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EXECUTIVE SUMMARY

A large body of research has been conducted in the last decade relating to design and

field hydrologic performance of covers designed with resistive barriers, capillary barriers, and

monolayer barriers. A signification portion of this research has consisted of large-scale field

demonstrations, some of which are still ongoing. This report provides a summary of these fielc:

demonstrations excluding demonstrations conducted in California. Fourteen different

demonstrations are described and reviewed. Eight of the demonstrations were conducted in arid

and semi-arid climates, and six were conducted in humid climates. These final cover

demonstrations include 23 resistive barriers, 41 capillary barriers, and 21 monolayer barriers.

This report also includes a synthesis of principles learned from the field demonstrations.

These principles can be summarized as follows:

• Compacted day barriers will fail if they are not protected against desiccation. In five of the
studies that employed compacted day barriers, the barriers cracked when they desiccated.
Afterwards, percolation rates increased substantially regardless of the type of barrier system.
These findings suggest that compacted day barriers used in final covers must be protected
against desiccation cracking. Otherwise, the cover will not perform as intended. The only
proven method of protection is to cover the day with a geomembrane and to cover the
geomembrane with at least 45 cm of soil. The upper soil layer provides a surcharge that holds
the geomembrane in firm contact with the compacted clay.

• Capillary barriers transmit less percolation when the surface layer has lower saturated hydraulic
conductivity. However, compromise must be made between tow saturated hydraulic
conductivity and resistance to desiccation cracking. This compromise is best made using sitty
sands and sandy silts, which are resistant to desiccation cracking and have reasonably low
saturated hydraulic conductivity (- 10'5 cm/sec).

• Rigorous principles must be applied when selecting layer thicknesses for capillary barriers and
monolayer barriers. Otherwise, alternative covers are likely to transmit excessive percolation.
In most cases a water balance model developed especially for arid and semi-arid climates must
be used.



Capillary barriers and monolayer barriers must have adequate capacity to store water that
infiltrates during show melt events or during extended periods when evapotranspiration is low
and precipitation is frequent. In many regions, these critical periods occur during the winter
months.

In many situations, an alternative cover must be shown to be equivalent to a prescriptive cover
in terms of percolation rate. This comparison can be readily made using rigorous water balance
models for sites with prescriptive earthen covers. However, such comparisons are difficult to
make when the prescriptive design is a geosynthetic or composite cover, because rigorous
methods to simulate flow through these types of covers have not yet been developed. In the
absence of rigorous models, the best available field data suggest that the percolation rate from
a composite cover is approximately 0.05 cm/yr.
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SECTION ONE

INTRODUCTION

Covers are placed over closed landfills and contaminated soils to

minimize percolation into the underlying waste or soil with the objective of

preventing generation of leachate. Most covers currently constructed in the

United States employ a resistive barrier type design (Fig. 1). In this design, a

barrier layer having low saturated hydraulic conductivity is used to provide the

primary resistance to downward flow. The barrier layer may consist of

compacted fine-grained soil, a geomembrane, a geosynthetic clay liner (GCL),

or a combination of these materials. A resistive barrier containing only a soil

barrier layer is referred to as an earthen resistive barrier. Similarly, a resistive

barrier constructed only with a geosynthetic barrier layer (e.g., a geomembrane)

is referred to as a geosynthetic resistive barrier, and a resistive barrier with a

composite (geomembrane over soil) barrier layer is a composite resistive

barrier.

The resistive barrier design may also include a drainage layer above and

a gas collection layer below the barrier layer. A vegetated surface layer is also

usually included, but in some instances this layer may be replaced by rip rap or

gravel for erosion protection. A biota barrier may also be included to prevent

plants and burrowing animals from contacting the barrier layer (Benson and

Khire 1995, Daniel 1994).

The resistive barrier design is often the prescriptive design in the United

States. That is, the resistive barrier design is often prescribed by regulation.

1
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Fig. 1. Schematic of a Cover Employing the Resistive Barrier Design (from
Benson and Khire 1995).



Tradition is the primary reason why the resistive barrier design is generally

prescribed and frequently used. This tradition was initiated through a series of

technical guidance documents issued by the US Environmental Protection

Agency (EPA) (e.g., EPA 1983,1987, 1990). However, little field data exist that

show the resistive barrier design is superior or even equivalent to other

designs, particularly in semi-arid and arid climates. In addition, recent research

suggests that the hydraulic resistance of resistive barrier designs is not related

to the saturated hydraulic conductivity of the barrier layers. In fact, the

performance of earthen resistive barriers is primarily a function of unsaturated

hydraulic properties of the soil layers, layer thicknesses, and the characteristics

of preferential flow paths (Khire et al. 1996). In contrast, the performance of

geosynthetic and composite resistive barriers appears to be governed by

thermally driven vapor flows, which are not a function of saturated hydraulic

conductivity (Melchior et al. 1994).

The lack of technical support for the resistive barrier design and the high

cost of covers that include resistive barriers has led many investigators to study

alternative designs that may be equally effective and less costly. Two types of

covers are commonly being considered today: capillary barriers and monolayer

barriers. In some cases, both of these barriers are combined, and on occasion

they are also combined with a resistive barrier. In most cases, however, a

single type of barrier is used. These barriers may also include biota control

layers, drainage layers, and gas collection layers.



A capillary barrier can be constructed in various forms, ranging from a

simple design consisting of two layers of contrasting particle size to more

complex designs that include multiple layers of finer-grained and coarser-

grained soils (e.g., Stormont 1995a). In its basic form, however, a capillary

barrier consists of a finer-grained layer overlying a coarser-grained layer (Fig.

2a).

The contrast in unsaturated hydraulic properties between the finer- and

coarser-grained layers in a capillary barrier restricts movement of water across

the interface. Provided the water content remains below the crossing point (Fig.

2b)f the coarser soil will have lower unsaturated hydraulic conductivity and the

finer soil will have higher matric suction (Fig.;2c), both of which limit migration of

water across the interface (Meyer et al. 1996, Khire et al. 1997). As a result,

water is stored in the surface layer, or diverted laterally.

Downward flow occurs when the water content of the surface layer

approaches the crossing point. Thus, the key aspect of designing a capillary

barrier is to ensure that the surface layer is thick enough to store infiltrating

water without reaching the crossing point, yet thin enough so that all of the

stored water can be removed at a later time via evapotranspiration. As a result,

the necessary thickness of the surface is defined by the soil water storage

capacity of the surface layer (i.e., how much water can be stored before the

crossing point is reached) and the evapotranspiration potential provided by

ambient climate and vegetation.
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A monolayer barrier design employs a thick layer of soil that has

adequate soil water storage capacity to retain any water that infiltrates until it

can be removed by evapotranspiration (Fig. 3). Sometimes covers with a

monolayer barrier design are referred to as monolithic covers. Frequently

vegetation is employed to enhance the removal of water. However, vegetation

is not required in all climates, especially those where evaporation greatly

exceeds precipitation and precipitation during the winter months is mild. A

monolayer barrier is designed by selecting a thickness which will result in low

water contents near the base of the barrier, and limited fluctuations in these

water contents (Fig. 3). This condition results in very low unsaturated hydraulic

conductivity and a unit gradient condition, which limits percolation to minute

amounts.

A large body of research has been conducted in the last decade relating

to design and field hydrologic performance of covers designed with resistive

barriers, capillary barriers, and monolayer barriers. A signification portion of

this research has consisted of large-scale field demonstrations, some of which

are still ongoing. This report provides a summary of these field demonstrations.

Fourteen different demonstrations are described and reviewed. Eight of the

demonstrations were conducted in arid and semi-arid climates, and six were

conducted in humid climates. These final cover demonstrations include 23

resistive barriers, 41 capillary barriers, and 21 monolayer barriers. The

demonstrations in semi-arid climates are described in Section Two. Section

Three contains descriptions of the demonstrations conducted in humid climates.
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Fig. 3. Schematic of Cover with Monolayer Barrier Design (from Benson and
Khire 19.95).



The author notes, however, that recent field demonstrations of monolayer

barriers that have been conducted in California are not included in this report.

These projects are being described in a separate report by another investigator.

This report also includes a synthesis of principles learned from the field

demonstrations. These principles, which are described in Section Four, can be

used when selecting appropriate types of covers, designing alternative covers,

and evaluating equivalency with respect to prescriptive designs.

8



SECTION TWO

SITES IN ARID AND SEMI-ARID REGIONS

2.1 SANDIA ALTERNATIVE LANDFILL COVER DEMONSTRATION

2.1.1 Project Overview

The Sandia Alternative Landfill Cover Demonstration (ALCD) is being

conducted by Sandia National Laboratory of the US Department of Energy at

Kirtland Air Force Base in Albuquerque, New Mexico. The objective of the

ALCD is to compare the hydrologic performance of five alternative cover

designs relative to Resource Conservation and Recovery Act (RCRA) Subtitle C

and Subtitle D designs (Dwyer 1995). RCRA Subtitle C contains regulations

pertinent to landfilling of hazardous waste. These same regulations are also

commonly applied when capping uncontrolled waste sites under the auspices

of the Comprehensive Environmental Response, Compensation, and Liability

Act (CERCLA), which is also known as Superfund. RCRA Subtitle D contains

regulations pertinent to landfilling of non-hazardous waste.

The RCRA Subtitle C and D cover designs are shown in Fig. 4. The

Subtitle C design consists of a 60-cm-thick vegetated surface layer underlain by

a 30-cm-thick drainage layer (saturated hydraulic conductivity > 10~2 cm/s), a

geomembrane at least 1.0 mm thick and a 60-cm-thick layer of compacted fine-

grained soil having saturated hydraulic conductivity £ 1x10"7 cm/s. This design

is also commonly used for final covers at modem composite-lined municipal

solid waste (MSW) landfills (i.e., modern "Subtitle D" MSW landfills) and for
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Fig. 4. RCRA Cover Designs Used at the Sandia ALCD: (a) Subtitle C Design
and (b) Subtitle D Design (adapted from Dwyer 1995).
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remediation of uncontrolled waste sites. The Subtitle D design applicable to

many existing US Dept. of Energy landfills is an earthen resistive barrier with a

15-cm-thick vegetated top soil layer underlain by a 45-cnvthick compacted soil

layer having saturated hydraulic conductivity < 10"5 cm/s. It should be noted that

this Subtitle D design is for closure of older landfills without lining systems.

Modem MSW and hazardous waste landfills employing a composite lining

system are required to have a composite cover system similar to the Subtitle C

design (Daniel 1994).

The Subtitle C and D test sections constructed for the Sandia ALCD

closely follow the Subtitle C and D designs shown in Fig. 4. The drainage layer

in the Subtitle C test section at the Sandia ALCD was constructed with sandi

having a saturated hydraulic conductivity of 0.1 cm/s. The compacted soil layer

consisted of a bentonite-amended silty sand having a saturated hydraulic

conductivity < 1x10* cm/sec based on laboratory tests. A 1.5-mm-thick high

density polyethylene (HOPE) geomembrane was placed over the bentonite-

amended silty sand. The compacted soil layer in the Subtitle D design was

constructed with the same soil, but without bentonrte. Laboratory tests on the

soil without bentonite showed that its hydraulic conductivity is 5.3x10"6 cm/s.

Reld hydraulic conductivity testing is currently being conducted on both

compacted soils.

The alternative cover designs consist of the following (Fig. 5): a resistive

barrier design identical to the Subtitle C design except a GCL is used in place

of the bentonite-amended soil, a traditional capillary barrier, a "anisotropic"

11
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capillary barrier that diverts flow laterally, a "dry" capillary barrier, and a

monolayer barrier. The test section with a GCL was constructed in 1995. The

other test sections were constructed in late Summer 1996, and only conceptual

information regarding their design has been released (Dwyer 1995).

The anisotropic capillary barrier consists of multiple layers of coarser and

finer-grained soils that are arranged so that a finer layer wicks flow laterally. A

fine sand is used for the wicking layer, which effectively is an unsaturated

drainage layer. The fine sand is sandwiched between a fine-grained vegetated

top soil layer and a clean gravel layer. Thus, it actually contains two capillary

barriers. Water that passes across the first capillary barrier (top soil-fine sand)

moves laterally down slope because of the capillary barrier that exists between

the sand and gravel. A description of the theory and application of anisotropic

barriers can be found in Stormont (1995 a, b).

The dry barrier is an enhanced capillary barrier that employs air

movement through the coarse-grained layer to reduce percolation (Stormont et

al. 1994). Air moves through this layer via natural convection induced by vent

pipes located at the bottom and top of slope. Convection is induced by a

chimney effect caused by the difference in elevation of the upper and lower vent

pipes. As drier atmospheric air is drawn into the coarse-grained layer, water in

the coarse-grained soil evaporates into the flowing air stream. The evaporated

water is then discharged from the cover through the vent at the top of slope. A

GCL is also included in the dry barrier beneath the coarse-grained layer as a

final barrier against percolation.

13



2.1.2 Test Section Design

Each test section is 13 m wide and 100 m long. Percolation from each

test section is collected in a lysimeter constructed with HDPE geomembrane

and a geocomposite drainage layer (Dwyer 1995). Water is routed to the

bottom of the slope, where it is collected and then piped to a collection tank.

Methods used to measure the flows have not been described. Lateral flow in

the drainage layers is measured using a similar system.

Water contents are being monitored wfth time domain reflectometry

(TDR). Thermocouples have been installed to measure soil temperature and a

weather station is used to monitor meteorological conditions. A data acquisition

and control computer (DACC) is used to control the system and collect the data.

The DACC and associated system are similar to the system described in

Bensonetal. (1994).

An irrigation system has also been installed to irrigate the eastern half of

each test section. The test sections are sloped at 5% to the east and west, with

the crest at the center. Thus, runoff from the irrigated portion will flow only along

the eastern slope. Storms simulating 10-, 50-, and 100-year events will be

simulated with the irrigation system.

2.1.3 Water Balance Data

Because the test sections have only recently been constructed, water

balance data have not yet been reported by the investigators. Data will be

14



presented this February at the 1997 International Containment Technology

Conference in St. Petersburg, Florida.
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2.2 INTEGRATED TEST PLOT EXPERIMENT

2.2.1 Project Overview

The Integrated Test Plot Experiment (ITPE) was conducted at Los Alamos

National Laboratory (LANL) to evaluate potential cover designs for burial

trenches containing low level radioactive waste (LLRW). Two designs were

considered, a "conventional" design and an "improved design" (Fig. 6). A

description of the ITPE can be found in Nyhan et al. (1990).

The conventional design is currently being used at LANL for covering

burial trenches. It consists of 20 cm of sandy loam top soil underlain by 108 cm

of crushed tuff. In effect, the conventional design is a monolayer barrier with a

topsoii cover to promote vegetative growth. The improved design is a capillary

barrier consisting, from top to bottom, of 71 cm of sandy loam topsoii, 46 cm of

gravel, 91 cm of cobble, and 38 cm of crushed tuff. Crushed tuff was placed at

the bottom to simulate the backfill used at LANL when burying LLRW. The

cobbles were placed as a biota barrier to prevent the intrusion of roots and

burrowing animals. The improved design is a double capillary barrier, with

capillary breaks formed at the top soil-gravel and gravel-cobble interfaces.

2.2.2 Test Section Design

Each test section was 3.0 m wide and 10.7 m long. Slopes were less

than 0.5% to prevent runoff. Plastic liners 0.15 mm thick were used to collect

percolation from the base of each test section. Percolation was then routed via

16
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pipes to an outfall point, where flow rates were measured manually using a

graduated cylinder and a stop watch.

Water contents were measured using a neutron moisture gage. The

gage was inserted into access tubes that were installed laterally across the test

sections at depths of 20, 40, 80, and 110 cm. Precipitation was measured using

a tipping bucket connected to an analog event recorder.

Each test section was seeded with blue grama and western wheatgrass.

Relative plant cover was determined virually on two longitudinal transects.

Biomass was also determined by clipping vegetation from ten 100 cm2

quadrants.

2.2.3 Water Balance Data

Soil water storage in both test sections showed the characteristic

seasonal fluctuation found at many arid and semi-arid sites. That is, soil water

storage increased during the cooler and wetter winter months, and then

decreased due to evapotranspiration during the spring and summer months.

Water contents in the surficial soils also indicated that more water was stored

near the surface in the improved design, primarily because the capiilary barrier

impeded downward flow. The additional water stored in the surface layer

stimulated vegetative growth on the test sections with the improved design.

Biomass on the test sections with the improved design was two to three times

greater than on the conventional design (Table 1).

18



Table 1. Water Balance Data for the ITPE Test Sections (from Nyhan et al.
199m

Component

Precipitation
(cm)

Soil Water
Storage

Change (cm)
Evapotranspir-

ation (cm)
Lateral Fiow

(cm)
Percolation

(cm)

Conventional Design
(Monolayer Barrier)
173.7

12.1

151.7

NA

10.6

173.7

9.1

154.9

NA

10.6

Improved Design
(Capillary Barrier)
173.7

4.2

169.6

0.0

0.0

173.7

4.4

164.7

1.9

2.6

19



Percolation was generated each year from the tests plots with the

conventional design, but only once from the test plots with the improved design.

In addition, percolation was only generated at the end of winter, when snow

melt occurred. Calculations showed that evapotranspiration reached a

minimum during the snow melt periods.

Percolation occurred during the snow melt because the storage and

diversion capacity of the covers was overwhelmed, resulting in downward

migration of water. The capacity of the conventional design was overwhelmed

each year, whereas the capacity of the improved design was large enough to

accommodate the influx of water during all but one very large snow melt. If the

layers used in the improved design had been sized for this large snowmelt,

percolation probably would have been zero.

20



2.3 PROTECTIVE BARRIER LANDFILL COVER DEMONSTRATION

2.3.1 Project Overview

The Protective Barrier Landfill Cover Demonstration (PBLCD) was

conducted at Los Alamos National Laboratory (LANL) and is described in

Nyhan et al. (1997. 1993). The objective of the study is to compare the

hydrologic performance of four landfill cover designs that potentially could be

used to cap landfills at LANL. The long-term average annual precipitation at

LANL is 32.8 cm.

A sketch of each design is shown in Fig. 7. Three designs are alternative

earthen covers (Rgs. 7a, b, c). The fourth design is a RCRA-type design (Fig,

7d), consisting of a loam top soil layer (61 cm thick), a sand drainage layer (30

cm thick), and a barrier layer consisting of a bentonite-tuff mixture. A

geomembrane was not placed on the clayey barrier layer, as called for in the

RCRA design, because Nyhan et al. (1997) believed it would not last more than

35 years. Consequently, a design without a geomembrane was thought to

better simulate long-term conditions. It should be noted, however, that current

research indicates that high density polyethylene geomembranes should have

lifetimes in excess of 800 years (Koemer et al. 1990).

The three alternative designs are all variations on capillary barriers. The

conventional design (Fig. 7a) is the cover design currently being used at LANL;

rt consists of a loam surface layer (15 cm thick), a layer of crushed tuff (76 cm

thick), and a gravel layer (30 cm thick). The capillary break in the conventional

design occurs due to the contrast between the crushed tuff and the medium

21
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Fig. 7. Schematic of Test Sections Evaluated in the PBLCD: (a) Conventional
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gravel. The other two alternative designs (Rgs. 7 b, c) include a fine sand

wicking layer instead of the crushed tuff. The fine sand layer is designed to

promote lateral drainage above a sand-gravel capillary break. In addition,

these designs include a thicker surface layer constructed of loam or loam mixed

with bentonite (Figs. 7 b, c). In effect, the capillary barriers shown in Figs. 7 b

and c have two capillary breaks, one at the loam-sand interface and the other at

the sand-gravel interface. None of the designs include vegetation.

Saturated and unsaturated hydraulic properties were measured for each

of the soils that were used (Table 2). However, apparently no calculations were

made to determine the storage or diversion capacity of the capillary barriers.

That is, the layer types and thicknesses were not selected to ensure percolation

near zero for the meteorological conditions at LANL

2.3.2 Test Section Design

Four test sections of each design were constructed on different slopes (5,

10, 15, and 25%) to investigate how slope angle affects hydrologic

performance. It was expected that slope angle would affect run off and lateral

flow. Orientation of the test sections (i.e., relative to north) is not mentioned.

Each test section was 1.0 m wide (cross-slope) and 10 m long (down

slope). A welded steel underdrain was placed beneath the gravel in each test

section to collect seepage. Welded steel collection basins were also installed

at the down slope end of the RCRA design and the two capillary barriers with

sand layers to capture lateral flow.
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Table 1. Hydraulic Properties of Cover Soils (from Nyhan et a!. 1997).

Soil

Loam
Topsoil

Clay
Loam
Fine
Sand

Medium
Sand

Crushed
Tuff

Clay-Tuff
Mix

Medium
Gravel

a
(1/cm)
0.0271

0.0100

0.0334

0.0288

0.0104

0.00014

Not
Available

n

1,539

1.548

5.472

3.766

1.707

3.992

Not
Available

er

0.0692

0.0730

0.0700

0.0376

0.0031

0.0000

Not
Available

es

0.4209

0.4839

0.4180

0.4184

0.4079

0.4415

Not
Available

KMt
(cm/s)

5.7x1 0'3

2.5x1 Q-4

1.2x10'2

1.3X10'1

8.2x1 0-4

6.3x1 0"8

2.0

Note: a and n are van Genuchten parameters.
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Data were collected from the test sections using a data acquisition and

control computer (DACC) conceptually similar to the DACC described in

Benson et al. (1994). Water contents were measured non-destructively using

time domain reflectometry (TDR) and percolation rates were measured by

collecting percolation in tanks and monitoring the tank levels using an

ultrasonic level sensor. Precipitation was measured on-site with a tipping

bucket and solar radiation was measured with a pyranometer.

2.3.3 Water Balance Data

Water balance data for the test sections are summarized in Table 3. The

data illustrate that the conventional design had the greatest percolation,

whereas the RCRA design had the lowest percolation. In addition, percolation

was greater from the test sections with shallower slope. Runoff was a relatively

small fraction of the water balance, comprising only 2-3% of precipitation. The

dominant component of the water balance was evaporation, comprising 81%

(conventional design with shallow slope) to 96% (capillary barrier with

berttonite-loam surface layer, 25% slope) of precipitation.

The long-term average run off was slightly greater for the test sections

with greater slope, although no difference in run off could be attributed to slope

on a storm-by-storm basis. Slope had a much greater impact on evaporation,

with greater evaporation occurring from the designs with steeper slopes.

Greater evaporation on the steeper slopes was attributed to higher solar

radiation on these slopes during the critical winter months. The steepest slopes
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Table 3. Water Balance Data from the PBLCD (from Nyhan et al. 1997).

Cover Design
and Slope

Water Balance Component (cm)
Evapotrans-

piration
Lateral
Flow

Percolation Runoff A Soil Water
Storage

Conventional
5%

10%
15%
25%

138.9
143.8
152.8
1C1.7

9.86
15.12
10.05
6.72

17.40
8.16
8.60
3.09

3.04
3.19
3.32
4.34

2.52
0.45
-4.57
-5.69

RCRA
5%
10%
15%
25%

154.1
154.1
154.4
154.4

17.07
16.02
15.10
12.95

0.00
0.00
0.00

. 0.00

1.83
1.73
3.94
6.14

-1.12

0.00
-2.23
-2.27

Loam Cap.
Barrier

5%
10%
15%
25%

143.0
137.9
150.6
155.9

14.59
20.62
17.85
10.69

9.64
3.61
0.00
0.00

1.41
4.65
3.37
5.66

2.09
3.87
-0.59
-2.08

Clay Loam
Cap. Barrier

5%
10%
15%
25%

149.5
152.5
156.9
163.7

10.71
12.77
6.83
1.50

5.59
0.00
0.00
0.00

2.95
4.44
6.19
7.43

2.03
1.06
0.21
-1.39
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typically received 200 MJ/m2 more short-wave solar radiation during the winter

months than the shallowest slopes. ~intertayer flow was not greatly affected, by

slope angle.

Changes in soil water storage exhibited similar behavior in each of the

. test sections. Data from the conventional design (5% slope) are shown in Rg.

8. The data exhibit seasonal fluctuations characteristic of arid and semi-arid

regions, with the greatest storage occurring in winter and spring of each year. »

the layering of the test sections had been selected to accommodate the

required soil water storage during the winter and spring months, percolation

probably would have been much lower (or even zero) for each of the alternative

covers.
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2.4 IDAHO NATIONAL ENGINEERING LABORATORY CAP STUDY

2.4.1 Project Overview

The Idaho National Engineering Laboratory (INEL) Cap Study was

conducted to assess the potential for using vegetated monolayer barriers to

store and then deplete soil moisture and thus prevent infiltration from reaching

underlying waste buried in shallow trenches. In particular, the investigators

intended to identify barrier thickness necessary to store water during the winter

months, when soil water storage accumulates, and the type of vegetation

needed to remove the stored water during the growing season. The study is

described in Anderson et al. (1990).

2.4.2 Description of Test Sections

Ten test sections were constructed, each 3 m x 10.7 m. Construction of a

test section consisted of covering a simulated trench with native clayey silt loess

to a depth of 2.4 m. Vegetation was then established on eight of the ten test

sections using monocultures of crested wheatgrass, great basin wildrye,

streambank wheatgrass, and big sagebrush. That is, four different

monocultures were established, with two replicates of each. The remaining two

test sections were treated with herbicide to prevent vegetative growth.

Six neutron access tubes were installed in each test section for

monitoring water content using a neutron gage. Water content was measured

manually at un-specified intervals. However, the data presented suggest that
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measurements were made monthly March through September. Soil water

storage was determined by integrating the water content profiles.

Evapotranspiration was assumed to be the difference between

precipitation and soil water storage. Runoff was assumed to be zero because

the test sections were not sloped. Percolation was assumed to be zero, but no

independent measurements were made to confirm this assumption.

2.4.3 Vvater Balance Data

The water balance data showed that each of the plant species was

effective in removing soil moisture. However, the crested wheatgrass removed

the most water (extraction occurring to a depth of 1.6 m) and the sagebrush

removed the least (maximum depth of extraction 1 m). In contrast, the bare test

sections lost very little water to evaporation. In fact, water contents at the base

of the un-vegetated test sections increased throughout the study. Percolation

undoubtedly emanated from these bare test sections.

The investigators used the computed evapotranspiration data to

determine the thickness of a vegetated monolayer cover necessary to store and

then release the maximum annual precipitation on record at INEL. Their

calculation excluded precipitation that fell during June through September,

which was assumed to be immediately removed by evaporation. Based on this

analysis, a 2-m-thick monolayer was selected.

Unfortunately, a critical flaw exists in the approach used by the

investigators to determine the required thickness of the monolayer. Because
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water content data were collected infrequently, it is highly probable that water

drained and became percolation between monitoring events. The critical

periods for water content monitoring are the wettest periods, during which

significant changes in water content can occur in short periods of time. These

critical periods are also the least desirable periods for making manual

measurements (i.e., the weather is bad). In addition, even if water content

measurements were made frequently, deep percolation due to preferential flow

would not be captured (Khire et al. 1996), because percolation was not

measured directly.

31



2.5. PROTECTIVE CAP BIO-BARRIER EXPERIMENT

2.5.1 Project Overview

The protective cap bio-barrier experiment (PCBBE) is being conducted at

the Idaho National Engineering Laboratory (INEL) to assess whether earthen

caps can be designed that are more effective than a RCRA-type cap. For the

PCBBE, a RCRA cap is a cap that includes a composite (geomembrane-clay)

barrier layer, but does not include a drainage layer. The experiment is

described by Limbach et al. (1994). Four different cap designs are being tested:

a RCRA design, a thick monolayer design, and two capillary barriers (Fig. 9).

Twelve test sections have been constructed, comprised of three

replicates of each design. Each test section is 24 m x 16 m, and is divided into

six sub-sections. The sub-sections are being used to evaluate different

vegetation types and irrigation schemes. The irrigation schemes consist of low,

intermediate, and high irrigation rates, with low being ambient precipitation and

high being two times the long-term weekly precipitation.

The test sections simulating a RCRA design (Fig. 9a) consist of 0.9 m of

vegetated clay loam loess, a geomembrane (thickness or polymer not

identified), and a compacted clay layer (0.6 m thick). The monolayer design

(Rg. 9b) consists of 2.0 m of the same loess used for the surface layer of the

RCRA design. The capillary barriers consist of a 0.5 m (Fig. 9c) or 1 m (Fig. 9d)

layer of loess, underlain by a 0.1-m-thick layer of 1 cm gravel, 0.3 m of river

cobble (particles 10 to 20 cm in diameter), another 0.1 m of gravel, and finally
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Clay Loam;
Loess Layer

Compacted;
Clay Layer • 0.6m

\
(a) RCRA Design

T
0.9m

Geomembrane 2.0m

(b) Monolayer Design

1 cm Gravel
Layers

River Cobble
Layer

1 cm Gravel
Layers

River Cobble
Layer

(c) Capillary Barrier (d) Capillary Barrier

Fig. 9. Schematic of Cover Designs Tested at PCBBE: (a) RCRA Design, (b)
' Monolayer Design, (c) Capillary Barrier, and (d) Capillary Barrier with

Thicker Surface Layer (after Limbach et al. 1994).
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1.5 or 1 m of loess.

The investigators did not intend that the capillary barrier test sections

behave as capillary barriers. Instead, the coarse-grained layers were installed

to act as biota barriers in the loess. Nevertheless, the layering scheme in these

test sections consists of two capillary breaks, the upper break at the loess-

gravel interface and the lower break being at the gravel-cobble interface. Thus,

regardless of the intentions of the investigators, these two designs are capillary

barriers that will retard downward moisture movement by forcing moisture to be-

retained in the topmost fine-grained layer. It is also important to point out that

an inverted capillary barrier exists at the lower gravel-loess interface. This

barrier will likely prevent removal of water from the coarse-grained layers,

during spring and summer. That is, water that passes through the coarse-

grained layers will probably become percolation.

Two vegetation schemes will be tested: native-mixed and monoculture.

The native-mixed scheme consists of 12 different plant species including

shrubs, perennial grasses, and forbs. The monoculture is crested wheatgrass.

2.5.2 Test Section Design

Water balance quantities for each test section are being automatically

measured and recorded using a DACC nearly identical to the one described in

Benson et al. (1994). Water contents in each test section are being monitored

using a neutron gage inserted in access tubes. TDR is being used in one test

section of each design as a replicate measurement technique. Percolation is
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being collected from the base in galvanized steel collection pans. PVC pipe

connected to the each pan routes percolate to a tipping bucket, which records

the flow rate. Meteorological data are also being collected at the test sections.

2.5.3 Water Balance Data

LJmbach et al. (1994) provide no water balance data because the

PCBBE project was just constructed when their paper was published. Recent

results of the study will be published this February at tha 1997 Intimation

/Containment Technology CoH?efence-irrSCPetersburg( Florida.

35



2.6 WENATCHEE ALTERNATIVE COVER DEMONSTRATION

2.6.1 Project Overview

The Wenatchee Alternative Cover Demonstration was conducted to

compare the performance of a capillary barrier cover relative to the resistive

barrier prescribed by the Washington Department of Ecology. Two test sections

were constructed as part of capping activities at the Greater Wenatchee

Regional Landfill in East Wenatchee, Washington (Fig. 10). The average annual

precipitation in East Wenatchee is 23 cm, and primarily occurs in late fall and

winter as rain or snow. Snowfall typically comprises 30% of annual precipitation

(Khireetal. 1997).

The prescriptive cover is a resistive barrier with a 60-cm-thick layer of low

plasticity silty clay, covered with a vegetated silty surface layer 15 cm thick. The

capillary barrier is a 75-cm-thick layer of medium uniformly graded sand

overlain by 15 cm of un-compacted vegetated silt. Properties of the soils are

described in Table 4. Khire et al. (1997) and Benson et al. (1994) describe the

test sections in detail.

2.6.2 Test Section Design

Each test section is 30m x 30m, of which a 18.3 m x 12.2 m region is

used for monitoring. The test sections are instrumented for continuous

monitoring of meteorological data, overland flow, soil water content, and

percolation using a DACC. Benson et al. (1994) describe the data acquisition

system. Percolation is collected using a lysimeter 12.2 m wide x 18.3 m long
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Fig. 10. Schematic of Test Section (adapted from Khire et al. 1997).
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Table 4. Haverkamp Parameters for Unsaturated Hydraulic Properties
(from Khire et al. 1997).

Test
Section

Resistive

Resistive

Capillary

Capillary

Layer

Surface

Barrier

Surface

Sand

K,(cm/s)

4.5 x1(T5

2.2 xKT7

2.7 x10'4

2.9 x10'3

e.

0.40

0.36

0.42

0.40

er

0.06

0.0§

0.015

0.01

Haverkamp Parameters

Matric
Suction

a

80

72

650

35000

0 (I/cm)

0.6

0.6

1.0

2.9

Hydraulic
Conductivity

A

300

400

90

105

B (1/cm)

2.2

. 1.3

2.2

2.9

Note: the Haverkamp functions are:

6'9r _ a -if ( A
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Table 4. Haverkamp Parameters for Unsaturated Hydraulic Properties
(from Khireetal. 1997).

Test
Section

Resistive

Resistive

Capillary

Capillary

Layer

Surface

Barrier

Surface

Sand

K,(cm/s)

4.5 x1(T5

2.2 x1(T7

2.7 x10"4

2.9 x10'3

e,

0,40

0.36

0.42

0.40

er

0.06

0.05

0.015

0.01

Haverkamp Parameters

Maine
Suction

a

80

72

650

35000

p (1/cm)

0.6

0.6

1.0

2.9

Hydraulic
Conductivity

A

300

400

90

105

B (1/cm)

2.2

• 1.3

2.2

2.9

Note: the Haverkamp functions are:

e"9r _ a
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(Fig. 1) constructed from high density polyethylene geomembrane and a

geocomposrte drain. Runoff flow is collected via diversion berms. Time domain

reflectometry (TDR) is used to measure soil water content.

Soil water storage is computed by integrating soil water contents over the

depth of the test sections, Evapotranspiration (E) is computed by subtracting

daily overland flow (O), percolation (Pf), and the change in the soil water

storage (AS) from daily precipitation (P). Lateral flow (L) is assumed zero when

computing E. Because the soils have relatively low hydraulic conductivities and

are saturated only for a small period of time, lateral flow is expected to be less

than 0.01% of total precipitation (Khire 1995).

2.6.3 Water Balance Data

Water contents in both test sections followed the periodic behavior

characteristic of semi-arid and arid s'rtes. An increase in water content occurs in

fall and winter, followed by reductions in spring and summer. This periodicity is

reflected in the soil water storage (Rg. 11). An increase in soil water storage

occurs in fall and winter, followed by reductions in spring and summer. At

Wenatchee, precipitation is higher in fall and winter, moderate during spring,

and fairly low during summer. Conversely, evapotranspiration is low during fall

and winter and higher during spring. As a result, soil water storage in the

resistive and capillary barriers increases during fall and winter (low

evapotranspiration), which is followed by a large decrease in spring and

moderate decrease in summer.
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Evapotranspiration is the most significant component of the water

balance at this semi-arid site (-80% of precipitation). Evapotranspiration is a

function of soil water storage and energy available to evaporate soil water.

Evapotranspiration is low during fall and winter, due to low air temperatures and

solar radiation. During spring, as solar radiation and air temperature increase

and the growing season begins, evapotranspiration increases rapidly.

Evapotranspiration ceases when the water supply in the barrier is exhausted

(Fig. 2). For example, evapotranspiration persisted into fall in 1993 and 1995

because water was available. In 1994, however, less water was available and

evapotranspiration ceased in mid-summer.

