from the soil cover
and trench backfill material.

As noted previously, the transpiration component of ET
(water uptake by plants) is represented in UNSAT-H as a
sink term at nodes designated to be within the root zone.
The potential (maximum) transpiration is calculated as a
fraction of potential ET and is a function of the leaf area
index. The assumed leaf area index used to model creosote
bush is shown in Figure 6.17.

UNSAT-H distributes potential transpiration over the root
zone according to the root density, which is represented as
an exponential function of depth. The maximum depth of
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Figure 6.16 Estimated soil thermal properties for the arid site example

root penetration at the hypothetical site was assumed to be
one meter. The root length density function that was used is
shown in Figure 6.18.

Actual transpiration at each node within the root zone will
generally be less than the potential transpiration and is a
function of the soil water content, 8. The transpiration frac-
tion as a function of waler content used to represent creo-
sote bush in the UNSAT-H model is shown in Figure 6.19.

Two parameters were specified in HELP to model water
uptake by plants: leaf area index and evaporative depth. The
particular values used are listed in Section 6.2.2.6.

6.2.2.5 UNSAT-H Model Configuration

A one-dimensional conceptual model was developed based
on the cross section of the hypothetical trench shown in
. Figure 6.10. Thermocouple psychrometer data reported by
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Figure 6.17 Leaf area index for the arid site
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Figure 6.18 Root length density for the arid site
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Figure 6.19 Transpiration as a fraction of potential
transpiration (PT) for the arid site
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Fischer (1992) indicate that the thermal pulse from annual
temperature changes near Beatty propagates to below the 9-
m depth. In order to minimize boundary condition effectsin
the numerical simulations, a 13-m-deep model domain was
adopted, extending from the surface of the trench cover to
the 13-m depth.

The hydraulic and thermal properties of the surface cover
and backfill material were assumed to be uniform from the
surface to the base of the trench. A uniform initial water
content of 0.045 was used for the backfill soil and cover
material. The hydraulic properties of the underlying sedi-
ments were assumed to be scale heterogeneous and were
estimated using the conditional simulation procedure
described in Appendix C. The hydraulic properties were
conditioned on the initial water content and pressure head
data reported by Fischer et al. (1992, p.40) for January 6,
1987. For the nonisothermal simulation, the temperature
data reported by Fischer et al. (1992, p.40) for January 6,
1987 were used asinitial conditions.

Datareported by Nichols (1986) and Fischer (1992) indicate
that the water content distribution below the 4-m depth has
remained more or less invariant in time since monitoring at
the site began. The temperature of the sediments below the
10-m depth has also remained relatively constant. The ther-
mal properties used to represent the sediments below the
trench were the same as those used to represent the trench
cover and backfill materials.

The 13-m-deep model domain was discretized using non-
uniform node spacings ranging from a minimum of 0.2 cm
at the surface to amaximum of 20 cm at depth. A total of 94
nodes were used to discretize the domain. Simulation results
obtained using finer spatial discretizations yielded results
that were not significantly different, suggesting that these
node spacings were adequate for minimizing spatial discret-
ization errors.

A 4-year smulation from 1986 through 1989 using hourly
weather data from the USGS Beatty site and soil hydraulic
properties from the RWM S was conducted to compare the
use of hourly and daily averaged weather data. Three 45-
year simulations were conducted, from 1949 through 1993,
using RWMS soil hydraulic properties and the adjusted
weather data discussed in Section 6.2.2.1. Two additiona
simulations were conducted for a500-year period, using the
synthetically generated weather data output by the WGEN
model and soil hydraulic properties from the Beatty site.
The upper boundary condition for the model simulations
was varied with time, corresponding to the evaporative
fluxes and infiltration rates that were calculated by UNSAT-
H using the daily or hourly climate data. The lower bound-
ary at the 13-m depth was specified to be at a constant tem-
perature with aunit hydraulic gradient.

NUREG/CR-6346

6.2.2.6 HELP Model Configuration

The 45-year and 500-year simulations performed with
UNSAT-H were aso carried out using HELP Version 3.0. A
single layer of backfill material, 13-m in depth, was mod-
eled (the heterogeneity of the underlying sediments could
not be modeled with HEL P). Soil hydraulic properties were
derived from the RWM S data for the 45-year ssimulation and
from the Beatty site data for the 500 year simulations (see
Table 6.6). Hydraulic properties for the HEL P simulations
arelisted in Table 6.7. Field capacity was determined by
evaluating the Brooks-Corey water retention function
(Equation 2-9) at a pressure head of -340 cm (-0.33 bars).
Wilting point was determined by evaluating the same func-
tion at a pressure head of -1.53 x 10° cm (-15 bars). Theini-
tial water content throughout the profile was set to the
wilting point value for all simulations. The slope was set to
the minimum permissible value with HELP 3.0 (1%). The
SCS curve number used was 88.6. For the simulations with-
out plants, the evaporative depth was set to the default value
for LasVegas, NV for abare soil (46 cm), and the leaf area
index was set to zero. For the simulations with plants, the
evaporative depth was set at 1 m, and the maximum |eaf
areaindex was set to 0.4.

