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SUMMARY 

A protective barrier is being considered for use at the Hanford site to 

enhance the isolation of previously disposed radioactive wastes from infiltrat­
ing water, and plant and animal intrusion. This study is part of a research 
and development effort to design barriers and evaluate their performance in 

preventing drainage. A fine-textured soil (the Composite) was located on the 

Hanford site in sufficient quantity for use as the top layer of the protective 
ba~rier. A number of simulations were performed by Pacific Northwest Labora­
tory to analyze different designs of the barrier using the Composite soil as 
well as the finer-textured Ritzville silt loam and a slightly coarser soil 
(Coarse). Design variations included two rainfall rates (16.0 and 30.1 cm/yr), 
the presence of plants, gravel mixed into the surface of the topsoil, an 

impermeable boundary under the topsoil, and moving the waste form from 10 to 
20 m from the barrier edge. The final decision to use barriers for enhanced 

isolation of previously disposed wastes will be subject to decisions resulting 
from the completion of the Hanford Defense Waste Environmental Impact State­

ment, which addresses disposal of Hanford defense high-level and transuranic 
wastes. 

The one-dimensional simulation results indicate that each of the three 

soils, when used as the top layer of the protective barrier, can prevent drai n­
age provided plants are present. Without plants, the Composite soil drained 

0.4 and 3.7 cm/yr in the dry and wet years, respectively. The Ritzville 
allowed no drainage in either year, while the Coarse soil had 3.1 cm of drain­
age in the wet year. Small differences in soil hydraulic properties had large 
effects on drainage, suggesting the importance of hydraulic property 
characterization. 

Gravel amendments to the upper 30 cm of soi 1 (without pl ants) reduced 
evaporation and allowed more water to drain. Drainage through the Composite 
increased to 1.7 and 7.8 cm/yr in the dry and wet years, respectively, while 

the Ritzville drained 1.8 cm/yr during the wet year. Varying the thickness of 
the soil/gravel mix layer from 7.5 to 30.0 cm had little effect on the amount 
of drain<1ge. 

V 
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For the Composite soil with gravel added to the top 30 cm and no plants, 
the presence of an impermeable layer under the soil layer resulted in the 
formation of a water table above the impermeable layer: 80 cm in the dry year 

and 124 cm in the wet year (measured on January 1). 

Two-dimensional simulation results indicated that after 500 years, under 
the given conditions, water infiltrating at the edge of the barrier would flow 

toward a waste form located 10 m from the barrier edge. A waste form located 
20 m from the barrier edge would not be in the major water flow path. 

vi 
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1.0 INTRODUCTION 

Radioactive waste on the Hanford site near Richland, Washington, must be 
stored and isolated from the component of precipitation that becomes recharge 

to the local water table. One method that is being considered to enhance the 
isolation of wastes buried ar stored just below ground level would be to place 
a multilayer barrier over the waste site to prevent drainage of infiltrating 

water. Such a barrier ar cover would be composed of a layer of fine soil on 
top of a layer of coarse rock fragments (thus the label 'multilayer' ). This 
type of barrier works by storing water from precipitation events so that the 

water can be evaporated and/or transpired at a later time. Drainage can be 
prevented i f the cover i s properly designed. For thi s report, drainage pre­
vention is defined as limiting the drainage rate to <0.1 cm/yr. Whether drain­

age is prevented mainly depends on the hydraulic properties of the material, 
the amount of precipitation, and the plant cover. The physics of the problem 

are well understood, and experimental observations have confirmed the multi­
layer concept (Miller and Bunger 1963; Unger 1971). The remaining question is 

how to design the barrier (e.g., soil type, thickness) to prevent drainage. 

In this report, we analyzed several components of a potential barrier 

design. Specifically, we used the one-dimensional soil water flow code UNSAT-H 
(Fayer and Gee 1985) to simulate drainage through the barrier when we varied 
the soil type, mixed gravel into the surface soil layer, and changed the 
climate and plant presence. Using the predicted drainage rates for the various 

configurations, we can design the barrier to prevent drainage. 

The distance between the waste form and the barrier edge will determine 
whether water that infiltrates the area surrounding the barrier reaches the 
waste form. For this type of problem, we used the two-dimensional flow code 

UNSAT2 (N2uman et al. 1974) to look at the cases where the barrier edge i s 10 
and 20 m from the waste form. Again, the goal is to optimize the barrier 
design to prevent drainage. 

1.1 
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2.0 DESCRIPTION OF ONE-DIMENSIONAL SIMULATIONS 

The present conceptual design of the protective barrier is illustrated in 

Figure 2.1. A 1.5-m-thick layer of fine soil wil l be placed over a 3.6-m-thick 
layer of gravel that is 10- to 25-cm dia. A 0.3-m-thick layer of intermediate­
sized material will be placed between the soil and gravel to prevent movement 
of the fine soil into the gravel. The entire system, sometimes referred to as 
the 'multilayer barrier', is designed to limit the amount of drainage. The 
barrier works by retarding unsaturated flow in the downward direction, which in 

turn keeps most of the moisture near the soil surface where it can be 
evaporated and/or transpired (Miller and Bunger 1963; Unger 1971). 

One important assumption that can be verified only through future experi­
mental work is that flow through a well-designed barrier is essentially one­

dimensional, especially through the gravel layer. Hill and Parlange (1972) 
observed that saturated flow through layered systems is unstable at the inter­

face between a fine-textured upper layer and a coarse-textured lower layer 
(similar to the protective barrier). This instability resulted in 'fingering', 

Fine Soil and Revegetated 
Surface 

Rock/Gravel 
Filter with 

Sasalt Riprap 

FIGURE 2.1. Artist Conception of the Barrier System Being Considered 
for Location over Single-Shell Waste Tanks 
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in which only a small portion of the underlying coarse layer was part of the 

flow zone. In this type of situation, a smaller amount of water can travel 
deeper than expected. We did not simulate this three-dimensional effect; 

further detailed study is needed. For the protective barrier, this situation 
will only arise in barrier configurations in which drainage is likely, when 

soil at the interface is nearly saturated. Evaporation and water uptake by 
plants should, in most cases, greatly reduce the potential for saturated 

conditions to exist in the soil profile. 

The purpose of this study is to determine the equilibrium drainage rate 
through the protective barrier given different barrier designs, materials, and 
climates. Drainage through the protective barrier was simulated using the 
one-dimensional finite difference code UNSAT-H (Fayer and ti!e 1985). We 
assumed that flow {liquid and vapor) was one-dimensional, isothermal, and non­
hystereti c. The parameters that were varied include soi l type, gravel addi­
tions to the 30-m surface of soil, thickness of the soil receiving the gravel 

additions, total rainfall, plant presence on the barrier, and placement of an 
impermeable layer just below the soil layer. 

2.1 BARRIER REPRESENTATION 

We used 37 nodes for the one-dimensional simulations (node center eleva­

tions are indicated in Figure 2.2). There were two exceptions: for the 
simulations of 7.5- and 15-cm-thick soil/gravel mix layers, we increased the 

node density in the vicinity of the interface between the soil/gravel mix and 
the soil below. For the simulations with an impermeable layer at 1.5 m, we 

used 25 nodes (see Figure 2.2). 