Percolation for the resistive and capillary barriers is shown in Fig, 12. During

the three year monitoring period, the resistive barrier transmitted 3.3 cm of

percolation (5.1% of precipitation), whereas the capillary barrier transmitted 0.5

cm of percolation (0.8% of precipitation). Significant percolation from the

capillary barrier occurred only during Winter 1993, when the record snow fall

was received. When the snow melted, the storage capacity of the surface layer

was overwhelmed and percolation was generated. If the surface layer of the

capillary barrier had been thicker (i.e., providing additional water storage

capacity), percolation from the capillary barrier would have been nearly zero

(Khire 1995).

Percolation from the resistive barrier in 1993 and 1994 occurred when the

wetting front reached the base of the test section towards the end of winter. At

the end of Winter 1995, however, percolation occurred before the wetting front
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Figure 12. Percolation from the Resistive and Capillary Barriers
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reached the base (Khire et al. 1996). Percolation also increased dramatically in

1995. The primary reason for this change is preferential flow through vertical

cracks, which formed as the barrier desiccated the previous summer (Benson

and Khire 1995). Animal burrows, found during field reconnaissance in Spring

1995, may also have contributed to the increase in percolation.
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2.7 HILL AIR FORCE BASE ALTERNATIVE COVER STUDY

2.7.1 Project Overview

The Hill Air Force Base Alternative Cover Study was conducted to

evaluate four potential cover designs for closure of old landfills at Hill Air Force

Base, Utah. The four designs considered were a conventional monolayer cover

that had been previously used at the site, a RCRA-type cover, and two capillary

barriers (Fig. 13). Annual precipitation at Hill Air Force Base is 51 cm, 28% of

which is snow. The study is described by Hakonson et al. (1994).

The conventional monolayer consisted of 90 cm of sandy loam top soil

having a saturated hydraulic conductivity of 2.8x1 0"4 cm/s. The RCRA cover
\ v^" consisted of 120 cm of loam top soil, a 30 cm thick sand drainage .layer, and a

60-cm-thick loam barrier layer amended with bentonite. To simulate the very

long-term condition, a geomembrane was not placed on top of the barrier layer.

However, current research suggests that geomembranes will last at least 800

yr.
The bentonite-amended barrier layer had a saturated hydraulic

conductivity of 3x1 0"6 cm/sec, more than an order of magnitude larger than the

maximum saturated hydraulic conductivity prescribed for RCRA covers. The

capillary barriers consisted of 150 cm of the sandy loam top soil used in the

monolayer design underlain by 30 cm of washed gravel. All of the covers had a

4% slope and were vegetated with native perennial grasses. One of the

capillary barriers also was vegetated with rubber rabbitbrush and winged

saltbush shrubs.
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Fig. 13. Schematics of Cover Designs in Hill Air Force Base Alternative Cover
Study; "(a) Conventional Monolayer, (b) RCRA Design, (c) Capillary
Barrier with Grass, and (d) Capillary Barrier with Grass and Brush.
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2.7.2 Test Section Design

The test sections were constructed in modular swimming pools 5 m wide

and 10 m long. A system was installed beneath the barriers to collect

percolation. The system allowed for flow along the sidewalls of the pools to be

separated from flow emanating from the interior of the test sections. An

additional system was installed for collecting lateral drainage from the sand

layers in the capillary barriers and the drainage layer in the RCRA cover. Water

that was collected was routed via i5VC pipes to tipping buckets for metering

flows.

Soil moisture was measured using a neutron gage. Precipitation was

continuously monitored on site. All of the data were collected with a DACC

similar to the one described in Benson et al. (1994). Measurements were also

made of relative cover, leaf area index, and biomass.

2.7.3 Water Balance Data

The water balance data are summarized in Table 5. Precipitation was

173 cm during the monitoring period. Very little of the precipitation was shed as

run off (1.4 - 5.8%), primarily because of the shallow slope of the test sections.

Greater run off was obtained from the monolayer and RCRA covers than from

the capillary barriers, because the vegetation was better on the capillary

barriers. The capillary barriers had better vegetation because they stored more
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Table 5. Water Balance of Test Sections at Hill Air Force Base (from Hakonson
etai. 1994).

Water
Balance

Parameter

Run Off (cm)
A Soil Water
Storage (cm)
Lateral Flow

(cm)
Evapotrans-
piration (cm)
Percolation

(cm)
Erosion (Kg)

Capillary

1.4

-17

20

145

24

0.102

Capillary
(Shrubs)

2.2

-15

12

144

30

0.095

Monolayer

5.8

-11

NA

137

41

2.374

RCRA

5.5

11

43

113

(0-Op

1.534
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water near the surface due to the capillary barrier effect, and therefore more

water was available to sustain vegetation.

Soil water storage from the monolayer and capillary barrier test sections

increased and decreased periodically, as has been observed at other arid sites

(Fig. 14a). The increase in storage represents the accumulation of water during

the wetter months when evapotranspiration is low. The decrease in storage

represents the release of stored water back to the atmosphere due to

evaporation and transpiration. The peak soil water storage in these barriers

was approximately the same each year, indicating the barriers reached their

storage capacity each winter. Similarly, the minimum soil water storage was

also the same each year, suggesting that these barriers dried to residual

conditions each summer.

The RCRA cover also showed periodic changes in soil water storage, but

the soil water storage gradually increased each year, indicating that the test

section was gaining water. Hakonson et al. (1994) report that the water

contents measured in the barrier layer were reaching saturation at the end of

the monitoring period. That is, the barrier layer was slowly accumulating water,

but not releasing it, during the monitoring period. The sand layer above the clay

barrier probably prevented the barrier layer from releasing water. In effect, the

sand layer created an inverted capillary barrier, which prevented upward

movement of water during the summer months.

All of the test sections transmitted percolation (Fig. 14b). The monolayer

test section transmitted the most percolation (41 cm) and the RCRA test section
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the least percolation (0.01 cm). Percolation from the capillary barriers was very

similar (24 cm-ordinary vegetation; 30 cm-shrubs). Percolation from the

monolayer barrier and the capillary barriers occurred late each winter, when the

surficial soils became saturated during snow melt. That Is, the surface layers

had inadequate soil water storage capacity. Percolation could have been

eliminated had the bamers designed with adequate storage capacity, either by

using thicker layers or soil having greater storage potential.

Adding shrubs appeared to have no beneficial impact on the capillary

barriers. The barrier with shrubs and grasses had less evapotranspiration and

greater percolation than the barrier seeded only with grasses. Furthermore,

both barriers had similar erosion (Table 5). These results suggest caution

against over-reliance on vegetation to enhance the performance of covers.
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2.8 HANFORD FIELD LYSIMETER TEST FACILITY

2,8.1 Project Overview

The Hanford Field LysimeterTest Facility (FLTF) was used to field test 24

lysimeters filled with two different soil layering schemes at the US Dept. of

Energy's Hanford facility in Hanford, Washington. Results of the tests were

used to design a cap with a design life of 1000 years for covering landfilled

radioactive waste at Hanford. Radioactive waste was generated at Hanford as

a by-product of plutonium production from the end of World War II through the

cold war. A large-scale test section (110 m x 60 m) simulating the cap has

recently been constructed (Wing and Gee 1994 a, b), but water balance data

from the test section have not yet been reported. Gee et al. (1993) describe the

FLTF and associated water balance data.

Twenty of the lysimeters contain capillary barriers. Twelve capillary

barriers consist of a 1-in-thick silt loam Surface layer overlying a 0.3 1-m-thick

medium uniformly graded sand layer. The other eight capillary barriers have a

1.0-m-thick silt loam surface layer. The remaining four lysimeters have a

monolayer design consisting of coarse sand. Different vegetation schemes and

precipitation events are being applied to yield eleven different possible

scenarios ranging from ambient to very wet conditions and un-vegetated to fully

vegetated. The annual ambient precipitation is(16.9)cm whereas the "elevated"
/~^

annual precipitation is 48 cm. \
(
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2.8.2 Lysimeter Design

Each lysimeter is 2 m in diameter and 3 m deep. Beneath the medium

sand layer is a graded filter consisting of No. 4 sand, overlying a pea gravel

layer and basalt rip rap. Each lysimeter contains a sloping floor and collection

point that is used to collect percolation. Access ports are also included for

installation of thermocouples, thermocouple psychrometers, tensiometers, and

neutron probes. Neutron access tubes are also oriented vertically within the

lysimeters. Meteorological data are obtained from the Hanford Meteorological

Station located adjacent to the FLTF.

\
2.8.3 Water Balance Data

When the lysimeters were constructed in 1988, two of the lysimeters with

a 1.5-m-thick surface layer were saturated to determine their water storage

capacity (the amount of water that can be stored in a capillary barrier before

percolation occurs). Results of the experiments showed that the water storage

capacity of these capillary barriers is 50 cm.

After the saturation experiments, the lysimeters were exposed to ambient

conditions or elevated precipitation for six years. Until 1993, only five of the

capillary barriers transmitted percolation (< 0.04 cm/yr), which was attributed to

thermal gradients. No percolation occurred from the other 15 capillary barriers.

In winter 1993, record snowfall (1.42 m) was received at the FTLF. In

February 1993 the snow melted, which resulted in percolation from five capillary

barrier iysimeters, all of which had no vegetation. Percolation from these
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capillary barriers occurred because the snow melt exceed the 50 cm storage

capacity. No percolation was transmitted from the remaining 15 capillary

barriers; The following summer, all of the water that entered the capillary

barriers was removed by evaporation (un-vegetated barriers) or
/

evapotranspiration (vegetated barriers).

Percolation was transmitted from all of the monolayer covers regardless

of whether they were vegetated. The un-vegetated monolayer barriers exposed

to ambient precipitation have transmlttsd 6 cm/yr of percolation, whereas the

un-vegetated monolayer barriers exposed to elevated precipitation transmitted

28.5 cm/yr of percolation. Less percolation was transmitted from the vegetated

monolayer barriers. However, percolation was transmitted from each

monolayer.
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SECTION THREE

SITES IN HUMID REGIONS

3.1 OMEGA HILLS FINAL COVER STUDY

3.1.1 Project Overview

The Omega Hills Final Cover Study was conducted to evaluate the

hydrologic performance of three potential final cover designs. Three test

sections were constructed on a side-slope of the Omega Hills landfill near

Milwaukee, Wisconsin. Two test sections were earthen resistive barriers,

whereas the third test section was a capillary barrier. A description of the test

sections can be found in Montgomery et al. (1986) and water balance data can

be found in Montgomery et al. (1990). Schematics of the test-sections are

shown in Fig. 15. Annual percolation in Milwaukee is 78 cm.

The resistive barriers consisted of a compacted clay barrier layer 120 cm

thick constructed with low plasticity glacial till. The saturated hydraulic

conductivity of the glacial till is approximately 2x10"8 cm/sec. A vegetated top

soil layer was placed on the compacted clay layer. One test section had a top

soil layer 15 cm thick. The other had a 45-cm-thick top soil layer. The test

section with a thinner top soil layer represented the approved final cover for the

landfill. The thicker top soil layer was being tested to see if it would yield more

evapotranspiration, and thus reduce percolation.

The capillary barrier test section consisted of a layer of vegetated top soil

15 cm thick overlying a layer of compacted glacial tilt 30 cm thick. A 30-cm-thick
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Surface Layer, and (c) Capillary Barrier.
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layer of medium uniformly graded sand was placed beneath the compacted

clay layer to form a capillary break at the clay-sand interface. A 60-cm-thick

layer of compacted clay was placed below the sand. The sand and lower clay

layer also form an inverted capillary break, that blocks upward flow of water

from the lower clay layer.

3.1.2 Test Section Design

Each test section was 6 m wide and 12 m long and placed on a 33%

slope. A lysimeter constructed with a hypalon geomembrane overlain by a

geonet and a non-woven geotextile was placed beneath each test section to

monitor percolation. Diversion berms were used to direct runoff to a.collection

swale at the lower end of the test section. Percolation and runoff were piped to

collection tanks where volumes were measured indirectly using electronic

pressure transducers.

Water contents were measured manually using a neutron probe on a

periodic basis. Suctions were monitored using tensiometers equipped

electronic pressure transducers. A weather station was installed to collection

on-site meteorological data. All of the data, except water contents, were

collected automatically using a DACC similar to the one described by Benson et

al. (1994).
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3.1.3 Water Balance Data

Water balance data from the test sections are summarized in Table 6.

Percolation from the test sections is shown in Fig. 16. The data show that

evapotranspiration was the most significant portion of the water balance. Also,

the sand layer in the capillary barrier was a very effective means to remove

water.

Percolation from the test sections simulating resistive barriers increased

significantly during 1988 and 1989. During the summer of 1988, a severe

drought occurred, which caused extensive drying of the clay barriers. Test pits

excavated adjacent to the test pits revealed extensive desiccation cracking.

Cracks 0.5 to 1.0 cm wide and 1.5 m deep were observed. These cracks

became preferential flow paths that resulted in increased percolation.

Preferential flow was evident in the percolation data. Pulses of percolation

lagged behind precipitation events by less than one day, suggesting that flow

was occurring through cracks and not the clay matrix. In addition, roots were

also found in the cracks, indicating that the cracks provided a readily available

source of water.

Percolation from the capillary barrier was relatively constant throughout

the monitoring period. Test pits adjacent to the capillary barrier showed that the

upper compacted clay layer was extensively cracked. These cracks were

responsible for the large lateral flows observed in the sand layer (Table 6). Had

these cracks not formed, flows in the sand layer would have been very small.

The test pits also revealed that the lower compacted clay layer was moist
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Table 6. Summary of Water Balance Data from Omega Hills Test Sections.

Water Balance Variable 1986-87 1987-88 1988-89

Runoff (cm)
Resistive-Thin
Resistive-Thick

Capillary

18.0
10.9
9.65

3.68
3.91

3.68

4.27
4.98
6.60

Percolation (cm)
Resistive-Thin
Resistive-Thick

Capillary

0.15
O.68
4.03

0.45
3.02
2.21

5.56
5.97
4.06

Storage (cm)
Resistive-Thin
Resistive-Thick

Capillary

0.025
0.025
1.65

-7.54
-9.90
-7.89

7.26
9.78
NA

Evapotranspiration (cm)
Resistive-Thin
Resistive-Thick

Capillary

71.2
77.9
40.2

61.2
60.7
48.2

65.1
63.3
NA

Lateral Drainage (cm)
Capillary 34.0 11.5 13.2

Note: NA = not available.
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Fig. 16. Precipitation and Percolation Data from Omega Hills Test Sections.
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and un-cracked. Apparently the capillary barrier formed by the sand-lower clay

interface prevented upward migration of water during the summer months, and

thus prevented the lower clay layer from cracking. That is, although the upper

capillary break failed due to cracking of the clay, the lower capillary break

performed as intended.

The water balance data also show evapotranspiration from both resistive

barriers was essentially the same. That is, the thicker surface layer did not

enhance evapotranspiration. In addition, percolation from the resistive barrier

with a thicker surface layer was always greater than from the barrier with a

thinner surface layer. Thus, it appears there was little benefit of increasing the

surface layer thickness.
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3.2 GREDE FOUNDRIES ALTERNATIVE COVER STUDY

3.2.1 Project Overview

The Grede Foundries Alternative Cover Study is a field demonstration

where an alternative earthen resistive barrier has been proposed that is

constructed with waste foundry sands. The demonstration is being conducted

at a landfill owned and operated by Grede Foundries, Inc., and is described by

Vierbicher Associates (1996). The landfill is adjacent to the Grede ductile iron

foundry in Reedsturg, Wisconsin.

The prescriptive cover now required for the site consists of a 60-cm-thick

of compacted clay barrier layer, overlain by a 90-cm-thick protection layer, and

a 15-cm-thick vegetated top soil layer. Grede foundries has proposed an

alternative cover constructed with a 60-cm-thick layer of waste foundry sand, a

90-cm-thick foundry sand protection layer, and a 15-cm-thick vegetated top soil

layer. Foundry sand has been proposed for the barrier and protection layers

because it is primarily a mixture of uniform fine sand and 10% sodium

bentonite, and thus should have very low hydraulic conductivity. The foundry

sand is also believed to be resistant to frost and desiccation cracking. In

addition, the foundry believes that adequately low hydraulic conductivity can be

achieved with little moisture conditioning of the sand and low or moderate

compactive effort. Also, since foundry sand is a industrial by-product of the

Reedsburg foundry, it can be obtained without cost.

The Wisconsin Department of Natural Resources (WDNR) was receptive

to the proposed alternative cover, but was concerned with the following issues:
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the saturated hydraulic conductivity of the foundry sand, (2) frost and

desiccation resistance of the foundry sand, and (3) the quality of leachate that

might be generated by percolation emanating from the foundry sand. To

address these issues, Grede Foundries constructed ten large-scale test

sections to assess field performance of the alternative and prescriptive designs.

Five different layering schemes were considered, and two types of vegetation.

A schematic of the five layering schemes is shown in Fig. 17. Test

Section A represents the cover required by the last permit issued for the foundry

landfill. It consists of a 15 cm top soil layer overlying 60 cm of compacted clay,

having hydraulic conductivity less than 1x10"7 cm/s. Test Section B represents

the new cover design required by WDNR. Test Section B has a 90-cm-thick un-

compacted earthen protection layer between the topsoii and compacted clay

layers. Test Section C is an alternative design that is a modified version of Test

Section B, where the 90 cm un-compacted earthen protection layer is replaced

with a 90 cm un-compacted foundry sand layer. Test Section D is similar to Test

Section C, but the barrier layer is 90 cm thick and consists of compacted

foundry sand. Test Section E is a modified version of Test Section D, and

contains a 240-cm-thick un-compacted foundry sand protection layer and a

150-cm-thick compacted-foundry sand barrier layer. Test Sections D and E are

also alternative designs.
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3.2.2 Test Section Design

The test sections were constructed in May 1992. Prior to placing the soil

layers, a lysimeter was constructed for each test section using PVC

geomembrane and a gravel collection layer. The lysimeters were leak tested

prior to soil placement.

Soil layers for each test section were placed using methods employed

during construction of full-scale covers. Quality assurance sampling and testing

was performed during construction in accordance with WDNR requirements.

Quality assurance testing included index testing on grab samples and hydraulic

conductivity testing of undisturbed specimens. Results of the index tests

showed that the soil used for the clay barrier layer classifies as a moderately

plastic clay (CL-CH), whereas the foundry sand classifies as a clayey sand

(SC). Al! of the undisturbed specimens (clay and foundry sand) had hydraulic

conductivity less than 1x10'7 cm/s.

3.2.3 Percolation Data

Percolation emanating from the test sections has been monitored since

construction. Detailed data can be found in Vierbicher Associates (1996).

Average annual percolation through March 1996 is shown in Fig. 18 for each

test section. The percolation rates in Fig. 18 are the average percolation rates

for the two different vegetation schemes. Vegetation had no distinct effect on

percolation rate.
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There are two distinct characteristics of the percolation data. First,

percolation rates for the test sections constructed with foundry sand (C, D, and

E) are approximately two orders of magnitude lower than percolation rates for

the test sections constructed with clay (A, B). This is true regardless of whether

the foundry sand is used as the un-compacted protection layer (C) or the

compacted barrier layer (D, E). Second, percolation rates for the test sections

with foundry sand barrier layers are similar, regardless of the thickness of the

barrier layer or thickness of the protection layer. These findings suggest thai

covers constructed with Grede foundry sand are likely to perform better than

those constructed with compacted clay, regardless of whether the foundry sand

is compacted or loosely placed.

In Spring and Summer 1996 soil structural analyses were conducted to

determine why the test sections constructed with clay performed poorly. The

analyses showed that the compacted clay in Test Sections A and B was

extensively cracked due to frost action and desiccation (Albrecht 1996). In

contrast, the system sand layers in Test Sections A, B, and C were devoid of

cracks or other macropores that would readily conduct flow.

Cracks in the clay barrier layers were apparently responsible for the high

percolation rates measured in Test Sections A and B. Mineral deposits were

found on the smooth fracture surfaces. The fractures also had a moist surface,

but the intact clay between the fractures was dry. In addition, roots were found

within the fractures, but not in the intact clay between the fractures. Each of
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these observations suggests that water was flowing preferentially in the

fractures.

Large (30-cm-diameter) block specimens were removed from the clay

barrier in Test Section A to assess the field hydraulic conductivity of the barrier

layer (Albrecht 1996). The hydraulic conductivity of the clay was found to be

5x10"5 cm/s, on average, which is more than two orders of magnitude higher

than the as-compacted hydraulic conductivity. The high hydraulic conductivities

were the result of preferential flow through cracks. An extensive crack network

was observed when trimming the block specimens.
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3.3 NUCLEAR REGULATORY COMMISSION STUDY ON COVERS
FOR LOW-LEVEL RADIOACTIVE WASTE

3.3.1 Project Overview

The US Nuclear Regulatory Commission (NRC) is currently evaluating

four potential cover designs for disposal facilities containing low-level

radioactive waste (O'Donnell et al. 1994, Schulz et al. 1995). The designs are a

thick vegetated monolayer, an earthen resistive barrier, a capillary barrier, and

a bio-engineered cover Schematics of the test sections are shown in Fig. 19.

Test sections simulating each cover design have been constructed at a field site

near Beltsville, Maryland. Annual precipitation in Beltsville is 106 cm.

The thick vegetated monolayer was constructed of 4 m of "native soil"

and was seeded with fescue grass (Fig. 19a). Characteristics of the soil are not

reported. However, photographs in Schulz et al, (1995) show lush vegetation

growing on the cover of the monolayer. Thus, the "native" soil is probably a silty

sand which is suitable for sustaining vegetation.

Two earthen resistive barriers were constructed. Each test section

contains a layer of compacted Christiana clay 45-60 cm thick. Hydraulic and

index properties of the clay are not reported. A gravel drainage layer

approximately 30 cm thick is placed on the compacted clay layer. The drainage

layer is overlain by vegetated top soil (Fig. 19b) or rip rap (Fig. 19c).

The capillary barrier design is essentially the same as the earthen

resistive barrier with vegetated top soil, except two coarse-grained layers are

placed beneath the compacted clay layer. The upper coarse-grained layer is a
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20-cm-thick layer of diatomaceous earth. The lower layer is a 20-cm-thick layer

of clean pea gravel.

The bio-engineered cover is constructed from panels of fiberglass sheet

underlain with 4 m of native soil. A gap exists between each sheet in which

Pfitzer junipers are planted. The junipers are used to extract any water that

passes by the fiberglass sheets.

3.3.2 Test Section Design

Few details are provided by O'Donnell et al. (1994) and Schulz et ai.

(1995) regarding how water balance measurements are being made. Ai
lysimeter consisting of a PVC geomembrane and a layer of gravel is placed

beneath each test section. Deep percolation is measured by pumping water

from the lysimeter through a vertical riser. Surface runoff and lateral drainage

are collected in gutters and discharged to a metering system. A neutron probe

is used for measuring soil water contents.

3.3.3 Water Balance Data

Water balance data for the test sections is summarized in Table 7. Deep

percolation has been zero for the earthen resistive covers and the bio-

engineered cover. Percolation from the monolayer cover has typically been

about 20% of precipitation. Percolation from the capillary barrier (0.13 cm) was

measured only once, in 1994. tt is important to note, however, that the method
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Table 7. Water Balance Data from NRC Test Sections.

Cover
Design 1990 1991 1992 1993 1994

Evapotranspiration (% precipitation)
Monolayer

Resistive-Soil
Surface

Resistive-Rip
Rap Surface

Capillary
Bio-

Engineered

75
68

30

92
30

71
65

28

75
32

81
75

26

78
39

64
60

24

60
40

53
59

26

60
40

Runoff (% precipitation)
Monolayer

Resistive-Soil
Surface

Resistive-Rip
Rap Surface

Capillary
Bio-

Engineered

5
32

70

8
70

1
35

72

25
68

6
25

74

22

61

4
40

76

40
40

13
41

74

>39
60

Percolation (% precipitation)
Monolayer

Resistive-Soil
Surface

Resistive-Rip
Rap Surface

Capillary
Bio-

Engineered

20
0

0

0
0

28
0

0

0
0

13
0

0

0
0

32
0

0

0
0

34
0

0

<1
0

Note: Water balance calculations ignore soil water storage.
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used to measure percolation in this study (pumping water from lysimeters up a

riser) is relatively inaccurate. The resolution is probably 0.5 cm/yr. From this

perspective, the earthen resistive barriers and the capillary barrier performed

similarly.
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3.4. HEATHE STEEL WASTE ROCK PROJECT

3,4.1 Project Overview

The Heathe Steel Waste Rock Project was conducted to evaluate a

capillary barrier design for use as a cap over acid-generating mine tailings at

the Heathe Steel Mine near Newcastle, New Brunswick, Canada. The project is

described in Yanful et al. (1993 a, b) and Woyshner and Yanful (1995). Annual

precipitation in Newcastle is 96 cm.

Unlike other cover designs, the capillary barrier described in this project

was designed to limit percolation and oxygen flux. Minimizing oxygen flux is

critical when capping mine tailings, because oxygen is required for the tailings

to oxidize and generate acidic leachate laden with heavy metals, if .oxidization

is minimized, percolation passing through the tailings does not become

significantly contaminated.

Test sections simulating two earthen cover designs were tested (Fig. 20).

Both designs included a 60-cm-thick layer of compacted fine-grained till acting

as the barrier against percolation and oxygen diffusion. A 40-cm-thick layer of

well-graded sand was placed above the till layer in both test sections. One test

section contained a 50-cm thick layer of uniformly graded coarse sand directly

beneath the till layer. The other test section contained a 30-cm-thick layer of

coarse sand. Both test sections also include a 10-cm-thick surface layer of

gravel for minimizing erosion.

To minimize oxygen diffusion, it is necessary that the barrier layer remain

nearly saturated so that the air phase in the soil remains occluded. To maintain

73





Gravel

| Well - Graded!:
i Sand j;

\ Compacted ̂
\ Fine - >
^ Grained Till \

jjjjjij Uniform -jjli
gi Graded jg
i:!:El Coarse ;!±l:
i:|:|:| Sand 11*

4C
i
,

6C

•
.

5Ci

pOcm

)cm
r
L

) cm

•
,

) cm

L c

Gravel

gWelf-Graded';]
Sand ii

Uniform-
Graded ~*

Coarse Sand

Compacted \
Fine -

Grained Till
k\\\\\\\\\N

"T~.I 10cm

40 cm

60cm

30cm
_L

(a) (b)

Fig. 20. Cross-Section of Test Sections at Heathe Steel Waste Rock Project: (a)
Thick Layer of Coarse Sand, (b) Thin Layer of Coarse Sand.

74



saturation, downward and upward movement of water (i.e., percolation and

evaporation) must be minimized. The sand layers placed on either side of the

compacted till layer were expected to limit water movement via the capillary

barrier effect. The underlying coarse-sand layer has very low air entry suction,

which prevents percolation from the compacted till unless the till is fully

saturated. The overlying sand layer also forms a capillary barrier that prevents

desiccation of the till. That is, capillary barriers were used to prevent both

percolation and evaporation. In addition, the uppermost layer of gravel added

for erosion control also functions as an additional capillary barrier that

minimizes evaporation.

3.4.2 Test Section Design

The test sections were 20 m by 20 m in plan, and were constructed

directly on old tailings. A lysimeter 2.2 m2 constructed from HOPE was placed

underneath each test section to collect percolation. TDR probes were installed

in each layer for monitoring water content and heat dissipation sensors were

used to measure soil suctions. Gaseous oxygen was monitored in the soil

layers by extracting samples from 6-mm-diameter stainless steel tubes placed

at various depths and measuring the oxygen concentration with a portable

meter. Thermocouples were installed to assess temperature changes due to

oxidation of the tailings. Tailings oxidation is an exothermic reaction, i.e., it

generates heat. All of the data were collected manually.
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1.3 Performance Data

Data collected from the test sections indicates that the covers performed

intended. Oxygen levels in the tailings decreased from 20% before

icement of the cover to less than 3% after covering. Temperatures in the

lings also decreased after the cover was installed. Water contents

3asurements showed that the upper and lower-coarse grained layers typically

e nearly dry, whereas the till layer is essentially saturated. Percolation from

e barriers has ranged between 2 and 4% of percolation, with most of the

src *ion occurring as a result of snow melt and spring rains.
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The compacted clay layer was constructed with highly plastic Mercia

Mudstone (liquid limit = 53, plasticity index = 30). For the non-engineered test

sections, the compaction water content was 6.6% wet of optimum water content

and the relative compaction was 92.6%. For the engineered test sections the

compaction water content was 6.3% wet of optimum and the relative

compaction was 96.5%. Practically none of the measurements of water content

and dry unit weight feel wet of the line of optimums (percent wet of line of

optimums ranged from 0 to 12%). From a practical perspective, there is no

apparent difference between the compaction condition of the non-engineered

and engineered compacted clay layers.

The saturated field hydraulic conductivity of each clay, layer was

measured with four sealed double ring infiltrometers. Saturated field hydraulic

conductivities ranged from 6.8x10"7 to S.OxlO"6 cm/sec for the non-engineered

clay layer and 1 .5x10"6 cm/sec to 2.3x10'5 cm/sec for the engineered clay layers.

The low percentage of compaction data falling wet of the line of optimums is

responsible for the high field hydraulic conductivities. That is, each clay barrier

was compacted dry of the line of optimums, which is known to yield high field

hydraulic conductivity (Benson and Boutwell 1992, Benson 1994).

3.5.2 Test Section Design

The test sections were 8 m wide and 15 m long. Each test section

contained three lysimeters 2 m wide by 5 m long to collect percolation. The

lysimeters were constructed from HOPE geomembrane 2.0 mm thick overlain by
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a geocomposite drain, 0.6 m of cuartz gravel, and a non-woven needle-

punched geotextile. Water collected from the lysimeters was piped by gravity to

a collection point where a tipping bucket was used to measure flows. Surface

runoff and lateral drainage were collected using a similar system, but were

measured with a single tipping bucket. Thus, it was not possible to separate

flow dues to run off and lateral drainage.

Each test section was equipped with eight neutron access tubes for water

content measurements. A tensiometer nest was also installed in each test

section containing six tensiometers at depths of 30, 70, 90, 110, 130, and 150

cm. A weather station was also installed to measure on-site meteorological

conditions. All of the data were recorded automatically using a computerized

data acquisition system. Details of the system were not described.

3.5.3 Water Balance Data

Percolation data reported in Rust (1996) are summarized in Table 8.

Problems with the data acquisition system preclude comparison of the

remaining water balance data. Percolation from each of the test sections was

fairly low, relative to percolation rates measured at other sites with similar

covers and climate (e.g., the Omega Hills study, Sec. 3.1). The low percolation

rates may be an artifact of the measurement system. The gravel used for the

lysimeters was probably unsaturated, and stored significant quantities of water.

This would make the percolation rates appear too low.
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Table 8. Percolation Data from the Little Packington Landfill Final Cover Study.

Slope
1992-93
1993-94

Percolation: Non-Engineered
(cm)

10%
0.1
0.64

20%
0.12
0.71 '

Percolation: Engineered
(cm)

10%
0.27
0.51

20%
,,. 0.12

0.12
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Percolation from three of the four test sections was significantly higher in

1993-94. During the summer of 1993, the clay layers desiccated significantly,

which probably induced desiccation cracking. Flow monitored subsequent to

the summer of 1993 showed a brief time lag between flow in the lysimeter and

precipitation events (Rust 1996), which suggests that preferential flow was

occurring. Thus, preferential flow through desiccation crack? is the likely cause

of the increased percolation rates observed in 1993-94.
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3.6 GEORGSWERDER LANDFILL COVER STUDY

3.6.1 Project Overview

The Georgswerder Landfill Cover Study was conducted to evaluate the

field performance of three potential cover designs for use in remediating old

uncontrolled landfills in Germany. The project was conducted at Georgswerder

Landfill in Hamburg, Germany and is described by Melchior and Miehlich

(1989, 1994) and Melchior et al. (1994). Annual precipitation in Hamburg is 83

cm.

Three cover designs were evaluated (Fig. 21). Each test section

contained a vegetated surface layer 75 cm thick consisting of top soil underlain

by a sand drainage layer 25 cm thick. The barrier systems were directly

beneath the sand drainage layer. Two test sections contained resistive barriers

consisting of a compacted layer of glacial till 60 cm thick or a composite barrier

consisting of compacted glacial till (60 cm thick) overlain by a 1.5-mm-thick

HOPE geomembrane. The third test section was a capillary barrier consisting of

a 40-cm-thick layer of compacted glacial till, overlying a layer of fine sand and a

layer of fine gravel. In effect, the capillary barrier test section contained three

capillary breaks (top soil-sand drainage layer, glacial till-fine sand, and fine

sand-gravel).

3.6.2 Test Section Design

Design of the test sections is described in Melchior and Miehlich (1989).

Each test section was 10 m wide and 50 m long and had two slopes (4% and
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Fig, 21. Cross-Section of Test Sections at Georgswerder Landfill Cover Study:
(a) Earthen Resistive Barrier, (b) Composite Resistive Barrier, (c)
Capillary Barrier.
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20%). A lysimeter constructed from HOPE geomembrane and fine sand was

placed underneath the extent of each test section to collect percolation (Fig. 22).

The barrier systems were constructed directly on top of the lysimeters. Water

collected from the lysimeter and from "gutters" collecting lateral drainage was

piped by gravity to collection tanks. Flows were measured using three

techniques: tipping buckets (low flows), paddlewheel flow meters (high flows),

and float gages in the collection tanks (Melchior and Miehlich 1994).

Water contents were measured manually on a periodic basis with a

neutron gage in 24 different neutron tubes. Suctions were monitored

continuously using 531 tensiometers equipped with electronic pressure

transducers. A weather station was installed to collect automatically, collect on-

site meteorological data. All of the data, with exception of the water content

measurements, were collected automatically with a computer system.

3.6.3 Water Balance Data

Water balance calculations showed that most of the precipitation was

shed as evapotranspiration and lateral drainage. During the first three years of

the study, evaporation was 64% of precipitation and lateral drainage was 34%.

of precipitation, on average. That is, percolation was at most 2% of the water

balance during the first three years of the study.

A drought occurred during the third summer, which caused extensive

desiccation and cracking of the compacted glacial till layers. Thereafter,

percolation from the resistive barrier containing only a clay barrier layer and the

84



Water Content &
Suction Monitoring

Drainage Layer
Clay Barrier

Collection of
Lateral Drainage r

& Percolation

1%&3$& Geomembrane

Percolation Lysimeter
Lysimeter
Geomembrane

Gas Drain

•Former Cover
-Waste
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capillary barrier (Fig. 23) increased .-Iramatically. Excavations in Spring 1993

showed that cracks formed during the drought in the compacted glacial till

layers in the earthen resistive barrier and the capillary barrier. These cracks,
t

which contained a sheen of water during the excavation, were preferential

conduits for flow. Flow through cracks in the earthen resistive barrier

immediately became percolation. In the capillary barrier, the glacial till formed

the uppermost layer.of the barrier. When the glacial till cracked, excessive

quantities of water were transmitted into the fine sand wicking layer, resulting in

the fine sand becoming saturated. As a result, water moved downward into the

fine gravel and became percolation.

Percolation from the composite resistive barrier occurred .seasonally

throughout the monitoring period, and was essentially the same each year.