TABLE 6.7 Hydraulic propertiesfor theHELP

simulations
45-Years 500-Years
Porosity 0.34 0.232
Field Capacity 0.147 0.114
Wilting Point 0.069 0.048
Kg (cm/s) 1.294 x 10°3 5.354 x 107

6.2.2.7 4-Year Simulation Results

Only four years of hourly weather data were available for
the arid site (1986-1989). Nonisothermal UNSAT-H simula-
tions using this hourly data and daily averages of this data
for the four-year period indicated that the predicted water
bal ance results were not a function of the time-scale averag-
ing of weather. Thisis apparently a consequence of the very
low and infrequent precipitation at the arid site. This result
isin contrast to the humid site example in which signifi-
cantly more runoff, and less net infiltration, was predicted
when using hourly data than when using daily data. Based
on thisfour-year simulation of the arid site, the remainder of
the UNSAT-H simulations reported in this chapter were
conducted using daily average weather data.

6.2.2.8 45-Year Simulation Results

Table 6.8 summarizes the results from the three 45-year
UNSAT-H simulations and the single (isothermal, no vapor
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TABLE 6.8 Simulated 45-year water balance for the arid site as a fraction of precipitation

UNSAT-H Version 3.0

| sothermal Nonisother mal

No Vapor Flow Vapor Flow Vapor Flow HELP Version 3.0

Infiltration 1.0000 1.0000 1.0000 0.981
Runoff 0.0000 0.0000 0.0000 0.019

A Storage 0.071 0.051 0.026 0.143
Evaporation 0.929 0.949 0.974 0.717
Net Infiltration 2x10° 2x10° 2x10° 0.121

As shown in Table 6-6, no runoff is predicted for any of the
UNSAT-H arid site simulation cases. Hence, infiltration is
100% of precipitation. For the UNSAT-H nonisothermal
simulation case with vapor flow, evaporation accounts for
the largest sink of water at 97.4% of precipitation. The
results from this simulation case are considered to be the
most realistic since more of the physics of the problem are

flow) HEL P simulation. Theresultsin Table 6.8 are given as
the average fraction of precipitation allocated to each term
of the water balance for the 45-year period. Note that inter-
ception losses are zero and all evaporative losses from the
trench cover occur after infiltration.
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Figure 6.20 Simulated water content, pressure head, and temperatureprofilesfor thefirst year of
the 45-year nonisothermal simulation
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represented. If thermal vapor diffusion enhancement were
considered, the evaporative losses predicted by UNSAT-H
in nonisothermal mode would likely be greater. For the iso-
thermal case with vapor flow, evaporation accounts for
94.9% of precipitation. If neither vapor flow nor the noniso-
thermal conditions are considered, the evaporation pre-
dicted by UNSAT-H is 92.9% of precipitation. Although
these differences in predicted evaporation are small, the
magnitude of net infiltration rates at arid sites may be low
enough that these differences are significant. A very small
amount of net infiltration was predicted for the 45-year sim-
ulations. Virtually all precipitation that was not evaporated
was accumulated in the storage term.

The water balance results for the HELP simulations are also
shown in Table 6.8 as a fraction of precipitation. HELP pre-
dicted that just under 2% of the precipitation would become
runoff. HELP predicted significantly less evaporation than
any of the UNSAT-H models. Net infiltration predicted with
HELP is several orders of magnitude greater than that pre-
dicted by UNSAT-H and accounts for 12% of precipitation.
The value of net infiltration predicted by HELP corresponds
to a potential recharge of 11.5 mm/yr. (3.64 X 108 cm/s).

This value is about five times larger than the estimated natu-
ral recharge at Beatty obtained by Prudic (1994) using chlo-
ride mass balance (2 mm/yr.), and is several orders of
magnitude larger than the value obtained by Nichols (1986)
at the same site (0.04 mm/yr.). The value of Nichols (1986)
is believed to be more representative of recent conditions
(see Section 6.2.2.10).

Figure 6.20 shows simulated water content, pressure head,
and temperature profiles on different days of the first simu-
lation year for the UNSAT-H nonisothermal case. Simulated
water contents and pressure heads in the top meter of the
profile fluctuate in response to precipitation. The soil-water
storage in the trench backfill material increases slowly from
the initially dry conditions. The temperature profiles indi-
cate that the simulated seasonal temperature pulse propa-
gates to below the 10-m depth. These results are generally
consistent with observations by the USGS at the Beatty
study site.

Figure 6.21 shows predicted daily water fluxes at the 5- and
10-m depths as a function of time for the three 45-year
UNSAT-H simulation cases. The predicted fluxes at these
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Figure 6.21 Simulated water flux at (A) 5-m and (B) 10-m depths for the arid site example
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depths are mostly negative, indicating upward water flow.
The fluxes predicted for the nonisothermal case cycle up
and down in response to seasonal temperature variations.
The fluxes predicted from the isothermal case with vapor
flow follow atrend similar to the nonisothermal simulation
results. The simulation results for the isothermal case with-
out vapor flow remain relatively constant in time. Although
the predicted fluxes at the 5- and 10-m depths are mostly
upward, the predicted fluxes at the 13-m depth (the bottom
of the model domain) are downward for all simulation
cases. Thisislargely aresult of the unit hydraulic gradient
lower boundary condition that was specified for the model
simulations.