2.2 SOIL PROPERTIES 

Three soils were tested for their potential as the top barrier layer: 
Ritzville silt loam; a fine-textured soil that we call the Composite; and a 
slightly coarser soil, which we call Coarse. In the Vicinity of the Hanford 

site, the Ritzville soil is probably the finest-textured soil of significant 
quantity. Unfortunately, this soil is located at some distance from the actual 

2.2 
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37 Nodes 25 Nodes 
0 

1 t- 1 
• Soil or • 
• Soil/Gravel Mix • • • ----:--- - - • ..,_ ___ . ____ 
• • - • • 40 

• • 
• • 
• • 

80 - • • Soil 
E • • 
"° • • Q) 

" .l!: 
~ 

::, • • 
(/) 

;: 120 - • • 
_Q 
Q) • • "' • • 

1 ' lmpermeable - • Layer 

.c 
i5. 
Q) 

Cl 

160 

• 

• 
200 -

Gravel 

240 - • 
Nodes 
Every 

100 cm 
Down ļ 540 cm 

FIGURE 2.2. Node Spacing for the One-Dimensional Simulations 

barrier sites, and trucking costs would be high. Ritzville soil was included 
in this study to show the performance of the barrier with the finest-textured 

soil available. 
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After a preliminary search of the Hanford site area, a fairly fine­

textured soil from the 200 Area was identified in sufficient quantity for 
possible use as the top layer of the barrier. Samples of this material were 

brought into the lab for analysis (see Appendix A). Because of the slight 
differences between samples, a portion of each sample was combined into a 

single mixture called the Composite soi l. During barrier construction, we 
realized that the soil-mixing process might not be adequate. Therefore, we 

chose one of the 200-Area samples to represent the coarsest-textured material 
expected, which is the Coarse soil. 

Laboratory analyses of the soils included the following: particle-size 

distribution, moisture characteristic, and saturated conductivity. The 
entire data set can be found in Appendix A. Figure 2.3 shows the moisture 

characteristic curves for the three soils and the gravel. The hydraulic 
properties of the gravel were not measured. Instead, a model of 1-cm-dia 
spherical gravel fragments was assumed and a moisture characteristic 

" ' E 
M 

E -C: 
Q) -C: 
0 u 
Q) 
~ 

:::, -u, 
"ei 
~ 

0.5 ..................... ···6·· •••••• . . . . . 

0.3 

0.2 

0. 1 

••• ••. / Ritzville 
-·- ·-·B-..... ., ---- , ....... \ ""' ·. • '\ t,. 

~ ... 
Composite ·\\. 

~. .L', 

\~·-. 
\ • •• ·r:, 

Coarse-\ \ • ••• 
0 D · 
' ~·····-0 
~-.:...~ 

0 ~Li...w.1~:;:c:::ī::I::::::::::ī::t::::w:r;;:;;t~. 
10-2 10-, 10° 10' 102 103 10' 10' 

Suction Head (cm) 

FIGURE 2.3. MJisture Characteristic Curves for Three Scils and Gravel 
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constructed (see Appendix A). The unsaturated hydraulic conductivity function 

for each soil and the gravel was calculated using the program HYDRAK (Bond et 

al. 1984). HYDRAK calculates the hydraulic conductivity function using the 

method of Millington and Q.Jirk (1961), which requires knowledge of the moisture 

characteristic and the saturated conductivity. Figure 2.4 shows the calculated 

functions for the three soils and the gravel. Although there were no measure­

ments of the gravel conductivity, there are three.data points (in Figure 6 of 

Miller and Bunger 1963) for gravel 6 to 13 mm in diameter. Those points have 

, 0 2 

-------. . . . . . . . . . . . . . . . . . . . . ..... ':'":"':: ~ 
·-·-· ~-

...................... "'·· . 
. "' "\·· .. . \ · .. "· ,·· .... 
Composite ~ • •• •• •• 

"Ī\ ·. Ritzville 

\. ····< 
\. ···· ..... ·. 

Coarse~ • 

~ 

10° 101 102 , o' , o' 
Suction Head (cm) 

. . 
·· ... 

, o• 

FIGURE 2.4. Hydraulic Conductivity Functions for Three Soils and (;ravel (The 
three gravel data points are from Miller and Bunger 1963.) 
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been included in Figure 2.4 to show how the calculated conductivity function 
for gravel compares with some measured data. 

To simulate the behavior of a soil and gravel mix, 5- to 10-mm-dia pea 
gravel {15 wt%) was mixed with the Composite and Ritzville soils. The moisture 
characteristic and saturated conductivity were then measured for the mixtures. 

The resulting characteristic curves are plotted in Figure 2.5 along with those 
of the pure soils. Note that the addition of gravel reduces the amount of 

water held at any particular value of suction head. As before, the unsaturated 
hydraulic conductivity function for the mixtures was calculated using HYDRAK. 

Figure 2.6 contains plots of the conductivity function for the mixtures as well 

M­

' E 
M 

0.4 

E 0.3 

E 
Q) 

c 
0 
u 
~ 
~ 0.2 
'ē 
2 

0.1 

0 L_....,_..J...JL..!.J..l.J..I.I_..._.L..J...l..LLLLL-..L-~.J.LJ..uL._.L...Jc..J..Jl..J..J.Ju..L.~--1...J...L..&..U.U 

100 10' 102 103 104 10
5 

Suction Head (cm) 

FIGURE 2.5. Moisture Characteristic Curves for Two Soils with and 
Without ~avel A:lded 
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as the pure soils. The effect of the gravel is to slightly raise the con­

ductivity near the saturated end of the function and reduce it at greater 

values of suction head. 
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2.3 PLANTS 

The current plans for the protective barrier are to seed it with a 

perennial grass. Because no transpiration data exist for perennial grasses at 
the Hanford site, we used existing data for the annual cheatgrass. One docu­

mented difference between the two species is that the perennial grasses root 
deeper than the cheatgrass, on average about 148 versus 70 cm, respectively 

(Foxx et al. 1984). This difference wil 1 have an effect on the simulated 
hydrology of the barrier in that the potential for drainage is greater under a 
cheatgrass community. 

Justification exists for simulating cheatgrass. Because fire may destroy 
the plant community that is established on the barrier, the long-term community 
might change. Cheatgrass, a quick colonizer, may outperform the perennial 

grasses and shrubs following a fire and become the dominant plant community. 

The cheatgrass water-use data reported by Hinds (1975) were used by 

Simmons and Gee (1981) to model cheatgrass transpiration on mill tailings 
piles. We have used the transpiration algorithm detailed by Simmons and Gee 
(1981) but have expanded the time over which it operates. For this report, we 
allowed the plants to become active on October 1 and cease transpiration on May 

31, for a total of 243 days of transpiration (as opposed to the 150 days in 
Simmons and Gee 1981). The resulting ratio between actual transpiration and 
potential evapotranspiration is shown in Figure 2.7. For the wet rain year, we 
realized that plant biomass production would probably increase. Therefore, we 

assumed that transpiration in the wet year would increase by a factor of two. 

Year-end cheatgrass root distribution data are available from·c1ine et al. 
(1977). A function describing that root data (Fayer and Gee 1985) was used in 
this report to characterize root distributions throughout the growing season. 
Maximum rooting depth versus time data that can be referenced are not 
available. Therefore, we have used the relationship reported in Simmons and 
Gee (1981), in which roots reach a maximum rooting depth of 80 cm on growth day 
70 (Table 2.1). For the wet year, we assumed that the roots would grow deeper 

into the profile. For this report, the roots were allowed to reach a maximum 
rooting depth of 150 cm (the soil-gravel interface) on growth day 140. 
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TABLE 2.1. Maximum Rooting ~pth DJring the Growing 

Soil Depth Days After Planting 
(cm) Dry Year Wet Year 

o.o 5 5 
2.5 6 6 
5.0 7 7 
7.5 8 8 

1 o.o 10 10 
15.0 11 11 
20.0 15 15 
25. 0 16 16 
30.0 20 20 
35. 0 25 25 
40.0 35 35 
50.0 40 40 
60.0 50 50 
70. 0 60 60 
80.0 70 70 

100.0 90 
150.0 140 
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2.4 INITIAL CONDITIONS 

Before the barrier can be simulated, we must specify the initial condi­

tions of the barrier (i.e., the suction head value of each node). Through the 
moisture characteristic, the initial amount of water in the profile is estab­

lished. The importance of the chosen initial conditions depends on the prob­
lem. If a period of time is to be simulated and the results compared with 

measured data, then the initial conditions are important and should reflect the 
actual initial measured values. For this report, however, we were interested 

only in the final equilibrium state. The amount of time it took to reach that 
state was not considered. Therefore, any reasonable initial condition would 

do. For the one-dimensional simulations, we specified that the initial suction 
head values throughout the profile would be 200 cm. 