However, the quantity of percolation was higher than anticipated based on

flows expected from defects in the geomembrane. Examination of the data

showed that percolation from the composite resistive barrier was primarily

thermally driven vapor flow that occurred during the summer months when the

thermal gradient was oriented downward. During other parts of the year,

percolation from the composite resistive barrier was essentially zero.

It is also important to recognize that the capillary barrier performed as

well as the composite resistive barrier before the compacted glacial till layer

was cracked by desiccation (Fig. 23). Had the fine-grained surface layer been

constructed using a soil resistant to desiccation cracking, the capillary barrier
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probably would have continued to perform as well as the composite resistive

barrier.

Finally, it is important to point out that Melchior et al. (1994) provide the

sole source of percolation data from covers designed as composite resistive

barriers. Their data suggest that thermally driven vapor flow is primarily

responsible for percolation from composite resistive barriers, Tneir data can

also be used to estimate a reasonable average percolation rate for covers

designed with composite resistive barriers. Based on their data, a reasonable

annual percolation rate is 0.05 cm/yr.
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SECTION FOUR

CONCLUSION

This report has described fourteen final cover demonstrations including

85 different final covers. These demonstrations have resulted in a wealth of

information regarding the hydrologic performance of final covers in arid, semi-

arid, and humid climates. Based on this information, the following conclusions

are drawn.

Compacted clay barriers will fail if they are not protected against desiccation.

In five of the studies that employed compacted clay barriers, the barriers
cracked when they desiccated. Afterwards, percolation rates increased
substantially regardless of whether the compacted clay barrier was used in a

resistive barrier or a capillary barrier. More importantly, all of the
clay barriers that failed were located in humid climates. More

should be expected when un-protected compacted clay barri l
arid and semi-arid climates.

It is surprising, however, that two of the earthen resistive barrie
in arid regions (i.e., the PBLCD, Sec 2.3; Hill Air Force Base Si
did not experience desiccation cracking and increases in pe
The reasons why these barriers did not crack is subtle; the \
constructed with compacted soil-bentonite mixtures, not cor (312)332-7

Research has shown that soil-bentonite mixtures do not crack i _. ..._.w««
in hydraulic conductivity when they desiccate (Albrecht 1996). Had these

barriers been constructed with compacted clay, they would have cracked and
large increases in percolation rate would have occurred.
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These findings suggest that contacted clay barriers used in final covers
must be protected against desiccation cracking. Otherwise, the cover will not

perform as intended. The only proven method of protection is to cover the
clay with a geomembrane and to cover the geomembrane with at least 45 cm
of soil (Corser and Cranston 1991). The upper soil layer provides a
surcharge that holds the geomembrane in firm contact with the compacted

clay.

The demonstrations show that capillary barriers transmit less percolation

when the surface layer has lower saturated hydraulic conductivity. Lower
saturated hydraulic conductivity promotes runoff, and prevents excessive

infiltration that can overwhelm the soil water storage capacity of the surface
layer. However, the surface layer must be resistant to desiccation cracking. If
cracks do form, the capillary barrier will fail, as occurred in the Omega Hills
Final Cover Study (Sec. 3.1) and the Georgswerder Landfill Cover Study
(Sec. 3.6), Unfortunately, the lowest saturated hydraulic conductivities are
obtained with compacted clays, which are prone to desiccation cracking.
Thus, a compromise between low saturated hydraulic conductivity and
resistance to desiccation cracking must be made. This compromise is best

made using silty sands and sandy silts, which are resistant to desiccation
cracking and have reasonably low saturated hydraulic conductivity (~ 10~5

cm/sec).

The demonstrations show that the capillary barrier effect is realized in the
field. However, some of the capillary barriers (e.g., Hill Air Force Base Study,
Sec. 2.7) transmitted more percolation than expected, and more percolation

than was transmitted by the prescriptive resistive barrier designs. In
hindsight, the reason for these apparent "failures" is clear. The surface layer

thicknesses used in the field demonstrations often were not selected based

on rigorous design principles, but rather were selected arbitrarily. Because

the required surface layer thickness (i.e., the required soil water storage
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capacity) was never determined, the soil water storage capacity was

exceeded and significant percolation occurred. Had rigorous principles been

used, thicker surface layers would have been selected and percolation would
have been small if not zero. In fact, when capillary barriers with thicker

surface layers were used in demonstrations (e.g., the Hanford FLTF), virtually
no percolation was transmitted.

Rigorous principles were not employed in many of these studies because the

design and analysis tools needed for selecting appropriate layer thicknesses
were not available when most of the demonstrations were initially formulated.
Fortunately, these tools (e.g., water balance models developed specifically

for arid and semi-arid regions) are now available (e.g., Khire 1995). As a
result, layer thicknesses for capillary barriers should now be selected using a

rigorous analysis based on sound principles of unsaturated flow. ..

* The demonstrations conducted at LANL, Hill Air Force Base, Wenatchee, and

the Hanford FLTF show that a critical condition for capillary barriers is during
snow melt events. During snow melt events, evapotranspiration is low and

infiltration is high. As a result, the risk of exceeding the soil water storage
capacity is high. Consequently, the design of capillary barriers must include
adequate capacity to store water that infiltrates during show melt events.

A natural extension of this finding is that the critical design period for capillary

barriers is when evapotranspiration is low and precipitation is prolonged.
This condition also results in a high risk of exceeding the soil water storage
capacity of the surface layer. In many regions, this critical period will occur
during the winter months (Khire 1995). Capillary barriers must be designed

with adequate soil water storage capacity for this critical period.

* Mixed results have been obtained from the demonstrations including

monolayer barriers. The NRC Study (Sec. 3.3) shows that the performance
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of monolayer covers in humid cllriates is poor. In contrast, the monolayer
barriers evaluated in the INEL Cap Study (Sec. 2,4) performed well.
However, percolation from base of the INEL monolayer barriers was not
measured and thus a definitive conclusion cannot be drawn from the INEL
Cap Study. The monolayer barriers evaluated in the ITPE (Sec. 2.2) also did
not perform well. It must be noted, however, that none of these covers were
engineered. Instead, the layer thicknesses were selected arbitrarily or based
on previous practice. Had the monolayer barriers been engineered, much
better results would have been obtained. It is expected that the forthcoming
data from the PCBBE (Sec. 2.5) and the data from th? studies in California

will show much better performance, because these caps and covers have
been engineered using rigorous analyses.

In many situations, an alternative cover must be shown to be equivalent to a
prescriptive cover in terms of percolation rate. This comparison can be

readily made using rigorous water balance models for sites with prescriptive
earthen covers. However, such comparisons are difficult to make when the

prescriptive design is a geosynthetic or composite cover, because rigorous
methods to simulate flow through these types of covers have not yet been
developed. In the absence of rigorous models, the data presented by

Melchior et al. (1994) provide the best means to characterize percolation
rates through geosynthetic and composite covers. In particular, they show
that the percolation rate from a composite cover is approximately 0.05 cm/yr.

(312)332-7777
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further research. Capillary barriers should bo studied in greater detuil
in order to bo oblo to better engineer thcso systems, Tho breakthrough
at the end of 11)92 indicates that effective limitation of the infiltration
rale into the capillary layer is essential. Tho combination of n flexible
membrane liner above a capillary liner seems to be a promising concept
(see below). In contrast, compacted soil liners that were not protected
by a gcomcinbrane wore destroyed due to desiccation and shrinkage in
thu course of a very few summers: the weather was slightly dry in 1989;
of average moisture in 1988, 1990, and 1991; and extremely dry in
1992. Wo can only speculate how liners with a different clay composi-
tion or liners better protected by thicker topsoils might huve per-
formed. Yet it is impossible to specify how surface liners can be nilinbly
protected against desiccation and shrinkage. The soil liners studied had
only a relatively low risk of shrinkage due to their particle size distrib-
ution and their clay mineral composition compared to other clay liners.
Furthermore, the climatic conditions in Hamburg are far from being
very dry and therefore should create a rather more favorable environ-
ment for soil liners than would a more arid climate. Therefore, the
results of this study indicate a high risk of failure for compacted soil
liners in landfill covers in general.

2(H
Drainage above
Compacted Soil Liner, mm/day

Lateral Drainage
in Capillary Layer, mm/day

Break-through
across Capillary Barrier, mm/day,

1988 ' 1989 ' 1990
Figure 6. Exlonded capillary barrier—discharges.

1991 1992
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Another disadvantage of compacted soil liners is that maintaining
moisture contents at optimum levels during their construction makes
their uso a very complex, expensive, and time-consuming venture,
furthermore, suitable materials ore rare, and the usual quality control
programs cannot guarantee the construction of an efficient liner. Direct
monitoring is possible only on selected parts of a whole cover by
installing test fields that allow direct measurement of liner leakage in
largo aroas. Because of the high costs of such a procedure, it is not com-
monly practiced. Leak detection and subsequent repair of covers arc
therefore usually not possible.

Table 3. Extended capillary barrier. Annual drainage rales (mm) above compacted soil liner,
annual lateral drainage within capillary layer (mm), and annual breakthrough (mm and */. ol

1988

1989

1990

1991

1992

Drainage
above

Compacted
Sol! Llnor

mm/yr

389.7

233.4

320.5

198.3

277.7

Lateral
Drainage

within
. Capillary Layer

mm/yr

8.4

14.2

31.0

32.J

101.2

Break-through
Capillary Barrier

mm/yr

0.0

0.0

0.0

0.0

15.2

%

0.0

0.0

0.0

0.0

3.9

In addition, the results of the study show that compactcd BC, I 1 ners
desiccate periodically even below a flexible membrane Imer due, to^ ler-
mally induced water transport. This may ""'̂ '"̂ f J1"^J™
of the Boil liner even before the projected end of the design We of the
flexible membrane liner. Even If this does not happen, the compacted
soil component most like.y will not be the intended long-term backup
system for the flexible membrane liner because of poss.ble shrmkage
when the flexible membrane liner no longer averts the cap.llary nse o
water For all these reasons, the use of compacted so,] liners m landfill
covers must be questioned as long as they cannot be securely protected
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occurred through the composite liner—only desiccation of the com-
pacted soil component. The loss of moisture of the soil liner is, however,
very small: about 1.5% hy volumu. Thu hydraulic gradient in positive nl
all times but drops significantly below 1 during the dry period. Thc
potentials, however, arc not low enough to generate capillary rise of
wuler.

20-

10-

0-

0.1-

0.2

Drainage above Liner, mm/day

H . .k ii1 i î

Discharge below Liner, mm/day

\L

:

L
iJj I
':

Figure 4.Composl1e llnor—discharges above and below linor.

The moisture loss of the soil liner below the flexible membrane is moat
likely council by thermal gradients. Soil temperature varies during the
year between 5 and 19"C (Figure 5). Duo to the heat of the landfill, the
temperature is higher at tho bottom of the liner than at its top during
fall, winter, and spring. Only during the summer is atmospheric heat
input high enough to heat the top of the liner to temperatures that
exceed those at its bottom. Comparison of temperature gradients and
discharges reveals that discharges below the liner start with the first
occurrence) of negative gradients (temperature decr**»sing with depth).
The maxima of BO!! temperature and dtscha intensity also
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correspond. The discharge intensity decreases slowly aflo.r tho reversal
of the temperature gradient; soil temperature also decreases during
that time.

Discharge below Liner,

Top of Liner

BollomofLl er

Top of Line
Bottom of L ner

1988 1989 1990 1991 199?

Rflure 5. Composite liner—discharges, pressure potentials, hydraulic gradients, and soil
temperature.



414 Molchior el

content, 12.1% dry weight. Proctor density was 2.039 g/cm', nnd optu
mum water content was 9.6%. The till was compacted to >95% of the
Proctor density on the wet aide of optimum with a smooth vibratory
roller. Total pore volume of the liner is 27.0%; the degree of saturation,
87%. The geometric moan of the saturated hydraulic conductivity, mea-
sured In the laboratory during construction, was 2.4 x 10"'" m/sec. Due
to Its graded purttclu size distribution, its low clay content, and the
dominance of relatively inactive clay minerals, the potential for shrink-
age oftho till is rather low compared to that of other "clay liners."

Figure 2 shows the discharges in the drainage layer above the liner and
thu liner leakage (the sculo of I ho Y-uxca of both diachnrgoa differs by u
factor of 10). The drainage discharge above the liner is high during win-
ter and spring, wheroas little occurs during summer. Liner leakage was
very low during the first 20 mo. In August, 1989, however, it rose
sharply within a fow days after a rather small discharge event above
the liner following heavy rainfall. After that, both discharges corre-
sponded. This flow pattern and the results ofa tracer experiment prove
the existence of continuous preferential flowpaths within the liner that
allow rapid percolation. In fall, 1992, the liner leakngo again increased
and reached maximum values.

Tcnaiometcrs measure the pressure potential of tho soil water. The
pressure potential is dominated by the ma trie potential, although
short-term variations of the tensiometer data in the liners are caused
by gas pressure potentials duo to delayed transmission of atmospheric
pressure chunguB In the linera (uco Melchior, 1993). Tho lunaiomeler
data, however, clearly show tho seasonal variation of metric potentials
and therefore can be interpreted with respect to tho degree of desicca-
tion of the linera. Pressure potentials and the hydraulic gradient in the
compacted soil liner are shown in the lower part of Figure 3. The liner
waa nearly saturated during winter and spring (potentials close to 0
hPa). Desiccation occurs during the summer, beginning at the top of
the liner, until rainfall produces drainage discharges in the fall and
remoiatens the liner (data for the end of 1992 are not included in this
figure).

The hydraulic gradients wore positive most of the year and indicated
downward wulor movement, During the summer, however, steep nega-
tivo gradients wero preuonl; consequently, tho water rose via capillary
movement. The decrease ofmalric potential caused a moisture loss of
only nbout 2..')% by volume and wns, at Ica.st until 1D92, low compared
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lo the desiccation that usually occurs in topsoiU. Relatively low umis*
lure losses, however, already cause rather high cnpillnry forces and,
consequently, cause the risk of shrinkage of the compacted, low-poros-
ity liners. The summer of 1992 was extremely dry compared to the
long-term average water balance in Ha-nburg. Pressure potentials
decreased drastically and, consequently, resulted in further shrinkage
and additional formation of preferential flowpaths through the liner.
Excavations in spring, 1993, revealed the existence of barely visible,
very small fissures between soil aggregates (around 5 cm in diameter).
Tho fissures were viaiblo only bccauso there was sliiny freo water on
tho surface of the aggregates. Hypotheses other than shrinkage to
explain Iho formation of the mocroporcs can either bo excluded {free/-
ing, penetration of roots, or burrowing by animals), or arc not sup-
ported by the available data (subsidence). Plant roots have reached the
upper parts of the liners in 1992, 3 yr after preferential flow bcgnn.
From 1992 on. however, plant roots contributed directly to tho desicca-
tion and formation of soil structure and represent tho dominant,
long-term threat lo the liners.

20-

10-

Drainage above Liner, mm/day

Liner Leakage .mm/day

•r-t » i r ri-i-r-
1988 1989 1990 1991 1992



MULTILAYERED LANDFILL COVERS:
FIELD DATA ON THE WATER BALANCE
AND LINER PERFORMANCE
S. Melchior, K. Bergcr, B. Vielhabcr, and G. Michlich

Jnslitut fiir Bodenkunde. Univcrsitfit Hamburg, Hamburg, Germany
Key words: Landfill cover, water balance, liner performance, desiccation, field
tysimeter

ABSTRACT

The water balance and long-term performance ol different covers have been
monitored on the Georgswerder landfill (Hamburg. Germany) since I960. Evapo-
transplratlon and drainage above (he liners are the ma|or components ol the
water balance. The liners tested performed very differently. The compacted soil
liners have lost their efficiency due to desiccation and shrinkage. The flexible
membrane liners (used in combination with compacted soil liners) and an
extended capillary barrier performed very well. A slight periodical desiccation duo
to thermally induced water transport was observed within the soil liners below the
flexible membranes. Finally, we will discuss the suitability of compacted soil liners
in landfill covers and the use of other, proposed systems with an intrinsic ability
lor control.

INTRODUCTION

Cover systems ore an important component of new landfills nnd ore
widely used to safeguard old contaminated sites. They serve to avoid
Uic-transfcr of contaminants into the biosphere and to prevent precip-
itation from infiltrating waste, thus limiting the risk of groundwalcr
and surface-water contamination. Vegetation and topsoil temporarily
sloro the atmospheric water input and, even under humid climatic con-
ditions, evapotranspirate a largo part of it. The rest, however, perco-
lates downward periodically and therefore has to be drained laterally
nhovo n linor. Different types of liners arc used, and they arc often com-
bined: compacted cohesive soil liners, flexible membrane linuni
(High-density polyethylene, HOPE), and capillary barriers, as well as
other materials such as asphalt, geosynthetic clay liners, or soil mixed
with differed Iditives. Despite the number of covers that have been
constructed, Titilo is known nbqut their long-term performance in tin:
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Fig.
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7, Water content of the composite soil cover at Waite Amulet. Quebec.
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Fig. 8. Gravimetric water content measurements in June 1993.
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tailings, near Rouyn-Noranda. Quebec. The model predic-
tions were corroborated by field measurements of percolation,
evaporation, and soil water content. The Hydrologic Eval-
uation of Landfill Performance (HELP) model was used to
evaluate the effectiveness of the cover at four meteorologi-
cal stations surrounding me site, within a 400-500 km radius.
The HELP modelling showed that approximately 56% of
average annual precipitation evaporates and 11% runs off.
The amount available for subsurface flow is therefore

33% of precipitation. Using 33% of the precipitation .
Amos. Quebec, as a surface boundary condition i
saturaied-unsaturated flow modelling. U was determin-
lhat 34.4 mm of water would percolate through the covi
HELP modelling determined that 38 mm would percola
through the cover. The modelling exercises predict th
4?c of precipitation percolates through the cover. Fie
lysimeter measurements indicate that 4% of precipuaii
percolates through the cover. Both modelling memoes a!
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Fig. 5. Pressure head versus hydraulic conductivity functions used in SEEP/W modelling.
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Table 2. Observed percolation through the experimental clay cover at Waiie Amulet.

Period

Precipitation (mm)
Lysimeter

discharge (L)
Lysimeter

discharge (mm)
Lysimeter

discharge
(% of precip.)

OCL 26 to
Nov. 20. 1992

(Fall)

75

10

5

6

Nov. 20 10
May 21, 1993'

(Winter to
early spring)

440

0

0

0

May 2 1 to
June II, 1993*

fSpring)

82

30

14

17

June 11 to
Aug. 19, 1993

(Summer)

257

20

9

4

Aug. 19 to
Sept. 22, 1993
(Late summer

to fall)

105

22

10

10

Oct. 26, 1992 to
Sept. 22. 1993

(Annual)

958

82

37

" ̂
^Precipitation measured at Duparquet. Quebec.
The spring thaw appeared to percolat»y> the lysimeter between site visits on May ZI and June 11. thu£ showing a time lag.

*

systems consisting of soils with contrasting grain-size dis-
tributions, such as a composite soil cover, a high /T, implies
horizontal flow and a low K.. a vertical flow.

The water that enters the clay flows vertically, as indi-
cated by the hydraulic head contours: flow is perpendicu-
lar to the head contours. The tlow continues vertically
across the sand base, suggesting a low unsacurated hydraulic
conductivity. AT. The head contours also concentrate across
ihe sand base, illustrating the larger gradient needed to
push the flow through the sand. Since the flux is constant
and the gradient across the sand base is greater than that
across the clay, the K of the sand must be less than the
K, of the clay, in accordance with Darcy's law. Thus, the
sand base, being unsaturatcd. has a lower hydraulic con-
ductivity than the clay, which is saturated. The flow mod-
elling therefore confirms the sand base as a capillary bar-
rier that restricts drainage from the clay. This result is

consistent with the HELP modelling. Flow modelling results
predicted vertical flow through the cover to be 34.3 mm or
water, which is also consistent with the HELP modellin:
(Fig. 1).

The water table indicates where the pressure head equals
zero (vii = 0); this is also called the free water surface
When tli is less than zero, water is under tension (or sue
tion). and when Uf is greater than zero, water is under pres
sure. Unsaturated soils contain water under tension. The
water table occurs in the tailings at I m below the cove
and in the clay, as shown by the modelling results in FIE. C
The fact that the clay has a perched water table indicates i
is saturated, which is consistent with the HELP model
ling. The extent of saturation or the size of the perche
water table envelope is not actual, its presence is simply a
indication of saturation. The sand layer below the clay t
unsatu rated.
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Fig. 2- HELP modelling results, average monthly totals.
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balance components with varying levels of Kt (Fig. 3). The
hydraulic gradient (i) across the clay was calculated by divid-
ing flow through the clay by K^. Percolation increased with
K, values greater than I x 10" cm/s. while runoff, lateral
drainage, and hydraulic gradient decreased Percolation was
most sensitive at £, values between 2 x 10~7 and 2 X
10"6 cm/s, and i at values greater than 4 X 10"7 cm/s. When
KI is less than 7 x 10"7 cm/s. /is greater than I. which
indicates that free water is available at the surface of the
clay. The percolation for this value of K, is 220 mm/a
or 25% of mean annual precipitation. This would be the
maximum amount of percolation to expect while still retain-
ing free water conditions at the surface of the clay, and there-
fore a high degree of saturation of the clay. Monthly results
from this run confirm these conditions are sustained from
April through December, with no loss in the degree of sat-
uration of the clay at the end of the 20 year simulation. From
January through March, the cover is frozen: precipitation
accumulates as a snow pack and there is no gain or loss of
water and hence no change in the degree ot* saturation.

Flow modelling
To enhance the HELP modelling, the flow model SEEPAV
(Geo-slope International 1992) was used to simulate flow
through the composite soil cover at V/aite Amulet. The
test plot was modelled as a two-dimensional system and

unde r steady-iute conditions. SEEP/W is formulated to
analyze both saturated and unsaturated flow. Pressure head
versus water content functions (Fig. 4), used in the flow
modelling, were adapted from pressure plate and column
studies conduced by McGilJ University and Noranda Tech-
nology Centre. Pressure head versus hydraulic conductivity
runciions iFig. :) were developed with a routine in SEEP/W
that u t i l ized the drainage curves and other soil properties.
The top bounciry condition was specified as a constant
flow of water, equivalent to 303.6 mm/a, which was infil-
tration deduced from the HELP modelling. The sides of
the covered tilings domain were specified as a constant
head boundan set to piezometer head measurements. The
base of the tailings, which generally sits on clay, was
defined as impermeable. All other soil properties were
similar to those used in the HELP modelling.

Modelling tne test plot as a steady-state system simulates
the flow conc'.tions as if precipitation and evaporation
were constant tnroughout the year, which yields equilib-
rium conditions ot" flow with steady infiltration. Realistically,
precipitation would fluctuate throughout the year, runorf and
infi l t rat ion would therefore also fluctuate. Evaporation is
greatest du r ing the summer and least during the winter.
The cover wcuid also freeze during winter and limit per-
colation. Results of the How modelling therefore represent
the sveraee rlow conditions. U is similar to a system wun
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Table 1. HELP model input data.

Csn. Geotech. J., Vol. 32. I99i

Layer

Layer type

Layer thickness (cm)
Porosity"
Field capacity*
Wilting point
Initial water content*
Saturated hydraulic

conductivity (cm/s)*
Slope (%)
Maximum drainage length (m)
Cover area (ra:)
SCS runoff curve number
Evaporative zone depth (cm)
Maximum leaf area index
Initial snow water content (mm)
Growing season

Sand cover

Lateral
drainage

30
0.33
0.08
0.03
0.08

2.6 X I0"3

0
10
400
81
20
0; bare ground
50.8 (2 in.)
June-September.

Clay

Barrier

60
0.445
0.43
0.35
0.44

1.0 X IO"7

not applicable

Sand base

Vertical
percolation

30
0.39
0.05
0.025
0.05

8.4 x 10'3

to bare ground
'Laboratory measured soil parameters.

The phenomenon was illustrated in a combined experimen-
tal and modelling study by Yanful and Aube (1993).

Two experimental soil covers, incorporating the capillary1-
barrier concept, were constructed on acid-generating tail-
ings at the Waite Amulet site, near Rouyn-Noranda, Quebec.
The design, construction, and instrumentation details are
documented in two papers by Yanful and St-Arnaud (1991)
and Yanful (1993) and are only briefly described here.
The test plots were 20 by 20 m in plan and^cpnsistedjiLa
60 cm compacted clay layer placed between a 30 cm $and
base and a 30 cm sand cover. A 10 cm gravel crust blan-
keted the sand cover to ^control erosion. A collection basin
lysimeter was' placeoT below each cover. Lysimeters are
commonly used to assess evapotranspiration in water-
fa aJ an ce studies, but in this study they were used to col-
lect water percolating through the cover. They consisted
of semicvlindrical. acid-resistant, high-density polypropyl-
ene laid horizontally along, the axis of_the .cylinder. Each
lysimeter had an exposed, receiving surface area of 2.2 m:

and a volume of -2 m3. The water content of each lavei of
the covers was also measured.

Percolation through the cover was predicted using two
computer models. This paper compares predicted amounts
with those measured in the lysimeter. The predicted level
of saturation is also compared with field measurements.
Overall, the capillary-barrier concept is illustrated and
clarified through hydrologic flow modelling.

Hydrologic evaluation and prediction
The Hydrological Evaluation of Landfill Performance
(HELP) model is a deterministic water balance model,
developed by the United States Environmental Protection
Agency tEPA). which uses climatic, soil, and design data
to determine the water budget of a landfill (Schroeder et al.
1984). The HELP model "for windows (HMfW) utilizes
the EPA computer code and incorporates meteorological

data from Environment Canada (Grace Dearborn Inc. 1993).
Since the soil covers at Waite Amulet are similar in design
to landfill covers, HMfW was used to evaluate the mag-
nitude of the water balance components at the field site.

The amount of annual infiltration predicted with HMfW
was used as the soil surface boundary condition in SEEP/W,
a f in i te-e lement flow model used to solve the two-
dimensional equation of flow for steady-state saturated '
and unsaturated How at the site.

HELP model
The HELP model simulates 4 hydrologic processes on a
daily account: (i) runoff, and hence infiltration, is com-
puted using the United States Soil Conservation Service
(SCS) Curve Number method; (it) percolation (i.e.. sap- -*d
and unsaturated vertical flow) is modelled using D*^_- 's
taw; (in) lateral drainage is computed using the Boussinesq •
equation; and f/v) evaporation is estimated with a modi-
fied Penman method. Other components of the water bud-
get are deduced from these results.

Cover design specifications consist of the thickness and
soil type of each layer. There are four types of layers that,
are defined by the HELP model: (i) a vertical percolation
layer that allows only vertical flow: (11) a lateral drainage!
layer that allows verticil flow but also horizontal flow
through drainage pipes: (in) a barrier soil layer that restricts
vertical flow: and (iv) a waste layer (not used in this soil,
cover application). - !

Table I lists the input data used to apply HMfW to the
composite soil covers at Waite Amulet. Laboratory measured^
soil parameters'were used where possible. The SCS runotf
curve number was chosen using a relationship to the min-
imum infiltration rate and vegetative cover (Schroeder et al.
1984). The default SCS curve number for tme sand and
bare ground was used. In the present study, the impact of
vegetation was negligible and bare ground values were
used when applicable.
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slope and on the l«*ard side of the cover. In addition, the
cone shape minimizes ponding of water on the imperme-
able layer, thereby reducing percolation to the till. Water
would, instead, tend to flow through the granular cover,
down slope. These hydrologic conditions are more enhanced
on top or" the pile and could result in a low replenishment of
water to the cover, thereby providing a worst-case scenario
tor this study.

Summary and conclusions
A compos i t e soil cover was const ructed on an acid-

generating waste-rock pile located at the Heath Steele mine
site near Newcastle. New Brunswick. The cover was con-
structed by compacting a glacial till in three lifts of 20 cm
each on a sand base prepared on the levelled surface of the
waste-rock pile. The compaction energy used yielded a min-
i m u m field dry dens i ty of at least 95% of the maximum
Modified Proctor value. Moulding water contents were about
3Ct higher than the optimum value. A 30 cm thick gravelly
sand layer was placed on the t i l l followed by a final 10 cm
thick erosion-protection layer.

Instrumentation was installed to measure the following
parameters:

(/) gaseous oxygen concentrations in both cover and pile.
(in moisture contents and suctions developed in the cover.
(iih temperatures w i th in the pile, and
( i v t qual i ty and q u a n t i t y of the r u n o f f and percolated

water reporting to the bottom of the pile (underdrain).
Based on the monitoring results obtained to date, the fol-

lowing can be concluded.
(1) The cover has reduced gaseous oxygen concentration in

the pile from 20% to less than 3%.
t2) The volumetr ic water content of the compacted ti l l

layer has remained essential ly the same at about 32^
since cover ins ta l la t ion . The t i l l continued to remain
nearly fu l ly saturated.

tj) Infiltration through the cover observed during a 55-day
wet period was about 2-2.5^0 of precipitation.

(4) Reduced temperatures observed in the pile since cover
installation appear to be a result of seasonal fluctua-
tions. Continued monitoring will be required to con-
firm these data.

(5i No significant change in ihe water quality of the seepage
from the pile has been noted since cover installation .

These conclusions indicate that the placement of the cover
has reduced the flux of oxygen and water to the waste rock,
which suggests a reduction in oxidation and acid produc-
tion in the pile. Long-term monitoring of quality of the
seepage from the pile will be required to confirm the reduc-
tion in acid production because of the presently stored acid-
ity and low percolation of water through the cover.
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FIG, 12. Caseous oxygen concentrations in pile 7/12 before

and after cover installation.

TABLE 3. Comparison of the qual i ty of seepage from the pile
before and after construction of the cover

Date pH

Before
Julv 1989
Sept. 1989
Mav 1990
Sept. 1990
Oct. 1990

Oct. 30 1991
June 29. 1992
Auc. 17. 1992
Sept. 29. 1992

2.4
:.s2.4t •>
2J

After
2.3
2.4
—
2.9

Acidity
(mg/LCaCO.)

Total Fe
(me/Li

soi-
imc/U

construction of the cover
441)00
30500
16400
73 250
64400

construction of the
54 450
35 000
14400
15 300

5 100
2300
5510
7920
3700

cover
19590
10500
3720
5 250

43 441)
23 000
12 700
32970

—

71 042
5 UO

14 800
15 4QO

Sort: Conxirucnon 01 ihc cover was comoletcd in October l*>9 1 .

compaction, a small-diameter i25 mm] hole was augered.
the sensor installed in a soil slurry, and the hole backfilled

sealed to the surt'ace wi th bentonite.

The rnoiMure content ot each layer ot' the soil cover \va>
measured by lime'domain reflcciomeiry (TDR). TDR is a
radar technique in which a fast rise lime voltage pulse i*
nropacated through the soil and its reflection measured. The

utse is guided throueh the soil bv stainless-steel rods of

10 15 20 25

OOO April 1990. b«for» Cflv«f
_*3 April 1991. b«lor* Cover

Aonl 1992. after Covtr

Temperature (°C)
Fie. 13. Temperature profiles in pile 7/12 before and after

cover ins ta l la t ion ,

k n o w n dimensions. The measurement of travel t ime
yields an estimate of "apparent** dielectric constant i/f ,) of
the soil. The volumetr ic soil-moisture content 16.1 is then
calculated using a relation developed by Topp et al. H9SO).
or other soil-specific relations. A good review of the method
can be found in Topp and Davis (19851.

A three-rod TDR probe system (Fig. 11) was adapted
from Zegelin and White i 1989). The rods were 30 cm lone
in the sand layers and 20 cm long in the till. The probes
were placed in each layer hor izonta l ly as the cover was
beinc constructed. Probes were installed in the top and bot-
tom l i f t s of the t i l l layer. The applicat ion of the voltage
pu i se and m e a s u r e m e n t of Ar were pe r fo rmed wi th a
Tektronix I502B TDR metal l ic cable tester. The unit was .
attached to a data- logger to automate measurements. i

Results to date
The effectiveness of the cover m reducing sulphide oxi-

dation and acid generation can be assessed with the data
collected to date:

i/) gaseous oxygen concentrations in both cover and pile.
:/7) moisture contents and suctions developed in ihe cover.
HIM temperatures within the pile, and
t in q u a l i t y and q u a n t i t y of the runof f and percolated

water reporting to the bottom of the pile (underdraini.
Gaseous oxygen concentrations measured before and after

the placement of the cover iF ig . 12) clearly indicate the
prcsenc: nf the cover reduces oxygen penetration into me
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FiC- 9. Schematic representation of a vertical profile at an instrumented station.

FiG. 10.- Backfilling oi" nor:.*.«M Kxime:e:< following instal lat ion.

chambers allow flow and wate r q u a l i t y to DC monucrsd
mdi\ (dually. The cover or the outfall structure u-as inf-
lated wuh 50-mm styrotbam. und atl internal exposed surges
were covered unh fiberclas-t epoxy. Overflow from the out-
fall structure ii directed to 100-mm drainac: pipes slcrsnc

way from the sue to a s e t t l i n g pond located nearby.

The :3teous oxygen concentration within the cover was
determined with a Teledyne cortaole oxygen meter. A gas
<.impie was extracted from a 6.3 mm diameter stainless <ieel
t u b e p e r m a n e n t l y i n s t a l l ed j t the depth of interest. Fi\e

tr.': tuoes e x t e n a i n c -.eri ' .caily to the centre of eacn
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LROSION PROTECTION

SAND AND GRAVEL

COMPACTED GLACIAL TILL

SAND BASE

WASTE ROCK -

SOIL 8ERU

FABRENE MEMBRANE

Fic. 6. A cross section of completed composite cover.

Fic. ". Waste rock pile ~. 12 before cover instal lat ion.

r:C. i. \\avi*: rock pi le " !I . i t tor co\<:r in s t a l l a t ion .

A t'imi IDO-mni layer :onsi>tmc of a
to the covered pile to oro^ue erosion proiec-

l ion. This mater ial was compacted with several passes of
;ht: \ihraiory compactor. A cross section of the comoteted
composite cover is shown in Fig. 6. Photographs ui the
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Fic. 3. Placement and compaction of impermeable cover (glacial t i l l ) .

12 13 14 15 16 17 18 19 20 21 22
Water Content (%)

FIG. 4. In situ densitv vs. water content for comoactcd t i l l .

each lift to ensure that the ent ire area (50 x 50 m in plan)
was well covered. The next lift was placed only when the
results of the density tests indicated that the till was being
placed wuhin an acceotable range of densities and water
contents ; -- to -4Q wet of the optimum water content) .
A total of 9-1 dens i ty tests were conducted. Ficurc 4 pre-
sents the dry densities and water contents obtained during the
placement of each l if t . The data indicate at least 955- of
water faturaiion was achieved after compaction of each lifi .
The placement water con ten t was. however, too htch at
»ome locations where an excessive number of passes of the
•smooth-wheeled, vibratory compactor may have been used
o achieve the specified dens i t ies . The i m p l i c a t i o n of th i s

overcompaction (Holtz and Kovacs 1981) is a reduction in
shear strength. For this cover where the overburden stress due
to the granular cover is small (less than 10 kPa), stability may
not have been unduly compromised by the overcompaction.
The results of the tests arc further illustrated in Fig. 5 for the
first lift. The dcgrte of compaction achieved for the three lifts
ranged from 93 to 99ao. Moulding water contents were from
!5 to 19.5%. giving an average of about 17.39c. which was
3.5** above optimum.