The drainage fluxes predicted by UNSAT-H at the 13-m
depth at the end of 45 years are approximately 0.0002 mm/
yr. for al three cases. The results for all UNSAT-H simula-
tion cases indicate a slow increase in soil-water storage in
the trench backfill material. Thisis the result of having ini-
tially dry backfill sediments and no vegetation. Therefore,
longer simulations are warranted to determine the impact of
the increased water storage at later times.

Although the nonisothermal simulation case with vapor
flow is considered to provide the most realistic representa-
tion of the actual processes occurring at the site, this case
required 50 to 60 times the computational effort (CPU time)
of either of theisothermal cases. The results obtained for the
isothermal case with vapor flow closely follow the trendsin
the results generated for the nonisothermal case and only
required from 2 to 3 minutes of CPU time per simulated
year on a DEC Alphaworkstation. Therefore, conducting
isothermal simulations with vapor flow appearsto be a prac-
tical alternative to conducting nonisothermal simulations.
This approach should still yield reasonable and realistic
water balance predictions for this arid site. The isothermal
simulation case without vapor flow yielded the |east evapo-
ration and eventually would result in larger increasesin stor-
age and more net infiltration. Thus, using an isothermal
model that does not account for vapor flow may yield a con-
servative, but not necessarily accurate, prediction of net
infiltration for this arid site.

6.2.2.9 500-Year Simulation Results

Two 500-year UNSAT-H simulations were conducted (in
isothermal mode with vapor flow) using synthetically gener-
ated weather data from WGEN. These simulations esti-
mated the long-term flux through the hypothetical facility
resulting from using a vegetated surface cover and a cover
free of vegetation. The plant parameters used in the simula-
tions were discussed in Section 6.2.2.4.

Water content profiles at selected times for the two UNSAT-
H simulations are shown in Figure 6.22. For the simulation
without plants, the water content increases slowly and the
wetting front eventually reaches the bottom of the profile.
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For the simulation with plants, the water content remains
relatively constant in time below the 1-m depth.

The fluxes at the bottom of the model domain for the two
500-year UNSAT-H simulations are given in Table 6.9. The
results shown are for the end the indicated year. For the sim-
ulation without plants, the fluxes slowly increase asthe
water contents in the profile increase. A quasi-steady-state
flux of about 2.5 mm/yr. is reached after 400 to 500 years.
For the ssimulation with plants, the fluxes at the bottom of
the profile remain very low and relatively constant for the
entire 500-year simulation period.

Two 500-year HEL P simulations, comparable to the
UNSAT-H simulation, were carried out. The parameters for
the HEL P models were discussed in Section 6.2.2.6. The
500-year HEL P simulations used the same WGEN-gener-
ated meteorological record as the UNSAT-H simulations.
Fluxes at the 13-m depth predicted by HELP are shown in
Table 6.9. Theresult given for each indicated year isthe
average daily flux over the 100-year period ending at that
year.

At al times, the flux predicted by HELP islarger than that
predicted by UNSAT-H. Without plants, HEL P appears to
reach a quasi-steady-state flux after approximately 100
years. The steady-state value is about 10 times larger than
the UNSAT-H prediction. When the presence of plantsis
simulated, HEL P predicts that the flux at a depth of 13 mis
till increasing after 500 years. The value of 0.69 mm/yr. is
much larger than the corresponding UNSAT-H prediction.

The results obtained from the long-term simulations demon-
strate the potentially significant impact that plants can have
on soil-water balancein arid climates. Given the uncertainty
associated with the extent and timing of natural revegetation
in arid climates, the results of this study suggest that it may
be worthwhile to revegetate surface covers after closure of
LLW disposal facilities rather than relying on natural reveg-
etation.

6.2.2.10 Steady-State Analysis

Given the small fluxes predicted by the UNSAT-H simula-
tion results and the large depth to the water table, an analy-
sis of the influence of the geothermal gradient on flow at
greater depths may be warranted. Enfield et al. (1973) used
the following equation to estimate the steady-state water
flux, g, in the deep unsaturated zone at the Hanford Site:

q = -K0O(h,—-2)-D,0T —D,0h, (6-2)
where
K = unsaturated hydraulic conductivity [L/T]
O = vector gradient operator [1/L]
hy, = matric potential [L]
NUREG/CR-6346
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Figure 6.22 Water content profiles using UNSAT-H for the arid site example with and without plants

z = depth [L], measured positive downward Tk = absolute temperature [*K].

As noted previously, Fischer (1992) reported an average
value of thermal fluid diffusivity of 6.8 X 10”7 m?%s for sed-
iments at the USGS study site near Beatty. The thermal gra-
dient below the 13-m depth at the USGS study site is
approximately 0.05 °C/m (data provided by Dave Prudic,
USGS, Carson City, Nevada). After making the appropriate

D, = thermal fluid diffusivity, or the sum of ther--
mal liquid diffusivity and the thermal vapor
diffusivity [L%/T °K]

D, = osmotic fluid diffusivity [L%T per bar]

h, = osmotic potential [bars]

TABLE 6.9 Simulated fluxes (mm/yr.) at the 13-m depth with and without plants

UNSAT-H Version 3.0 HELP Version 3.0

Time® (yr.)