2.5 BOUNDARY CONDITIONS 

The two boundaries to be described are the soil surface and the bottom of 
the protective barrier gravel layer. For the bottom boundary, we assumed a 

unit hydraulic gradient in the gravel. The soil surface, however, is much more 
complex because it includes the processes of precipitation and evaporation. 

The distribution of precipitation through the year is an important factor 
affecting barrier performance (l?ee and Simmons 1979). To simulate the long­
term performance of a barrier at the Hanford site and preserve the historical 
precipitation pattern (Stone et al, 1983), we constructed an 'average rain 
year'. This year has the average yearly precipitation total for the Hanford 

site (6.3 in) and the average yearly distribution (see Table 2.2). We took the 
average monthly precipitation for a particular month and found an earlier year 
in which that month's precipitation was similar; i.e., the average amount of 

precipitation for the month of January is 0.92 in. (snow is treated as an 
equivalent rainfall). We found that January 1968 had 0.88 in. recorded. 
Therefore, January 1968 became our representative January in our 'average rain 
year'. For simulations of the wet rain year (30.1 cm), we multiplied our 
'average rain year' amounts by 1.883. Other pertinent weather data, such as 

solar radiation, air temperature, and humidity are taken from the chosen 
representative months. 
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TABLE 2.2. 'Average Rain Year' Constructed from the Hanford Weather 
Records 

Monthly and Annual Precipitation 
Average Average 

1912 to 1980 Rai n Year 
Month i n. cm i n. cm Year 

Ja nuary o. 92 2. 34 0.88 2.24 1968 
February 0.60 1.52 0.60 1.52 1981 

March 0.37 0. 94 0.41 1.04 1977 

Apri 1 0.39 0.99 0.41 1.04 1976 
May 0.48 1. 22 o. 51 1.30 1969 

June 0.54 1.37 0.43 1.09 1981 
July 0.15 0.38 0.19 0.48 1981 
August 0.24 0.61 0.20 0 .51 1982 
September 0.31 0.79 0.25 0.64 1968 
Ci:tobe r 0.56 1.42 0 .52 1.32 1983 

November 0.85 2.16 o. 91 2.31 1982 
ll=cember 0.89 2.26 0.99 2 .51 1979 
Total 6.30 16.00 6.30 16. 00 

When precipitation ; s not occurri n g, water can evaporate from the soil 
surface and, if plants are present, be transpired to the atmosphere from within 
the soil profile. Daily values of potential evapotranspiration, calculated 
using the Penman Equation according to Doorenbos and Pruitt (1977), are input 

to the code. When there are no plants, the profile is allowed to evaporate the 
potential amount until the surface dries out to some maximum suction head. At 
that point, the surface head is held constant and the evaporation rate equals 
what the soil can supply from below (Nimah and Hanks 1973). For all simula­
tions, this maximum suction head was 105 cm. 

When plants are present, the potential evapotranspiration is partitioned 

into evaporation and transpiration using the algorithm described in Sec-
tion 2.3. If the soil is sufficiently dry, transpiration is reduced using a 

sink function of the type described by Feddes et al. (1978). Lacking suffi­
cient data for cheatgrass, we assumed that water withdrawal from a given node 

will do one of the following: cease when the suction head is greater than 
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1.5 x 104 cm, be reduced below the potential rate when the head is between 
1.5 x 104 and 1.0 x 104 cm, equal the potential rate when the head is between 
1.0 x 104 and 5 cm, or equal zero when the suction head is <5 cm because condi­
tions are assumed to be anaerobie • 
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3.0 RESULTS OF ONE-DIMENSIONAL SIMULATIONS 

The goal of the one-dimensional simulations was to find the final 

equilibrium drainage rates. When a specific barrier configuration resulted in 

an increase in overall storage from year to year, final equilibrium was defined 
as when overall storage remained constant from year to year and infiltration 
equalled drainage out the bottom of the barrier. When plants were on the 

barrier, however, the simulations were stopped before they reached an equilib­
rium state, because storage was decreasing and no drainage was occurring. 

Drainage results for the one-dimensional simulations are presented in Table 3.1 
(see Appendix B for a complete list of results). The mass balance errors are 
all <0.1 cm. 

The Composite soil simulations, most of the Composite/gravel mix simu­
lations, and the Ritzville and Coarse simulations in the wet year with plants 
present, indicated the potential for runoff. Runoff occurs when the rainfall 

rate exceeds the infiltration capacity of the soil, sometimes called the soil 
infiltrability (Hillel 1980). Soil infiltrability is largely a function of the 
rainfall rate, the initial soil moisture content, the saturated hydraulic 
conductivity, and the presence of impeding layers. It is initially high, but 

over time infiltrability decreases toward a final steady-state value approxi­
mately equal to the saturated conductivity. Runoff should not occur unless the 
rainfall rate at least exceeds the saturated conductivity. 

The maximum rainfall rate in the dry year was 7.1 x 10-5 cm/s; in the wet 
year, it was 1.3 x 10-4 cm/s. For the Composite soi 1, the rainfal 1 rate 
exceeded the saturated conductivity (3.0 x 10-5 cm/s) during 8 events in the 

dry year and 33 events in the wet year. Therefore, runoff could occur from the 
Composite soil. For the Coarse soil, however, the rainfall rate never exceeds 
the soil 's saturated conductivity of 1.5 x 10-4 cm/s, yet there was a runoff 
potential of 0.2 cm in the wet year. This result indicates a deficiency in the 

ability of UNSAT-H to simulate runoff. Because runoff from certain barrier 
designs is a distinct possibility, UNSAT-H should be reviewed and changed to 
more accurately simulate the runoff process. 
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TABLE 3.1. One-Dimensional Simulation Drainage Results. (Annual 
Drainage <0.1 cm is reported as zero) 

Annual Drainage (cm) 
Barri er Dry Year (16.0 cm/year) Wet Year ( 30.1 cm/year) 
Materi a l Pl ant s No Plants P1ants No Pl ant s 

Ritzville o.o o.o o.o o.o 
Ritzvi 11 e/ o.o 0.0 0.0 1.7 
Gravel 

Composite o.o 0.4 0.0 3.7 

Composite/ 0.0 1.7 o.o 7 .8 
Grave l 

Coa rse o.o 0.0 o.o 3.1 

Compos it e/ 
Gravel 7.5 cm 7.7 

Composite/ 
Gravel 15 cm 7.7 

3.1 SOi L TYPE 

For all soil types, drainage was zero (defined as <0.1 cm/yr), provided 

plants were present on the barrier. A discussion follows for simulations with 
no plants. 

Drainage differences among soil types were dramatic with no plants. The 

finest soil, the Ritzville, had no drainage in either the dry or wet year. It 

was able to transmit water readily from the lower layers to the evaporating 

surface. The Composite soi l, on the other hand, drained in both the dry and 
wet years, 0.4 and 3.7 cm, respectively. Because its unsaturated conductivity 

was lower than that of the Ritzville, it was much less successful in conducting 

water from the lower layers to the surface. This allowed some water to drain 
into the gravel underlayer. 