The t i l l was placed on the ent ire pile dur ing
September -1-14. 1991. Placement was completed on the
west, south, and east iide slopes during September 3-10.
1991 when the weather was generally sunny with moder-
ate temperatures. On the top pan of the pile, however, only
the first l if t was completed during this period. A major rain-
storm on September 10. 1991 resulted in wetting of the first
l if t . The wct t i l l was subsequent ly excavated, allowed to
dry. and recompacted prior to the placement of the second lift
on September 14. Placement of the cover on the north side
slope was completed last. Precaut ions were taken dur ing
placement 10 ensure that no damage was done to existing
piezometer installations located in the too and north side
of the pile.

Following the installation of the final lift. Held hydraulic
conductivity tests were performed in the ti l l using'a sirwle
ring infiltromeier similar to the type described by Femuik and
Hauc 119901. H y d r a u l i c c o n d u c t i v i t y values, obtained ut
two locations on the top of the p i l e , were of the order ol'
1.0 x I0" : and 1.0 x 10~" cm/s.

CnintiUtr rm-rr
A granu la r cover conMMing ot' clean sand and gravel WON

placed over me e n t i r e pile. Grain-size analysis indicated
the g r a n u l a r cover to consist of 40% gravel. 58% sand, and
lrc M l t - jnd c l a y - s i z e panicles. Modified Proctor compaction



YANFUL ET AL.

TABLE I. Construction specifications for composite soil cover
389

Surface preparation
Grade identified high areas on slide slopes (3H:lV), minimizing disturbance to piie
excavate two 3,5 x 2 x 1.2 m holes at identified monitoring stations at the top of the pile for lysimeiers;'

provide sand cushion at bottom of excavation and slope at 2?c to promote drainage
Livel top of pile fi l l ing voids and depressions with excavated waste rock or non-acid-generating -crushed rock

(-37.5 mm) or approved equivalent
Provide a light seal between compated till layer and pile

Sand base
Compact with several passes of a medium-size vibratory roller to 92% of maximum Modified Proctor density

(ASTM 1987c)
Compact in two lifts to a finished total thickness of 30 cm
Ensure smooth surface of sand base to allow drainage
Ensure compacted surface is flat, with surface irregularity within ±15 mm of average grade
Finish final slopes at 3H:IV

Impermeable cover
Tr-irnpact with medium-weight vibratory compactor or sheepsfooi roller (as approved by engineer) to achieve

design specifications {Yanful et al. 1993)
Conduct prepjacement test on a till pad using proposed equipment; pud to be compacted in a minimum of

two layers and to measure at least 5 x 10 m in plan
Engineer 10 determine minimum number of passes of compactor (from test on pad) required for design densities
Compact till on sand base to at least 95% Modified Proctor density in three lifts (20 cm per lift) to a finished

thickness of 60 cm
Apply water as necessary during compaction to maintain specified water content (-2 to +4% of optimum);

if cover is excessively dried out. remove from site and replace
Engineer to perform field density tests on each lift before approving placement of next lift
In areas not accessible to rolling equipment, compact to specified density wuh approved mechanical tamper
Smooth top surface of cover to promote drainage

Granular cover
Place in maximum 15-cm lifts and compact to 92% of Modified Proctor to a finished thickness of 30 cm
Ensure compacted surface is flat, with irregularities within r50 cm of average grade
Complete final slope at 3H:1V

Erosion protection
Particle size :o be maximum of 75 mm and 15^ by weight finer than 4.75 mm
Place uniformly over entire pile surface of granular cover to a minimum thickness of 10 cm

The design, of a composite soil cover on a 0.25-ha experi-
menta l waste-rock pile located at Heath Stetle mines near
Newcastle. New Brunswick, is presented in Yanful et al.
t 1993). The design of the cover called for a three-layer sys-
tem consisting of a 60-cm compacted till (impermeable
coven sandwiched between a 30 cm thick well-graded sand
(sand base) and a 30 cm thick coarse-grained soil layer
(granular coven.

This paper deals with the construction and instrumentation
of the cover A brief description of the geotechnicaJ properties
of the i<kcied soils is presented. Monitoring data collected
to date are also discussed.

Construction of cover
The design requirements for the cover presented by Yanful

et al. ( 1993) and construction specifications outlined in
Table I -^ere developed into a request for a proposal that
was submi t ted for costing. A contract was subsequently
awarded for the construction of the cover in accordance
w i t h the specifications outlined in Table 1.

Voids and depressions were filled with excavated waste rock
and non-acid-gencrating crushed rock. A total of 50 t of
crushed rock was used for surface preparation. Sand and
gravel covering the edges of the impermeable membrane
underlying the pile at the perimeter were excavated manually
to expose the membrane. Additional membrane was joined
to the existing one at the edges of the pile and then extended
out to provide a lap that ensured a tight seal between the
till layer and the waste rock.

Sand base
The prepared surface of the pile was covered with a 30 cm

thick layer of medium to coarse sand. In areas near the base'
of the pile, the thickness of the sand had to exceed 30 cm to
achieve the required grades. Grain-size data indicated the
sand consisted of 4% gravel panicles, 90% sand, and 6^
silt- and clay-size panicles. The sand was comoactecl with a
minimum of four passes of a 5-t vibratory compactor to
achieve the required densities. The final surface of the sand
wax sloped at a minimum gradient of 1*%.

reparation
The ini t ial task in the placement of the cover was the

preparation of the side slopes and the top of the p i l e .
\ Caterpillar 215 hydraulic excavator was used to level the

iOp of the pile and remove hich points on the side slopes.

cover
Source and properties of glacial till
A borrow source for the appropriate glacial till was located

approximately 15 km east of pile 7/12. Reconstruction
gram-size analysis (ASTM I987a. 1987JM indicated the till



YA.NFU'L ET Al_ 557

Gillham. R.W. 1984, The capillary fr inge and its effect on water
table response. Journal of Hydrology. 67: 307-324.

Groudev..S.N.. Ccnchcv. F.N., and Gaidar j iev. S.S. 1978.
Observations on the mtcroflora in an industrial copper dump
leaching operation. M Metallurgical applications of bacterial
leaching and related microbiological phenomena. Edited by
L.E. Murr. A.E. Torma, and J.A. Brierley. Academic Press.
New York. pp. 253-274.

Harnes, J.R.. and Ritchie. A.I.M. 198!. The use of temperature
profiles to estimate the pyritic iron oxidation rate in a waste
rock dump from an open cut mine. Water. Air and Soil
Pollution. 16: 405-^23.

Harries. J.R.. and Ritchic. A.I.M. 1985. Pore gas composition
in waste rock Jun.ps undergoing pyritic oxidation. Soil Science.
140: 143-152.

Lambe. T.W.. and Whitman. R.V. 1969. Soil mechanics. John
Wiley & Sons. New York.

Leroueil. S.. Le Bihan. J.P.. and Bouchard. R. 1992. Remarks
on the design of clay liners used in lagoons as hydraulic bar-
riers. Canadian Geotechnical.Journal. 29: 512-515.

Ntcholson. R.V.. Gillham. R.W.. Cherry. J.A.. and Reardon. EJ.
1989. Reduction of acid generation in mine tailings through the
use of moisture-retaining cover layers as oxygen barriers.
Canadian Geotcchnical Journa l . 26: 1-3.

Nicholson. R.V.. AVundunni. F.F.. Sydor. R.C.. and Gillham, R.W.
1991. Saturated tailings covers above the water table: the
physics and criteria for design. Proceedings of the 2nd Inter-
na t iona l C o n f e r e n c e on A b a t e m e n t of Ac id i c Dra inage .
16-18 Sept. 1991. Montreal. Mine Environment Neutral
Drainage (MEND) Program. Ottawa, pp. 443-460.

Rasmuion, A., and Eriksson, J.-C. 1986. Cap i l l a ry barriers in
covers for mine tailings. National Swedish Environmental
Protection Board. Report 3307.

Vick. G. 1983. Planning, design and ana lys i s or' ta i l ings dams.
Wiley Interscience, Mew York.

Wheeland. K.G.. and Feasby, G, 1991. I nnova t ive decommis-
sion technologies via Canada's MEND Program, hi Proceedings
of the 12th National Conference. Hazardous MateriaU
Conirol/Supcrfund " V l . 3-5 Dee. I ' i 'M. Wa.tlniiiM"". I* f"
Edited hv G.K Uennell. Ha/anJou.s MaienaU Cniiirul Ke.Mttirces
Institute. Green Belt. Md. pp. 2-1-23.

Wilson. G.W. 1990. Soil evaporat ive f luxes for geottfchmeal
eng ineer ing problems. Ph.D. thesis. Depar tment of C i v i l
Engineering. University of Saskatchewan. Saskatoon.

Yanful. E.K. 1993. Oxygen diffusion through soil covers on sul-
phidic mill tailings. ASCE Journal of Ceotechnical Eneineerinvi.
Vol. 119. No. 8."

Yanful. E.K.. and St-Arnaud. L.C. 1991. Design, instrumenta-
tion and construction of engineered soil covers for reactive
tailings management. In Proceedings or' the 2nd International
Conference on Abatement of Acidic Drainage. 16-18 Sept.
1991, Montreal. Mine Environment Neutral Drainage iMENDl
Program. Ottawa, pp. 487-504.

Yanful. E.K., Riley. M.D., Woyshner. M.R.. and Duncan. J. 199.V
Construction and monitoring of a composite soil cover on un
experimental waste rock pile near Newcastle. New Brunswick.
Canada. Canadian Geotechnical Journal. 30: 588-599.



YANFVL ET AL.

1.0 2.0

335

3.0 4.0

Effective Diffusion Coefficients

QOO 1.0x10'7mJ/s
1.0x10-*mz/s

-50

-40

-30

•20

1.0 2.0 3.0 - 4.0

Thickness of middle layer (m)
Fic. 6. Predicted oxygen flux vs. thickness of compacted till layer as a function of oxygen diffusion coefficient.

0.00

-0.25

1.00

1.25-

1.50

rO.50

Slngl«cov«r
Totalflux=O2Xg (m'/a)'1

Effective diffusion coefficients

-1.00

Composite Cov*r
1.0x10-*m2/3(0.3m)
1.0x10-* m2/a (0.4m)
1.0x10*sma/t (0.3 m)

Slnglt Cov*f
5.0x10-'

•1.50
20 250 5 1 0 1 5

Oxygen concentration (%)
Fic. 7. Predicted depth of oxygen penetration in a composite soil cover compared with the penetration in a single cover.



Hydraulic head (m of water) Volumetric water content

-40 -30
0.0 r ————————————

0.1

0.2

0.3

0.4

^ 0.5
E,
£ 0.6
Q.
<D
Q 0.7

0.8

0.9

1.0

1.1

•1 9

Sand Cover

-20 -10
i. .i. ^ • • • i • •

"-.

o o.o
nn . ————

1
x-. 1

Vj

H\ j
Impermeable Cover *-•

-

-

-

Sand Base
-

-
.
•

— •"- — • Time 0
— — • T«2.5 days
........ T=-|Q days

— - - T=25days
———— T=60 days

S

-)
}
\i
3
i
3
1
'1
i
l)
:1
I
J
1
jl
1
1/3/'•\

0.1

0.2

0.3

0.4

0.5

.0.6

0.7

0.8

0.9

1.0

1.1

1.2

:
-

-

~
•
•

0.1
' • 1

\

\

V\t

1 0.2 0.3 0.4 0.5
. 1 i\

\
N
\
\
\
\
\

— ——— ' —

...... l .........

Sand Cover

Impermeable Cover

/

• : \

!i xx
i! \
i \ ^• \ \j \ \

»*
Sand Base

1

•>r

l-'»i. -I. Muddled hydraulic hcmK ;tiul w;ucr cunicnls in composite «»il cover.



YANFU- ET \1_.

TABLE -. Summary of wa tc r -quu l i ty da ta Tor pile 7/12 f rom the penod
July 1989 - October 1990

581

Surface runoff Underdrawn*

PH
Acidi ty (as CaCOO (mg/L)
Sulphate (mg/L)
Dissolved iron (mg/L)

2.0-3.0
22 000 -67 850
22 970 - 70 500

3600- 18 800

2.1-2.3
15 SOO-73 250
12700-^3 wo

3510- 13 767

Waste-rock pile 7/12
Pile 7/12 was one of the four acid-generating waste rock

piles at Heath Steele mine selected for monitoring and eval-
uation of remedial measures. It is located approximately 1 km
from ihe Heath Steslc mill complex off the main haul road
(Fig. 1). The pile was moved to its present location and
reconstructed in June 1989 as part of an ongoing test program
io evaluate soil covers. U was placed on a prepared sand
base, underlain by an impermeable membrane, by truck end
dumping from the perimeter and pushing into the middle
section wi th a loader. Placement on the impermeable mem-
brane would permit the collection of leachate at the base
of the pile before and after placement of ihe soil cover.
Reconstruction included recontour ing the p i l e to J m a x i -
mum slope of approximately 3:1 (H:V). It wjs also isolated
from the influence of any neighbouring topographical features.
The reconstruction resulted in a more uniform pile config-
uration that was likely to minimize any shape-induced effects
on the monitoring results and also facilitate the placement of
monitoring instrumentation. A perimeter ditch was also con-
structed to allow for separate collection of surface runoff. The
pile configuration prior to installation of the cover is pre-
sented in Fig. 2 .

The relocated pile c o n t a i n s approx imate ly 14 000 t of
pyriiic waste rock with maximum depth of 5 m. The pre-
dominant constituent sulphide mineral is pyrite (FeSO. and
total s u l p h u r c o n t e n t averages about 5?c. The physico-
chemical characteristics of the pile arc presented in Table 1.
The pile was instrumented with seven sets of thermocouples
and six sets of pore-gas samplers. It is the only pile at the
mine for which a water and contaminant balance can be
determined and was therefore selected for cover placement
and monitoring.

Although pile 7/12 has a maximum height of only 5 m.
pre-cover temperature and gaseous oxygen data indicated
behaviour similar to large waste rock dumps (of average
height of 20 m) at (he Rum jungle site in Australia (Hurries
and Ritchie 1981. 1985). For instance, oxygen concentra-
tions within the pile were found to be high enough (up io
193-) to allow oxidation to occur. Elevated temperatures
tended to occur at locations where low oxygen concentrations
were observed, confirming the exothermic nature of the oxi-
dation process. In addition, thermal convection was found to
be an important mechanism for oxygen transport into the
pile through the base.

Waste-rock oxidation and cover requirements
Pile 7/12. like the other acid-zeneratinc w-aste-rock pika,

at Heath Steele mine, has already started oxidizing and pro*
sumably contains a large volume of stored acidity. Wuier
quality of underdram flows reported for the period April-
October 1990 showed pH values in the range of 2.1-2.5.
su lpha te levels of 17 000 - .v 000 mg/L. and d i sso lved-

iron levels of 3000 - 17 000 mg/L. Acidity, which is a mea-
sure of the total concentration o£ dissolved species capable
of consuming alkaline materials, ranged from 16 000 to
73 000 mg/L. Surface runoff was also characterized by low
pH and high acidity, sulphate, and iron (Table 2). These
chemical characteristics are definitely indicative of acidic
conditions. The mineralogica! data liable I) also indicate
that there is a substantial amount of unoxidized sulphide
minerals left in the pile. Therefore, ihe two key aspects of an
effective cover system are the control or mitigation of water
infiltration and oxygen ingress into the pile. High infiltration
rates would flush out large volumes of stored acid, resulting
in high treatment costs. Residual iron sulphide minerals left
in the pi le wil l oxidize if the pile is exposed to air and
imuMurc. Placement of an cffcciivc soil cover will dcvrc;i>c
both infiltration and oxygen llux into the pile. Although HK.̂
cover could decrease further oxidation to an insignificant
level, release of stored acidity would continue, probably at
a reduced rate, for a few years.

. For the cover to be effective, it should have a low
hydraulic conductivity and a high degree of water satura-
tion. The high saturation results in a low oxygen diffusion
coefficient which, in turn, leads to a low oxygen flux, since
the tlux F is proportional to the effective diffusion coefficient
0. according to Pick's first law;

F = -0 &C
' S;

where C is the gaseous oxygen concentration in the pores,
and ; is the dis tance in the direction of diffusion.

The cover will remain effective as long as it retains the
properties of low hydraulic conductivity and high satura-
tion. In adverse cl imatic conditions such as drying, free;
ine and thawing, these requirements may not be met in *-.
s ingle- layer cover. Moisture losses by evaporation and
drainage wil l lead to dcsaturation and. possibly, cracking.
Covers constructed from soils with high plasticities may
develop shrinkage cracks upon freezing (Chamberlain and
Gow 1979). The integrity of such covers could also be
adversely affected by differential settlement of the under-
lying waste rock. Differential settlement may not be a major
problem in pile 7/12 because of its small size. However,
other ascects of the performance evaluation of ihe cover
(such as the effects of freezing and thawing and reductions
in temperature following cover placement! would still be
applicable to other-waste-rock piles, Vick (1983) noted that
mill tailings, because of their low cohesion, could tolerate up
to I m of settlement without fracturing. This would seem
to sucscxt that covers constructed from soils with low cohe-
sion Mien as s i l t s would undergo less cracking us a resul t
of differential settlement in the underlying waste.

In mill tailings where the grain-size distribution is finer
t h a n in \va<te rock, the water table can occur close to the
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Fic. 1. Location of Heath Sieele mine site and waste rock pile 7/12.

[I] 7O:(g) + 2H:0(I) -* 2Fe:*(aq)
+ 4SO;~(aq> •+- 4H"(aqj

The ferrous iron iFe:") may in turn oxidize to ferric iron
(Fe ~) under bacterial mediation at low pH (1.5-3.5) con-
ditions. The ferric iron released into solution can 'oxidize
other heavy-metal sulphides present, such as galena (PbS).
sphalerite iZnS). and chalcopyrite (CuFeSO. The final acidic
solution seeping from the rock may therefore also contain
high concentrations of heavy metals. This solution is generally
referred to as acid rock drainage (ARD) and is considered ihc
single largest environmental problem facing ihe mining
industry (FiUon and Fcrguson 1989V

Generally, the waste rock is left underground after mining.
or in the case of open pits it is piled on the ground surface
and any acidic seepage produced is collected and treated
by lime neutralization. At cessation of mining operations.
the pile may be decommissioned either by covering or by
continuing the collection and treatment of the seepage. In
recent years, waste-rock decommissioning practices have
also involved moving the rock back into the pit and flood-
ing. Flooding requires successfully maintaining a certain
Jdptn uf *uior aBuvts in* BeiU-yanopQUnu ruck, in tha pit.
Tm> may be difficult if the bedrock in the ou area is fractured
or if excessive drought conditions occur. Sometimes the
residual iron sulphide minerals in the exposed pit walls oxi-
dize. requiring further treatment of the pit water. Most cases
of waste rock covenne involve the use of encineered soil

covers. The principal function of these covers is to mini-
mize the transport of oxygen and water into the rock,

In 1989 a program was initiated, by Brunswick Mining
and Smelting Corporation Limited to develop and test strate-
gies for long-term management of several acid generating
waste rock piles located at the Heath Steele mine site. The
program was conducted in four phases under the auspice*
of Mine Environment Neutral Drainage (MEND). Canada's
national task force for ARD research (Blton and Fcrcuson
1989; Wheeland and Feasby 1991). The four phases'com-
prised the selection of a few rock piles for field trials, def-
inition of physicochemical characteristics of the selected
piles: identification and evaluation of suitable candidate
>oils for a cover, and the design, installation, and monitor-
ing of the cover on a selected pile.

This paper deals with the design of the composite soil
cover installed on the selected waste rock pile, pile 7/12.
Modelling results used in the design are discussed along
with the ceotechnical specifications for the cover materi-
als. The physicochemical characteristics of the waste rock
pile, prior to cover installation, and the history of mining
ana mill ing operations at the Heath Steele mine are brtetly
ili«cu«*ri« Thd conMnif imn, innrumtntntinn. and monitor*
me ot the cover are described in Yantul et al. (1993).

Site location and history
The Heath Stetle mine site is located approximately 50 km

northwest of Newcastle. New Brunswick, and about 60 km
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Figure 27. Artist's concept ol resistive and conductive layer barriers to proloct hlgh-tovol
waste Irom welar (lowing lluough rock fracture. Resistive (clay) layer diverts almost all frac-
ture (low water. Conductive layer (very fine sand or dlalomaceous earth) scavenges small
quantities ol water that pasa through clay layer. Conductive layer transports scavenged
water, uiuJer tension, around waste.

Water Infiltration In Waate-DUpOMlUniUi .123

Figure 2ft. Simplified case ol Figure 27. II Iractur* Row Is slow (I.e.. dropwfse). conductive
layer transports all walor around waste; clay layer Is then nol needed.
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DRAIN

Figure 24. Combination reslsUve-layar barrier ovar a conductive layer barrier. Clay bmrlui
(resistive layer barrier) needs only to protect lo approximately 10* cm/sec. Conductive-lay or
bartlor of dlalomacooiu oarili readily transports percolating water around waslo.

making aand more attractive to aome installers. Therefore, we have
been conducting further studies with various sands. Results of studies
of the unsaturated How characteristics of four different sands arc given
in Figure 25. All these sands exhibit unsaturated (low rates that arc
about twice that of the diatomaceous earth at any given negative
malric potential. The purticlc size distribution of the four sands is
given in Table 3. The mortar sand, for example, had the narrowest par-
ticle size range, and the foundry sand had the widest particle size dis-
tributions, although the particle size distribution did not have an
important effect on the (low rales reported in Figure 25. The Ncvadu
iltino sand and tlio Kolso dune sands uro from largo col inn deposits in
tho Nevada and California dusorls, respectively. Tho Kclso deposit has
been mined commercially. This work Is ongoing; tho hydraulic proper-
ties will be studied over a larger range of malric potentials; further
deposits will be located and investigated; and these investigations will
bo described In a future report.

APPLICATION

Tho lit run |irucniliiruH doHcribod In Ihu Introduction nitty bo umul Hinf fu*
larly or in combination lo protect disposal units from percolating water,
Tho principled apply equally to above-ground or below-ground disposal.
For example, a combination (if covers (1) and (21 Ascribed in the

Wfltor Infiltration In Waste-Disposal Unit* 31!)

•i-.iit»Mit.if-, .^v.

UORTAfl SANO (Uirylandl

I"

Figure 25. Unsaluraled flow characteristics ol lour sands. Soil water tension at various Mow
rales, measured In mlnlalure soil beam shown In Figure 20. Tension vs. hori/onlal distance
Irom discharge pofcil. Results suggest thai, al aboitt 10' cm/sec or less, wnlor would remain
undor tension al any beam lenglh. Slope ol beam is 1:5

Inlroductibn. could be ideal for a stabilized, shallow. Innd-hur inl facil-
ity, whether it is above or below ground: e.g., tho Hubsurfncc.disposnl
could be in below-ground vaults, and tho above-ground disposal units
could be earth-mounded concrete bunkers. A combination of a resistive
Inycr over a conductive layer in a concrclo bunker or above-ground
application in shown in Figure 26. The resistive (clay) Inyor is the pri-
iimry barrier. Tho Hmnll amount of wnlnr piiHHinf; IhroiiKli thn clny li»y«:r
will bo diverted around tho concrclo bunker by the conductive Inycr.
This cover over Iho concrete bunker can, in Ihcsnry. h« 100% efTticlivr.
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WATER PRESSURE DISTRIBUTION (VERTICAL)

Water Infiltralion in Waslo-Diflpoftal Units

SOIL WATER TENSION AT VARIOUS FLOW RATES. (cm/«c)
TENSION v* HORIZONTAL DISTANCE FROM DISCHARGE
POINT

D1ATOMACEOUS EARTH ( P-171)

12 ttO'4
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Figure IB. Schematic ol laboratory apparatus for measurement ol water tension, using dll-
lorent materials and varying (low tales. 30

I I I____I____I ____. I _
2O 40 GO BO IOO I2O

DISTANCE OF HORIZONTAL FLOW, cm

Figure 21. Soil water tension al various (low rates, measured In miniature soil beam shown
in Figure 20. Tension vs. horizontal distance from discharge point Results siiggosl Ihni. nl
4.2 K tO' cm/sec or less, walor would remain under tension al any beam length Slope ol

beam is 1:5.

The results of this experiment in the <
,nnR as the now rate is no ^eateKhnn
will remain under tension regnrdte.8rc9.,lUBhowlh8l«iU.lh.uM

Inycr and roUowin, the

Flour* 20. Mlnlaluro soil beam used lor avahiallon ol materials lor possible use In conduc-
tive-layer barrier application. Soil beam has lolal tonglh ol 4.5 It. Lead bricks were placed
on top ol lest maloiliil Io simulate overbuidon.

,(M1Rll, Thrso

for lhc c.^udivn

.or that wnuU.
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run-off from the rock-covered plot as from the grass-covered pint.
Although the (lulu show no deep percolation through the clny liiyem in
date in cither lyuimelur, thcru id little indication ns to how much nnfcly
murgin has been offered. Nor is it known how consistently Ruch
near-perfect clay barriers would be installed in a routine operation.
That remains u problem for future consideration.

MEASURING WELt

DRAIN

j iv^"*r^?;*;!T>'"p|. '">•. • :*•'-.- •".. •.. . ,• • ....-—-.•••
Sl^M^V^^V;^^^^^

DRAIN

Figure 14. Resistive-layer banler wllh grass cover. Simitar to UMTHA cover but has vege-
tation lii pdico ol ilprnp Sno Flguio 13.

Aiwlhor concern ia Iho possible drying out of clay harriers. If this wens
to happen, the cluy layer would not he as efficient a harrier for pre-
venting rndon oarnpu ns planned in Urn UMTUA application. In addi-
tion, drying out of ttm cluy layer could lend to cracking, loading to »ul»-
flequont leakage prior to re-sealing by welting. Figure 15 gives the
volumetric moisture content of clay in Iho rock-covered (lyshnclcr 4)
and the grass-covered (tysimelcr 6) plots. In no case did Iho clny layer
dry out significantly. On the contrary, in the UMTRA or rock-covered
plot, which was devoid of vegetation, there was a Blight increase in
moisture content with lime, suggesting that some leakage of wnler
through the clay layer inny occur in (he future. Kysimclcr 0 has a clny
layer and n grass cover. In this case, no increase in moisture content
has been observed. On the contrary, to dale the moisture conlenloftlic
clny layer seems to ho in u rnlhor steady nlale, t MI ovor Iho 5-yr
period of mcastinimont. ^

Wnlor InfiUrnUon in Wnale-Dtapoaal UniU

Lystmeter 4
$0.40-.
•>
go.30-
&
• 0.20 -
2
8o.10-
5
00.00

——— '~*£ - - ~ *

—— SIDE

__- RIDGE

' 1988 ' t9B9 1990 t99t
1092 1993

Lysimeler 5

§0.30-

f 0.20
3
«* j60 tO

00.001/1

S0.40-,

—— SIDE

_-. RIDGE

1988 1989 1990 1992 1993

Lysimeter 6

oooo

Figure 15. Moisture content ol day layers with lime. Lystntator 4 covm sysloni is clny Inyor
covered wllh grevel and riprap. No vegetation is present, ahrl clay stiows very sligM
incionso of wnler content wllh lime. Lystmntor S has capillary (rorvluclivo scnvonqing) Inynr
undernoalh clay layer; plot is planted with grass Out ing 4-yi lifn ol pint, liuyosl viiriiilimt-i MI
moisture content wore during summer. Lysunoler 0 tins clay l;ty<u with nuiss cover As ui
lyslmoter 5. largest moisture excursions were In sitmmor

Conductive Layer Barrier
If wo consider Iho case of water Howin, c.ownhlU in on
porous medium, We
8hown in the dmeram «uld bo
or capilla.7 discon ,nu,ly (F '
wntcr evc^ ,cro m Ihese ros cc
llicro will l)t- no IcaknRO. This mi(,'ia

•

conditions.
„„,,
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T«bl« 2. Calibration ol naulron probo uiod In tyilmolors 1. 2. 4. 5. and 6. Cnlibrnllon WRS
carried out In a weighing lyslmeler using soil ol fold tytlmelert.

Moisture Content

Volumetric Oven-Dry Weight Basis

Date of
Measurement

0-11-87
10-14-87
10-23-87
2-02-88
5-27-88
10-05-88
11-30-88
1-11-89
3-02-89
4-28-89
6-14-89
8-04-89
10-11-89
1-03-90
7-09-90
12-07-90
5-22-91
11-14-91
4-28-92
9-10-92
1-18-93
6-13-93
9-17-93
1-7-94

cm'H.0 [V

Std Count cm1 Sod \ V

0.191 0.0109
1.78 0258
1.72 0.246
.62 0.223
.52 0.203
.44 0.183
.38. 0.170
.29 0.159
.23 0.147
.13 0.132
.04 0.115

0.93 0.097
0.84 0.084
0.76 0072
0.73 0.065.
0.82 0 052
0 56 0 043
052 0.040
050 0036
0.46 0.033
0.44 0030
0.41 0.025
0.37 0.021
0.35 0 020

% Measurement (Pw)

0.65
156
15.0
13.6
12.4
11.2
10.4
9.7
9.0
8.0
7.0
5.9
5.1
4.4
4.0
3.1
26
2.4
2.2
2.0
1.8
15
1.3
1.2

Volume of *ol In weighting tyilm«t»r • 302 L; ovftn-Alod w«lgh4 ol toN In weighting tyikrwUr - (520 kg:
bulk cterullyaf tol- 1.65 fl/cm"; IS tlmosphtr* moliter (Pw) - 3.1X; 1/3 >lmosphtra moliKita (Pw) -
71%; 15<Mmoiph«r*moUtur«(V/V) .0051 Q/cm'; 1/3 i|mosph«r« molstui* (WV) • 0 tl7g/cm'; Air-
dri*d molslur* % (Pw)- 0 CSX.

Lion, arc given in Figure 10. It is evident that use of the factory cali-
bration on sand would result in a very large error in noil moisture
determination.

Results or some neutron-probe measurements nrc ahown in Figure 11
for biocnginccred lyuimcLore 1 and 2: The data are plotted as volumet-
ric moiuLurn content, ns n Function of noil depth, on n|>ocinc dales. Only

no?

NEUTRON PROBE CALIBRATION

16 1.8
O 0 0.2 0.4 0.6 0,8 10 1.2 1.4

COUNT / STANDARD COUNT
Figure 10. Calibration ol neutron probe using toll of bloenglneered lyslmelers
carried out In weighing lyslmeter over a 6-yr period. Factory calibration was
manufacturer of neutron probe and made against sand rather than soil.

. Calibration

.supplied by

Lysimeler t
oan**. 0*"*
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two bmungineurcd lysimclers (I.e.. a slope of 1:5). IVsrrnrmiiiircs data for
tho reference lyaiinelcra pro given in Figure 7.
The water level in the two reference plots or trenches (lysimelcrs 3 and
4) rose until it was near tho surface. At that time, water wns pumped

Mftll *vMiMw* •«•*•«« I

FlQura 6. Side view o! btoenglneered lyslmeler. Surface rurvolt Is cotlecled from both engin-
eered surface and soil surface. Soil moisture content measured with nmilron probo. Water
tablo measured In well.

230

M
^*«1

«l

E iso

HEIGHT ABOVE BOTTOM OF LYSIMETER

*•
O too

J * *
1987

j r
1908

Figure 7. Water lahlo vs. limo In roloronco lyslmolots C"\wnod surincn is planted with fns-
run fl'tiss Walm liiltlo Incrniiseil with limo until pu»t{ was imriissmy K> honp trnnch
IKIIII nuninm nvui 'Jinl.icti inn nil w.i:. 11% nl ptiH ipllnti....

Water Infiltration in Waste-Disposal Uniltt

from Urn lymmRliirR to kiMip thinn from running ovi»r. Tim graphs
wntcr tables (i.e., water levels) in llio hiiwnginurriMl plots (lyjmw.v,.,0 ,
and 2) show an entirely different story, as evidenced in Figure 8. In
both cases, the elevation of the water tabln wns lowered. It appears thnt
the bioengineering approach could prevent water infiltration to a dis-
posal unit. It also could bo used for a remedial action in dewatcring
existing problem sites such as Maxey Flats.
On February 4, 1988, lysimetcr 4 was pumped nut to prevent overflow
It was then discontinued as a reference lysimolcr and converted to n
rock-surfaced, resistive-layer harrier plot, hysimetors 1 and 2 (biocngi
nccrcd) and lysimcter 3 have been continued. A summary of run-ofl.
cvapotranspirattoh, and pumping from thoso thrco lysimctcrs is given
in Figure 9.
Figure 9 shows that there was very little run-off from the grass*covercil
plot. Most of the precipitation was disposed of, hy cvapotranspiration
by the fescue crop, but this was not adequate to prevent the rise of llii
water tnblo. Table 1 gives tho run-off, ovapotranRpirftlion, and clec»|
percolation in the biocnginecrcd plots during llio past fi yr. Thero wu
no deep .percolation during this period. The cvapotrnnspiralion hn
been rising annually, probably as a result of the greater vcgclaliv.
canopy intercepting a greater percentage of the precipitation. In 19HK
1989. 1990. 1991, and 1992 the runoff porcontngcs were HO, 74, 70, (i

300 HEIGHT ABOVE BOTTOM OF LYSIMETtR

M J J
1907

Figure 8. Water table vs. limo In bloengineered lyslmeters. Decline ol wateHable lev.
with limo shows bloengineered covers effectively prevented water percolation. Eliminai.

<
nlor tablo shows that this procedure cnultj ho nsnti lor removal action ("drying out
ilnfl wntor tofln.nr| tunlnl sitns. Compnrn with rifjuiit ;
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This system consists of a porous medium underlaid by a capillary break
(rock layer). Infiltration barriers such as a conductive layer barrier or
a clay layer barrier (or a combination thereof) must fail if subjected to
substantial shearing caused by waste subsidence. Uccstablishmcnt of n
layered eye Lorn after subsidence failure is a difficult undertaking and is
exacerbated by the increasing complexity of tbe layered system. The
failure potential of In-ground layered systems during tho subsidence
period argues for development of an easily repairable surface barrier
for use during that period. To that end. a procedure called "biocngi-
neering management" was developed (Scbulz et al.. 1987). Tho bio-
engineering management technique utilizes a combination of engi-
neered enhanced run-off mid moisture-stressed vegetation growing in
an overdraft condition to control deep water percolation through dia-
posal unit covers. An artist's conceptual drawing is shown in Figure 3.

FIELD EXPERIMENTS
In this section wo will discuss experiments being conducted in
largo-sculu lyaimelera nt n humid region ailo in UclUvillo, Maryland
(see Figure 4).
In bioenglncerlng management the necessary run-off is provided by
features installed at or above the soil surface rather than within the
profile. The procedure, described by Schulz et al. (19B7), was desig-
nated bloengineering management. Its principal advantage is that sub-
sidence can easily bo managed by relatively simple, inexpensive main-
tenance of tho above-ground features rather tban by difficult
reconstruction of below-ground layers. It should be noted that, after a
length of lime an (Ticlent so that the orgnnica have decayed and the
waste containers have completely failed, subsidence will cease, and n

IMPERMEABLE
COVER VEGETATION

Figure 3. Blounglneerlng management

Water Infiltration in Waste-Disposal Units

layered oyslom could then ho in«Ull«l which roul.l l.u.1 nvor R«ol.,Ri.-
Lime periods.

- ',J ) TANKS
. ".O

"

Figure 4. Plan view showing placomonl ol exporlmonlal lysfmolors at Bcllsvilla. Maryi.