Without Plants

With Plants

Without Plants

With Plants

100
200
300
400
500

0.0002
0.0005
1.3%
2.69
245

0.0002
0.0002
0.0002
0.0002
0.0002

13.94
19.46
18.52
21.14
22.43

0.00
0.01
0.04
0.25
0.69

% UNSAT-H results given as the flux at the end of the indicated year. HELP results given
as the average flux over a 100-year period ending at the indicated year,
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unit conversions, substituting these valuesinto Equation 6-1
yields awater flux of -0.1 mm/yr. (upward) due to the ther-
mal gradient. If flow induced by osmotic potential gradients
is neglected, the estimated flux due to matric and gravita-
tional potential gradients can be combined with the flux due
to the thermal gradient using Equation 6-1, to yield the net
water flux.

If the flux due to matric and gravitational potential gradients
at the hypothetical siteis 0.0002 mm/yr. (500-year UNSAT-
H simulation with plants), the net estimated water flux
below the 13-m depth is approximately -0.0998 mm/yr.
(upward). Data from the USGS study site near Beatty sug-
gest that thisis a reasonable estimate for current site condi-
tions. If the flux due to matric and gravitational potential
gradientsis 2.5 mm/yr. (500-year UNSAT-H simulation
without plants) then the net estimated water flux is 2.4 mm/
yr. (downward). Thisis likely to be a conservative estimate
and is probably somewhat unrealistic since plants should be
able to reestablish themselves naturally over the course of
500 years. These calculations assume steady-state flow and
negligible osmotic potential gradients. These results suggest
that the magnitude of the water fluxes below the 13-m depth
may be small enough that the geothermal gradient could
overcome the matric and gravitational potential gradients so
that the net flux of water at the hypothetical siteis actually
upward.

The USGS has conducted detailed investigations since
about 1976 to assess the potential for deep percolation and
groundwater recharge from meteoric water at a commercial
LLW disposal facility near Beatty. Nichols (1986) used psy-
chrometer and neutron probe data from the USGS study site
and estimated a flux of water below the 10-m depth of 0.04
mm/yr. (downward). Additional studieswereinitiated by the
USGSin 1986 to 1) determine the effects of site disturbance
on soil-water dynamics in simulated waste disposal
trenches, 2) estimate the rates of subsidence and erosion for
the trench covers, and 3) develop and evaluate methods for
measuring physical and hydraulic properties of very dry,
gravelly soils (Andraski, 1991; Andraski et a., 1991). More

Application Examples

recent psychrometer and neutron probe datafrom the USGS
studies are reported by Fischer (1992).

Prudic (1994) used the chloride mass balance method to
estimate percolation rates and ages of water below the 10-m
depth near Beatty. The chloride data suggest along-term
average recharge rate of 2 mm/yr. However, Prudic (1994)
notes that the more recent neutron probe data and thermo-
couple psychrometer dataindicate upward water flow above
the 10-m depth. He suggests that the higher recharge rate
estimated using the chloride mass balance method may be
more representative of a period during the late Pleistocene
when the climate at the site was cooler and wetter.

6.2.2.11 Uncertainty Evaluation

The results of the one-dimensional UNSAT-H and HEL P
simulations presented above provide estimates of the aver-
age net infiltration and illustrate how water fluxes vary over
time and depth. These results were obtained for asingle set
of parameters for the backfill soil material and one realiza-
tion of scale-heterogeneous sediments bel ow the trench for
the UNSAT-H simulations. At an arid site, it is not difficult
to produce estimates of recharge that vary several orders of
magnitude — this variation can be produced using realistic
combinations of parameters. A simple sensitivity analysis
using HEL P illustrates this for the hypothetical arid site.

Previous discussions have pointed out the potential difficul-
ties with the application of HELP in arid environments (see
Sections 4.3.1.2 and 4.3.1.3). Parameters that have no basis
in physics (e.g., field capacity) and those that are difficult to
define or measure (e.g., wilting point and evaporative depth)
may contribute a significant amount of uncertainty to the
estimate of recharge. The 500-year results presented in
Table 6.9 were obtained using an evaporative depth of

46 cm and a saturated hydraulic conductivity, Kg, of

5.3 x 10 cm/s. Table 6.10 presents the average flux pre-
dicted by HEL P when the evaporative depth is increased to
1 m. As shown, approximately doubling the evaporative
depth reduces the flux at 13 m by more than an order of

TABLE 6.10 Average flux (mm/yr.) predicted by HEL P, Version 3.0 at the 13-m depth (without plants)

Evap. Depth=1m

Evapor ative Depth = 46 cm

Time? (yr.) Kg=53x10%cm/s Kg=5.3x10%cm/s Kg=5.3x103cm/s Kg=5.3x102 cm/s
100 0.00 13.94 21.75 34.70
200 0.04 19.46 25.96 37.91
300 0.85 18.52 24.84 35.07
400 152 21.14 27.96 39.63
500 1.73 2243 290.73 41.38

& Results given as the average flux over a 100-year period ending at the indicated year.
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magnitude. The leaf areaindex was zero in both cases.
Table 6.10 al so presents the average flux predicted by HELP
when the saturated hydraulic conductivity isincreased by
factors of 10 and 100. Increasing Kg by afactor of 100
causes the predicted flux at 13 m to approximately double.