The Coarse soil, which we expected would drain the mast water because of 

its low water retention capacity, actually drained less than the Composite 

(O and 3.1 cm for the dry and wet years, respectively). In Appendix A, mois­

ture retention data for the Composite and Coarse soils show that the Coarse 
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sample holds less water in the suction head range of 300 to 1.53 x 104 cm. 
f-1:llding less water would be indicative of a coarse soil. In our simulations, 

however, suction head values in the lower 50 cm of the soil layer varied from O 
to 100 cm throughout the year. lhere were no measured data i n that range of 
suction. The curves in Figure 2.3 were drawn freehand between O and 100 cm of 

suction head. Asa result, the Coarse soil held more water than the Composite 
in this range of suction head values. Therefore, the coarse soil's calculated 
unsaturated conductivity values were higher than those of the Composite. 
Higher unsaturated conductivities mean that the soil is better able to draw 

water from the deeper layers to the surface. Asa result, the simulations 
indicated that the Coarse soil performs better that the Composite. This result 

shows that a need exists for a more accurate description of the moisture 

characteristic in the 0- to 100-cm range of suction head. It also indicates 
that the unsaturated conductivity function for the barrier soil is critical to 
the performance of the barrier in preventing drainage. Because of its 

importance, future work should include actual measurements of unsaturated 
conductivity. These measurements are currently being planned. 

3.2 GRAVEL MIX ADDITION 

The addition of gravel to the top 30 cm of soil to prevent erosion had a 
pronounced effect on the hydrology of the barrier. For the Ritzville soil, the 
soil/gravel mix caused 1.7 cm of drainage compared to no drainage without it. 
For the Composite, the addition of the soil/gravel mix tripled drainage in the 
dry year, from 0.4 to 1.7 cm, and doubled itin the wet year from 3.7 to 7.8 

cm. Although the addition of gravel lowers the storage capacity of both soils, 
the main reason for its effect on drainage is that the gravel decreases the 
unsaturated hydraulic conductivity below that of the pure soil. For the 
Ritzville, the decrease occurs for suction head values above 1.2 cm; for the 

Composite, the decrease occurs for suction head values above 45 cm. Because of 
the lowered conductivity, the movement of water from the moist deeper layers to 
the evaporating surface is retarded. At and near the soil surface, head values 

often exceed 103 cm. At this head value, the conductivity of the Ritzville 
soi l with and without gravel i s 8.0 x 10-7 and 6.0 x 10-6 cm/hr, respectively, 
while the Composite is 4.0 x 10-8 and 1.0 x 10-7 cm/hr, respectively. Because 
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the evaporation rate is largely dependent on the conductance of water from 

below (until vapor flow dominates), the gravel addition will serve to retard 
evaporation, thus allowing more water to be stored within the profile and 
available for drainage. 

3.3 GRAVEL MIX THICKNESS 

In the previous section, we discussed the effects on drainage of incor­
porating gravel into the upper 30 cm of soil. We can compare the results of 

four simulations in which the soil/gravel mix layer was 0, 7.5, 15, and 30 cm 

thick. Only the wet year without plants was simulated. The simulated drainage 
amounts per year were 3.7, 7.7, 7.7, and 7.8 cm for the respective thicknesses 
mentioned above. Overall, increasing the thickness of the gravel layer 

increased the amount of drainage. More importantly, however, was that mast of 

the increase in drainage occurred when going from the pure soil to a soil/ 
gravel mix layer thickness of 7.5 cm. Increasing the layer thickness further 
did not increase drainage proportionately. This finding indicates that the 

effect of the gravel on the soil surface and near-surface zone is mast respon­
sible for reducing evaporation and thus increasing drainage. Therefore, the 
decision to modify the surface with gravel is more important in determining the 
amount of drainage than is the thickness of the modified layer (at least for 
thicknesses of 7.5 to 30 cm). 

3.4 DRY VERSUS WET YEARS 

As expected, increasing the rainfall from 16.0 to 30.1 cm/yr increased the 
amount of drainage from some of the soils. Drainage from the Composite 

i ncreased from 0.4 to 3. 7 cm/yr. For the Coarse soil, drai nage went from zero 
to 3.1 cm/yr. For the Ritzville soil, however, there was no drainage, even 
during the wet year. Clearly, fine-textured soils will perform better (limit 
drainage) than coarse-textured soils under increased rainfall conditions. 

3.5 PLANTS VERSUS NO PLANTS 

Of the variables tested for this report, plants had the largest effect on 
drainage. When plants were present, all of the barrier configurations had 
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effectively no drainage during both the dry and wet years. These results are 

encouraging but tentative, because of the limited plant data (see Section 2.3). 

The plant root component of UNSAT-H is currently fixed; i.e., rooting 

depth versus time is the same every year regardless of whether the barrier 

becomes a swamp or dries out completely. Figure 3.1 is a plot of suction head 

values, initially and at the end of 2 and 5 years, for the Ritzville soil and 

the dry rain year. Note the extremely dry zone at the 30-cm depth at the end 

of 5 years. Once formed, that dry zone persisted year after year. Because 

rooting depths were fixed (see Table 2.1), plant transpiration removed water 

from below that dry zone. It is unlikely, however, that cheatgrass roots would 

readily penetrate such a dry layer. Until more data are available, we can only 

qualitatively predict that plants will decrease the amount of drainage. 

3.6 IMPERMEABLE LAYER 

For the case where the Composite soil had an 30-cm-thick soil/gravel mix 

layer on the surface and no plants, an impermeable layer placed between the 
soil and gravel layers resulted in the formation of a water table on top of the 

impermeable layer. After repeated simulations, the water table was 80 and 

124 cm on January 1 of the dry and wet years, respectively. The formation of a 

water table was expected because the barrier configuration used has already 

been shown to drain significant amounts of water. If that water is prevented 

from draining because of an impermeable layer, it will build up above the layer 

and forma water table. The accumulated water will remain there until it 

either evaporates, flows laterally to the barrier edge, or finds a defect in 

the impermeable layer through which it can flow downward. The presence of so 

much water, however, is likely to encourage plant growth, which could prevent 
the formation of a water table • 
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4.0 DESCRIPTION OF TWO-DIMENSIONAL SIMULATIONS 

Although the protective barrier could prove to be 100% effective at pre­

venting drainage, we recognize that the potential exists for water from the 
surrounding soil to move under the barrier and contact the waste form. Further 

complicating the problem is the possibility that runoff may occur from the 
barrier. This runoff would likely infiltrate at the barrier edge and could 
move under the barrier and contact the waste form. lhder these conditions, the 
potential for flowing water to reach the waste form depends, in part, on how 

far horizontally the waste is from the barrier edge. In this study, we simu­
lated·waste form locations of 10 and 20 m from the barrier edge. The goal of 

the study was to see what effect the waste location had on the potential for 
infiltrating water to contact the waste. 

4.1 BARRIER REPRESENTATION 

The dimensions of the barriers simulated here are 40 and 60 m wide with a 
20-m-wide waste form centered 10 m below the barrier. For the 60-m-wide bar­

rier, called Case 1, the modeled area is shown in Figure 4.1. Perpendicular to 
the plane of Figure 4.1, the barrier and waste form dimensions are assumed to 
be infinite. With homogeneous material and equal infiltration on both sides, 

flow beneath the protective barrier is a symmetric problem with the axis of 
symmetry beneath the center of the barrier. Therefore, only half the barrier 

needs to be modeled. The bottom boundary at elevation Om is the water table, 
the top boundary at elevation 76 mis the soil surface, and the length of the 

modeled area is 60 m {30 m of soil plus 30 m of the barrier). The modeled area 

for Case 2 is identical, except that the modeled portion of the barrier is only 

20 m long and the waste form is only 10 m from the barrier edge. A waste form 
located 65 m above the water table and 10 m from the right boundary is depicted 

in Figure 4.1. The waste form area is shown for reference only and does not 
indicate an alteration of the soil characteristics. 