In essence, the bioengincering innnnKOinonL Lcchni(|uc> utilizes n r.
binntion of engineered, enhanced run-off nnd alrcsacd vcKclntion in
overdraft condition to control deep wnler po.rcolntion tlirougli disp>
unit covers. To describe it further: if a waste burial site is selects
that incoming subsurface Row is negligible, then precipitation i.s
solo Bourca of input water. In a simplified model, thai wnlcr hoa tl
possible fates: (1) cvapolranspiralion, (2) run-off, nnd (3) deep port
tion, Evopotranspiration has a dcfinito l imit , povornoil liy oncrpy in
Ideally, deep percolation should he zero, leaving only the run-off i
poncnt available for unlimited manipulation. Positive control of ru
becomes difficult with tho use of compacted porous media trench
as the sole barrier to water infiltration, Tho compacted material I
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CONTRCL OF WATER INFILTRATION INTO
NEAR-SURFACE, LOW-LEVEL WASTE-DISPOSAL
UNITS IN HUMID REGIONS
E. O'Donncll,' R. W. Ridky.' and II. K. Schulz'

'US. Nuclear Regulatory Commission. Washington, D.C.

'University of Maryland, College Park, Maryland

'University of California. Ilarkoley, California
Key words: Waste disposal, water Infiltration

ABSTRACT
This study's objective Is to assess means lor controlling water infiltration thro,
waste-disposal unit covers In humid regions. Experimenial work is being |
lormed In large-scale lysimelers (75 It x 45 It x 10 II) at Beltsville. Maryt..
Results of the assessment are applicable to disposal ol low-level radioact
waste (LLW), uranium mill tailings, hazardous waslc. and sanitary landfills.

Three kinds ol waste-disposal unit covers or barriers to water infiltration are bi
Investigated: (1) resistive layer barrier. (2) conductive layer barrier, and (3) i
engineering management. The resistive layer barrier consists of compa<
earthen material (e.g.. clay). The conductive layer barrier consists of a condun
layer in conjunction with a capillary break. As long as unsaturatcd flow condih.
are maintained, the conductive layer will wick water around Iho capillary bn
Bolow-grade layered covers such as (1) and (2) will (ail if there is appreciable s
sldence of the cover, and remedial action for this kind ol failure will be dilllcni
surface cover, called bloenglneerlng management. Is meant to overcome i
problem. The bloenglneerlng management surface barrier is easily repalrabi
damaged by subsidence; therefore, it could be the system of choice under aci
subsidence conditions. The bioenglneoring management procedure also i
been shown to be effective in dewatering saturated trenches and could bo n
for remedial action efforts. Alter cessation ol subsidence, that procedure could
replaced by a resistive layer barrier or, perhaps even better, by a resistive hi
barrier/conductive layer barrier system. The latter system would then (
long-term effective protection against water entry into waste without Institute
care.
As mentioned In the preceding paragraph, a bloengineerlng management c<
might well be the cover ol choice during the active subsidence phase •
waste-disposal unit. Some maintenance is required during that period. Final

jro, using geological materials, could follow cessation of subsidence. No In-
significant maintenance would then be required. If Ihc geological material us.-
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TABU \ - PAGE 3 OF 4

SEPTEMBER I960 TlinOUGII AUGUST 1989
RECORDED MONTHLY PRECIPITATION, RUNOFF. PERCOLATION AND

COMPUTED MONTHLY WATER BALANCE

MONTH

SEP
OCT
MOV
DEC
JAN
FEB
KAR

APR
HAY
JUH
JUL
AUG

PRECIPITATION

LONG
TERHl ON-SITE2

2.B8
2.25
1.98
2.03
1.64
1.33
2. SB

3.37
2.66
3.59
3.54
3.09

4.81"
1.95
3.70
1.22
0.57
0.30
1.22

0.89
3.41
3.05"
5.08**
6.17"

TEST PLOT 1

RUNOFF

0.13
0.05
0.18
0.13
0.00
0.00
0.25

O.OB
0.14
0.23
0.26
0.23

PERC

0.79
0.03
0.50
0.16
0.08
0.04
0.19

0,05
0.07
0.13
0.08
0.07

STORAGE

2.54
-0.22
0.70
0.11
0.05
0.11

• 0.05

-0.38
-0.27
-0.05
-0.27
0.49

CALC ET

1.35
2.09
2.30
O.B2
0.44
0.15
0.73
1.14

3.47
2.74
5.01
5.38

RUNOFF

0.26
0.03
0.15
0.03
0.00
0.00
0.70
0.07

0.14
0.18
0.20
0.20

TEST

PERC

0.02
0.02
0.59
0.24
0.26
0.25
0.27
0.09

0.10
0.31
0.08
0.12

PLOT 2

STORAGE

2.24
-0.33
2.19
0.20
0.07
0.13
0.13
-0.59

-0.66
-0.59
-0.33
1.39

CALC ET

2.28
2.23
1.51
0.75
0.24
-0.08
0.12
1.32

3.83
3.15
5.13
4.46

RUNOFF

0.11
0.00
0.00
0.06
O.C,
0.01
2.03
0.01

0.08
0.07
0.06
0.08

PERC

0.06
0.04
0.23
0.14
0.08
0.03
0.10
0.11

0.12
0.23
0.22
0.24

-TEST RLQTJ

SAND STORAGE CALC ET

0.71 2.706 1.23
0.01 -0.53 2.43
0.96
0.70
0.52
0.25
0.90
0.17

0.32
0.30
0.15
0.22

TOTAL 30.94 32.40 1.68 2.192.86 25.62 1.96 2.35 3.85. 24.94 2.60 1.60 5.21

Holes: All units in dimension of inches of water depth.

Precipitation Oat*: (1) Long Term Normal Recorded at Milwaukee Kitchell field HOAA Station based on the
1951-1980 record period.

(2) Measured On-SUe at Onega Hills Test Pl( ts
CALC El - Calculated livapotransptration
STORAGE • Change in moisture content from Heutron Prol.e data, expressed in inches.

NA Data collected, but not yet reduced
* Esiinated for period Sep 4-24, 1986 and for later periods of tai k overflow.
** On-site record augmented usinq Germantown HOAA Station Data for periods of site raingage failure.
*- So.l nubture storage data collection for Test Plot 3 discontim-cd in November 1988.



TABLE 1 - PAGE 1 OF 4
SEPTCHDER 1986 THROUGH AUGUST 1987

RECORDED MONTHLY PRECJPITAT ON, RUNOFF. PERCOLATION AND
COMPUTED MONTHLY WATER DALAHCE

C i
TEST PLOT 2 IKLEW.T.

MONTH

SEP
OCT
HOV
DEC
JAM

FEB
HAR
APR
MAY
JUH
JUL
AUG

LONG
TERMl

2.88
2.25
1.98
2.03
1.64
1.33

2. SB
3.37
2.66
3.59
3.54
3.09

ON-S1TE?

9.78
1.63
0.86
0.86
0.65

O.B9-

1.81
4,31
1.32
1.48
7.28
4.41**

RUNOFF

4.40*
0.40*
0.00
0.00
0.00
0.31
0.00
1.60
0.00
0.10
0.19
0.11

PERC

0.00
0.00
0.00
0.00
0.00
0.02

0.00
0.0
0.00
0.00
0.01
0.03

STORAGE

1.30
0.00
0.00
-0.59
0.16
0.27

-0.16
-0.70
-0.43
-1.51
0.70
0.97

CALC ET

4.08
1.23
0.86
1.45
0,49
0.29

1.97
3.37
1.75
2.89
6.38
3.30

RUHOFI:

2.80'
0.18
0.00
0.00
0.00
0.08

0.00

O.E2
0.00
0.10
0.20
0.13

PERC

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.06
0.05
0.03
0.05
0.08

STORAGE

1.72
0.13
0.00

-0.13
-0.20
0.20

0.00

-0.99
-0.59
-2;il
0.66
1.32

CALC ET

5.26
1.32
0.86
0.99
0.85
0.61

1.81

M2
1.86
3.46
6.37
2.88

RUNOFF

2.80*
0.32
0.00
0.00
0.00
0.26

0.08
0.06
0.00
0.07
0.09
0.12

PERC

0.20
0.18
0.00
0.00
0.00
0.01
0.06
0.34
0.19
0.13
0.27
0.21

SAND

4.90*
0.80*
0.04*
0.40*
0.50*
0.04*
2.15*
1.39
0.53*
0.14
2.34
0.16

STORAGE

2.18
-0.07
-0.20
-0.53
0.53
0.26
-0.20

-1.12
-0.66
-1.45
0.92
0.99

CALC EH

-0.30
0.40
1.02
0.99
-0.38
0.32
-0.28

3.64
1.26
2.59
3:66
2.93

TOTAL 30.94 35.28 7.11 0.06 0.01 28.06 4.31 0.27 0.01 30.69 3.80 1.59 13.39 0.65

Holes: All units in dimension of inches of water depth.

1IA

Precipitation Data; (1) lor.n Term Normal Recorded at Milwaukee Ililchell field NOAA Station based on the
1951-19110 record period.

(2) Measured On-Site at Omega Hills Tesl Mots
CALC ET - Calculated Evapotransplration
STORAGE - Change in moisture content from Neutron Probe data, expressed in inches.
data collected. But not yet reduced
Estimated for period Sep 4-24, 1986 and for later periods of taik overflow.
On-site record augmented utino Gernantown HOAA Station Data fe.r periods of site ratngage failure.
Soil moisture storage data collection for Test Plot 3 discontinjed in November 19BB. .*

15.85



Test Plot 3. Root densities have been consistently higher in the 18 inch topsoil (Test Plot
2) and have progressively become more dense and more deeply penetrating into the clay
soils. The density data was not noticeably different for primary vs. alternative vegetation
mixes.
CONCLUSIONS

A great deal of data on final cover performance has been obtained from the Omega Hills
Test Plot Study, of a type which is not generally available. The principal long-term value
of the project may be the development of this large body of record information, which
could be utilized for development of improved analysis techniques or alternative coyer
design development Regarding the specific objectives of this project, the following
conclusions can be drawn at this time:

. 1. The timing and response of percolation data suggests, and the test pit
investigations have tended to confirm, that the development and propagation of
cracks in the cover soils dominates the factors controlling percolation
performance. The apparent impact of dessication cracks developed during 1988
indicates that drought conditions may be much more damaging to cover
performance than a continuous supply of moisture.

2. The re-wetting of the clay soil profiles in 1989 and 1990 has substantially reduced
the appearance of cracking in the clay soils, but has not reduced percolation rates
to pre-drought conditions. Longer term data needs to be collected to evaluate
this issue.

3. Analysis procedures which are based on assumptions of either saturated or
unSuturatcd porous media -flc\v may not b? ippiicablr. to mnny practical landfill
cover situations without careful evaluation.

4. The multi-layered cover design did not result in lower percolation rates due to
retention of soil moisture in the upper clay layer. To the contrary, the upper clay
became thoroughly cracked, allowing rapid infiltration of moisture to the
intermediate sand layer.

5. The thicker topsoQ utilized in Test Plot 2 has not noticeably reduced cover
percolation. The effects of increased moisture retention in the thicker topsoil
during the dormant season may outweigh the possible effect of increased
evapotranspiration.

6. Although the alternative vegetation species mix appears to produce a more
vigorous vegetation cover, comparison "of the two sets of vegetation regarding
cover percolation performance is not possible.

The above conclusions are based on data drawn from a particular set of soils,
construction and climatic conditions, over a specific observation period. Extreme caution
should be taken in attempting to generalize these conclusions to other sites or conditions.

PROJECT-STATUS

Data collection for the instrumented test plots and the alternative vegetation areas is
continuing, and is expected to be conducted for the next several years.



B. Runoff

Runoff production during the first year of data collection was substantial from each test
plot, with Test Plot 1 producing over 7 in. of ninoff. However, these runoff depths are
dominated by response to the very heavy rains of September, 1987, and are also probably
due to the immature growth of the cover vegetation. It is interesting to note that runoff
from Test Plot 3 was even higher than that for Test Plot 1, if the moisture flow from the
intermediate sand layer is included.

Runoff production decline substantially in the second and third years of data collection.
The obvious reason for low runoff in 1987-1988 is the drought. However, the
intermediate sand layer continued to produce moisture in response to the small rainfall
events which occurred in the summertfl^SS", indicating very rapid percolation through
the cracked soils of the upper clay layer. During the 1988-1989 period, runoff from Test
Plots l.and 2 was similart while runo'ff from Test Plot 3 was the lafgestrTMs Surprising
result may be due to thejiontfnued poorer ̂ condidpn of the vegetation on Test Plot 3r
although tills trend "was not" contlnued'Tn tRe first eight' months "of 193T-199Q data
collection. The collected data does not indicate that the greater topsoil thickness (and
hence possibly larger rapid infiltration capacity) of Test Plot 2 serves to reduce runoff.

C Evapotranspiration

The calculated evapotranspiration (ET) term of the water budget accounts for a
significant fraction of total precipitation for each of the test plots. Approximately 90% of
the total two year precipitation was calculated as lost to ET in Test Plot 1 and 94% in the
thicker topsoil, Test Plot 2. Lower ET rates were calculated -for Test Plot 3
(approximately 57% of the total two-year precipitation in 1987 and 1988). This was
attributed to the substantial moisture flow through cracks in the upper clay layer and
interception by the intermediate sand layer, thus reducing moisture availability loi
evaporation or transpiration, Evapotranspiration percentages are higher for later
penods of the study, when vegetation was better established and without the influence of
the record rainfall rates occurring in September 1986.

Based on 1988-1990 data, the 18-inch thick topsoil of Test Plot 2 is not providing any
substantial increase in evapotranspiration, and the originally anticipated increase in ET
moisture retention capacity (and hence ET) of the upper clay in Test Plot 3 has not
occurred Moisture monitoring for Test Plot 3 was discontinued in 1988, and calculation
of ET values for the fourth year of data collection awaits reduction of neutron probe soil
moisture data.

D. Sop Moisture Content Variations

Monthly soil moisture storage changes were interpreted from CPN neutron orobe data
coUecte'd at 6 inch to 12 inch intervals at seven locations in each test plot. Little
horizontal variation of soil moisture content within each, test plot was noteci. However
significant variations in moisture content occurred with depth. _ In general, drying
influences were seen through the upper three feet of each cover during summer months,
particularly during the drought period in 1988. Below depths of 3 feet in Test Plots 1 and
2 moisture contents remained fairly static

The observed- hydrolotic responses of Test Plot 3, where substantial moisture was
transmuted through the upper clay layer, correlated with moisture content data in that

-7-



cover soil profiles and to aid in the interpretation of the hydrologic budget data.

The 4 ft by 10 ft test pits were excavated to 6 ft deep via a track mounted backhoe.
Samples were taken at approximately one foot increments or when material
characteristics changed and soil moisture contents (dry weight basis) were determined.
Shrinkage limits were determined on the upper and lower clay for Test Plots 1, 2 and 3
following ASTM D427 procedures. Key results of the test pit investigation are listed
below.

• The upper 8 to 10 inches of clay in all three test plots appeared weathered and
exhibited a medium to coarse shed blocky structure.

• Occasional larger cracks, 1/4 to 1/2 inch wide, extended 35 to 40 inches into the
dajr, beyond the topsoil/clay interface, in Test Plots 1 and 2 and through the
entire upper clay in Test Plot 3. A noticeable curvature of cracks downslope was
observed, particularly in Test Plots 1 and 2.

• A continuous root mass penetrated 8 to 10 inches into the clay below the
topsoil/day interface. Further root penetration occurred along crack planes
approximately 30 inches below the toosoil/clay interface.

• The clay texture at the base of each test plot exhibited higher moisture contents
and no evidence of cracking,

• No distinguishable separations between lifts associated with placement of the clay
were observed in any of the profiles. ;

• Shrinkage limits ranged from 10 to 12% moisture content on a dry weight basis
(approximately 20 to 24% on a volume basis). The shrinkage limit is the
moisture content at which the soil volume will not change upon further drying.
Moisture content data taken via the neutron probe during the dry period in June-
July 1988 indicated levels close to the shrinkage limit in the upper day of all
three test plots suggesting that more substantial cracking than observed (due to
dessication and shrinkage) would be unlikely.

• SoQ profile characteristics in the vegetation assessment areas were similar to Test
Plot 1 and 2 profiles with roots observable at cleavage faces between cracks.

A second test pit in Test Plot 1 was excavated in May, 1990, to evaluate changes in the
profile due to recovery from the drought of 1988, and to evaluate additional vegetative
root penetration. This test pit was excavated in the buffer strip area adjacent to Test Plot
1, approximately 10 ft upslope from the 19S8 test pit. The pu exposed the full depth of
the profile, down to the underlying intermediate cover oh which the test plots" were
constructed. Samples were collected for moisture content and density at approximately 1
ft increments in the cover clav, and Shelby tube samples were obtained from near the
base of the cover for permeability testing- Observations made in this second test pit in
the Test Plot 1 cover are summarized below:

• No major cracks were observed in the clay soils, in sharp contrast .to the
pronounced cracking of the upper portion of the clay which was so obvious in
1988.



system, as well as the soil moisture monitoring instrumentation. Figure 4 depicts the
overall layout of the instrumented test plots and vegetation assessment area, all located
on the western outboard slope of the Omega Hills landfill.

Construction of the basal percolation collection systems and placement of the clay cover
soils was conducted in September through November of 1985. Topsoil placement and
instrumentation of the test plots was completed by July of 1986, and data collection
began in August

DATA COLU5CTIQN

Precipitation, runoff, percolation, air and soil temperature, and soQ moisture tensiometer
data is collected using a data logging system, which allowed remote access to data via
telephone modem. Precipitation data is collected using a heated tipping bucket rain
gage. Runoff and percolation data is collected for each test plot using pressure
transducers installed in collection tanks (refer to Figure 2). The transducers indicate
water level within the tank, with the ratio of tank area to plot area used to obtain runoff
and percolation depths. Test Plot 3 utilizes a collection tank for collecting flow from the
intermediate sand layer, as well as for percolation and surface runoff (See Figure 4). Air
te- oerature and relative humidity data 5s collected using sensors monitored by the data
logger. Cover soil temperature is also monitored using the data logger, with sensors
buried at depths of 1,3 and 5 ft below the surface of the 3H:1V sideslopes of the landfill.
Two nests of soil moisture tensiometers are installed in each instrumented test plot, with
from 5 to 7 tensiometers (with tips at different levels) in each nest Each of the
tensiometers was equipped with a pressure transducer wired to a multiplex input to the
data logger. Data logger collection frequency was hourly from August, 1986 through
September 1989, wheiTit was altered to four-hourly,

Sofl moisture data was also collected using a neutron, probe. Seven galvanized steel
access tubes were driven into each test plot, and the probe was field-calibrated using
laboratory sofl moisture data from field samples.

Vegetation density and root penetration data was collected approximately twice-yearly,
for both the alternative seed mix assessment areas, as well as for non-instrumented
sections of Test Plots 1,2 and 3.

Data collection has been continuous since mid-August 1986, and the collected data is
believed to present an accurate description of "overall test section performance.
However, some problems have been encountered in the data collection program,
summarized below:

• The heated tipping bucket rain gage occasionally malfunctioned, requiring the
use of daily * precipitation data "form the NOAA observation station at
Gennantowri, Wisconsin (3J2 mi NW of the landfill) to fill in the gaps.

• The tensiometer pressure transducers experienced a high rate of failure, and
monitoring was discontinued in September 1988. Soil moisture monitoring with
the neutron probe has continued.

• Evaluation of vegetation density and root penetration, and comparison of the
primary and alternative seed mixes was very difficult, due to the jmmaturity of
the vegetation stand, disturbance caused by instrumentation maintenance and
mowing, and the effects of the drought of 1988.



THE OMEGA HIULS FINAL COVER TEST PLOT STUDY:
FOURTH YEAR DATA SUMMARY

by

ROBERT J. MONTGOMERY and LAURIE J. PARSONS

ABSTRACT

Instrumented test plots have been installed at the Omega Hills Landfill, located near
Milwaukee, Wisconsin, to collect data on the hydrologic performance of three final cover
designs. Each of the test plot designs employs natural soils installed on 3H:1V landfill
sideslopes. Two designs incorporate different thicknesses of local sttty loam topsofls over
thick sections of compacted clay soils. The third design is a multi-layered cover, intended
to take advantage of the so-called "wick effect" by" placing a sand layer between two
compacted clay layers, with topsoil above. In addition, two cover vegetation species
mixes are being evaluated in separate test areas. Data collection began in August of
1986, and included a significant period of drought in 1988, as well as periods of heavy
precipitation. After nearly four years of data collection, several observations appear to
be significant The propagation of cracks within the clay soils appears to be all-important
to the performance of the cover designs evaluated. The upper clay layer of the multi-
layered design has developed substantial cracking which has apparently allowed
transmission of large amounts of infiltrated moisture to the intermediate sand layer.
However, percolation from the base of the multi-layered cover has remained relatively
low, apparently due to the continued moist and homogeneous conditions in the clay layer
below the intermediate sand. The two all-clay test sections initially showed very little
percolation. However, percolation has increased substantially through time, again
apparently related to the development and propagation of cracks through the clay soils,
A summary of the collected data is presented, as well as observations and interpretations
based on field observations and test pits.

BACKGROUND

The Omega Hills Landfill, operated by Waste Management of Wisconsin, Ino, is located
approximately 20 miles northwest of the center of Milwaukee, Wisconsin. The 83-acre
site has been active since the 197Q's, and has recently completed filling of its
approximately 14 million cu yd licensed capacity. Waste Management of Wisconsin has
conducted a "very substantial program of environmental measures to control offsite
leachate migration, provide gas control and energy conversion and to extract and treat
leachate from within the site. This program won recognition in the American Society of
Civil Engineers 1986 Outstanding Civil Engineering Achievement Awards.

Presented at the 22nd Mid-Atlantic Industrial Waste Conference, Drexel University,
Philadelphia, July 24-27,1990.
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SURFACE BARRIERS: PROBLEMS,
SOLUTIONS, AND FUTURE NEEDS
p. E. Daniel
University of Texas, Department of Civil Engineering. Austin, Texas

Key words: Cover, cop, barrier, clay, permeability, infiltration

ABSTRACT
Tho problem of designing a suriace barrier (or a remediation project can be an
enormously challenging task. There Is a widely held misconception that surface
barrier technology Is well developed and works as expected. In fact, the technol-
ogy Is largely unproved and experimental, particularly in terms of long-term per-
formance.
The most difficult problem with surface barriers Is to provide a long-term barrier
lo Infiltration of water. The materials thai have traditionally been considered for
Ihe hydraulic barrier within surface barrier systems are low-permeability com-
pacted soil, geomembranes. and the geosynthetic clay liner (GCL). Data are pre-
sented to suggest that tow-permeability compacted soil Is often a poor choice of
materials. Unless the compacted soil liner Is burled under a very thick layer of pro-
tective soil or covered by a geomembrane, the low-permeability, clay-rich, com-
pacted soil Is likely lo desiccate and lose Its low hydraulic conductivity. Differen-
tial settlement of a compacted soil liner from uneven compression of underlying
waste or other causes Is almost certain to produce cracks within Ihe soil liner.
Geomembranes do not suffer as much from these problems, but their design tile
is. at best, a'few centuries. The GCL. which contains a thin layer of bontonilc, is
much better able to resist damage from treezlngAhawlng. desiccation, and differ-
ential settlement than compacted soli liners. Tho technology of the GCL. which is
particularly well suited for arid sites. Is reviewed In some detail In this paper
because of Its technical attributes In surface-barrier applications.

Published case histories of the performance of surface barriers are summarized.
There are many more published examples of (allures than successes. It Is likely
that many, perhaps most, surface barriers are failing to achieve fully their
long-term design objectives.

Is. a great need lo understand more about surface barriers. The primary
challenges ore: (1) developing surface barriers that can withstand large ditferen-
tla' cotilomonl; (2) using materials that can withstand soasonnl chnngos in water
content without cracking; (3) developing hydraulic barriers lhal will be essentially
ImPermeable for hundreds of years or longer; and (4) verifying in the field that sur-
'ace barriers can ?^d are working as well as anticipated.
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to control Ihu lateral flow of water from tho too of tho barrier (where
water accumulated) to llio waste zone. If the barrier overhang is great
enough, I he amount of water (if any) that gains access to tho waste
zone via lateral Row would bo sufficiently minimized to reduce the
potential for contaminant leaching and subsequent transport.

Tho usphull or grout curtains consist of a vertical ring or hand of
low-permeability materials that completely encircles a wnato site. The
curtain would bo constructed so that runoff water from the barrier
would lie diverted onto the aide of the curtain opposite the waste zone.

The barrier too could be designed to intercept and retain runoff water
from the barrier until it can bo passively recycled back to the atmos-
phere via evapotranspiralton. One concept being evaluated is the con-
struction of a retention-pond typo of structure. This feature is con-
st rue tod by extending tho subunrfaco asphalt layer in the barrier into a
aliullow trench dug along Iho periphery of tho too of tho barrier. The
naplmlt luyer serves as a liner in the trench. Gravel and silt loam fine
soil arc backfilled ovisr the asphalt linor The silt lonm fine soils are veg-
etated to tako advantage of the transpiration capabilities of plants.
UtituifT water from Iho barrier is allowed to flow into Iho soila in the
retention pond system. Based on lyaimetcr studies at tho Field Lysimo-
tcr Test Facility (FLTF), the fine soils will probably store moisture dur-
ing the full and winter munlhs. This stored water will subsequently be
removed from Iho soils by evapolranspiralional processes during the
warmer spring and miinmor months, reducing Iho amount of water
available for recharge.

STATUS OF THE BARRIER DEVELOPMENT EFFORT

The ODp ns it is currently structured, has been in existence since 1986.
During this time, Iho emphusis of tho program's efforts has been on the
development anil (eating of various barrier components thnl ore based
on preliminary barrier conceptual designs. Mostly, these development
and testing efforts have been performed either in the laboratory or on
relatively small-scale field plots. Although not completely resolved,
issues pertaining to protective barrier performance with respect to
water infiltration, biointrusion, erosion and deposition, physical stabil-
ity, and climate change are being addressed. Natural analog studies of
vnrimi.H barrier c i i i i i |Min(Mila also hnve been conducted, and computer

simulation models hov« been used to predict the performance of pre-
liminary barrier conceptual designs.

The data and insights gained from conducting barrier development
tasks have enabled tho BDP to progress to tho point where tho design,
construction, and testing of a full-scale prototype is vital to continued
barrier development. Although the results of development nnd testing
efforts conducted heretofore .are not final and additional work needs to
be performed, enough information and data exist to allow the design,
construction, and testing of a prototype barrier. A full-scale prototype
of a permanent isolation surface barrier is enabling engineers and sci-
entists to gain insights and experience with issues regarding barrier
design, construction, and performance that have not been possible with
the individual testa and experiments conducted to date in the program.

Tho design of tho prototype barrier was completed in 1993. Following
the completion of tho design effort, a bid package wns prepared nnd a
construction contract let. The contractor began construction activities
in Into 1993 and completed construction of the prototype barrier ncnr
the end of summer, 1994.
Once constructed, tho prototype barrier will he tested nnd monitored
for a minimum of 3 yr to evaluate its performnnce wi th in tho range <»f
conditions representative of those expected to ho experienced dur ing
the design life of a permanent isolation surface barrier (Gee ct al.(
1993). Many tests and experiments ore planned to assess the perfor-
mance of tho prototype barrier vis-a-vis water infiltration, hioinlru-
sion, erosion, nnd physical stability. Because only a finite amount of
lime exists to test a prototype barrier that is intended to function for n
minimum of 1000 yr, tho testing program has been designed to "stress"
.Hie prototype so that barrier performance con he determined wi th in n
reasonable time frame.
The 3-yr testing period is considered the minimum amount, of time ncc-
caaary. Approximately 1 yr is expected to be required for the prototype
barrier to stabilize following construction. During this first year after
construction, the soils in the prototype barrier probably will experience
minor amounts of uniform settlement. Moisturo content in the soils
also will equilibrate from construction levels to natural field conditions.
Even though the prototype's surface will bo rcvegetatcd, the vcgctnlion
will need some time to become established. Efforts wi l l he made to
expedite the establishment of vegetation on the prototype's surface by
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Field Testa and Experiments

Field testa and experiments enable scientists and engineers to test var-
ious barrier component* using actual barrier construction materials.
These teats are designed to bo conducted under ambient climatic con-
ditions as well us under conditions simulating a change in climate over
tho next 1000-f yr. In this manner, components of the surface barrier
can bo tested under the range of conditions that are expected to be
encountered during tho barrier's design life. The results of tho fluid
testa und experiments are used to develop finnl barrier designs.

Computer Simulation Models

Computer simulation models are being developed for use In assessing
tho performance of permanent isolation surface barriers over their
intended design lifo. Tho collection of Hold and laboratory datn ia nec-
essary to gcncrtito tho information required to validate the computer
models. Many of tho Held and laboratory tests and experiments men-
tioned previously ore designed to quantitatively evaluate the perfor-
mance of protective burners. Tho Held uiul laboratory data will lie com-
pared with the predictions of the computer simulation models.
Modifications and refinements of the models will be made, as needed,
so that the natural processes taking place in the barrier arc accurately
simulated. Once validated, the computer models become particnlurly
effective tools for predicting barrier performance (I) during periods of
time much longer than can bo tested in the field and C2) under envi-
ronmontnl conditions representative of anticipated future climatic.

Wbilo tho models aro being developed, they aro uttud to perform HOMHI-
livily nnnlyHcti to gain Insights into tho design, touting, nml purfor-
mnncu of various barrier systems and components.

Natural Analog Study Tasks

Insights into permanent isolation surface barrier performance can bo
obtained by studying analogous natural or man-made objects. For
example, many of the borrow pita at the Honford Site have relatively
fine soils overlying coaraur-texlured materials. This layering sequence,
which closely resembles the permanent isolation surface barrier, was
primarily caused by tho dorxwilion of waterborpn materials during cat-
astrophic floods that occurred uboul 13.000 yr i Bccmiso these mule-

"inim * 1nli»» * ncl" I t l> ' *i Ht" * ' n •» " Is.
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the materials can serve as functional models for the performance of and
changes expected to occur to permanent isolation surface barriers dur-
ing extended periods of time. .

Similarly, mounds constructed to protect tombs or for tcmplo platforms
are known to have existed for hundreds to thousands of years. Many of
these ancient mounds have survived extremely well and nrc still intact.
The BDP has studied these anciently engineered mounds to gnin
Insights that will enable current design efforts to produce a similarly
durable and functional structure. This study nnd thnt of other analog
is particularly effective for predicting barrier performance with rogurd
to physical stability and maintenance requirements.

Studies of other barrier analogs have been conducted, planned, or con-
sidered to provide insights into how tho barrier can best bo designed to
accomplish tho design objectives. For example, studies of asphalt dura-
bility aro being performed on asphalt specimens from museum colluc-

. lions that range in age from 160 to 5000 yr. Desert pavements und
other naturally occurring rock-armored surfaces have been studied to
develop erosion-resistant surfaces and to determine tho effects oflheso
armored surfaces on water balance. The ability of plants to re-establish
themselves following perturbations such as range fires can be predicted
from studies of plant community dynamics on the soils that will housed
for barrier construction. The potential for biointrusion of various lay-
ers of surface barriers can be assessed by observing the burrowing
activities of animals and the rooting behavior of plants living in analo-
gous layered soils. Furthermore, the potential effects nn harrier per-
formance caused by future shifts in climate can ho deduced by compar-

ing the parameters of Intercut at locations that nxliihit tho predicted
climatic variability.

Input to the Final Design of the Barrier

The information and experience gained from conducting field tcsU and
experiments, performing computer simulations, and studying natural
analogs will be used as input for the final design of permanent isolation
surface barriers. These activities are also necessary to assess the bar-
rier's ability to meet design objectives.
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INTRODUCTION

Engineered barriers are being developed to isolate wastes
near the earth's surface at tho U.S. Department of Energy's (DOE)
Hanford Site near Richland, Washington. Much of the waste that would
bo disposed of by in-placc stabilization is currently located in relatively
shallow subsurface structures, such as Bolid-wauLu burial gr»ur)i|H
tanks, vaults, and cribs. Unless protected in some way, tho wastes could
bo transported to the accessible environment via tho following path-
ways: plant, animal, and human intrusion; water infiltration; erosion*
and the exhalation of noxious gases.

Permanent isolation surface barriers have been proposed to protect
wastes disposed of "in place" from the transport pathways identified
previously (Figure 1). The protective barrier consists of n variety of dif.
ferent materials (e.g., fine aoil, sand, gravel, riprap, asphalt, etc.) plnced
in layers to form an above-grade mound directly over tho waste -zone.
Surface markers are being considered for placement around the pcriph-
ory of tho waste sites to inform future generations of the nature and
hazards of the buried wastes. In addition, throughout tho protective
barrier, subsurface markers could bo placed to warn any inadvertent
human intruders of tho dangers of the buried wastes (Figure 2).

Figure 1. Functlonul porlottnance of bairlors.

The isolation tmrrieru use engineered layers of natural materials to cre-
ate an integrated structure with redundant protective features. Nat-
ural conutmction materials (e.g., fine soil, sand, gravel, riprnp, nsphnlt)
have beciii selected to optimize barrier performance and longevity.

|)!l(pntmit nfStirfm;n UnrrlnrH

Figure 2. Tho plocomon! of surface ond subsurface markers.
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TARLE C.I, (contd)

SAMPLE DEPTH(cm)

008-2 O-5
Dry, bare 1

3

10
15
20

.1 0.5
,-veg 1

10
15
20

F V P N T N G 07/C

i y.H20(a/ol

0.56
1 7ft1 . /o
4.86
7.53
8.59
7.98

1.21
1.76
4.92
4.96
4.61
5.67

n/92
Stir.TT ON (Mo a)

145.4
96.1

1.8
1.5
1.3
1.4

122.6
87.3

2 .2
2.2
1.9
1.9

Xl!?0(a/ql

1.88
2.44
5.53
8.74
8.73
8.98

1.80
2.12
4.19
4.53
4 .07
4 .16

f c n r . T T O N f M D a l

56.1
1 Q £ID .0

1 ft1 -O
1.2
0.8
1.2

66.2
42.4
3.2
3 9J . ̂

3.6
3.6

C.4



TABLE C.I. (contd)

MORNING 10/18/91

SAMPLE

008-2
Dry (Ambient)
bare

V02-2
Dry (Ambient)
bare

W03-3
Wet (Irrigated) 1
Vegetated

014-3
Wet (Irrigated)
Vegetated

010-4
Wet (Irrigated)
Vegetated

004-1
Dry (Ambient)
Vegetated

004-1
Dry (Ambient)
Vegetated

DEPTH(cm)

0.5
1
5

0.5
1
5

0.5
4

5

0.5
1
5

0.5
1
5

0.5
1
5

0.5
1
5

y.H20(a/ol

1.35
1.48
1.99

1.26
1.48
2.70

"1.93
.43

8.61

2.42
6.19
7.98

2.82
7 .66
9 .47

1.42
1.41
1.49

2.06
2.58
3.53

SUCTIONfHoa)

132'.3
97,7
50.7

205.9
133.7
28.6

67.0
3.4
0.7

2C.1
1.4
1.0

8.1
1.1
0.7

119.6
116.1

. 114.5

92.8
48.1
17.2

C.2



APPENDIX C

SURFACE WATER CONTENT AND SUCTIONS AT

SELECTED TIMES ON SELECTED LYSIHETERS
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TABLE I fxjup

F T

_ Interflow and Seepage Hstimnrya fear the Protective
Barrier LandnUCover .Rmonstranpn at Los Alamos, NM (

(November 1991 through January 1993)
inicrtlow (Seepage;

for DotninantlXjwnhill Slopes
T^papll Cover Dcsizn 5% 10% 15%

Conventional 3.2 (3.4) 8.8 (0) 5.8 (4.0)
EPA 5.4 (0) 6.1 (0) 4.3 (0)
Loanx Capillary Barrier 4.8 (0) 5. 1 (0) 3.4 (0)
Clay Loain Capillary Barrier 0,78 (0) 3.2 (0) 0.12 (0)

h-^rTJ / ^"^

of
25%

4.6 (0.41) <=
4.5 (0)
3.9 (0)
0.36 (0)

TABLE U
Runoff Estimates for u\c Protective Barrier Landfill

Coyer Demonstration at Los Alamos. NM.
(November 1991 through January 1993)

Kunori (cm) for Dominant
^ , Downhill Slopes of

Landnll Cover Dea en
I __ 5% 10% 15%

Conventional 1 .3 0.48 0.87
EPA 0.27 0.50 0.72
Loam Capillary Barrier 0.31 ' 2.6 0.79
Clay Loam Capillary Barrier 0.88 2.1 1.7

25% /

o.io - '•
0.74 -
1.6 -1
3.3 -l

f-

12 N y n a n



Figures

£5

2.0

Precipitation for the Protective Barrier Landfill Cover Demonstration
(November 1991 through January 1993: S3.0 crn total)
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Fig. 1. Precipitation Data Collected at the Protective Barrier Landfill Cover
DemonsmuionProra November 1991 Through January 1993.
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TDR Sod Water Ccrrteot Data for th«
Conventional Design (5% slope)
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Fig. 3. TDR Soil Water Content Data Collected For
the Conventional J*™**^1 Cover Design With the 5%
Dominant Downhill Slope At the Protective Barrier
Landfill Cover Demonstnuon.
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TDR Soil Wafer Contenl Data for
th« EPA D«ign (26% slopo)
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Fig. 5. TDR Soil Water Content Data Collected For
the EPA Landfill Cover Design With Th* 25%
Dominant DOwuuUi slope At the Protective Barrier
landfill Cover Demonstration.
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where 6 - water content (m3/m3)
aQ » intercept
3j - slope
C « neutron counts during 16-s reading.