A more comprehensive uncertainty analyses should be con-
ducted for any genuine site application. For the hypothetical
arid site, UNSAT-H or HELP (or both models) could be
used in a comprehensive uncertainty analysis. In addition, a
simple Monte Carlo simulation could be quickly carried out
using Equation 6-1, with the assumption of steady-state
flow below the 13-m depth. The point of an uncertainty
analysisis not necessarily to demonstrate that a particular
model is poor. Rather, any model application, using any
code, should explore the range of reasonable predictions
that can be produced.

6.2.3 Arid Site Conclusions

Results of simulations and steady-state cal cul ations reported
herefor the hypothetical arid site demonstrated awiderange
of estimated net infiltration, from a net upward flux for a
vegetated surface to as much as 22mm (23% of annual pre-
cipitation) for a bare soil. UNSAT-H simulations provided
the lowest estimates under all conditions tested and, in gen-
eral, werein better agreement with USGS estimates of net
infiltration at the Beatty site. HEL P consistently gave the
highest values for net infiltration. For bare soil, results com-
parable to UNSAT-H were achieved by (arbitrarily) increas-
ing the evaporative depth parameter in HELP by about a
factor of two over the default value

Although the results reported here should provide reason-
able estimates of net infiltration for the simulated condi-
tions, insufficient data from the USGS studies were
available for calibrating the models or for critically evaluat-
ing the accuracy of the simulation results. Therefore, the net
infiltration rates estimated for this application example
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should not be considered definitive estimates of the actual
net infiltration (or exfiltration) rates for the Beatty site. This
example simply serves to demonstrate some of the issues of
concern when eval uating water infiltration for LLW disposal
facilities located in arid or semi-arid environments.

The UNSAT-H simulation results obtained for this applica-
tion example suggest that net infiltration at the hypothetical
site can be very small. For undisturbed, vegetated condi-
tions, the net infiltration may actually be negative, indicat-
ing net upward water flow. Dramatic increases in water
content and recharge were observed when bare soil (i.e., no
vegetation) was simulated. Nonisothermal conditions and
vapor-phase transport appear to have a significant effect on
water movement at the hypothetical arid site.

It should be cautioned that the effects of extreme events and
preferential flow were not investigated in this example. The
potential for heterogeneity-induced preferential flow after
extreme precipitation events cannot be realistically evalu-
ated using a one-dimensional model. Given the arid condi-
tions, the type of sediments, and the great depth to the water
table, however, the potential for significant exposure to con-
taminants leached from LLW viathe groundwater pathway
appears to be quite small.

The strong thermal gradients, dominant vapor flow, and
proximity of waste disposal trenches to the ground surface
all suggest that potential exposure to contaminants viathe
air pathway may be of greater concern than potential expo-
sure viathe groundwater pathway at the hypothetical arid
site. Vapor-phase transport appears to be the dominant
mechanism by which water movement occurs at this site.
Advective gas transport in coarse sedimentsis a potential
mechanism for the movement of several contaminants (e.g.,
3H, 14C, and %%°Rn). This suggests that performance assess-
ment evaluations of LLW disposal facilitiesthat use shallow
land burial of wastesin arid environments should consider
and evaluate the potential risks associated with vapor-phase
transport of contaminants.



7 Recommendations

In this report we have described the major issues related to
the evaluation of water flow in the unsaturated zone at LLW
disposal sites. We presented a methodology for this evalua-
tion and provided examples of its use at hypothetical LLW
disposal sitesin humid and arid climates. Specific recom-
mendations regarding future needs for hydrologic evalua-
tions include the following:

» Improve computational capabilities for flow and trans-
port in the unsaturated zone. Currently available numer-
ical simulation codes are satisfactory for most LLW site
hydrologic evaluations. Multidimensional simulations of
complex processes such as vapor phase transport under
thermal gradients remains computationally demanding,
however. Further code development and the application
of advanced numerical methods may improve the effi-
ciency of these simulations. Improved computational
capabilities are especially important in the effective
analysis of uncertainty.

» Addressissuesrelated to the use of limited data sets.
Limited data sets are a characteristic of hydrologic eval-
uations of the unsaturated zone. This can be attributed,
in part, to (1) a site characterization period that is gener-
ally much shorter than the time scale of hydrologic pro-
cess variability and (2) the spatial variability of soil
hydraulic properties. Creative use of ancillary data can
often be used to supplement site-specific data. Suitable
ancillary dataincludes (1) long-term or spatially dense
data from appropriate analog sites and (2) data such as
particle size distributions that may be correlated with
desired hydraulic properties. In addition, the effect of
limited data sets on the uncertainty of model predictions
should be quantified.

» Collect data to support models of engineered barrier
performance and degradation. Engineered components
of LLW facilities are often critical in achieving satisfac-
tory hydrologic performance. In many cases, however,
there are inadequate data to support reliable models of
engineered barrier degradation and failure mechanisms

and their associated probabilities. The collection of such
data through laboratory and prototype studies as well as
through the analysis of existing engineered facilities
should be a priority.

* Apply state-of-the-art site characterization and monitor-
ing methods. Characterization instruments and methods
continue to be developed and refined. To provide the
most defensible hydrologic evaluations, state-of-the-art
instrumentation and data analysis methods must be
employed during the characterization and monitoring of
LLW disposal sites.