The problem was modeled with the transient, finite element code UNSAT2 
(Neuman et al. 1974). The Composite soil, which is described in Section 2.2 
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FIGURE 4.1. Two-Dimensional Representation of the Protective Barrier 

and Appendix A, was used as the soil material, which was assumed to be 

homogeneous. The finite element grid is composecf of triangula_r_ eJ~rnents 
arranged in a symmetric pattern. 
The finite element grid for Case 

five cofumns of elements) on the 

The gri d for Case 1 i s shown i n Fi gure 4.2. 
2 is identical except that 10 m (simulated by 

right of the grid were removed. The grids are 
composed of triangular elements arranged in a symmetric pattern. 

4.2 INITIAL AND BOUNDARY CONDITIONS 

The initial conditions for both cases are such that the entire profile is 
in dynamic equilibrium with a steady net infiltration rate of 5 cm/yr; i.e., we 
assumed that no barrier existed and the recharge rate was spread evenly 

throughout the year. The left boundary (see Figure 4.1) is 30 m from the 
barrier. We assumed that the barrier would not affect flow at that distance 
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and that flow would remain essentially vertical. Thus, we assumed the left 

boundary to be a no-flow boundary. The right boundary, the axis of symmetry, 
is also a no-flow boundary. We held the bottom boundary constant asa water 
table condition. 

At time zero, infiltration through portions of the upper boundary is 

changed to that indicated in Figure 4.1; i.e., infiltration through the barder 
is zero, and infiltration through the 2-m area immediately to the left of the 

barrier increases to 15 cm/yr to reflect runoff from the barrier. 
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5.0 RESULTS OF TWO-DIMENSIONAL SIMULATIONS 

Figures 5.1 and 5.2 show the contours of total head and volumetric 

moisture content, respectively, for Case 1 after 500 years. Figures 5.3 and 

5.4 show similar contours for Case 2. In both cases, after 500 years, the 
total head profiles adjacent to the left boundary are identical to the initial 
conditions. This confirms our assumption of a no-flow left boundary located 30 
m from the barrier edge. 

In Case 1 (see Figure 5.1), the total head profile along the entire right 
boundary is horizontal. N:ar the waste form, in particular, the horizontal 

profile extends inward about 16 m. This profile indicates that flow near the 

right boundary is vertical and that moisture from the infiltration boundary has 
not penetrated the region of the waste form after 500 years. 
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FIGURE 5.1. Total Head Profil e at the End of 500 Years when the Waste Form 
is Located 20 m from the Barrier Edge (Case 1) 
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In Case 2 (Figure 5.3), however, the total head profile along the right 
boundary is horizontal only in the upper portion. In the region of the waste 
form, the horizontal profile extends inward only about 3 m. This profile 

indicates that moisture from the infiltration boundary is moving toward the 
waste form. 

To illustrate the difference in total head profile more clearly, a third 
simulation called Case O was done. The initial conditions were the same 
(steady infiltration of 5 cm/yr), but in this case, after time zero, the 
infiltration rate was set to zero along the whole upper boundary (i.e., the 
barrier extent is infinite). In actuality, only a 6-m width of the area in 

Figure 4.1 was modeled. Because infiltration was zero across the entire 
surface, however, flow is one-dimensional and the results can be extrapolated 
to any width. 
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The results in Figure 5.5 are for the region in each case that contains 

the waste form. They show that for Case O, the total potential contours are 

horizontal after 500 years. For Case 1, in which the waste is 20 m from the 
barrier edge, the total head contours are identical to those of Case 0, the 
barrier of infinite extent. This finding indicates that flow in the waste 
region is still one-dimensional in the vertical direction. Therefore, water 

infiltrating at the barrier edge is not reaching the waste. For Case 2, 
however, the total head profiles are quite clearly different. These profiles 
indicate that there is flow from the barrier edge toward the waste form. Thus, 
the horizontal distance from the barrier edge has an effect on the long-term 

exposure of the waste form to flowing water. 
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This analysis does not indicate how much water might reach the waste form 
or what the travel time between the waste form and the water table might be. 

The soil used in this exercise, the Composite, is finer in texture than most 
soils at the Hanford site. If, indeed, the soil surrounding the waste is 
coarser in texture than the Composite, then the results reported here should be 
viewed as conservative; that is, in a coarser soil, water infiltrating at the 

barrier edge would be less likely to move a significant distance under the 
barrier and contact the waste form. Additional cases that should be tested 
include simulations of long-term (1000 years) drainage using 1) coarser soi l 
materials and 2) layered coarse and fine soils to simulate the effects of 
geologic layering of the surrounding soil on the lateral transport of water. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The simulation results presented in this report apply strictly to the 

conditions modeled. Extrapolation of these results to other situations is not 
suggested unless the reader has a clear understanding of the modeling process 

and the assumptions made in that process. However a number of conclusions can 
be drawn concerning barrier design to prevent drainage. 

1. Soil Type: with plants present on the barrier, all three soils 
prevent drainage through the barrier. Without plants, only the 

Ritzville soil is able to recycle the precipitation sufficiently to 
prevent drainage. Although the Composite is a mix of samples that 

include the Coarse soil, drainage through the Composite was greater 
than through the Coarse soil. The differences in drainage are attri­

buted to differences in the water retention characteristics and the 
estimated hydraulic conductivity functions. Even though the dif­

ference in hydraulic properties between the two soils is relatively 
small, it is sufficient for the Coarse soil to perform better (no 
drainage versus 0.4 cm in the dry year and 3.1 versus 3.7 cm in the 
wet year, respectively). This finding would suggest that hydraulic 
property characterization is critical to barrier performance and its 
correct simulation. 

2. Soil/Gravel Mix Layer on the Surface: from a hydrologic standpoint, 

mixing gravel into the surface of the soil layer reduces the storage 
capacity of the soil and limits the overall ability of the near­
surface soil to transmit water to the evaporating surface. In the 
absence of a plant cover, reduced evaporation results in increased 
storage, thus rendering the barrier less effective at preventing 
drainage. 

3. Thickness of the Surface Soil/Gravel Layer: changing the thickness 

from 30 to 15 to 7.5 cm did little to decrease the drainage rate 
below 7.8 cm/yr. This finding indicates that the properties of the 

top 7.5 cm (ar less) of soil determine the evaporation rate. 
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Therefore, the thickness of the surface soil-gravel layer is notas 
important as the fact that the surface has been modified. 

4. Climate Change: with plants on the barrier, increased rainfall did 

not lead to drainage. Plant transpiration more than doubled in the 
wet year and thus offset the increased precipitation. The model was 

designed in this way and may not represent the actual plant response. 
Without plants on the barrier, increased rainfall leads to greater 
drainage through the barrier. If precipitation is increased 
sufficiently, any multilayer barrier will eventually fail. 

5. Plant Change: loss of plant growth is critical. Drainage through 
the barrier only occurred when there were no plants on the barrier. 

Qie shortcoming of our plant simulations is that plant growth through 
the season is fixed. Thus, no opportunity exists for plants to 

respond to changing barrier conditions; i.e., when the barrier dried 
out, plant roots were stil] active throughout the profile wherever 

there was water. Whether the root growth rate of cheatgrass would be 
the same through desiccated layers as through wetter soil layers is 
questionable. 

In cases where there were no plants, the barrier soil must be 
quite wet before significant drainage can occur. Therefore, for 

long-term (1000 years) modeling of barrier performance, plants should 
be considered to be an integral part of the barrier. 

6. Distance from the Barrier Edge to the Waste Form: for the barrier 

design considered, moving the waste horizontally from 10 to 20 m from 
the barrier edge placed it outside the major zone of water flow from 
the surface area surrounding the barrier to the water table. 

Based on the simulation results and the above-mentioned conclusions, we 
can make several recommendations for future work. 