Water storage (S . cm) in each lysimeter was calculated using Simpson's
method as desc r ibed by Have rkamp et al . (1984) :

Snp * tQl + (0l + 4B* + 293 + 48* + 285 + 486 + 2f57 + 488 +

where Az is 15 cm. Water storage changes in the sand and gravel layers
underlying the silt loam were considered negligible based on their retention
properties and the observation of water potentials consistently below -250 cm.

Probe readings were conducted on 47 dates between November 1987 and
October 1989. For each date, S values were calculated and associated withf- 3

the lysimeter weight at 0600 h. Discrepancies could exist between neutron
probe and lysimeter storage values for the following reasons: measurement
times, snow cover, irrigation and precipitation, and temperature. Probe
measurements occurred during th° day rather than at 0600 h. A snow cover is
detectable with a weighing lysimeter but not with the probe. Decent
irrigation or precipitation that had not infiltrated beyond the top several
centimeters would be detected by the weighing lysimeter but would not be
adequately detected by the probe. Temperatures below freezing could have
affected the equipment. To minimize the possible effects of these factors*
the number of dates was reduced by eliminating those dates that did not
satisfy the following screening criteria:

lysimeter weight change between 0600 and 1800 h (the interval during
which probe measurements occurred) must be <0.25 cm

snow must be absent

average daily air temperature must be >0°C

irrigation or precipitation must not occur on the measurement date or
its preceding date

B.2
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TABLE A.I. Target Amounts of Water for irrigated FLTF Treatments

Date

23-Nov- f i7
3S-Oec-37
12-Occ-fl?
19-Oec-87
25-Qec-87
G2-Jan-88
C9-J«n-e8
iS-Jan-88
23-Jan-98
30-Jan-8;
C5-feb-88
;2-r«b-38
20-?eb-38
27-Peb-58
C6-Mar-38
l3-Har-88
20-Har-83
27-Har-88
03-Apr-88
1C-ADP-83
17-Aor-BS
24-Aor-88
Gl-May-88
CS-Hay-BS
'.5-.Hay-38

2X
Target

Trea tmen t ( m m )

C3*-"ui -33
'.O-Jul-38

;i-Au;-38
2;-Aug-5a
23-Aug-28
5i-Sea-3a
::-3eo-38
13-Seo-38
2^-Sco-88
:2-Oct-33
C3-Oc;-38
•5-Oct -8B
£3-Oc:-83

7 .3
19.2
31.2
42.3
53.9
Si.?
75.0
85.0
94.5

103.?
112.5
121.0
129.2
127.0
144.6
151.8
153.7
165.2
1 7 2 . 7
178.8
184.7
I t0 .4
195.8
201.1
205.1
2 1 0 . 2
2 1 5 . 1
219.6
2 2 4 . i
2 2 2 . 4
2::.t
22? 2
2 i i . 2
245 .1
248 .3
2 5 2 , 7
255.4
250.;
252 .3
267.4
Z 7 1 . 1
274.5
278.5
232.2
285.G
233.3
293.7
297 .7
301.3
3CS.C
310.-:
220.0

Date

07-Nov-90
li-Hov-90
21-Hov-90
2S-NOV-90
OS-Oec-90
12-0ec-90
19-0ec-90
26-Oec-90
02-Jan-91
09-Jan-91
16-Jan-9l
23-Jan-91
30-Jan-91
C5-."cb-9l
!3-P«b-9l
20-?eb-91
27-?eb-9l
OS-Har-91
i3-Har-91
2 G - H a r - 9 1
2 ? - H a r - 9 l
0 3 - A p r - 9 1
10-Aor-91
; 7 - A o r - 9 1
24-AOI-91
O l - M a y - 9 l
0 3 - M a y - 9 1
l5 -Hay-9 l
2 2 - M a y - 9 i

;2-Jun-91
19-Jur-5l
25-Jun-9l
03-Ju1-91
•O-Ju l -91

23-Aug-31
04-Seo-9l
U-Seo-91
13-SM-31

C2-Oc:-31
G9-Oc ^91

Target
3X T r e a t m e n t f m m l

12.0'
29.2
4 7 . 2

15-Cc
23-Oc
2:-Oc

•91
•91
•91

64.5
81.2
97.3

112.8
127.7
142.0
155. ?
169.0
181.8
194.0
205.8
2 1 7 . 1
2 2 7 . 9
238.3
2*8.4
253.0
2 5 7 . 2
276.1
234 .7
Z92.9
300.9
308.5
315.9
323.0
329.9
225.5

• 5 5 . 5
2 5 1 . 4
357.3
373.0
373 .7
334.3
239.3
3S5.2
4C0.7
405.1
411.5
4 1 7 . 0
•122.5
423.1
433.3
439.5
i:S.4
451.4
457.5
453.9
i£0.0

A . I
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6.0 RECOMMENDATIONS

The past year provided valuable information on the operation of'a
capillary barrier system at an arid site under extreme precipitation
(snowfall) conditions. Continued operation, with imposed supplemental winter
snowfall, would test the performance of capillary barrier systems under
repeated extreme events. For this reason, we recommend that the FLTF be
maintained and tested for a minimum of three additional years.

We also recommend adding six additional treatments to the FLTF. These
treatments will consist of pairs of lysimeters filled with 1} basalt rock
(prototype barrier side-slope), 2) clean-fill gravel (another prototype
barrier side-slope), and 3) vegetated silt loams (prototype barrier cover).
Because of cost constraints, we recommend that these treatments be conducted
in existing lysimeter containers. We recommend excavating and refilling
lysimeters D02-5 and 009-7 (see Figure 2.4) with basalt rock, lysimeters D04-1
and Dll-7 with clean-fill soil, and lysimet.ers D07-1 and D14-3 with vegetated
silt loam, 2-m-thick (with 15 wt% pea-gravol admixed into the top I m). One
of each pair of lysimeters will receive ambient precipitation; the other
lysimeter of each pair will receive 3X precipitation.

We recommend that the FLTF, including these new treatments, be monitored
for at least 3 more years. Water balance data from the new treatments will be
compared with water balance observations in the other eleven FLTF treatments
anH at the prototype barrier. Comparisons between prototype and FLTF water
balance will allow us to evaluate scale-effects (i.e., lysimeter to field
scale)-and'the merit of using lysimeter data to extraoolate in time and space
to full-scale barrier situations. If such efforts prove successful, much time
anj money can be saved by utilizing past lysimeter records to forecast large-
seal0 water balances of waste covers for Hanford, under present and expected
future climatic conditions.
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5.0 CONCLUSIONS

The FLTF continues to provide important water balance data needed, in the
design of surface barriers (covers) for the Hanford Site. During.FY 1993, a
record snowfall occurred, resulting in "above-normal" water storage in all
lysimeters. Water storage in bare, irrigated, lysimeters (with 1.5-m-deep
s i l t loam soils) exceeded the 500-mm water storage limit and drainage
occurred. No drainage occurred in any other capillary barrier treatment.
Th^se data demonstrate the limits of capillary barriers when soil water
storage capacities are exceeded.. Soil water storage responded to climatic
variation and to presence and absence of vegetation. Storage differed
dramatically between treatments, being the least under vegetated treatments
and greatest under bare, irrigated conditions.

The irrigated, bare soil treatment is an extreme case. Bare surfaces
presently exist at the Hanford Site, only at sites with coarse (gravel-
covered) surfaces that have received soil sterilants or herbicides. Bare
surface conditions, which result from fire or drought, are typically transient
conditions, lasting less than one year at the Hanford Site. Since the
irrigated bare soil treatment has been maintained for nearly 6 years, water
storage in the bare soil lysimeters was abnormally high. High i n i t i a l water
•jtcrage, coupled with elevated precipitation, caused the lysimeters to drain.

Under 'irrigation, where vegetation was present, summer and fall water
storage was reduced to values similar to that occurring in vegetated
treatments without irrigation. The low water storage in the vegetated
treatments allowed the extreme winter snowmelt events in 1993 to be stored
without exceeding the storage l i m i t (500 mm) and by J-jly all winter
precipitation (including irrigation) was removed via evapotranspiration.

These data support the concept that vegetation can efficiently remove
excess water from a surface barrier at the Hanford Site. Should fire or
drought remove vegetation on s i l t loam soils at Hanford, new vegetative growth
will most likely be initiated rapidly because of the abundance of seed sources
(Rickard and Vaughan 1988).
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TABU «. . . l.n..r I*™.- »'-t,r"l"S' '" ""•• Mode l s D e s c r i b e d in E q u a t i o n s 1-3 ""' """'

Parameters
P. sandberg i i

Leaf Area (cm )
p. spicata ?

Leaf Area (on')

A. t r identata
Total Aboveground

Biooass (g)

Lysimeter in 1989 and

Index
(9/<n2)Surface

Area (m ) Treatment

Ambient, 1.5 m
Lysimeter j

Irrigated, 1.5

Ambient, l.Sjn
Gravel Admix

Ambient, 1.0 m
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located off the lysimeters for harvest. The same dimensional measures were
taken on these individuals before harvest. All shoot material was clipped and
placed in a plastic bag for later analysis. Single-sided leaf area was
measured with a LI-COR 3100 leaf area meter. Shoot material was then dried in
a convection oven at 55°C for at least 48 hours for biomass values. A linear
regression model was developed to predict shoot leaf area from morphometric
measures (cm) as follows:

Y = bc + b.w + b2pw + b3fht + b<lht + b5we + bspw2 + b7fht2 + bglht2, (1)

where Y is predicted leaf area.(cm2), w is the greatest projected basal
diameter (cm), pw is the perpendicular width to w, fht is the floral height,
Iht is leaf height, and b, are linear regression parameters.

Aqropyron sibericum and Oryzopsis hvmenoides are uncommon species which
precluded the development of a similar model. Both species are related to
Pseudoroegngria spicata; therefore, their leaf areas were estimated using a
P. spicata model. All measures except "leaf-height were taken on IS
individuals spanning all sizes above seedlings. Sample processing was as
described for P. sandberoi i. The model i s as follows:

Y = b0 + b.w + b. pw - b, fht + b, w*pw*fht. (2)

Shoot biomass was estimated from predicted leaf area by making use of
the biomass to leaf area ratios of 0.0215 for P. sandberoii, and 0.0285 for P^
spicata. Biomass for A. tridentata was estimated using the model of Uresk et
al. (1977) which is as follows:

Z » b0 + b.w*pw*lht, (3)

where Z is total (leaves, stems, wood) shoot oven dried biomass (g). Shoot
biomass for S. tectorum was obtained by harvesting and drying all shoots
within a 100-cm2 area and assuming that the stand density on the lysimeters .
was constant and eaual to the average of the five harvested values. The
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over the course of several months a proliferation of roots was observed in the
1.5 m-deep silt loam soil layer. Over the next 3 years, roots were observed
to permeate the silt loam but .10 roots penetratec more than 1 cm into the
sand. In late 1991, in spite of an increase in irrigation to a'3X treatment,
the sagebrush plant died.

By early February 1993, the entire profile of the irrigated, clear-tube
lysimeter (C06-3J, was noticeable wet, including the underlying rock
materials. However, no drainage water was collected from this lysimeter. In
March 1993, a small sagebrush was transplanted on lysimeter C06-3 and by late
Hay sagebrush roots had penetrated more that 1.5 m through the silt loam and
sand and had moved 1nLo the wettrd gravel below the ssnd. By late July 1993,
a few sagebrush roots had moved downward into the rock to a depth of about 2
m. As late as September 1993, there appeared to be no further root
penetration and the sand and gravel appeared dry. Continued monitoring of
root growth over the next several years is planned for this lysimpter.

These observations suggest two things. First, that wetted .gravel and
basalt rock fail to create a plant root barrier. Sagebrush roots apparently
are not physically restricted in any way by coarse sands, gravels, or rocks.
Second, these coarse subsoils have l.imitod storage capacity. As soon a^ water
is extracted from the coarse material-surfaces the roots are limited 11: their
capacity to survive, and if water is not supplied the probability is high that
tw°y.vnll die. It is expected that over the next year there will be no
further root penetration into the subsoil, since evapotranspiration from the
sagebrush should be sufficiently high t.r, remove excess water from the silt
loam soil, thus preventing any further drainage into the sand, etc. As long
as deep-rooted vegetation persists on this lysimeter, drainage should be
prevented.

3.3.2 Species Composition

Sagebrush vegetation was not maintained on the clear-tube, ambient, • ,
capillary barrier lysimeter (C03-1). The sagebrush died in 1989 within a year
of transplanting. Over the past 4 years, the ambient capillary barrier nas
not been visibly wetted. Bromus tectorum I. (cheatgrass) has invaded the
lysimetsr, and in 1993, cheatgrass occupied most of the lysimeter surface. By
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FIGURE 3.5. Water Storage for Lysimeter Treatments 1 to 7

conditions. After the first winter, storage in all vegetated treatr.ents
averaged less than 200 mm, which is less than half the 500 mm needed to cause
drainage. Thus, it is reasonable to conclude that vegetated capillary
barriers similar to the lysimeter design will perform extremely well.

3.2.2 Bare Lysimeters

The bare treatments maintained a relatively high storage throughout the
course of the 6-year study. During the first 5 years, virtually all applied
water (for both ambient and irrigated lysimeters) was removed through
evaporation. Six of the lysimetsrs exhibited some response to summer thermal
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FIGURE 3.3. Drainage Data for Clear-Tube Lysimeters

water storage in all drainage lysimeters (treatments 1 through 7). Drainage
lysimeter data are shown in Figure 3,5.

3.2.1 Vegetated Lysimeters

Vegetation, coupled with surface evaporation (via evapotranspiration) ,
is able to remove at least 480 mm/yr. The data in Figure 3.5 clearly indicate
that vegetated, capillary-barrier lysimeters (treatments 1, 3, 5, and 6) all
maintain water storage levels well below their estimated drainage limits. The
water storage in all vegetated lysimeters was reduced from between 200 and 300
mm of water to a lower limit of storage (less than 100 mm) for all treatments.
The water storage is reduced to a. unique lower limit of storage for each
treatment by summer of each year. Such an observation coupled with the
observation of no drainage from the vegetated treatments (after a record •
snowfall, and above-normal annual precipitation) provides verification of the
performance of capillary barriers for the Hanford Site, even under extreme
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FLTF Drainage Data Bare Uysimeters
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TABLE 3.1. (contd)

" Lysimeter

Dll-7
(Breakthrough,
Bare)

Water YearM

1991
1992
1993

Precipitation
and Irrigation

Storage
Change FT Drainage

tm
479
487
406

-45
29
33

524
458
371

0
0
2

(a) Water Year - November 1 of previous year through October 31 of year
specified.

(b) 1993 Water Year - exception » November 1 1992, through July 31, 1993.
(c) Numbers in parenthesis represent summer condensate water.
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TARLE 3.1. (contd)

010-4
(2X Precip.
Bare)

012-4
(2X Precip.,
Bare)

002-5
(Ambient,
Vegetated,
Admix)

005-5
(Ambient,
Vegetated,
Admix)

003-6
(Ambient,
Vegetated)

006-6
(Ambient,
Vegetated)

Water Year

1988
1989
1990
1991
1992
1993

1988
1989
1990
1991
1992
1993

1988
1989
1990
1991
1992
1993

1988
1989
1990
1991
1992
1993

1988
1989
1990
1991
1992
1993

U)

Precipitation
and Irrigation

Storage
Change ET Drainage

009-7
(Breakthrough,
Bare)

1991
1992
1993

294
367
304
479
487
406—
294
367
304
479
487
406
—— - —— • —
127
173
144
144
1'74
235

_ —— — ———— - ——

127
173
144
144
174
2J5

——— - — • ———————— • ——

127
173
144
144
174
235

— — •
127
173
144
144
174
235

479
487
406

-33
30
-32
12
45
34— -
-21
34
-25
17
39
34

—

-138
-27
16
-15

325
337
336
467
442
338

——— —— I313
332
328
462
448
340 1

" ————— 1263
199
128
159
« f r

9 1'03
5 230

, —— ——————— ——— • ——— • ————— — '

-123
-11
14
-12
9
4

. —— - ——
-157
-7
12
-10
7
8

— —— - ——-1:2
_ r

8
-9
7
7

" ^45
31
29

244
J84
.30
156
i65
231

111
180
132
154
167
111
•—

259
179
136
153
167
228

—

524
456
375

(2)
0 |
0
0 0

"72") 1(1)(1) 1
0
0
32

'"' 10
0
0
0

— . — —
(6)
0
0
0
r,
0

(7)

°0

s
- ° ,

(DIC1
0
0
0
0
0

_ -
0
0
2
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3.0 RESULTS OF LV5IMETER WATER BALANCE STUDIES

A summary of lysimetsr water balance data for nearly 6 years (November
1987 - July 1993) is provided in the following subsections. Data'from
drainage, weighing and clear-tube lysimeters are grouped and analyzed
according to treatment.

3.1 DRAINAGE RESULTS

Drainage data from all lysimeters are presented in Table 3.1 and shown
in Figures 3.1 to 3.3. Table 3.1 lists the cumulative drainage values for
each treatment. Excluded from Table 3.1 are 1988 tests, where excess water
was applied to check for leaks and to saturate two lysimeters (D09-7 and Dll-
7) (Campbell and Gee 1990). All drainage values are rounded to the nearest mm
of water. Coinage from all lysimeters is scaled to a unit cross-sectional
area (i.e., water volume/area = length, expressed in mm, to conform to
conventional S.I. units used for precipitation, recharge, etc.).

The data cle-irly indicate that all capillary-barrier (silt loam soil)
treatments, except those with bare soil , exposed to the highest (3X)
precipitation treatment, have had no drainage after nearly 6 years of testing.
All other treatments (e.g., sandy soils) exhibited drainage. Drainage is
least for vegetated sand under ambient precipitation and greatest for gravel -
covered sand under elevated (3X) precipitation. The bare, irrigated (2X)
treatment showed no drainage (3-year test). When the irrigation (elevated
precipitation) treatment was modified (increased to 3X) the silt loam again
showed no drainage for the Mrst 2 years. Evaporation was sufficiently high
that all of the applied water was removed from all silt loam soils (except for
treatment 7, where excess water was applied and evaporation was purposely
prevented).

During the past year (1992-1993) the record snowfall caused
precipitation to exceed the 3X target (see Figure 2.6). Because water storage
was initially high in irrigated, bare lysimeters, the excess winter
precipitation

17
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to minimize further debris accumulation. The weighing lysimeter calibration
for WL01 was adjusted to account for the new scale. Because of the scale
reulacement, all data were checked for proper calibration both in early spring
and fall of 1992. By fall of 1992, all scales were wcrking correctly. Weight
change data from the weighing lysimeters as well as precipitation, irrigation,
temperature, and other key data are plotted and reviewed weekly. Appendix A
(Figure A.I) provides an example of these weekly plots.
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TABLE 2 .1 . Field Lysimeter Test Fac i l i ty Treatments

PredoHation
Treatment A1'1 2A<b) B<cl Bare

1 X
2 X X
3 X
4 X X
5 X
6 X
7 X X
8 X
9 X

10 X
11 X

(*JArrbient precipitation
^*2X, 3X aruiual average
<c>8reakthrough +2X, 3X annual

Surface Soil
Veg Admix

X

X

X X
X

X

X

average

Gravel Texture
SiL
SiL
SiL
SiL
SiL
S;L
SiL

x s
s

X S
s

Thickness
1 .0 m 1 *> m

X
X
X
X
X

X
X

3.0 m LYiitneler #
W01-1. 004-1. 007-1.
W02-2.D01-2.D06-2
W03-3. 013-3, D14-3,
W04-4. 010-4. D12-4
002-5, DOS-5
DC3-6. 006-6
009-7.011-7

X C01-8
X C02-9
X C04-10
X COS- 11

C03-1

C06-3

saaocoar.i

2.6.1 Drainage Errors j
We checked all outflow lines for evaporation losses. Evaporation losses

were found to be 5 y in 480 days. This is equivalent to an error in drainage
of <0.0025 mm/yr, thus was considered to be insignificant. There was an
inadvertent error observed on one of the clear-tube tests. The closed tube on
C04-10 (gravel-covered sand, 3X precipitation) was found in early summer (July
14-23) of 1993 to be open for a week, and drainage water was lost during that
period of time. As there was measured drainage before and after that time
period, the lost data was synthesized by averaging the before and after data
and increrr.entally adding this amount, to the drainage data set. All other
records represent actual recorded drainage values.

2.6.2 VJater Storage Analysis

Neutron probe data were collected manually (recorded in laboratory
record books) and electronically. The electronic data were read by computer,
stored in FLTF data files, then processed in terms of water content and water
storage. Details of the process used to transform neutron probe data from raw
contents to water content and water storage are given in Appendix B.
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water storage data are also used to analyze performance of lysimeter
treatments with no drainage.

2.6 EXPERIMENTAL DESIGN AND METHODS OF ANALYSIS

Eleven distinct treatments are currently being tested at the FLTF.
Figure 2.4 and Table 2.1 identify these treatments. The various soil, plant
and precipitation combination in these treatments represent a range of surface
'conditions that presently exist ^ the Hanford Site, plus conditions that
reflect elevated precipitation, ffr.e elevated precipitation treatment was
considered important for projecting barrier performance under potential future
climate change.

During the past 6 years, annual precipitation has ranged from 127 mm (in
1987} to >240 mm (in 1993) and average 169 mm/yr. [The long-term (1912-1980)
average for the Hanford Site is 160 rrjn/yr]. Figure 2.5 shows monthly values
of the past 6-year average as well as long-term (1912-1980) average reported.

On average, 38% of winter precipitation is snow, end annual -.snowfall
averages 335 mm (13.2 in.). This past winter, 1992-1993, there was a record
snowfall of 1425 mm (56.1 in.) which was more than four times the long-term
average. Figure 2,5 shows the actual snowfall for 1992-1993 and the long-term
average (1912-1980).

Irrigation Was used to supplement natural precipitation on some of the
lysimeters (see Figure 2.4). Irrigation was applied to lysimeters on the west
side, except 008-2. Lysimeters D09-7 and 011-7 (see Figure 2.4) were covered
and sealed with plastic from August 1988 through July 1990, when covers and
plastic seal were removed. Each irrigated lysimeter had a small, manual
plastic precipitation gage next to. it. Irrigation was scheduled to remove
deficits at the beginning and middle of each mor.th. During the first 3 years
(November 1987 - October 1990), the irrigation treatment was designec ;o
create a 2X (twice the annual average) precipitation condition. For the p^st
3 years (November 1990 to oresent), irrigation was increased to create a 3X
(three times the annual average) precipitation condition. Irrigation was •
applied at intervals that were dictated in' part by weather, equipment, and
technician availability. A target amount of supplemental irrigation was

10
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Gamma and Neutron
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FIGURE 2 . 3 . Instrument Locat ions in Weighing and Drainage of Lysimeters

Two c lear - tube lysimeters (designated as C03-1 and COS-3) were instal led
and f i l l e d in November 1988 w i t h basal t r i p r a p , capped by a f i l t e rbed in the
lower h a l f , and 1.5 m of W a r d e n s i l t l o a m soil ( X e r o l l i c Cambor th id ) from
McGee Ranch in the top ha l f ( i d e n t i c a l to 12 of the d ra inage l y s i m e t e r s ) . A
small (above-ground height, approximately 0.15 m) Artenisia tridgr.tala
( sagebrush ) was t ransplanted in to each of these lys imeters . Four a d d i t i o n a l
lys imeters were i n s t a l l e d in October 1989* each f i l l e d w i t h p i t - r u n gravely
sand in the bottom h a l f (1.5 m) and wi th screened sand in the top 1.5 m. Two
of these sand- f i l l ed lysimeters (designated as C02-9 and C05-11) were topped
w i t h 0 .15 m of coarse g r a v e l . The r e m a i n i n g two s a n d - f i l l e d l y s i m e t e r s
( d e s i g n a t e d as C02-9 and C05-11) were each t r a n s p l a n t e d w i t h s m a l l s agebrush
in l a t e 1989.
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1.0 INTRODUCTION

Cover systems are used to isolate buried was", 2 from the accessible
environment at must, if not. all, waste sites throughout the United States
(Lutton et -1. 1979; EPA 1986, 1987, 1991; Anderson et al. 1989). These
covers range from very simple designs, consisting of nothing more than a thin
mantle of soil placed over the waste, to complex designs, consisting of
multiple layers of soils and geosynthetic materials. Control of water
intrusion into the waste is a major feature of the more complex designs.

i'.i CAPILLARY BARRIFRS
A proposed surface cover design for the Hanford Site includes a

"capillary barrier" (Wing a~d r-ee 1990). The "capillary barrier" is a cover
system consisting of layers of fine soil overlying coarse soils. Textural
contrast in soils provides a "capillary break," which limits drainage and
store:, water in the upper (fine) soil until the soil at the interface
approaches saturation. The resulting increased water storage increases water
availability for evaporation and plant transpiration (Miller 1973).

Capillary barrier systems have been proposed and tested under varied
climate and site conditions throughout the world (Rancon 1980; Nyhan et al.
1986; Cartwright et al. 1937; Andersen and Clausen 1988; Healy 1989; Schulz et
al. 1939; Melchior et al. 1993). While this concept has been known for many
years (Alway and HcDcle 1917), practical use of the concept for infiltration
control at waste sites is a relatively recent innovation (Rancon 1980).

In humid climates, a capillary barrier is less effective than in arid
climates because soil is often wetted to near saturation, resulting in
periodic drainage into the underlying coarse soil (Helchior et al. 1993),
Booth and Price (1989), Healy (1989), and Andersen and Clausen (1988) have
shown that significant portions (ranging from 20% to 507.) of the annual
precipitation at humid sites can drain through a capillary barrier, which on
sloping surfaces in wet climates acts more like an internal drain.

In contrast, Schulz et al. (1989) have demonstrated that a capillary
barrier at a humid site (Bjltsville, Maryland) when covered with adequate

1
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Detailed soil water measurements were made at near-surface on selected
silt loam-covered (capillary barrier) lysimeters during FY 1992. Soil cores
were taken to depths of 35 cm and analyzed for soil uater content and matric
suction. Soil water contents at the near surface varied according to both
treatment and sampling ti-̂ .c. Vegetated soils were driest, with highest matric
suctions at depth. Matric suctions exceeding 10 Hpa (100 bars) were observed
at depths of 35 cm. The data suggest that near-surface monitoring of soil
water may be needed to complement the neutron probe estimates of soil water
and water storage.

A vegetation survey was made on selected capillary-barrier lysimeters.
The survey showed significant increases in vegetation in response to the
applied water. Under elevated precipitation treatments there were increases
in plant density and leaf area index. Total biomass was, correlated with plant
density and leaf area index.

The FLTF test results have been used to guide the design, development,,
and testing program of a large-scale (100 x 60 x 15 m) prototype barrier
facility located over a waste disposal facility (200 8P-1) at the Hanford
Site. The prototype barrier construction was begun in September of 1993 and
is scheduled for completion in April of 1994. Water balance data for both
soil and gravel surfaces are available from the FLTF and will continue to
guide the water balance tests at the prototype barrier. These tests are
expected to show that net water infiltration can be controlled effectively on
silt loam soil cover surfaces but that large amounts of water will infiltrate
gravel-covered side slopes. Quantification of the actual water infiltration
and drainage through the sideslopes will be a key contribution from the .
prototype barrier tasting.

Complementary work to prototype-barrier testing will be conducted at the
FLTF. Six drainage-typ: lysimeters will be exhumed in early FY 1994 and
replaced with materials representing the prototype barrier. Two of the
lysimeters will oe filled with silt-loam soil, amended with pea gravel in the
top 1-m depth, to represent the prototype barrier surface, while two
lysimeters will be filled with basalt rock-rip/rap to represent the extreme
coarse side-slope conditions of the prototype test. An additional two
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EXECUTIVE SUMMARY

The Field Lysimeter Test Facility (FLIP), a unique facility for
monitoring water balance of surface isolation barriers at the Hanford Site, is
completing its sixth year of operation. The facility, located adjacent to the
200 West Area, near the Hanford Meteorological Station (HMS), consists of 24
lysimeters filled with a variety of soil/sediment configurations. Twenty
lysimeters were constructed as capillary barriers filled with either a 1-m- or
1.5-rn^thick layer of fine soil (silt loam) overlying a coarse-textured subsoil
(capillary break) and simulate surface isolation barriers with two different
water storage capacities. Four lysimeters wer~ filled with gravel-covert
coarse sand and simulate surfaces that lack an isolation barrier. The soil
configurations, combined with different vegetation and climate (precipitation)
regimes, produce 11 distinct treatments which span the extremes in expected
surface water balance for Hanford Site soils and covrtr systems. Precipitation
treatments have ranged from ambient (non-irrigated) precipitation, averaging
169 rm/yr, to accelerated precipitation, which includes ambient plus
irrigation, and currently averages 480 mm/yr.

The water storage capacity and drainage characteristics of the
caoil lary-barrier (i.e., silt loam over coarse sand/gravel) lysimeters were
determined. In early 1988, shortly after the initiation of lysimeter testing,
two lysimeters were saturated with ,;ster and then allowed to drain. The water
storage l i m i t (i.e., amount of water held before drainage) for these
lysimeters (with 1.5-m-thick silt loam layers) was determined to be slightly
over 500 mm. Decreasing amounts of drainage from these two lysimeters and
from three other bare-surfaced lysimeters were observed to occur only in the
summers for several years (1988-1990). Small amounts of drainage (<0.4
mm/yr), attributable to thermal gradients, occurred in five of the bare
surface (wettest) lysimeters during 1991 and 1992. No drainage was observed
in any of the remaining 15 capillary-barrier lysimeters. and water storage in
all lysimeters remained well below 500 mm until February 1993.
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selected for remediating a particular waste site should be designed to adgfluatelv control
contaminant transport to ensure protection of human hearth and the environment.
Developing that design not only must incorporate good engineering principals but must
also include sound ecological principals to account for the interactions between the
physical, biological, and chemical factors influencing waste site integrity and
contaminant transport.

The exclusion of ecological principals, in my opinion, is the greatest failing of current
practices in designing capping technology. That omission prevents the designer from
using (or maximizing) beneficial (an very inexpensive) processes (i.e.
evapotranspiration) and from foreseeing failure modes (that are usually very expensive
to remedy) that would be obvious to an ecologist (e.g, plant root intrusion into a clay
hydraulic barrier). In my view, the use of capping alternatives for closure of landfills, is
not just an engineering problem, as is often stated, but rather involves complex physical,
biological, and chemical processes requiring a multidisciplinary approach to develop
designs that will work over the long haul and are cost-effective.
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the topsoil and gravel interface. Two possible capillary barrier design options to further
improve leachate control might be to increase the slope on the capillary barrier and/or to
use a layer of material (i.e. sand) with a higher hydraulic conductivity, just above the
capillary break, to promote faster lateral soil water flow rates. Many questions about the
performance characteristics of capillary barriers advise caution in their use for
remediating landfills. For example, little is known how to optimize barrier design to
enhance lateral flow, the limits on slope length for diverting flow, the influence of type,
seasonalrty, and amount of precipitation, and the effects of biological intrusion through
the capillary break on barrier performance. Intuitively, ft seems likely that capillary
barriers will work best in arid and semiarid climates (< 50 cm annual precipitation) with
relatively low amounts of snowfall as a source of the precipitation. However, definitive
information to support their use in dry climates is not available. Of particular concern is
the influence of plant roots, which will aggressively seek subsurface moisture in "dry
climates, on the performance of the capillary barrier.

The RCRA cap has been the most effective in preventing soil water movement
completely through the cap. Breakthrough first occurred about 27 months into the study.
Evaluation of the long term performance of the clay barrier in diverting soil water laterally
or in preventing leachate production will require additional monitoring. >
A potential concern about long term performance of the clay barrier stems from the
natural establishment of deeper rooted plant species, such as shrubs, on the plot.
These deeper rooted species will provide an important test of the barriers ability to
withstand plant root intrusion and the potential desiccation of the clay during periods of
moisture stress to the plants. Past experience (Hakonson, 1986) on the influence of
plant roots on bentonite clay hydraulic barriers shows that transpiration losses of water
stored in the clay, very quickly destroy the ability of the barrier to prevent downward flow
of soil moisture.

The results presented in this report represent the performance characteristics of four
cap design alternatives over a relatively short period of time. Further monitoring is
needed to better define the relationship between the grass and shrub cover and the
longer term performance of the capillary barrier, ft is particularly important to continue
the monitoring of the RCRA cap design to evaluate the leak characteristics of the clay
barrier under current conditions and under those expected to occur as deeper rooted
species invade the plot.

Current results should be useful to Environmental Restoration personnel in managing -
risks at the site by providing initializing data and rate constants for hydrologic models.'
These models are a necessary part of site characterization, assessment, and cleanup
activities at Operable Units with landfills in that they can be used to define field sampling
needs, calculate transport as a part of the risk assessment activities, and be used to
help evaluate the consequences of various cleanup alternatives in reducing risks to
acceptable levels.
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4: Water balance estimates on the I l i l l AFB Landfil l Cover Demonstration Plots 01 Jan90 - 20Sep93

PLOT DESIGN
LA-1 (Grass) LA-2 (Grass/Shrub) RCRA Control
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(r)
Soil Water Storage
A( UeelnnlngCY90(cm)
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0.01 (0.006%)*

43 (25%)

5.5 (3.2%)
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Table 3. Dry blomass estimates (or vegetation types on the Hill AFB cover demonstration plots In
June 1992 and September 1993.