* Integrate site characterization and performance assess-
ment. The best use of resources will occur when site
characterization activities are integrated with perfor-
mance assessment analyses. In addition, site character-
ization and assessment of the hydrologic performance of
aLLW facility should continue throughout the period of
institutional control. This can be facilitated by integrat-
ing long-term monitoring instruments into the facility
design. Successful long-term monitoring will provide
not only evidence of afacility’s continued performance,
but also a valuable data set to improve the design of
future facilities at other sites.

* Usetheexperience gained at current LLW sitesto benefit
future sites. Several of the recommendations listed here
mirror those made by the National Research Council ina
review of issuesraised at the Ward Valley, Caifornia
LLW site (National Research Council, 1995). The Ward
Valley experience and the experience gained at other
LLW sites should be used to benefit future LLW site
assessments.

Asafina comment, we note that while this report focused
on the hydrologic evaluation of LLW disposal facilities, the
methodology discussed is suitable for decommissioning
sites and other applications that require a near-surface
hydrologic analysis.
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Appendix A

A.1 Application of the Universal Soil
L oss Equation to the Humid Site
Example

The Universal Soil Loss Equation (USLE) iswritten as

A = RKLSCP
where
A = soil loss (tong/acre/year)
R = rainfall erosivity index
K = soil erodibility index
L = hillslope-length factor
S = hillslope-gradient factor
C = cropping-management factor
P = erosion-control practice factor.

Vaues for the indices and factors were derived from the fig-
ures and tables presented in Dunne and Leopold (1978).
Similar figures and tables can be found in many references
including Lutton et al. (1979) and Stewart et a. (1975).
Because the USLE is based on average values, thereisa
large degree of uncertainty associated with the estimated
erosion rates. Additional uncertainty was contributed in this
case by the fact that there was limited site-specific dataon
the soil parameters and the future vegetation for the exam-
ple site. Because of the uncertainty, arange of valuesfor the
soil loss was estimated.

The range of values for each of the parameters was
250<R<350
01<K<0.37

LS=5.38
0.013<C<01
045<P<09

A-1

The silty sand surface layer was assumed to be composed of
38% silt and very fine sand (grain size less than 0.1 mm)
and 55% sand (grain size 0.1 to 2.0 mm). The soil structure
rating was assumed to be 1.5 (very fine granular to fine
granular). The percent organic matter was unknown (range
0-4) as was the permeability rating (range 1-6). These
uncertainties resulted in the given range for K.

The LS factor was based on a slope of 20% and a hillslope
length of 61 m (200 ft.). The factor C assumed no apprecia-
ble canopy with 40-80% grass ground cover. The greatest
variability liesin the parameter C.

The resulting range of soil 1oss rates was
0.85<A <676
with a best estimate of
A =(300)(0.22)(5.8)(0.013)(0.45) = 2.2 tons/acrelyear
(= 4.9 MT/halyr.).

This value lies near the bottom of the expected range and
may not be conservative in the long term.
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OH, 1979.
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Appendix B

B.1 Parameter Distributionsand
Sensitivity Analysisfor the Humid Site
TopSail
If

Y =In(X) (B-1)

follows anormal distribution, then we say that the parame-
ter, X, islognormally distributed. The relationships between
the mean and variance of X andY are given by (Ang and
Tang, 1975)

My = exp(py + 0%/ 2) (B-2)
o) = px(exp(ay)-1) (B-3)

My = Inpy —05/2 (B-4)
0% = In(1+0%/13) (8-5)

where

2 .

My, Ox =mean and variance of X
2 .

Uy, 0y =mean and variance of Y.

For the humid site sensitivity analysis involving the hydrau-
lic parameters of the topsoil, the saturated hydraulic con-
ductivity, Kg, and the van Genuchten a parameter were
assumed to be lognormally distributed. The mean of the nat-
ural logarithm for each parameter was taken to be the log of
the basecase values given in Table 6.1, namely,

Mgy =IN(107%) = -9.21
Min() =N(0.044) = -3.12.

B-1

The coefficient of variation, given by COVy = 0/ Hy , Was
taken for each parameter as the value determined by Carsel
and Parrish (1988) for silt loam, namely,

COV, =2.751

COV,, = 0.647.

These values were substituted in Equation B-5 to determine
the variances of the logarithm of the parameters:

Oinkg =IN(L +2.751%) = 215

O =IN(L+ 0.647%) = 0.350.
Two values were chosen for the sensitivity analysis,
(y + 1.56 0v) and (py - 1.56 oy). These are the 0.94 quan-
tile and the 0.06 quantile, respectively, and represent 88% of
the parameter variability. The values of the untransformed
parameters were then determined using Equation B-1. Thus,
including the basecase, simulations were carried out using
three values for Kgand a:

Ks ={10° 104103 cm/s

a. ={0.018, 0.044,0.111} cmL.

B.2 References

Ang, A. H-S. and W. H. Tang, Probability Conceptsin Engi-
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Carsdl, R. F, and R. S. Parrish, “Developing joint probabil -
ity distributions of soil water retention characteristics,”
Water Resources Research, 24(5):755-770, 1988.
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Appendix C

C.1 Conditional Simulation of Soil
Hydraulic Properties using Soft Data

The conditional simulation method described here was used
previously by Rockhold et al. (1994) for estimating soil
hydraulic properties for numerical simulations of afield-
scale flow and transport experiment conducted at the Las
Cruces Trench Sitein New Mexico. Brief descriptions of the
method and its application for the Las Cruces Trench Site
and the hypothetical arid site example presented in

Section 6.2 of this document are given below.