1. Material Property Characterization: as seen in the simulations of 

the Composite and Coarse soils, slight differences in the soil 
properties can make a significant difference in the drainage rate 

through the barrier. When characterizing soil for the barrier, more 
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detailed measurements of the moisture characteristic in the 0- to 

100-cm range of suction head should be made. Particle-size analysis, 
although helpful in assessing the potential water storage capacity of 

a soil, will not be the ultimate test for determining which topsoil 
materials have suitable hydraulic properties. Measurements of water 

retention characteristics and in situ hydraulic conductivity func­
tions will likely be the only way to ensure that suitable material 

has been selected for the barrier system. 

Although more-detailed measurement of the moisture characteris­

tic will improve the estimation of the conductivity function, an 
effort should be made to actually measure the conductivity function. 
Such measurements would increase the dependability of the simulation 
results. 

The rock properties used in this report were estimates. Any 

measurements of rock properties would put the simulation work on a 
firmer basis. 

addressed in this report, fingering (the 
phenomenon of unstable water flow when flow is from a fine-textured 
material down into a coarser material} may be a significant problem 

that the UNSAT-H model does not recognize. lhrough experimentation 
and simulation, the existence of fingering and its importance should 

be doc umente d. ;s,rļltt~ļl{!l>::Jili!llr/dttUč.s2w!iei1,,f3'QW•Ī.S. near.ly satu rated,. 
··Yh.Y·;;).;;:/,,;p/;,)i<'/'c',,,}>'o: ;C'c·/:f 0/;• ·.:> ·;·>'\-,)'•,;•,',;,',:;' "" ', • ;. ,,,-•. ,- ,: '-•'-.;••;,•:, ·,-:>/;-,;,;:',,><,, ;>,-,,_' _;>; ,·-_. '/,:;·-.;// •• ::.·:::) .(i)-.<i,):>J!ff: 

'.~ijll't~lli.l'l;i.Jl.}lķ.eJy hi!P:P:en .. qņ ly .wllenthe .barri er i s about to drai n~ 

3. Runoff: the simulation results indicate that runoff from a number of 
barrier designs is a distinct possibility. Because the UNSAT-H model 

does not adequately address runoff, however, we are uncertain as to 

:he actual.ru;:off po:ential. ,xl!le:Ģ~{9te.yaneffort .should be.rnad.e to 
\b,g;ļ~111e.l" :t,.lle r11n off a l.9orittun of UNŠA-f-H. 

4. Plants: plant growth responds to a changing environment and UNSAT-H 

should be upgraded to simulate this behavior. Experiments will be 
required that provide at least a rudimentary data base for estimating 

plant growth responses and for verifying the model. 
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5. Climate: the use of an average rain year in this report has limited 

value for long-term predictions. More effort should be expended in 
representing the future Hanford site climate with some type of 
stochastic model. 

6. Soil Surrounding the Waste Form: the in situ soil that will be 

surrounding the waste form under the barrier should be characterized 
hydrologically. The two-dimensional analysis performed for this 

report should be repeated using the in situ soil properties to see if 
the waste has to be located 20 m from the barrier edge. In addition, 

the total head profile in the vicinity of the waste form should be 
better defined, streamlines should be plotted, and travel times 
calculated. 
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APPENDIX A 

MATERIAL PROPERTIES 

A.l MATERIAL SELECTION 

Thirty-three samples were evaluated for particle size, water retention 

characteristics (at 102-, 306-, 1,020-, 3,060-, and 15,300 suction head), and 

water storage. From these data, the 'best' soil for the surface of the 

protective barrier was chosen for further study. The samples studied were as 

follows: 

1. GMP 1 

2. GMP 2 

3. GMP 3 

4. GMP 4 

5. GMP 5 

6. GMP 6 

7. 34-88, O to 10 ft 

8. 36-89, Oto 10 ft 

9. 36-89, 10 to 20 ft 

10. 37-88, o to 20 ft 

11. 37-89, O to 5 ft 

12. 37-89, 5 to 10 ft 

13. 38-88, 0 to 5 ft 

14. 38-88, 5 to 10 ft 

15. 42-88, o to 10 ft 

16. 45-68, Oto 5 ft 

17. 47-60, Oto 5 ft 

18. 43-88, 0 to 10 ft 

19. 43-88, No. 1 

20. 43-88, No. 2 

21. 43-88, No. 3 

22. 43-88, No. 4 

23. 43-88, No. 5 

24. 43-88, No. 6 

25. 43-88, No. 7 

26. 43-88, No. 8 

2 7. Co l d Cree k Va 11 ey 

28. Fly Ash 

29. Composite w/ gravel 

30. Composite w/o gravel 

31. Ritzville w/ gravel 

32. Ritzville w/o gravel 

33. Coarse (43-88 No.6, bul k 

density = 1.6 g/cm3) 

GMP refers to the Gabl e Mountai n Pond. The numbers, such as 34-88, refer 

to wells that are adjacent to the sampling point. The sampling locations are 

on the Hanford site as shown in Figure A.l. When preliminary analyses indi­

cated that soil near well 43-88 might be suitable for the barrier, eight 

A .1 



. 

• 

• 4 

i 

e43-88 
e 42-88 
37-89 

i 36-89 
•ļ• 38-88 
fi •37-88 
e 34-88 

Rt. 11 A 

200-W 
Area 

47-60 e 
e45-68 

Rt. 3 200-E 
Area 

ļ 
-N-

1 

Gable Mt 

eGMP 

0 2 

Kilometers 

FIGURE A.1. Map of the 200-Area Sampling Sites (GMP refers to Gable 
Mountain Pond. Numbers such as 43-88 refer to wells that 
are adjacent to the sampling point.) 

additional samples were taken in that vicinity to gauge the quantity of soil 

available. The additional samples are listed as 43-88, l'bs. 1 through 8. 

If the soil near well 43-88 is approved as barrier material, then the 
variability in samples 1 through 8 might become important. We created a single 
soil (the Composite) by mixing the separate soils into one. The Composite was 

used in the model simulations described in this report. A separate material 
was also created in which gravel (15 wt%) was mixed with the Composite. Such 

a material may be used on the surface of the soil layer to protect against 

erosion. 

The second soil used in the simulations was the Ritzville silt loam, which 
i s found on the Ari d Lands Ecol ogy Reserve of the Hanford site (near Rattl e­
snake Mountain to the west). This material provides a fine-textured soil 
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against which we can contrast the Composite soil. Just as we did for the 
Composite, we created a separate material by mixing gravel (15 wt%) with the 
Ritzville. 

The final soil used in the simulations was sample No. 6 from the vicinity 
of well 43-88. When packed to a bulk density of 1.6 g/cm3, this sample, which 

we have called Coarse, retained the least amount of water compared with the 
other samples from well 43-88. 

A.2 MATERIAL CHARACTERIZATION 

A.2.1 Water Retention 

Equilibrium water contents (8) were obtained by packing samples in 

containing rings on a porous ceramie plate where they were saturated and 
pressure-drained.(a) Water contents were measured at pressure heads of 102, 

306, 1,020, 3,060, and 15,300 cm of water using a pressure plate extractor. 

Both the samples and porous plate were brought to saturation by allowing 

an excess of water to stand on the surface of the plate for 24 h. On complete 
saturation, the plate was placed in the extractor vessel and the interna] air 
pressure raised to the desired test level. Equilibrium was reached when drain­
age ceased. At the end of the run, the samples were weighed and oven-dried to 

determine the moisture contents. Water-content data are tabulated in Table A.l 
in terms of the associated suction head expressed in centimeters of water. At 
equilibrium, the applied pressure is equal to the suction head (Richards 1965). 