DRY BIOMASS (g/m2)*

GRASS
FORB
SHRUB
TOTAL

LA-1
92 93

6.9 5.6
0.06 0.11
7.6 19
14 23

LA-2
92 93

0.72 2.3
0.0 0.22
30 21
31 24

RCRA
92 93

5.6 5.4
0.07 0.16
4.2 12
10 13

CONTROL
92 93

6.1 6.4
0.05 0.14
3.0 9.7
9 16

1 DRY BIOMASS BASED ON THE FOLLOWING EQUATIONS DEVELOPED FROM DESTRUCTIVE
SAMPLING OF 10 0.5M2 PLOTS ADJACENT TO THE TEST CELLS:

GRAMS GRASS = 0.256 X % GRASS COVER. R2 = 0.913, P = 0.0000
GRAMS FORB « 0.008 X % FORB COVER, R2 « 808, P = 0.0002
GRAMS SHRUB ~ 0.691 X % SHRUB COVER, R2 « 0.673. P - 0.0020
GRAMS LITTER « 0.378 X % LITTER COVER. R2 - O.541,P . 0.0099



Table 2. Some characteristics of the vegetation on the cover demonstration plots at Hill AFB during
June 1992 and September 1993.

PLOT

TOTAL PLANT COVER (%)
FORB COVER (%)
GR ASS COVE R(%)
SHRUB COVER (%)
STANDING DEAD (%)
GROUND COVER (%)
ROCK COVER (%)
LEAF AREA INDEX (CM2/CM2)

LAJ. LA^ RCRA CQNIBQL
92 93
51 63
7.8 14
27 22
11 27
5.4 NM*
80 96
36 30
0.78 0.96

92 93
58 67
0 27
2.8 9
43 31
12 NM
88 94
17 10

0.85 1.12

92 93
38 58
8.5 20
22 21
6.0 17
1.1 NM
47 77
1.0 1.0

0.55 0.84

92 93
35 56
6.5 17
24 25
4.3 14
0.9 NM
60 76
0 0

0.55 0.88
* Standing dead not measured separately from live vegetation
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FIGURE 7. CAPILLARY BARRIER COVER DESIGN
(VERTICAL CROSS SECTION OF HILL AFB PLOT)
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FIGURE 6. MODIFIED RCRA COVER DESIGN

(VERTICAL CROSS SECTION OF HILL AFB PLOT)
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TECHNICAL CONSIDERATIONS

The Concept of Water Balance

The fate of meteoric water falling on the surface of a landfill is often referred to as the
water balance of the site. A simplified representation of water balance describes
surface runoff and one-dimensional movement of water in the soil profile to the plant
rooting depth. For net rates and amounts, the water balance equation is:

dS/dt = (P - Q - ET - L)/dt (Equation 1)

where dS is the rate of change in soil moisture, P is the precipitation per unit area, Q is
the runoff per unit area, ET is the evapotranspiration per unrt area, L is the percolation
below the root zone per unit area, and t is the unit of time used in solving the equation.

Application of the concept of water balance to design of landfill caps takes advantage of
the fact that there are strong interactions between the various components of water
balance. For example, a reduction or elimination of the runoff term (Q), increases
infiltration of water into the soil, resulting in increased soil moisture storage followed by
an increase in ET and/or percolation. Likewise, reducing percolation necessitates that
more of the precipitation be partitioned between soil moisture storage, ET, runoff, or that
rt is diverted laterally using an appropriate barrier technology. The coupled nature of the
processes comprising the water balance can be used to advantage in designing landfill
caps that minimize or eliminate processes in Equation 1 that contribute to contaminant
migration (i.e. percolation) while enhancing other terms (i.e. ET) that do.

The concept of water balance and, especially methods to manipulate it's various
components, has served as the basis for several studies to design, test, and evaluate a
variety of capping alternatives for radioactive and hazardous waste landfills (Nyhan et
aL, 1990; Hakonson et al.( 1992; Hakonson et al., 1993; Lane, 1984; Lane and Nyhan,
1984).

THE HILL AIR FORCE BASE COVER DEMONSTRATION

Objectives

Los Alamos National Laboratory has investigated the performance of a variety of landfill
capping alternatives since 1981 using large field lysimeters to monitor the fate of
precipitation falling on the cap surface (Hakonson et al, 1992). The objective of these
studies is to provide the risk manager with a variety of field tested capping designs, of
various complexities and costs, so that design alternatives can be matched to the need
for hydrologic control at the site (Nyhan et al, 1990; Hakonson et a!, 1989; Hakonson et
al, 1986).
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In climates that experience freezing temperatures or drought, the cover may be
damaged by the freezing or drying of soil or man-made construction materials. Critical
design components of the cover should be placed below the depth of freezing or severe
drying. Freezing may also increase the amount of runoff during winter months, since
percolation through frozen ground can be reduced.

Biological Factors

Although vegetation is important in controlling erosion and percolation (Nyhan et a!,
1984), deep-rooted plants can access buried radionuclides and bring them to the
surface of the s'rte (Foxx et al, 1984). Radionuclides in plant tissue can be transported
through the food web to humans by herbivorous or nectivorous organisms (Anonymous,
1967). For example, one of the pathways of tritium transport away from a low level
waste site at Los Alamos is via the soil moisture to plant nectar to honey bee *o honey
pathway (Hakonson and Bostick, 1976). Also, tumbleweeds (Salsola kali) growing over
the cribs at Hanford, accumulated Sr-90 and then transported the contaminant away
from the site as the matured plants blew away from the site after the growing season
was over(Kiepper et al, 1979).

The importance of preventing buried waste from reaching the ground surface is that
erosional processes dominate in the movement of contaminants on the ground surface
to biological surfaces. For example, rain splash and/or wind resuspend soil particles
(especially the fine silts and clays) and then deposit them on plants (Dreicer et al, 1984;
Foster et al, 1985) and animals (Romney and Wallace, 1977; Hakonson and Nyhan,
1980). Reld studies (Hakonson and Nyhan, 1980; Watters et al, 1980) with plutonium
show that physical deposition of contaminated soil particles on vegetation surfaces is
100-1000 times more important than root uptake in contaminating vegetation with this
radionuclide.

The role of burrowing animals in mobilizing buried waste is generally unknown. A limited
database (O'Farrell and Gilbert, 1975; Winsor and Whicker, 1980; and Arthur and
Markham, 1983) demonstrated that burrowing animals can transport radionuclides
vertically in the soil profile and influence water balance and erosion of the cap by
changing the physical and hydrologic characteristic of the soil (Aubertin, 1971; Grant et
al,1980; Lysikov, 1982).

REGULATORY CONSIDERATIONS

General Performance Requirements

The regulatory requirements for closure of hazardous and mixed waste landfills are
found in 40CFR Parts 264 and 265, Subpart N. Under these regulations,
owners/operators of landfills are required to perform landfill closures. The primary
requirement of 264.310 and 265.310 is for the owner/operator to design and construct a
low-permeability cover over the landfill to minimize migration of liquids into the waste

10



TABLE 1. ESTIMATED COST OF SOME LANDFILL
CLOSURE ALTERNATIVES

ALTERNATIVE COST/UNIT
EXCAVATE $33M/AC

RCRACAP $2M/AC

SOIL/CAPILLARY $1.5M/AC
BARRIER COVER

BIO-ENGINEERED $0.1M/AC
SOIL/VEG COVER

SURFACE MGMT W/ $0.05M/AC
EROSION CONTROL___________________

SELECTION OF ALTERNATIVE SHOULD BE BASED
ON HUMAN AND ECOLOGICAL RISK ASSESSMENT



Control of contaminant migration can be achieved with natural or synthetic barriers that
can be placed around the waste to control the movement of water and/or gases.
Migration barriers can be permeable or impermeable depending on the type of
contaminant/s and their mode of transport (note that side wall- and/or under- barrier
technology is currently not well developed). The cap placed over the waste is a central
feature of most containment strategies and can range from a very simple soil cover to a
very complex engineered design that is intended to mitigate both the vertical and lateral
flow of water and gases.

Even at this early stage in DDEs cleanup program, it is certain that capping
technologies will be heavily used, either alone or in combination with other technologies,
to remediate the landfills on DOE property. Capping is a viable cleanup alternative
because human and ecological risks are considered to be low at most of these sites
(based on known levels of contaminants and preliminary baseline risk assessments) and
the regulatory requirements for final closure of old landfills can be met using a well
designed cap to isolate the buried waste.

Under ideal conditions, the primary functions of the cap (Figure 1) are to isolate the
buried waste from the surface environment and to control hydrologic processes,
including erosion, that can cause contaminant migration from the site (Hakonson et al.,
1992). Excessive erosional loss of cap soil can expose buried waste leading to the
potential for off site transport of contaminants. Likewise, water that infiltrates into the
cap soil can lead to enhanced percolation of water and solutes out of the burial
environment.

Biological processes, including plant root and burrowing animal intrusion into the waste
can also contribute to migration of contaminants from the burial environment (Hakonson
et alf 1992; Figure 1). However, the relative importance of biological processes, in
either positively or negatively affecting the migration of the waste, is strongly related to
their relationship to the hydrologic characteristics of the site (Hakonson et al., 1992).

Cost will always be an important criteria for selecting options for remediating
contaminated sites. In general, the objective is to reduce costs to a mfnimum while
satisfying technical, regulatory, and political/social constraints. The technical basis for
defining the level of control needed to reduce contaminant migration should be derived
from the health and environmental risk assessments.

A comparison of estimated unit costs for construction (i.e. O&M costs not included) of
several capping alternatives is compared to the cost of excavating the waste in Table 1.
Note that the most costly capping alternative (i.e. the RCRA cap at S4.9M/ha) is still a
factor of 15 less expensive than removal of the waste. Additionally, the cost of different
capping alternatives can vary by at least a factor of 10 (i.e. from S0.12M - $4.9M),
depending on the complexity of the design and, again, the need for reducing risks.
Although capping costs are relatively inexpensive compared to other options, they still

7



FIGURE 1. CONVENTIONAL LANDFILLING

PRACTICE



LAUR-93-4469

HYDROLOGIC EVALUATION OF FOUR LANDFILL
COVER DESIGNS AT HILL AIR FORCE BASE, UTAH

T. E. Hakonson, K. V. Bostick, G. Trujillo,
K. L Manies, R. W. Warren,

L J. Lane, J. S. Kent, and W. Wilson

PREPARED FOR THE DEPARTMENT OF ENERGY
MIXED WASTE LANDFILL INTEGRATED DEMONSTRATION

SANDIA NATIONAL LABORATORY

REPORT TO MEET MILESTONE A1 ON TTP 1212-11
(SELECT BEST BARRIER DESIGN AT HILL AFB).

February 4,1994



Cumulative Percolation (cm)

O)
CD
£D
(f)
O
13

N

I ' ' ' I ' ' ' I



1992

60
1993 1994 1995

Wenatchee

— — - Measured
—-- - - -HELP
——— UNSAT-H

Fa W
92 93

Sp
93

Su
93

Su
94

Fa W Sp
94 95 95

Season

Fttr.
/O



Cumulative Overland Flow (cm)
c

CD T|

CD <
CO <

CD CO
COT3

CD CO
COC

rn ^"H
(J J CO 03
CD
CO <0<
o -*<
13

CD CO

CD CO

CD Tl
4 -̂ 03

CD<
01 <

CD CO
rn-n

)
1 '

~\
-J- - _ tU_

J
1

-1
1

" 1̂
V

- I
1

" 1
_ 1

\

t

C

^

(

0 (3) CD

1 . . i , , , , i

"""'.
;
^

^
* *"i

;

1
"i

I
i , , i . i. i

i

ĉ
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Figure 2. Schematic Representation of Water Balance Computations by HELP (a) and UNSAT-H (b)



Table 2. Initial Abstraction and SCS Runoff Curve Number for Live Oak

Season

Spring 1993
Summer 1993

Fall 1993
Spring 1994

Measured
Abstraction

(cm)
0.7
0.7
0.1
0.9

HELP
Abstraction

(cm)

1.8

HELP
CN

,87.7

CN for Better
Prediction of

Overland Row
95
91
96

89.5

Avg. Increase in
Overland Flow1

(cm)
1.5
1.0
1.6
0.8

*Avg. increase in overland flow is per storm event



Table I. Input Parameters for Model Simulations

Parameter Site/Layer Input Value Reference MODEL Applicable
Soil Properties

Pornsily (cm/cm)

Field Capacity (cm/cm)

Wilting Point
(cm/cm)

Saturated Hydraulic
Conductivity

(cm/s)

Haverkamp Pitting
Parameters Tor Soil

Water Characteristic
Curve

Havcrkamp Fitting
Parameters for

Unsaturatcd Hydraulic
Conductivity Function

Live Oak: Surface Layer. Barrier Layer
Wcnatchee: Surface Layer, Barrier Layer
Live Oak: Surface Layer, Barrier Layer
Wenalchee: Surface Layer, Barrier Layer
Live Oak: Surface Layer. Barrier Layer
Wenalchee: Surface Layer, Barrier Layer

Live Oak: Surface Layer
Live Oak: Barrier Layer
Wenalchee: Surface Layer
Wcnntchcc: Barrier Lnyer
Live Oak: Surface Layer
Live Onk: Barrier Layer
Wcnatchee: Surface Layer
Wenulchce: Barrier Layer
Live Oak: Surface Layer
Live Oak: Barrier Layer
Wenatchce: Surface Layer
Wcnatchcc: Barrier Layer

0.40. 0.52
0.40, 0.36
0.35, 0.33
0.29, 0.25
0.15.0.17
0.06, 0.07

I .OX 10-4

3.2 X lO'6
4.5 XIO'5
2.2 X 10'7

a = 200, p (I/cm) = 0.65
a= 17, p (I/cm) = 0.40
a=80, P(l/cm) = 0.60
a = 72. (Hi /cm) = 0.60
A = I . B ( l / c m ) = 1.45
A = 8. B (I/cm) = 1.15
A = 300, B (I/cm) =2.2
A = 400, B (I/cm) = 1.3

Field Density Test
(Lancctal . 1992)
Pressure Plate Test
(Khireetal . 1994)

On-SiteTDR
Measurements

(Khireetal . 1994)
Laboratory Hydraulic

Conductivity Tests
(Bcnsonctal. 1993)

Khireetal. (1994)

Khireetal. (1994)
Khireelal.(1995)

HELP, UNSAT-H

HELP

HELP

HELP, UNSAT-H

UNSAT-H

UNSAT-H

Plant Data
Evaporative Depth (cm)

Root Zone Depth (cm)
Percent Bare Area

Leaf Area Index

Growing Season
(Julian Day)

Fitting Parameters for
Root Density Function

Live Oak, Wcnatchee

Live Oak, Wenatchce
Live Oak
Wenatchce
Live Oak
Wcnatchee
Live Oak
Wenalchee
Live Oak

Wenatchce

106.5,75

24,23
59
40
2.0
1.0

.-• 75-320
105-225
a=0.3I5,

b| (l/cm)=0.0773, b2=0.0755
a=LI6,

b| (l/cm)=0.129.b2=0.02

Schrocder et al.
(1994)

(Bensonetal. 1993)
Grid Pictures

(Bensonelol. 1993)
Expert Opinion

Expert Opinion

Foyer and Jones
(1990)

Payer and Walters
(1995)

HELP

HELP, UNSAT-H
UNSAT-H

HELP, UNSAT-H

HELP, UNSAT-H

UNSAT-H
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Consequently, caution should be employed when interpreting predictions made with these models

for sites where snow cover is significant, particularly in arid regions where snow constitutes a

significant fraction of annual precipitation.

The writers also caution that less accurate predictions should be expected in general practice

because in this study the input data were defined with much greater detail and accuracy than is

generally practical. For example, when using different methods to estimate the unsaturated

hydraulic conductivity functions, dramatically different water balance predictions can be obtained

(Khire et al. 1995). Also, in any design the impacts of deterioration of the cover need to be

considered when making water balance predictions. Neither of the models examined in this study

include algorithms that simulate the formation of macro-defects that influence the water balance,

particularly percolation.

Finally, in practice the designer must choose between simpler, easier to use, less accurate,

yet conservative models (e.g., HELP) and more accurate, more complex models (e.g., UNSAT-

H) requiring extensive input. A logical choice is to use the simpler model (HELP) to investigate

alternatives during an iterative design phase and then to make final checks and predictions using the

more complex model (e.g., UNSAT-H). This approach exploits the advantages of both models,

and should minimize costs during final cover design and after closure of the landfill.
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water contents that were attained as a result of the large quantity of precipitation received during the

previous winter.

UNSAT-H over-predicted evapotranspiration by 8.1 cm. Evapotranspiration was primarily

over-predicted during winter (Eg. 10), which may be caused by the inability of the model to limit

evaporation when the soil is frozen or covered with snow. Unlike Live Oak, however, the over-

prediction in winter is compensated by an equivalent under-prediction in spring and summer (Fig.

8a). Consequently, the evapotranspiration predicted by UNSAT-H for Wenatchee is accurate, on

average.

Percolation

Measured percolation and percolation predicted by HELP and UNSAT-H for Wenatchee

are shown in Fig. 12. Two major pulses of percolation occurred in the field; one during Winter

1993 and another during Fall 1994 - Winter 1995.

HELP also predicted two major pulses of percolation. However, the onset and magnitude

of the predicted percolation do not match that occurring in the field. HELP predicted percolation

throughout Fall 1992 and Spring 1993, whereas little or no percolation occurred in the field during

these periods.

The pulse of percolation predicted by HELP in Spring 1993 corresponded with the sharp

decrease in simulated soil water storage (24 cm to 5.1 cm. Fig. 11) that occurred as HELP drained

water from soil water storage under a unit gradient. In contrast, the field data suggest that water

was removed from the test section more slowly than predicted by HELP (Fig. 11) and primarily by

evapotranspiration rather than percolation (Figs. 10,12).

The large pulse of percolation during Fall 1994 and Winter 1995 occurred partly because of

flow through cracks and animal burrows. A crack in the barrier layer was observed in a test pit

outside the monitoring area during a investigation in March 1994 (Benson and Khire 1995) and

snow filled animal burrows were found in Spring 1995 (Benson et al. 1996a). When the pulse of

percolation was observed in early Winter 1995 (January, Fig. 13a), the water content near the
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UNSAT-H under-predicted overland flow by 5.1 cm (Fig. 8). Furthermore, like HELP,

UNSAT-H predicted most of the overland flow during Winter 1993. One possible reason why

UNSAT-H over-predicted overland flow is that the melt water applied as precipitation was too

rapid. If rate of application of snow-melt was reduced by stretching the input period (e.g. 7:00

AM to 8:00 PM instead of 10:00 AM to 5:00 PM), the predicted infiltration would have increased

and overland flow would had been less.

In Winter 1995, overland flow predicted by UNSAT-H was zero whereas 5.5 cm of

overland flow occurred in the field. The primary reason for this discrepancy is UNSAT-H does

not have an algorithm to predict freezing of ground. In the field, most of the snow-melt was shed

as overland flow because the ground was frozen, whereas UNSAT-H allowed the water to

infiltrate during late Fall 1994 and early Winter 1995. Later, the infiltrated water was removed by

UNSAT-H via evapotranspiration, which was over-predicted by 4 cm (Fig. 10).

Soil Water Storage

Measured and predicted soil water storage for Wenatchee are shown in Fig. 11. The field

data show that soil water storage increases in fall and winter and decreases during spring and

summer. These changes in storage are similar to those measured at Live Oak in 1993 (a dry

summer), but larger than those measured at Live Oak in 1994 and 1995 (wetter summers). -Similar

trends exist hi the predictions by HELP and UNSAT-H.

Throughout Fall 1992 and partly during Winter 1993, the field soil water storage increased

until the test section was nearly saturated (- 27 cm). HELP also predicted an increase in soil water

storage (beginning of Fall 1992), but more rapidly and earlier than in the field. The period of

rapidly increasing soil water storage predicted by HELP was followed by a period when virtually

no change in soil water storage was predicted (shown by arrow near upper left comer of Fig. 11).

No change in soil water storage was predicted because HELP assumed the ground was frozen

during late Fall 1992 and early Winter 1993 and shed melt water as overland flow (Fig. 8).
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laboratory. Because the soil water characteristic curves are for desorption and daily average water

contents were used, the calculated hydraulic gradients are approximate (e.g., the gradient at 27 cm

must be positive during some of the wet period, because percolation did occur). Nevertheless,

Fig. 11 illustrates that large changes in hydraulic gradient occur in the field, and that for a

significant portion of a year the gradient is upward. Because a downward unit gradient is

assumed, HELP continually drained water from the soil until the wilting point (6wp) was reached

(see Fig. 4, where 6^ corresponds to soil water storage = 17 cm). In the field, however,

percolation ceased at an average water content = 0.38, because the gradient within most of the test

section was upward, not downward.

MODEL PREDICTIONS AND FIELD DATA: WENATCHEE

Overland Flow

Measured overland flow and overland flow predicted by HELP and UNS AT-H for the test

section at Wenatchee are shown in Fig. 8. The field data show that overland flow at Wenatchee

does not have a well-defined seasonal trend. Furthermore, most of the cumulative overland

occurred during Winter 1995.

HELP over-predicted overland flow by 2.7 cm. Most of the error in the predicted overland

flow occurred during Winters 1993 and 1995. Overland flow was over-predicted during Winter

1993 and under-predicted during Winter 1995. The measured overland flow was very small

during Winter 1993 and large during Winter 1995 (Fig. 8).

The primary reason why HELP over- or under-predicted overland flow was an inability to

accurately predict whether snow melt occurred and, when melt did occur, whether the melt water

infiltrated or was shed as overland flow. The fate of melt-water depends on whether the -soil

surface is frozen. HELP assumes that the soil surface freezes when the 30-day-average air

temperature drops below 0 °C (Schroeder et al. 1994). When the soil is assumed frozen. HELP
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Spring 1994, and Spring 1995 is that it over-predicted percolation (see subsequent section on

percolation).

The large seasonal fluctuations in soil water storage occurring in the field are captured fairly

accurately by UNSAT-H (Fig. 4). Nevertheless, UNSAT-H under-predicted soil water storage

during Winter 1993, Winter 1994, and Winter 1995 and over-predicted soil water storage during

Summer 1993 and Summer 1994 (Fig. 5). Fayer et al. (1992) found similar under- and over-

predictions when they simulated the hydrology of lysimeters at the Hanford site. Fayer (1993)

attribute this discrepancy to the influence of hysteresis in the soil-water characteristic curve, which

is not incorporated in the model. Fayer (1993) report that incorporating hysteresis, at the expense

of significant additional computational effort, results in better predictions of soil water storage

Evapotranspiration

Evapotranspiration at Live Oak back-calculated using Eq. 1 is shown in-Fig. 5. The field

data show a higher rate of evapotranspiration during spring and summer and a lower rate in fall and

winter, which is consistent with changes in temperature, solar radiation, and growing season of the

vegetation. Predictions from HELP and UNSAT-H show similar trends.

HELP predicted evapotranspiration very accurately. Evapotranspiration predicted by

HELP was 7.1 cm less than the measured evapotranspiration, and the only significant deviation

between measured and predicted evaporation occurred within the first year of monitoring. The

accurate prediction of evapotranspiration was not expected given that HELP under-estimated

overland flow by 74.4 cm. When overland flow is under-estimated, more water infiltrates into the

cover and thus more water is available for evapotranspiration. However, actual evapotranspiration

cannot exceed potential evapotranspiration (PET) and the evaporation rate is generally close to PET

or equals the PET rate for soils having high water content (Hillel 1980). The test section at Live

Oak had relatively high water contents during the portions of the monitoring period when

evapocranspiration is significant (e.g., spring) and therefore evapotranspiration should have
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changes in water content occur throughout the entire depth of the compacted clay layers each year

(Khire et al. 1994, Meerdink et al. 1996). In addition, plant roots were found in the compacted

fine-grained layers (Benson et al. 1993), indicating that water is removed from these layers by

transpiration.

Nodal Spacing and Mass Balance Criterion for UNSAT-H

Discritization of the covers in UNSAT-H included 64 nodes along the depth of the test

sections (Fig. 2b). A small nodal spacing (< 0.1 cm) was used near the upper and lower

boundaries and the interfaces between layers. The spacing became progressively larger away from

the boundaries (3 to 4 cm).

The maximum tolerable mass balance error for UNSAT-H was input as 10"5 cm per time

step. This mass balance criterion resulted in cumulative mass balance errors that were less than

0.05%.

MODEL PREDICTIONS AND FIELD DATA: LIVE OAK

Overland Flow

Accurate predictions of overland flow are important because they affect the volume of water

that infiltrates. If the volume of water infiltrating the soil is incorrect, all subsequent flow

processes may be incorrect Overland flow at Live Oak is shown in Fig. 3 with predictions made

with HELP and UNSAT-H, Overland flow at Live Oak is generally higher in fall and winter and

lower in spring and summer. HELP and UNSAT-H predicted similar seasonal trends (Fig. 3).

HELP under-estimated overland flow by 74.4 cm during the monitoring period, with the

largest deviations occurring between Winter 1993 and Spring 1994. The primary factors

contributing to the underestimation are (i) overestimation of initial abstraction (i.e., amount of

precipitation that occurs before overland flow begins) and interception by the plant canopy and (ii)

the use of a fixed SCS runoff curve number (CN) for the entire year.
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was to be used to calibrate several hydrologic models that will be used to design landfill
covers.

MATERIALS AND METHODS

Plot Construction, Design and Rationale
The purpose of the Protective Barrier Landfill Cover Demonstration was to monitor and

compare water balance on the conventional landfill cover design, similar to that used in Los
Alamos and the waste management industry for waste disposal (3), with that on three other
designs containing engineered barriers. The performance of all four designs was evaluated
at dominant downhill slopes of 5, 10, 15 and 25%. These plots were installed during the
spring, summer and fall of 1991 in our 8-ha field test facility (7) and were instrumented so
mat a complete accounting of precipitation falling on the plots could be measured. The
plots were constructed and instrumented to provide measures of runoff and interflow, as
well as seepage and soil water storage as a function of slope length.

The technology for controlling soil water erosion on all cover designs consisted of
applying a 70% surface cover of medium gravel (8,0- to 25-mra diam). Dominant
downhiQ slopes up to 25% were used on the plot surfaces to insure a range of slopes up to
the maximum slope that would be allowable for the safe operation of large earth-moving
equipment at a landfill.

The Protective Barrier Landfill Cover Demonstration was cmplaced on an east-facing
10.7- by 37,5-m parcel of land with crushed tuff backfill on the surface (8). This backfill
is used in landfills at Los Alamos as a result of excavating disposal trenches in local
Bandelier Tuff, which is then crushed and emplaced around the waste materials. Tbis arca^
was surveed inrp frmr 1 ft 1- ™.1ong yeas, each of which i rtc^ived additional'crushed turf

"to establish" the varying downhil^lop^s/Tlic crushed tuff on eacn at ilies& paiN um
compacted and resurvcyed to conrirmlHe"desireii slopes. A south-facing 4,6-m-widc, 40-
ra-long ramp that abutted the lower ends of these four east-facing pads was constructed
similarly, only with a 2% dominant downhill slope. A set of four 1.0- by 10.0-m plots
with corruTjQjijidewalls was ihen constructed on the center of eacll pud, wall a disunite of
3.05 m bewcencach set of plots. All uf iheylot walls exixpt the downhill endplates were
fabricated using two pieces of plywood (1.27 cm. by 1.88 m by 1.22 m) cmplaced within a
framework consisting of vertically ̂ placed iron I beams (2.5 by 5.1 by Q.32*cm) on 1.22 m
centers, with channefiron (2.5 by 5.1 by 0.32 cm) top and bottom framing. The endplates
were fabricated from 14 gauge sheet metal, and had 7.62-crjp and 10.2-cm diam steel half
couplings welded into the endplatc wall to connect plumbing used for the collection of
seepage and interflow, respectively. The interflow collection system consisted 9f a i.Q-m
long, 30.5-cm-deep, 30,5-cm-wioc 14 gauge metal trough welded to the inside of the
plors endplate. The runoff collection system was also fabricated using 14 gauge sheer
metal and consisted of a 1.0-m long, 15.2-cm-widc trough with a floor that sloped to divert
runoff (30.5-cm deep at the low end and only 25.4 cm deep at the high end); this trough
was welded to the top of each endplate and haa a 152-cm-diam steel half coupling welded
into the trough wall to connect plumbing used to collect runoff.

A seepage collection system was installed in the bottom of each of the Diets and was
designed to evaluate seepa^easaf'uricrion of _slooc length. Sixty-eight 2.02- by 0.76 m
pans with a depth of 0.30 m 'wWeTIBhcawd from 14 gauge sheet metal. Each pan was
designed with a 5.0-cm-tall. 2.02-m-long channel iron foot thai was welded to the boctom
of ihc pan; this foot insured a slope on the bottom of the pan for secoaee water to flow out
of the pan through a standard 1.3-<m-diam standard pipe coupling which was welded into a
corner of the pan. Four of these pans were placed end-iq-end in the bottom of each plot,
and were attached to each other at the top of each pan usins a sheet metal clip. An 11.4-
cm-wide space was purposely left between each sidewall of the plot and the pan to
minimize sidewall effects in thus experiment, which might allow water to migrate down die
sidcwalis of the plot and be incorrectly measured as seepage. Each pan and the rest of. :he
bottom of each plot wore then filled with medium gravel ^8.0- to 25-mm diam). A sharp
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MHA> £T AL. BALANCE STUD^ Or LODFlLLCOta

soil water is retained in the upper fine-grained layer,
making it more available for evapotranspiration. This
is helpful because a larger portion of the precipitation
received by the landfill cover can then be removed via
evapotranspiration during the plant growing season.
The second advantage is that the gravel-cobble layer
keeps plant roots from growing through ihe landfill
cover and potentially translocating waste materials to
the surface of the SLB facility (Hakonson. 1986).
Thirdly, the enhanced levels of plant-available water
that occur in the upper fine-grained layer result in en-
hanced plant biomass at the soil surface, which in turn
translates to greatly improved soil erosion protection
of the landfill cover. The fourth advantage is that
snowmelt results in soil water penetrating into the
coarse-grained layer and this water can be removed
from the land&ll cover by drains placed at the base of
this layer. This is helpful because a vertical diversion
of infiltrating snowmelt (at a time when potential eva-
potranspiration is low) means less soil water coming
into contact with waste materials located beneath the
landfill cover.

The data collected in thj* fold experiment was used
to field calibrate a simplistic, one-dimensional model
(CRE\MS) without extensive input parameters (Ny-
han. 1990). For the first time, direct measures of all
of the water balance components existed, from this
study to compare with model-simulated values, in-
stead of just comparing observed and predicted soil
water content values to evaluate the success of the
hydrologic simulation. Ultimately, a multidimen-
sional finite e lement model v/ill be validated that takes
into account soil, plant, and climatic variability.
Models like these can be used to optimize conftgurar
tions of specific landfill cover materials, such as the
thickness of the cover. Using this approach, landfill
closure designs can be further evaluated for 20 to 50
yr of meteorological conditions to encompass the av-
erage and record wei years, so that the effectiveness of
:he landfill covers can be assessed. The cost erfectivc-
ness and practicality of various designs will be eval-
uated with the help of our site operator, who will have
a major input into the selection of a nnal closure design
for low level radioactive and hazardous waste sites.
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Fig. 7. Cumulative leachaie production in the ITP experiment. No leachare production occurred at ill other rime periods during the year
other than those indicated ia the fijurt. The upper drain kacbate data, originally on a 3.7- by 10-7-m basis, wu multiplied by 0.83 so that
it could be expressed on i J.O- by 10.7-ra basis with the rat of the data presented in this figure.

L of leachate, respectively. By the end of ihe experi-
ment in 1987 the total leachate produced by Plots 1
and 2 was 3239 and 3176 L, respectively. Similar data
are not available from the improved plots because Im-
proved Plot 1 did not produce detectable leachate from
either drain during the course of the study. This was
probably the result of enhanced cvapotranspiratiori on
this plot with its larger plant biomass than Improved
Plot 2 (see Table 1).

Both the amounts of leachate produced and the sea-
sonabtUty of leachate production varied with the land-
fill cover design. During the snowmeh events in 'the
spring of 1985, leachate was produced from lateral
water Qow in the upper drain of Improved Plot 2 from
March through early May, and totaled to 0.72 cm (Fig
T). During the tint week in May the control plots began
producing leachate from their cover profiles that to-
taled to Q.56and 0.43 cm. from Plots I and 2. .re-
spectively /There fore, by the end of the 1985 events.

was satisiactonly diverting soil water laterally in
the soil overlvmt the gravel, oecause no ieachate"was
produced from the lower dram in mese piuU. unlike
wiuun ine control plots iHg. "'). ————— —— -

In December 1986. leachate production in the con-
trol plots began again— almost 600 d after the initial
ouulow in early May 1985. Control Plots I and 2 pro-
duced about 0.90 cm of leachate during December and
about 1.30 cm in January and March, but the largest
amount of leachate was produced in February-April
1987 (7.7 and 8.0 cm in Plots 1 and 2, respectively).
In contra-st. outflow in the improved plots did not
begin until mid-February from the upper drain and in
early March from the lower drain. Thus, the capillary
bamcr conducting water toward the upper drain did
perform satisfactorily for about 3 wk (mid-February-
eariy March), but finally tailed (the soil above the
gravel finally attained saturation with this extremely
heavy snowmclt. allowing water to pass into the lower
drain in the plot). The end result for the 1986-1987
period was that the control plots produced an average
of 10.1 cm of leachate. compared with onlv 16 cm of

leachate produced from the lower drain in the im-
proved plot design. Even during this very wet period,
the capillary barrier divened about 1.2 cm of Icachaie
to the upper drain.

Leachate production estimates presented in Fig. 7
should not be used as an absolutely accurate and final
representation of the seepage process in the near-sur-
face areas of Los Alamos shallow land burial (SLB)
facilities. The reliance on plastic liners on the floors
of the plots and French drains (which drains at near-
saturated conditions) tends to temporarily minimize
leachate production. As" time proceeded in our field
experiment, the soil water inventories near the plot
floors in both landfill cover designs probably increased
to amounts that would have been lower in a natural
system without a plastic liner and drain. However, the
scope of the experiment only included a comparison
of the water balance between the two landfill designs
in the field plots, and not a comparison between the
plots and natural conditions (an area for future stud-
ies).

Evapotranspiration Esumitw
Since no runorf occurred in the ITP experiment at

any time, we could estimate ET by difference in Eq.
[1] and quantitatively estimate all of the parameters
of the water balance equation for every time interval
for which we had field data, Evapotranspiration rates
(Fig, 3) were calculated from these estimates and did
show the expected seasonaliry panern: low evapotran*
spiration rates (<0.1 cm/d) in the late fall-winter and
peak evapotranspiration rates t >0,2 cm/d) during the
spring and summer. Peak evapotranspiraaon rates oc-
curred during seasons with peak precipitation rates in
both cover designs. When these estimates were per-
formed for shorter time periods i.e.. biweeklv instead
of for an entire season, larger variation in evapotran-
spiration rates was observed with time from all of the
plots, since the frequency of precipitation and the
amounts of plant-available water were also more var-
iable with time i Fig. 8).