The conditional simulation method of Rockhold et al.
(1994) is based on the concept of microscopic geometric
similitude and scaling of soil hydraulic properties as
described by Miller and Miller (1956). The application of
this concept to scaling of soil hydraulic propertiesis
founded on the physical relationship between the effective
poreradius, r [L], and the soil-water pressure head, hyy,

hey (1) = 20/ pgr, (C-1)

where 0 [M/T2] is the surface tension at the air-water inter-
face, p [M/L3] isthe mass density of the liquid water, and g
[L/TZ] isthe gravitational acceleration. Two porous media
or two locations in a porous medium are said to be “Miller-
similar” if ascaling length Ag[L] can be found for each,
such that identical values of the dimensionlessratio r/Ag are
obtained (Jury et a., 1987).

If a porous medium obeys the microscopic transport laws
governing surface tension (the Laplace equation) and vis-
cous flow (Stokes equation), and if the particle and pore
structures at different locations are similar, then the trans-
port coefficients that appear in the equations describing
macroscopic flow (Darcy’s law and the Richards equation)
should be related by known functions of their scaling
lengths. The dependence of scaled transport coefficients on
the microscopic characteristic lengths is removed by relat-
ing the transport coefficients at a given location to the coef-
ficients at an arbitrary reference point by scaling of the
length ratios, ag =A¢/A* 5, Where ag is a scaling factor, and
A* ¢ denotes the scaling length at the reference location.
Scalerelations for pressure head and hydraulic conductivity
are defined by

h*m (6) = aphm, (6) (€2
and

K'(8) =K(6) / ax (C-3)

where h* ;;and K* represent scale-mean values of pressure
head and hydraulic conductivity, respectively (Miller and
Miller, 1956). Note that the subscript s on o4 has been
replaced by the subscript h or K in (C-2) and (C-3) to distin-
guish between the scaling factors estimated from water
retention and hydraulic conductivity data, respectively.

Miller similitude requires that the scaling factors ay, and ak
be equal, which implies that the porosity is uniform. These
scale relations have been used successfully to describe well-
sorted sands, such as those typically used in laboratory col-
umn experiments, but have been shown to poorly describe
field soils containing a broad range of particle sizes. Warrick
et a. (1977) extended the range of application of scaling by
estimating scaling factors relative to the degree of satura-
tion, s= 8/8;, rather than 6. Effective saturation, s, = [(6 -
6,)/(6s- 6,)], can be used instead of sif soil-water retention
data are characterized using non-zero 6, values.

Scale-mean or reference values of pressure head and
hydraulic conductivity are defined by the requirements that
ap and ay have unit mean value and that Ag = 1 at some ref-
erencelocation. After substituting sfor 8in (C-2) and (C-3),
this definition results in the conditions

9 -|[ s g
he(S) :\ ’ h(9)] ™ f [ ()] dhm‘ (C9

and

/ \

2
K'(s) = \’:[K (s)Y?£[K (s)] dK} (C-5)

wheref [hy, (s)] and f [K ()] are the probability density
functions of hy,, and K, respectively (Jury et a. 1987). Scale-
mean values of pressure head and hydraulic conductivity
can be approximated from (C-4) and (C-5) as

o n 1
A (s):n[ hil()l (C-6)
i=1hhs
and
o n 2
K (S):{i-zl[Ki (S)]llz} (C-7)

where n isthe sample size (Peck et a., 1977; Simmons et
al., 1979). Several aternative definitions for the scale-mean
hydraulic properties have a so been proposed (Warrick et
a., 1977; Hopmans, 1987).

Jury et al. (1987) analyzed soil hydraulic properties repre-
senting two different fields and concluded that Miller simili-
tude (ap, = ak) is not strictly valid for most field soils.
Nevertheless, Miller similitude continuesto be apremisefor
many recent numerical simulation studies (Russo, 1991,
Tseng and Jury, 1994; Roth 1995). Jury et a. (1987) sug-
gested that a complete description of the spatial variability
of soil hydraulic propertieswill generally require at least
three stochastic variates - K, ay, and n, where n =
d{log[K(hy)/Kg / d[log(-h,y)]. They also noted that since
their scaling factors were functions of water saturation,
application of the scaling factors should be limited to the
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same range of water saturation as was used to estimate the
scaling factors.

Rockhold et al. (1994) analyzed the hydraulic properties of
the soils at the Las Cruces Trench Site and determined that
the water retention characteristics of 448 core samples col-
lected from the site could be represented almost as well
using asingle value of the Brooks-Corey model A parameter
(> = 0.97) as using separate values of A for each sample (12
=0.99). The expressions for the scale-mean pressure head
and hydraulic conductivity in (C-6) and (C-7) become inde-
pendent of saturation for a single, common value of the
Brooks-Corey model A parameter. Being able to adequately
represent the hydraulic properties of a spatially-variable soil
using asingle value of the Brooks-Corey model A parameter
is problematic, and will depend on the particular soil. Rock-
hold et al. (1994) also noted that the coefficients of variation
for the Brooks-Corey model A and 65 parameters were sig-
nificantly smaller than the coefficients of variation for Kg
and hye.