A.2.2 Saturated Hydraulic Conductivity 

The saturated hydraulic conductivity of nine materials (Table A.2) was 
determined using a constant head method (Klute 1965). Each sample was placed 
in a container (5.4 cm dia, 3 cm high) and enclosed with lids having an inflow 

valve at one end and an outflow valve at the other end. The inflow valve was 
connected to a constant head device; the outflow valve was connected to a 

collection vessel. ~eh sample was saturated before starting the test. After 

(a) Product of Soilmoisture Equipment Corporation, Santa Barbara, CA 93105. 
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TABLE A.1. Water Retention Data for Hanford Soil Samples 

_____ Water Content (m3m- 3l 
Dens i 1Y Suction Head (cm H0o Wate r Storage 

Sample (~/cm) 102 306 1,020 3, 60 15,300 (cm) 

GMP 1 1.6 0.320 0.170 0.070 0.060 0.04 7 39.0 
GMP 2 1.6 0.200 0.090 0.060 0.050 0.038 22. 5 
GMP 3 1.6 0.160 0.080 0.050 0.040 0.037 18.0 
GMP 4 1.6 o. 230 0.100 0.060 0.050 0.041 27.0 
GMP 5 1.6 0.250 0.160 0.080 0.070 0.058 27 .o 
GMP 6 1.6 0.310 0.200 0.090 0.080 0.062 34.5 
34-88, O to 10 ft 1.6 0.250 0.180 0.100 0.080 0.062 25.5 
36-89, Oto 10 ft 1.6 0.350 0.300 0.200 0.150 O.ll(a) 30.0 
36-89, 10 to 20 ft 1.6 0.100 0.100 0.050 0.040 n.d. 9.0 
37-88, o to 20 ft 1.6 0.110 0.080 0.060 0.050 n.d. 9.0 
37-89, O to 5 ft 1.6 0.330 0.250 0.240 0.150 0.150 27 .o 
37-89, 5 to 10 ft 1.6 0.100 0.070 0.060 0.050 n.d. 7.5 
38-88, 0 to 5 ft 1.6 0.160 0.110 0.100 0.080 0.070 12.0 ,, 38-88, 5 to 10 ft 1.6 0.090 0.070 0.050 0.050 n.d. 6.0 . 
42-88, O to 10 ft 1.6 0.170 0.110 0.090 0.080 0.070 13.5 ... 
45-68, Oto 5 ft 1.6 0.240 0.120 0.090 0.070 0.067 25. 5 
47-60, 0 to 5 ft 1.6 0.280 0.120 0.080 0.070 0.064 31.5 
43-88, Oto 10 ft 1.6 0.280 0.190 0.130 0.120 0.111 24.0 
43-88, No. 1 1.4 0.270 0.120 0.090 0.080 0.077 28.5 
43-88, No, 2 1.4 0.350 0.150 0.100 0.080 0.078 40.5 
43-88, No. 3 1.4 0.380 0.160 0.110 0.080 0.088 4 5.0 
43-88, No. 4 1.4 o. 330 0.160 9.100 0.080 0.087 37 .5 
43-88, No. 5 1.4 0.320 0.150 0.110 0.080 0.091 36.0 
43-88, No, 6 1.4 0.260 0.090 0.080 0.060 0.068 30.0 
43-88, No. 7 1.4 0.340 0.160 0.130 0.090 0.108 3 7 .5 
43-88, No. 8 1.4 0.390 0.150 0.110 0.080 0.096 46.5 
Co l d Creek 1.4 0.500 0.270 0.200 0.120 0.147 5 7 .o 
Fly Ash 0.7 0.670 0.280 0.210 0.110 n.d. 84.0 
Composite w/gravel 1.6 0.181 0.135 0.091 0.063 0.056 1 7. 7 
Composite w/o gravel 1.6 0.277 0. 213 0.131 0.093 0.081 27 .6 
Rit zvil l e w/ grave l 1.4 0.319 0.241 0.147 0.109 0.081 31.5 
Ritzville w/o gravel 1.4 0.347 0.245 0.172 0.132 0.112 35.3 
Coarse {43-88, No. 6) 1.6 0.277 0.133 0.090 0.080 0.080 29.6 

(a) n.d. = not determined 
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TABLE A.2. Hydraulic Conductivity for Hanford Soil Samples 

Samel e Conduct i vi ty ( cm/ s) 
GMP 1 (Oto5ft) 2.40 X 10-4 

36-89 (0 to 10 ft) 4.98 X 10- 5 

37-89 (0 to 5 ft) 2.52 X 10- 5 

43-88 (0 to 10 ft) 1.32 X 10-4 

Composite 2.50 X 10- 5 

Composite w/ gravel 1.24 X 10-4 

Rit zvil l e 6.52 X 10- 5 

Ritzville w/gravel 8.53 X 10-5 

Coarse (43-88 #6) 1.48 X 10- 4 

recording the initial time, water was allowed to flow through the sample for a 
predesignated amount of time and the amount of discharge recorded. The 
hydraulic conductivity was determined using the following equation: 

where K = 
L = 

6H = 
Q = 

- L Q 
K - 6H At 

hydraulic conductivity, cm/s 
length of the sample, cm 
hydraulic head difference, cm 
volume of water that passes through 

A = cross-sectional area of the sample, 
t = t ime, s 

A • 2. 3 Parti c l e Si z e 

( A .1) 

the sample i n known time 't' 
cm2 

Particle size (Table A.3) was determined on two separate bases. Dry sieve 
analysi s was done using sieve sizes of 2.0 mm and 63 µm (No. 10 and 230 mesh 
Tyler numbers). Size distribution was done in accordance with ASTM procedure 

D 422 (ASTM 1985). For all samples, the sand, silt, and clay distribution was 
determined using only the <2 mm-sized particles from each large sample. The 
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TABLE A.3. Particle Size for Hanford Soil Samples 

% Passing % Passing USDA Textural 
Sam~le No. 10 sieve No. 230 si eve % Sand % Si 1 t % Cl ax.. Class 

GMP 1 79.3 26.5 58 31 11 Sandy Loam 
GMP 2 99.8 24.8 75 17 8 Sandy Loam 
GMP 3 99.7 16.9 83 9 8 Loamy Sand 
GMP 4 100.0 25.1 75 16 9 Sandy Loam 
GMP 5 98.8 25.3 73 17 10 Sandy Loam 
GMP 6 98.3 28.8 65 24 11 Sandy Loam 
34-88, 0 to 10 ft 97.9 16.5 80 16 4 Loamy Sand 
36-89, Oto 10 ft 97.9 29 .9 60 30 10 Sandy Loam 
36-89, 10 to 20 ft 99.9 6.4 87 8 5 Loamy Sand 
37-88, 0 to 20 ft 99. 3 8.0 85 10 5 Loamy Sand 
37-89, 0 to 5 ft 99.1 25.5 61 27 12 Sandy Loam 
37-89, 5 to 10 ft 99.9 4.4 90 6 4 Sand 
38-88, 0 to 5 ft 99.3 7.9 92 4 4 Sand 
38-88, 5 to 10 ft 98.0 4.7 83 10 7 Loamy Sand 
42-88, Oto 10 ft 97.8 16.2 80 15 5 Loamy Sand 

:,, 45-68, Oto 5 ft 84.8 18.7 75 18 7 Sandy Loam 
m 47-60, Oto 5 ft 99.5 34.6 67 27 6 Sandy Loam 

43-88, Oto 10 ft 95.4 27 .5 66 26 8 Sandy Loam 
43-88, No. 1 98.2 40.7 68 26 6 Sandy Loam 
43-88, No. 2 99.4 43.1 60 33 7 Sandy Loam 
43-88, No. 3 98.3 48.2 57 36 7 Sandy Loam 
43-88, No. 4 99.6 38.4 58 35 7 Sandy Loam 
43-88, No. 5 94.5 35.8 64 28 8 Sandy Loam 
43-88, No. 6 98.8 32.8 67 25 8 Sandy Loam 
43-88, No. 7 95.2 28.9 61 28 11 Sandy Loam 
43-88, No. 8 98.7 48.2 4fi 44 10 Loam 
Col d Creek 92.1 60.5 19 69 12 Silt Loam 
Fly Ash 88.4 63.4 44 44 12 Loam 
Ritzville 17 69 14 Silt Loam 
Composite 56 33 11 Sandy Loam 
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samples were analyzed for a complete distribution curve, except for dispersion 

of the sample, by ASTM procedure D 422 (ASTM 1985). Sample dispersion was done 
using an ultrasonic homogenizer for more complete dispersion of the particles. 

A. 2.4 Wate r Storage 

Water storage in a 150-cm profile was estimated using the following 

equation: 

ws = (e0•1 - e3_0) x 150 cm 

where WS = water storage i n cm of water 

e0•1 = volumetric water content at 0.1 bar pressure 
e3•0 = volumetric water content at 3.0 bar pressure. 

A.3 GRAVEL MOISTURE CHARACTERISTIC. 

(A .2) 

During modeling, we treated the material making up the 3.6-m gravel layer 

asa gravel that is 0.6- to 1.3-cm dia with an average pore diameter of 1.0 cm 
{the actual material diameter will be 10 to 25 cm). Although this material more 

closely represents the material that will go between the soil layer and lower 
gravel layer, it should provide a good estimate of how the overall system 

works. 

Because we were unable to locate moisture characteristic data for such 

material, we estimated the data using the capillary pore model 

where h = suction head or capillary pressure, cm 
y = surface tension, 72.7 g/s2 

a = contact angle between liquid and solid, assumed to be zero 
g = gravity constant, 980 cm/s2 

Pl,Pg = density of liquid and gas, respectively, with Pl = 1 g/cm3 

and Pg:::: 0 
r = radius of pore, 1.0/2 = 0.5 cm 
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The porosity of 0.6- to 1.3-cm dia gravel was determined in the laboratory as 

0.419. Using the pore model and the porosity, we calculated a portion of the 
moisture characteristic data in Table A.4. 

Based on the pore model, the pore water in gravel would drain completely 
at a suction head value of 0.3 cm. Before that point is reached, however, the 
pore model loses its applicability as water retention becomes a function of 

surface area. Above a suction head of 0.27 cm, therefore, we have rel ied 
entirely on our experience to estimate moisture characteristic data as shown in 
Tabl e A .4. 

TABLE A.4. Gravel Moisture Characteristic Data 

Suction Moi sture 
Head Co~te~t Method of 
( cm) ( m m- ) Determination 
0.01 0.419 measured pore 
0 .019 0 .410 model estimate 
0.037 0.402 " 
0.074 0 .383 " 
0.148 0.343 " 
0 .165 0.333 " 
0.185 0.319 " 
0.212 0.298 " 
0.247 0.261 " 
0.270 0.226 " 
0, 21 0.190 empi rical estimate 
0.40 0.150 " 
0 .62 0 .110 " 
1.0 0.080 " 
2.0 0.050 " 
6.0 0 .030 " 

10.0 0.027 " 
100 0 .o 0.020 " 

A.8 
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APPENDIX B 

SIMULATION RESULTS 

TABLE B .1. Simulation Run Identification 

Soil/Gravel 
Annua l Surface Laye r 

Case Rainfall Th i ckness Impe rmeab l e 
Identi fier (cm) Pl ant s (cm) Layer 

COAR 16.0 yes 0.0 no 

COARNP 16 .0 no o.o no 

WCOAR 30.1 yes 0.0 no 

WCOARNP 3 0 .1 no 0.0 no 

COMP 16.0 yes 0.0 no 

COMPNP 16 .0 no 0.0 no 

= WCOMP 30.1 yes 0.0 no 

WCOMPNP 3 0 .1 no 0.0 no 

RITZ 16.0 yes 0.0 no 

RITZNP 16 .0 no o.o no 

WRITZ 30.1 yes 0.0 no 

WRITZNP 30 .1 no 0.0 no 

- COMPGR 16.0 yes 30.0 no 
~ COMPGRNP 16 .o no 30 .0 no 

- WCOMPGR 30.1 yes 30.0 no 

C WCOMPGRNP 30.1 no 30.0 no 

R ITZGR 16.0 yes 30.0 no 

RITZGRNP 16 .o no 30 .0 no 

WRITZGR 30.1 yes 30.0 no 

WRITZGRNP 30.1 no 30.0 no 

WADMIX75 30.1 no 7.5 no 

WADMIX15 3 0 .1 no 15 .0 no 
:c= 

IMPERM 16.0 no 30.0 yes 

t WIMPERM 3 0 .1 no 30.0 yes 
, 
-

i 
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TABLE B.2. Final Simulation Year Results (INFIL is infiltration, EVAP is 

Evaporation, TRANSP is Transpiration, RUNOFF is Precipitation that 
did not infiltrate, and DRAIN is drainage. A positive flux at 
1.5 m indicates downward flow. All units are centimeters of water.) 

Fi na 1 Simulation Year Results 
Initial F1 na 1 Delta Flux at 

Case Storage Storage Storage INFI EVAP TRANSP RUNOFF DRAIN 1.5 M 

COAR 33.870 28.623 -2.085 15. 968 9. 783 8.306 0.0 0.0 0.0 

COARNP 33.870 4 5.27 5 o.o 15.968 15.963 0.0 0.0 0.0 0.0 

WCOAR 33.870 35. 453 +O. 081 29.961 16.412 13.409 0.177 o.o o.o 
WCOARNP 4 3.231 61.122 o.o 30.138 2 7 .081 0.0 0.0 3.059 3.059 

COMP 42.974 31.426 -0. 5 30 15.563 9.434 6.666 0.405 o.o o.o 
COMPNP 42.974 60.054 o.o 15 .654 15.233 0.0 0.314 0.421 0.422 

WCOMP 42. 9 74 26. 486 -8.017 25. 440 10.733 22. 771 4.698 0.0 -0.006 

WCOMPNP 42.974 6 4.030 - 0.001 26.145 22.573 o.o 3.993 3.683 3.681 

RITZ 49.196 29. 612 -0. 947 15. 968 9. 590 7.325 0.0 0.0 -0.003 

R ITZNP 49.196 39.751 -0.399 15.968 16 .369 0.0 0.0 0.0 - 0.001 

WRITZ 49.196 28. 6 78 -0.170 30.138 12.257 18.048 o.o o.o -0.022 

WRITZNP 49.196 52.567 -0.005 30.138 30.144 o.o o.o o.o o.o 
COMPGR 40. 328 31. 242 -0.686 15.932 9.480 7.139 0.036 0.0 0.0 

COMPGRNP 40.328 59 .369 +0.008 15.968 14.241 0.0 0.0 1.720 1.724 

WCOMPGR 40. 328 27. 5 29 -7.203 28. 7 71 11.274 24. 704 1.367 0.0 -0.006 

WCOMPGRNP 40.328 64.317 + 0.003 29.639 21.881 0.0 0.499 7 .796 7 .795 

RITZGR 48.194 31.158 -1.840 15. 968 9. 901 7. 908 o.o 0.0 -0.003 

RITZGRNP 48.194 50.148 +0.008 15.968 15.951 o.o 0.0 0.0 o.o 
WRITZGR 48.194 33.145 - 7. 5 78 29. 7 67 12. 484 24.872 0.371 0.0 -0.010 

WRITZGRNP 48.194 71.171 + 0.003 29.795 28.069 0.0 0.343 1.725 1.729 

WADMIX75 65. 297 66.322 +O.011 29. 681 22.054 0.0 0.457 7. 703 7.703 

WADMIX15 65.083 65.696 o.o 29.728 22.015 0.0 0.410 7 .729 7 .728 

IMPERM 45. 5 26 56.586 +O. 005 15. 968 15.963 o.o o.o 0.0 0.0 

WIMPERM 51.565 6 2.036 0.0 28.843 28.846 0.0 1.295 o.o o.o 

Note: The final water table thickness was 80.0 cm for Case IMPERM and 
~ 124 cm for Case WIMPERM. 

i 
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