No measurements of the soil hydraulic properties were
made on the experimental plots at the Las Cruces Trench
Site where the field-scale flow and transport experiments
were conducted. Measurements of the soil hydraulic proper-
ties were only made on core samples collected during exca-
vation of an adjacent trench. Therefore no data were
available for direct conditional simulation of the soil
hydraulic properties used for simulation of the flow and
transport experiments conducted at the site. Rockhold et al.
(1994) used a simple conditional simulation method with
soft data and the scale relations shown in (C-2), (C-3), and
(C-6) to estimate hydraulic properties for simulations of the
latest field-scale flow and transport experiment conducted at
the Las Cruces Trench Site. The soft data consisted of the
initial, field-measured water contents measured prior to the
start of the experiment using a neutron probe, and an initial,
depth-averaged pressure head distribution determined using
measurements made just prior to the start of the experiment
using tensiometers installed in the face of the trench.

The conditional simulation method consisted of the follow-
ing steps. For each initial field-measured water content, a
scaled pressure head, h*,,,, was calculated using a set of
scale-mean water retention parameters corresponding to (C-
6). A scaling factor, ay,, was then computed for each value of
h* ., from theratio

hm
hmi(2)
where h; (2) isthe averageinitial pressure head for the
measurement depth. Values of h,, and Kg were then esti-
mated from the calculated scaling factors and the scale-
mean hydraulic parameters, using (C-2) and (C-3), with uni-

form values of 65 and the Brooks-Corey model A parameter.
Note, using uniform values of the 65and A parameters facili-

an =

(C-9)

tates application of the conditional simulation method but is
not a necessary reguirement.

Rockhold et al. (1994) showed that, although Miller simili-
tudeis not strictly valid for the soils at the Las Cruces
Trench Site, the spatial correlation structures of the o, and
ak scaling factors are quite similar. Using the assumption of
Miller similitude in conjunction with the simple conditional
simulation method described above resulted in a 40% reduc-
tion in the root-mean-squared (RMS) error for the observed
versus predicted water content distributions relative to pre-
vious simulation results reported for the experiment (Hills
and Wierenga, 1994). No model calibration was necessary
to achieve these resullts.

The conditional simulation method described above was
also used to estimate hydraulic properties for the arid site
application example presented in Section 6.2. The water
retention data from 92 samples reported by Andraski (1995)
were fit simultaneously using a common value of the
Brooks-Corey model A parameter using multiple linear
regression by the method of dummy variables (Draper and
Smith 1981). The residua water content,6,, was assumed to
be equal to 0 in order to obtain areasonably good represen-
tation of the soil hydraulic properties at low water contents.

Field-measured water content and pressure head data from
the USGS study site near Beatty, Nevada were used in con-
junction with the set of scale-mean parameters determined
from Andraski’s (1995) data to condition the hydraulic
properties used to represent the sediments underlying the
hypothetical waste disposal trench. Theinitial water content
and pressure head data were obtained from neutron probe
and thermocouple psychrometer measurements made at the
USGS study site near Beatty (Fischer, 1986). The psy-
chrometer data were corrected for osmotic potential to
obtain pressure head (unpublished data from Dave Prudic,
USGS, Carson City, Nevada).

Rather than using asingle, uniform value of 6, separate val-
ues of 65 were estimated for each depth using the following
optimization procedure. Values of h,,, werefirst calculated
that corresponded to the initial field-measured water con-
tents using the values of hy,, that were estimated using the
conditional simulation method described above, with asin-
gle, uniform value of 65equal to the geometric mean value
of 65 determined from Andraski’s data. If the calculated val-
ues of hy, did not match the measured initial value of hy; for
the measurement depth, 65 was optimized to obtain a match
(within a prescribed error tolerance) using Newton's
method. It should be noted that care should be taken when
using this optimization step to ensure that the optimized val-
ues of 6 fall within the range of measured values used to
estimate the scale-mean parameters. Vaues of Kq were esti-
mated from (C-3) using the geometric mean value of Kg
determined from Andraski’s data as the scale-mean value.
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	3.62�¥�10-6
	-1.12�¥�10-10 (0.0)
	-3.62�¥�10-6
	-5.09�¥�10-11 (0.0)
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	-1.55�¥�10-11 (0.0)
	-3.60�¥�10-6
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	-3.76�¥�10-12 (0.0)
	-3.55�¥�10-6
	-2.87�¥�10-12 (0.0)
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	-3.45�¥�10-6
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	-6.94�¥�10-8 (1.9)
	-3.58�¥�10-6
	-2.24�¥�10-8 (0.6)
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	3.54�¥�10-6
	-1.28�¥�10-8 (0.4)
	-3.55�¥�10-6
	-4.14�¥�10-9 (0.1)
	1:25
	1.96�¥�10-7
	-3.42�¥�10-6 (94.6)
	-3.64�¥�10-7
	-3.26�¥�10-6 (89.9)
	LoQC
	1:10
	-2.08�¥�10-7
	-3.40�¥�10-6 (94.2)
	-3.77�¥�10-7
	-3.23�¥�10-6 (89.5)
	1:5
	-2.29�¥�10-7
	-3.32�¥�10-6 (93.6)
	-3.96�¥�10-7
	-3.16�¥�10-6 (88.8)
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	qr
	0.0
	0.0
	qs
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	0.34
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