Evapotranspirauon differences were observed with
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the land&ll cover). Water storage (cm} beneath the cover in
the control plots was estimated by calculating the average
volumetric water content percentage for the 1 ID-cm depth
for the six sampling locations, dividing this number by ICO,
and multiplying this result by 23 cm, the depth of the crushed
tuff beneath the cover.

Soil water storage estimates were also made for the im-
proved cover design for each sampling period- These two
plots contained a gravel/cobble layer with a maximum thick-
ness of 137 cm. which waj excluded from the inventory
estimates, based on the assumption that this layer contained
a negligible, constant water-holding capacity. Thus, the soil
water storage in the trench cap was estimated by calculating
the average volumetric ^ater content percentage for the 20-.
-*£•. and 60<m depths {nine sampling locations for the 20-
and 40-cm depths, and three sampling locations tor the 60-
cm depthl dividing this number by 100. and multiplying this
result by 70cm (the average thickness of the porous materials
above the biobarricr). Water storage (cm) beneath the landfill
cover was estimated by calculating the average volumetric
water content percentage for the i20-cm depth for the su
sampling locations, dividing thi's number by 100. and mul-
tiplying this result by the average thickness of the tufFbackfill
beneath the biobarrier. 38 cm.

.20-

of Plant Biomass and Species
Composition

By 26 Aug. 1986. all four plots had a 100% cover of blue
grama and western whntgrass. Ten 10- by IQ-cm quadrants
were clipped for each of these two plant species on this date,
and the oven dry weight per unit area of vegetation (biomass)
was determined. Relative plant cover by species was also
estimated using two longitudinal transects on each plot,
where the percent cover of both grass species was estimated
visually in 22 quadrants located I m apart on each of the
two transects. The relative plant cover estimates and the
biomass estimates for each grass species were used to esti-
mate the average biomass of grass species on the plots.'

RESULTS AND DISCUSSION
Precipitation Data

The precipitation received by the plots from May
1984 through mid 1987 was generally larger than the
average received at Los Alamos from 1911-1986 (Fig.
4). The total precipitation in the fall ot" 1984 was 12.54
cm. compared with the average (1911-1986) fall pre-
cipitation of 8.38 era This was followed by above av-
erage snowfall in February and March of 1985 (Fig.
4). which resulted in 13.73 cm of precipitation during
the winter of 1984-1985 (compared wHth the 1911-
1986 average of only 6.71 cm for winter). This winter
was then followed by the second wettest spring on
record, with ihe ITP experiment receiving 15.31 cm
of precipitation. 63% more than average for spring
from 1911 10 1986.

Whereas the fall of 1985 was not particularly unu-
sual for'Los Alamos. 24.69 cm of precipitation was
received in the spring of 1986 (Fig. 4>. making this a
maximum record both for the season and tor the
month of June. During the plant growing season ot*
1986. summer rainstorms produced below average
precipitation followed by a slightly wetter fall than
average. However, during the winter ot" 1986-1987.
record maximum snowfall occurred for the month of
January (with 165 cm of snowtaltt and February. In

1986 19 871985
1 Months

Fig. 4. Distribution of monthly precipitation and snowfall in the ITP
experiment compared with Ihe average values lor 1911-1986 (Ny-
tun et al.. I989a).

contrast, only about 6.4 cm of precipitation occurred
in the spring" of 1987, compared with the 1911-1986
average of 9.37 cm,

Soil Water Storage Estimates
The soil water storage data is presented in Fig. 5

and 6. as well as the total precipitation received by the
plots weekly and an indication of the maximum soil
water storage possible for each portion of the soil pro-
file (the soil would be close to saturation at this value,
based on laboratory porosity measurements).

The soil water data collected on the control and the
improved plots all show a pronounced increase in
water content, with additions of precipitation dunn
the first winter of the field experiment in 1985.
vegetation on all of ihe plots was fully established by
early 1985 and substantial decreases in soil water con-
tent 'dunng the spnng and summer ot" 1985 were a
direct result of cvapotranspiratipn (very little leachate
production occurred at these times as we will dem-
onstrate subscauenily). Notice that plant roots had
withdrawn water out of the landnll covers in both de-
signs, as well as beneath the landnll cover in the con-
ventional cap design tFig. 5V This latter phenomenon
occurred on every growing season, but did not occur
on the improved plots tFig. 6). pointing out the effec-
tiveness of ihe cobble layer in keeping plant roots con-
fined to the landfill cover soil above the biobarrier.



. M'I. Effect or'fertilizer
;tlc •. -ii-«ni m a maize-
; U'mce-1 .Vjtioni. 1985

: L.-m d Nation*. 1986.

•i to in'e remote atmos-
Oallou-av et al. fed )

<;-roSen in me remote

(fiJi-itrous production

. J. .Vj irOuia!iconiin. J Environ.

oxide cmuiionj
. DC) :05:li23-

'»v LChameidw. 1976.
-..•::on by ir.: i^nj |jr"e-
n n > s . Rci. Lea J: 157-

3ui oude lourco and
r.iiition. Atmospheric

:roui OTide eniuions
'

3nd J. Ba*ier. 1981
:saied *itn immo-

ral. II;?3-3I.
i:r. 1 936. Soil
j:;d crops in N
— P8.
H.G. Woodmansee.

prame.

jrasjland ioil

c r<;ent ot" directly

.
! •J"0. Dirta rneaj-
Devciopmem andi. ;. -ij.nc-iid.

:.J CMC'S

•n:s of' natural and
T ioiij. A?CA;.

'US OTi
•3c:C3i rejion /An-

ranjibmanons

arc /.F. Ha.isen.
'-:ra:;o is or'tncr

A Water Balance Study of Two Landfill Cover Designs for Semiarid Regions
J. W. Nvhan.* T. £. Hakonson, and B. J. Drcnnon

ABSTRACT
Th« rrsaJts froca xttni f i t fd c.xp*rin»«iti <w method to conrrol

^oil croitoa. bioiamnioo. tad water iflfiltnnoo were os*iJ w design
ind (cat *a eniirocTd luidfilj co»fr ttiat iaiproto the »Dilicy oC the
dispouJ liie to UoUt* Varied win a. Th« (KrfonnADce of the im-
pro'«J co^tr {jciijn in mioi^iuf w«ter uid bioa it th« duposij jite
wti compared for J rr »--tii t ha i obtained from i mart cooT
d«i»fl l^>' t*s b«n *id«Jy tu*d in tb« induMrr- The coar
co»cr d«i?n coeuijtri of 20 cm of wjidr lo»ni tooioij o»er 108 cm
of « sudr silt b»ct£IL wbcrtu the unproved d«i?n coiuisu of 71
cm of fopsoil over i minimum of 46 cm of jn»eU 91 cm of river
cobbf*, *"^ ^8 cm of uwJy tilt b«ci£lL Eich plot wu Uncd wiih
xa imptnneifalc Hcer to «lk)» for mui baUnct aJcnb ooa of water
dynAmia. Reaoltj o»er i 3-yr p«rio<L indodun 2 »et jr. dctnoo-
icrated that the improved design rcdocrd percoUtioa of »tter
(bnxifb ti< UuidfiU cover by a factor of >•* over tht eonvenG'oojU
dniqa- This decrease in percolation wu trtribeted to a combioiooa
of imre±5*d ertooffarttpindoa from the pUm cover u>d the. effect
of a apUlAt7 barrier embedded in the enhanced cover profile/ la
diverting water laterally in tie co'er. Tbe field data an. 'laJly dl5-
cusMd in terms of its awfdneu for »ut* nuuu^raeot decuiona to
IK nude fn the fomrt for both new and exuriog landfills at Lot

NM. ifld it otbtr wmixrid wwte disposal sites.

i ""pHE P R I M A R Y objective of postclosure requirements
; JL for waste repositories is to limit the exposure of
( ;he general public to radioactive and hazardous wastes
• for t i m e periods r a n g i n g from 100 to 10000 yr
i (L/SNRC 1982; U'SEPA. 1980. 1985). Hydrqlogic
I processes histoncally account for most of the perform-
t ance-related problems Jacobs et at.. 1980: Hakonson
: et al.. I982b: U'SDOE. 1980). For example, erosion of
\ the landfill cover can breach the cap and expose waste

;o the biosphere. Water that infil trates inio the cover
can accumulate within the landfill, leach wastes into
jroundv-ater. and enhance subsidence with the land-
rill .

As Fig. I implies, the successful performance of the
entire landrill is very- much a function of interactive
processes operating to control water balance within the
landfi l l covers, if we restrict our attention to net rates
and amounts, and consider one-dimensional move-
ments of water in the soil profile, then the following
••quation can be used to represent a simplified water
balance;

A5 *• P — Q — ET — L [ I ]
where

.15 - change in soil water storage
P - precipitation
Q — runorf
£T- evapotranspiration, and
L - seepage or percolation.
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Fig. I. Hydroloyy of shallow land burial of waste material,

Tradit ionaJ remedial engineering solutions, which
do not include analyses of these interactive factors
have already led 10 numerous landfill failures (Hak-
onson et al.. I982b). Future designs thai ignore these
interactive factors will certainly reproduce many of the
failures of the past (Hakonson et al.. I982b. 1987;
N'yhan and Lane. I986a), and at a very high cost: land-
f i l l cover installation costs range from 5400 000 to
54000000 per ha .of landfill (BrandL 1988; Cook.
1988).

Currently, adequate field data does not exist f>~m
carefully instrumented large-scaJe experiments o :
movement of water and contaminant under un^ .-'
rated conditions to enable a site operator to define and
engineer suitable barriers to prevent the migration of
waste materials out of a landfill. Our approach to de-
veloping an effective landfill cover technology com-
bined the results from individual studies at Los Ala-
mos. NM. on soil erosion (Hakonson et al.. I932a:
Nyhan et al.. I983a . l°84a.b: N y h a n and Lnne.
19S6a.b). on subsidence (Abede. I984a.b.c. 1985.
1986: Abeele et al.. 1936; Nyhan et al.. I984a). on
biointrusion barriers fPcrtusa. 1980: Fe!;hauser and
Mclnrov. 1983; Hakonson et a!.. I982a.c, 1983; Hak-
onson. J986: Nyhan et al.. 1984a. 1986). and on cap-
illary barriers (Abeelc and DePooner. 1984; Nyhan et
al.. 1986) to design and emp/ace a landfill cover dem-
onstration called the Integrated Test Plot (FTP) ex-
periment. The purpose of the field demonstration was
to monitor and compare water balance and biologic
intrusion on a conventional landfill cover design with
that on an improved design, which was based on the
results of the previous studies.

MATERIALS AND METHODS
Plot Construction, Design, and Rationale

The purpose of the cover demonstration was u> monitor
and compare waier balance on the conventional landrill
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became available for evaporation. This result is important because it
suggests that the fine-layer water content may be moderated by air
flow in Lho coarse layer. Incorporating diffusion of water vapor from the
fine Inyor into the coarse layer substantially increased the water move-
ment out of the fine layer
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in the base of the gravel layer. The water content of tho middle of the
topsoil layer changed only very slightly. It can also he observed that a
significant amount of water remained within the gravel layer even
uflur a yuar of air flow. Tho mechanism of the water content reduction
under thusu conditions appears to be the forcing of water out of the
model domain through the seepage faces, due to the increased air pres-
sure. This result indicates that even if the influent air is saturated with
water vapor, the flow of air in the coarse layer will move some of the
water out of tho system.

The movement of air and water within the cover was also examined by
converting thu water-phase pressures to total potentials (sum of the
pressure and elevation heads). For this analysis, the simulation used a
horizontal pressure gradient of 100 Pa/m, relative humidity of 25%, and
a vertical pressure gradient of 600 Pa/m. Capillary water potentials at
0, 30, and 90 days are presented in Figure 9. This figure shows a verti-
cal cross-section (through the cover) located at the midpoint of the
model domain (0.6 m from the lateral boundaries). Prior to initiation of
air (low, Iho water phaso was essentially at equilibrium within the soil
profile. Tho small water potential differences within the coarse layer
resulted from the contrast between the nearly saturated conditions at
the base of the gravel layer and the low water content in middle and
upper portions of thu drained gravel. By 90 days, the coarse layer
became nearly dry, tho water potential declined sharply at tho inter-
face, and a strong downward hydraulic gradient developed.

The numerical nimulaLtons reveal thnt air flow in the coarse loycr
induced some water movement in tho fine layer when tho influent nir
was not saturated with water vapor. Tho removal of water by evapora-
tion near tho fine/coarse layer interface reduced tho local water con-
tent. When the local hydraulic head decreased, a downward l iquid
water pressure gradient was established, and water moved towurd the
finu/cuarno layer interface and became available for evaporation. Thi.s
result is important becnuaa it suggests that the fine-layer water con-
tent miiy be moderated by air flow in the coarse layer.

In the simulations discussed above, diffusion of water vapor wns nut
considered. In tho TOUGH2 code, the vapor diffusion coefficient is
given by

Wntor Hemovnl from a Dry Hnrricr

Dv°,(T+273Y>
—— ———— ,

P ( 273 J
IG)

where T is tortuosity, <f> is porosity, S, nir-phasc saturation, D\ free gas
diffusion coefficient (2.13 x 10' m'/s at Btandard conditions fur
air/vapor mixtures), 0 is a constant 1.80, P is pressure, and T is tem-
perature. Of these variables, only tortuosity and porosity arc material
properties. Because measured tortuosities were not available, .sensitiv-
ity analyses were performed to assess the potential significance of
vapor diffusion on the rale and amount of water loss from the cover.

Constants

0 days Horizontal Pressure Gradient - 100 Pa/m

30 days Vertical Pressure Gradient - 500 Pa/m

90 days Relalivo Humidily ol Inlluem Air • 25%

1.0

0.75

0.5

g 0.25

rt
CO

0.0

Note: Calculated capillary potentials lor gravel layer arc
« -40 kPa and decrease rapidly to the waler potential
ol Iho air stream, Indicating an essentially air-dry layer,

i _I_______.——I————
-40 -30 -20

Capillary Potentials. kPa

-10

Flguro 9. Coplltary pressures In covor system ol 0. 30. ond 00 days.

To provide a reas. oly large range of potential effects model Simula-
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can be made for both plow for the data collected at the bonom of the fine sand layer at the
maximum slope lengm tested (9.7 m downslope).

The TDR data for the Clay Loam Capillary Barrier design with the dominant downhill
slope of 15% is presented in Fig. 8 to demonstrate the effect of a low-conductivity topsoil
on capillary banier dynamics. The daily interflow data presented in Fig. 2 for this design
evaluated on a 5% slope is typical for this design compared with similar data from the plots
on the other three slopes. The soil watcr_comcfu_data;for the bottom of the fine sand fayer
(25% slope) do rtotacmonstrafc multiple largcpuIscTgf waferjctamiflg through, the., clay
loam topsoil (FigTSTTifl contrast to w&aThappcned omne capillary ana hydraulic barrier
plocs with the highly conductive loanMbp&oil l>igs. 5-7). Instead, we observed a pattern
indicating a very slowTfrahu^e me uf wutdfirom the clay loam layer into the underlying
fine sandlaycr, whose soil water content dramatically decreased from September through
December 1992 (notice the TDR data at the 9.70 m dowrilopc position), toilowinglES"
decrease in soil water content of the soil layer about 1 month previous to this time period
(top portion of Fig. 8).

USEFULNESS OF STUDY AND FUTURE RESEARCH
The most practical comparisons among the four landfill cover designs for a semiarid

region, in terms of their usefulness to the burial site operator, should be the overall
performance comparison of the water balance parameters for the duration of this field
study. ^Ultimately, the site operator wants a design for a specific slope and slope length that
minimizes long-term runoff and seepage and maximizes interflow and cvapocranspiration.
These water balance parameters arc interdependent and need to be evaluated in the field
using techniques and field data similar to those in this study.

Only 15 months of data is presented in this manuscript for this study, yet we are already
struggling to keep up with data analysis. Many of the commonly used computer software
programs and hardware dp not have the capacities to handle such large data sets, so we are
in the process of connecting our measurement systems for water flow and TDR to a local
area net of computers to solve this problem. This will allow us to perform routine system
diagnostic checks on our hydrologic sensors and to calculate water balance estimates on
this entire data set Once this is accomplished, we can evaluate important issues such as the
time scale necessary to adequately describe a landfill cover design for waste management
purposes. Coupled with this effort will be a major activity to develop ndd-caffbrated
nyorologic mooels that then can be used to evaluate future performance of the designs,
such as the effect of a 100-year precipitation event on the design. The cost effectiveness
and practicality of various designs can then be evaluated with the help of burial site
operators and regulator, who wfll have major inputs into the selection of a final closure
design for low-level radioactive and hazardous waste sites.
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topsoil exhibited maximum daily interflow rates of only 0.034 cm with only 0.71 cm of
interflow occurring during this tone period Most of this large difference in interflow can
probably be attributed to the fact that the clay loam has a low conductivity (8), compared to
the loam topsoil, which limited the flow of soil water into the fine sand layer in this design.

The estimates of interflow and seepage on all 16 clou for the 15 months of this study are
summarized in Table L This daxa shows that all of the capillary and hydraulic barriers are
preventing seepage at all slopes and slope lengths tested in the sradv. Total interflow for
the 15 months of the study ranged frorn 3.4 to 6.1 cm on all of me EPA and capillary
barrier designs containing the loam topsoil. In contrast, the conventional desi|n, which did
not contain an engineered barrier, proouo.*d seepage in almost every case tested and most of
this seepage occurred from February through April of 1992, during and following a
relatively dry winter (Fig. 1).

For the Conventional design evaluated on the 5% slope, this 15-moDth total sceoajc
occurred in the seepage collection system located 3.64-5.66 m downslope (OJZ1 cm), 5.06-
7.68 m downslope (037 cm), and 7.68-9 70 m downslope (2.86 cm). This design only
produced seepage 5.66 to 9.70 m downslope with a 15% slope, and 7.68 to 9.70 m
downslope with a 25% slope.

Runoff occurred on these unvegetatcd plots from December 1991 through February
1992, as a result of snowmelt and during May and August 1992, as a result of
thunderstorm activity. The total runoff from all 16 mots is summarized in Table II for the
15 months of the study. The largest daily runoff (0.54 cm) occurred on the EPA design
with the 25% slope after a 2.16-crn precipitation event on August 24-, 1992.

No consistent relationship exists between slope and runoff for either the clay loam topsoil
used on the Gay Loum Capillary Barrier design or the loam topsoil used on all the other
designs. Less than 15% ofthis total runoff (Table IT) usually came from snowmelt events
during the first winter of the study, but this is not surprising since almost 30% of the total
precipitation for the entire 15 months was received in May and Angus;, 1991 (Fig, 1).
Soil Water Data

Each of the 212 locations throughout the 16 plots was monitored for soil water content
once every six hours from November 1991 through December 1992, resulting in several
60-megabyte monthly computer files of TDR waveforms. This waveform data was then
rtduceo to soil water content dara.

Soil water data is presented for several layers of the Conventional design evaluated at a
position 9.7 m dowaslope in the plots with dominant downhill slopes of 5% (Fig. 3) and
15% (Fig. 4). The water content of the loam topsoil is presented in the top half of each of
these two figures, representing the readings of a honzontally-^mplaccd pair of waveguides
within the iS-cm deep topsoil (at an actual depth of 5 to 10 cm). *

The topsoil water content data from these two plots can be used to demonstrate the
influence of aspect on snowmelt dynamics during me short daylight periods of the winter
when the sun is at a low angle on the horizon. For Ac plot with the 15% slope (Fig- 4),
the volumetric water content rises from 14.2% on December 10, 1991 (at 6:20 am), to
27.9% on December 11 (at 2:44 PM), as a result of a snow event that accounted for 14 cm
of precipitation added to the surface of the site. The volumetric waier content steadily
decreased to 7.1 % on December 15 (at 5:03 m). AH of this happened as the snow melted
on the surface of this high-aspect plot, unlike wnat happened on the plot with the 5% slope
(Fig. 3). This plot retained snow cover and onlv demonstrated a small increase in
volumetric water concent to 19.0% on December 11,1991 (at 2:44 PM).

The bottom portions of Figures 3 and 4 contain the soil water content data for the crushed



<1 x 10"9 m/s. Since the plastic-FML would last less than 35 yean (11), this feature of the
EPA design was omittca in our EPA design to evaluate the worst possible case. The
results ofprevipus research on mixtures of local crushed tuff and sodium-saturated
bemoniie (5,6) indicated that a 1; 10 (W;W) mixture of finely ground Aqua^el (Baroid
Drilling Fluids, Fanmngton, NM) and crushed tuff should easily provide us with the low
conductivity required for this layer. This mixture was prepared in a cement truck by adding
1045.4-kg "bags of dry Aquagel to 4.54 metric, tons of <6.4-mrn diam crushed tufr that had
been screened and dncd using an asphalt batch plant. This dry mixture was mixed for 40
minutes, approximately 200 liters of water -was added (for dust control and to optimize
compaction), followed by an additional 30 minutes of mixing. A 15-cm-deep lift of
mixture was finally addea to each plot. After compaction this lift was covered to prevent
the mixnre from drying, and this lift was sprayed with water before adding the next 15-cm
lift of mixture to promote the uuifonniry of the entire 61-cm layer.

Two designs contained capillary barriers varying only in the type of soil used^in the
upperrnosLlajfeT. One of the designs contained 61 cm of tnegaiucluuuailxuue usedtfliflft

•prevtouTdesTgns, whereas the other design contained 61 cm ot a local clay loam j?ackrHl
classified '30) as a Liihic Aridic Haplustalf (clayey, mixed, mesic family) and uSc2 in two
previous studies (8,9). These soils were cmplacec on top of 76 cm of a foe sand (0.05-to
0.425-rnm particle diam) made in the sand classifier/blender described previously. The fine
sand was specifically chosen to complement the underlying medium- sized gravel in terms
of optimizing both me hydraulic conductivity and water-holding properties of the capillary
bamer (27).

Measurement of Seepage, Interflow, Runoff, and Precipitation
Runoff, interflow, and seepage were collected in 100 100-liter tanks housed in two

instrument trailers that were heated in the winter to allow year-round hydrologic
measurements. Water levels in each tank was measured with a
ultrasonic liquid level scnsorlmodel DCU-7, Lundahl Instruments, Logan, UT) mounted
in the top end ot a 1.5-m-long stilling well (5,1-cm diara PVC pipe) attached to the inside
of the tank- The sensor output was connected to one of five multiplexer boards (model
CIO-MUX32, CyberResearch, New Haven, CT) located in five junction boxes. This
multiplexer board was organised as a pair of 16-10-1 multiplexers. The output of each
multiplexer was connected by way of shielded flat cable to a digitizer card (model CIO-
AD08, CybcrResearch, New Haven, CT) in a computer with a widely used personal
computer motherboard (model 386N33, Hauppauge Computer Works, Inc., Commack,
NY) and a 200 megabyte hard drive (model ST1239A, Seagate Technology, Scotts Valley,
CA). Two digitizer cards served the ten multiplexers in this system, in wnich the digitizer
cards accepted 4 and 6 analog inputs, one from each multiplexer.

The computer was used to capture and store the water level data from each tank and to
activate the draining of the tank when it was nearly full by actuating a 5.1-<:m-diam
electrically-actuated ball valve (115 volt alternating current Elecrrotnni model,
Asahi/America Inc., Mcdford, MA) mounted in the bottom of the tank. The digital outout
card in the computer (model PCL 722, CybexReseaich, New Haven, CT) was organized as
six channels of 24 bits each, with five channels being connected to five relay driver boards
(model DB-3737. PERX, Inc., San Mateo. CA) located in the junction boxes. Thus, the
computer read the water levels in the 10O tanks and made the decision to actuate the valves
and repeated this loop at a rep rate of approximately 1.5 hcnz. The water levels in the tanks
were routinely recorded hourly, but much more frequently when the tank was emptying
and when it was nearly full This data was routinely copied into a single large file every 24
hours.

Precipitation was measured using a tipping bucket rain gauge and a long-term event
recorder (Wcathcrmcasure Corp., Sacramento, CA).

Measurement of Soil Water Content



Tune domain rtflectometry (TDR) is used to measure soil water content. Lateral flow from the

surface and the barrier layers is not measured. Because the hydraulic conductivity of all the soil

layers is very low and the soils are rarely saturated (Khire et al. 1994), little lateral flow occurs.

Benson et al. (1994) indicate that error in the water balance incurred by ignoring the lateral flow is

less than 1.5% at Live Oak and much smaller in Wenatchee. Climatic and hydrologic data have

been obtained continuously since June 1992 for the test section at Live Oak and since November

1992 for the test section at Wenatchee. Benson et al. (1996a) provide a comprehensive summary

of the data.

Percolation, overland flow, and soil water contents are measured directly. To compute the

soil water storage, soil water contents are integrated over the depth of a test section.

Evapotranspiration (Et) is computed by subtracting daily overland flow (Of), percolation (Pr)» and

the change in the soil water storage (ASW) from daily precipitation (P) as shown in Eq. 1:

E, = P - O f - P r - A S w (1)

OVERVIEW OF HELP (Version 3.01) and UNSAT-H (Version 2.0)

HELP Model

Schroeder et al. (1994) provide a detailed description of the algorithm HELP uses to route

water into different components of the water balance. The portion of the methodology relevant to

earthen final covers is herein discussed briefly. A schematic showing how HELP handles the

water balance is shown in Fig. 2a.

HELP requires that each layer of a landfill cover be specified as a vertical percolation layer,

barrier soil liner, lateral drainage layer, or geomembrane liner depending on the function and

hydraulic properties of the layer. In a vertical percolation layer, unsaturated flow of water occurs

in the vertically downward direction. A barrier layer (soil liner) has low saturated hydraulic

conductivity and is assumed to always be saturated. Percolation from the barrier layer is assumed



Unsaturated Water and Heat Row (UNSAT-H, Payer and Jones 1990), developed at Pacific

Northwest Laboratory, is also used to make water balance predictions.

Although HELP and UNSAT-H are both water balance models, their formulations are

distinctly different. HELP employs simplified schemes to model the routing of water through soil

layers and removal of water via overland flow and evapotranspiration and contains databases

describing meteorological conditions, vegetation, and saturated and unsaturated soil properties.

HELP is operated interactively and a simulation typically requires little processing time on a

desktop computer because simplified algorithms are employed. In contrast, UNSAT-H uses a

finite-difference implementation of a modified form of Richards1 equation that deajribes

unsaturated flow in soil layers and water removal by transpiration. The boundary conditions

employed to solve Richards' equation specify how precipitation is partitioned into overland flow

and percolation and how water is removed by evaporation. Extensive meteorological data and data

describing unsaturated soil properties and characteristics of the vegetation are required by UNS AT-

Ht and no databases are included that provide this information. UNSAT-H is run in a batch mode

(non-interactively) and requires extensive processing time even on high-speed workstations (some

simulations require several days to finish).

Because their formulations and input requirements differ significantly, predictions made by

HELP and UNSAT-H are likely to differ in accuracy. Some studies conducted by others (Peyton

andSchroeder 1988,Baraes and Rodgers'1988, Peters et al. 1986, Gee and Kirkham 1984, and

Thompson and Tyler 1984) have attempted to assess the accuracy of HELP. However, in most

studies, key input data were not measured and/or ambiguities existed in the field data that preclude

making definitive conclusions regarding model accuracy (Khire 1995). An assessment of the

accuracy of UNSAT-H has not been made using large-scale field data, particularly for covers

designed as resistive barriers, an (e.g., payer et al. 1992). The term "resistive barrier" used here,

originally coined by Schulz et al, (1988), refers to earthen barriers that employ a layer of

compacted fine-grained soil or a geosynthetic (geosyntheuc clay liner or geomembrane as barrier

layer) as the primary means to limit flow.



Soil Water Characteristic Curves

Water contents corresponding to field capacity and wilting point were obtained from soil-

water characteristic curves developed using pressure-plate extractors. Benson et al. (1993)

describe the procedure in detail. Khire et al. (1994) present the soil water characteristic curves for

the soils used in this study. The Haverkamp function for the soil water characteristic curve

(Haverkamp et al. 1977) was fit to the soil water characteristic data for each soil using a computer

program described by Khire et al. (1994). The Haverkamp function is:

p-o r _ a
6 Q """ B

s-o r cc +\|r (3\

where 0 is the volumetric water content, the subscripts s and r correspond to saturated and residual

conditions, and a and P are fitting parameters. The Haverkamp function was used because it

provided a good fit to the data and can be directly input to UNS AT-H. Haverkamp parameters for

the cover soils from Live Oak and Wenatchee are listed in Table 1.

Unsaturated Hydraulic Conductivity Function

Unsaturated hydraulic conductivity functions were measured in the laboratory by Meerdink

et al. (1996) and in the field by Khire et al. (1994). These hydraulic conductivity functions, which

were both determined using the instantaneous profile method, agree well (Meerdink et al. 1996,

Khire et al. 1995). The Haverkamp Unsaturated hydraulic conductivity function was fit to the

Unsaturated hydraulic conductivity data for the surface and barrier layers using the program

described by Khire et al. (1994). The Haverkamp function has the form:

A



UNSAT-H Model

UNSAT-H is a one-dimensional, finite-difference computer program developed at Pacific

Northwest Laboratory by Payer and Jones (1990). UNSAT-H can simulate the water balance of

landfill covers as well as soil heat flow (Payer and Jones 1990, Payer et al. 1992), but is used only

for water balance simulations in this study. UNSAT-H simulates water flow through soils by

solving Richards' partial differential equation and simulates heat flow by solving Fourier's heat

conduction equation. This approach for analyzing water flow in earthen covers is distinctly

different from the approach used by NET.P. The form of Richards' equation solved by UNSAT-H

is(Eq. 2):

39 cfy _ _
t AT "T -v_ ' "\I7 ' 1VT "CZiy

(2)

where y is matric suction, t is time, z is the vertical coordinate, 0 is volumetric water content, Ky

is unsaturated hydraulic conductivity, KT = Ky + Kvy, where KVy is isothermal vapor

conductivity, qvT is thermal vapor flux density, and S(z, t) is a sink term representing water uptake

by vegetation. Thermal vapor flux density (qvr) is computed by applying Pick's law to vapor

diffusion. Hysteresis of the soil water characteristic curve is not considered.

A schematic showing how UNSAT-H computes the water balance is shown in Fig. 2b.

UNSAT-H separates precipitation falling on a landfill cover into infiltration and overland flow.

Overland flow occurs when water applied to the soil surface exceeds the infiltration capacity of the

soil profile immediately prior to or during rainfall. Thus, the fraction of precipitation shed as

overland flow depends on the saturated and unsaturated hydraulic conductivities of the soils

constituting the final cover. UNSAT-H does not consider absorption and interception of water by

the plant canopy and the effect of slope and slope-length when computing overland flow.

Water that infiltrates moves upward due to evaporation or downward as a consequence of

graviry and manic potential (Pig. 2b). When the upper boundary is selected as a flux boundary,



Khire, M. (1995) Held Hydrology and Water Balance Modeling of Final Covers for Waste Containment. Ph.D.
Dissertation, University of Wisconsin-Madison.

Khire. M., Meerdink, J., Benson, C., and Bosscher. P. (1995) Unsaturated Hydraulic Conductivity and
Water Balance Predictions for Earthen Landfill Final Covers. Soil Suction Applications in Geotechnical
Engineering Practice, GSP No. 48, ASCE, 38-57.

Khire, M., Benson, C., and Bosscher, P. (1996a) Water Balance Modeling of Earthen Final Covers at Humid
and Semi-Arid Sites. J. of Geotechnical Engineering, in press.

Khire, M., Benson, CM and Bosscher, P, (1996b) Capillary Barriers in Semi-Arid & Arid Climates; II. Design
Variables and the Water Balance. J. of Geotechnical Engineering, in review.

Meerdink, J., Benson, C., and Khire. M. (1996) Unsaturated Hydraulic Conductivity of Two Compacted
Barrier Soils. J. of Geotechnical Engineering, ASCE, 122(7), 565-576.

Morris, C. and Stormont, J. (1996) Design of Capillary Barriers for Waste Site Containment, Proc. of the 3rd
International Symposium on Environmental Geotechnology. Vol. 1, H-Y Fang and H. Inyang, Eds.. 513-522.

Nyhan. J., Hakonson, T., and Drennon, B. (1990) A Water Balance Study of Two Landfill Cover Designs for
Semiarid Regions. J. of Environmental QuaJity, 19, 281-288.

Nyhan, J., Langhorst, G., Martin, C., Martinez, J., and Schofield, T. (1993) Hydrologic Studies of
Muttilayered Landfill Closure of Waste Landfills at Los Alamos. Proc. of 1993 DOE Environmental
Remediation Conference, Augusta, GA.

Schulz, R., Robert, R., and O'Donnell, E. (1989) Control of Water infiltration Into Near Surface LLW Disposal
Units, Annual Report. US Nuclear Regulatory Commission, NUREG/CR-4918, Vol. 3.

Stormont, J. (1995) The Performance of Two Capillary Barriers During Constant Infiltration. Landfill
Closures. ASCE GSP No. 53, J. Dunn and U. Singh, Eds., 77-92.



addition, the annual change in soil water storage (AS max) is larger for the resistive barrier,
primarily because significant changes in water content occur at aJJ depths in the resistive barrier,
whereas most storage in the capillary barrier occurs in the surface layer.

Evapotranspiration is the most significant component of the water balance at this semi-arid
site (-80% of precipitation). Evapotranspiration is a function of soil water storage and energy
available to evaporate soil water. Evapotranspiration is low during fall and winter, due to low air
temperatures and solar radiation. During springt as solar radiation and air temperature increase
and the growing season begins, evapotranspiration increases rapidly. Evapotranspiration ceases
when the water supply in the barrier is exhausted. For example , evapotranspirstion persisted into
fail in 1993 and 1995 because water was available. In 1994, however, less water was available and
evapotranspiration ceased in mid-summer.

A key element of design for either barrier type is ensuring that adequate evapotranspiration
will exist to remove water stored during the critical wet period (winter at this site). If
evapotranspiration is inadequate, water will annually accumulate in the barrier, and percolation will
occur (Morris and Stormont 1996). At this site, evapotranspiration was adequate, because soil
water storage was reduced to conditions corresponding to residual water content each summer.

Percolation
Percolation for the resistive and capillary barriers is shown in Fig. 6. During the three year

monitoring period, the resistive barrier transmitted 3.3 cm of percolation (5.1% of precipitation),
whereas the capillary barrier transmitted 0.5 cm of percolation (0.8% of precipitation).

_ 4
E

o 3

3

3
O

t i l 1 1 t I 1 1
Wenatchee ;

Nov. 16. 1995

w F W Sp Su F W Sp Su F W So Su F
92 93 93 93 93 94 94 94 94 95 95 95 95

Figure 6. Percolation from the Resistive and Capillary Barriers

Significant percolation from the capillary barrier occurred only during Winter 1993 when the
record snow fall was received. If the surface layer of the capillary barrier had been thicker (i.e.,
providing additional storage capacity), percolation from the capillary barrier would have been
nearly zero (Khire 1995).

Percolation from the resistive barrier in 1993 and 1994 occurred when the wetting front
reached the base of the test section towards the end of winter (Figs. 4, 6). At the end of Winter
1995, however, percolation occurred before the wetting front reached the base (Khire et aJ.
1996b). Percolation also increased dramatically in 1995. The primary reason for this change is
new preferential flow through vertical cracks, which apparently formed as the barrier desiccated
the previous summer (Benson and Khire 1995, Khire et al. 1996a). Animal burrows, found during
field reconnaissance in Spring 1995, may also have contributed to the increase in percolation.

SUMMARY AND PRACTICAL IMPLICATIONS

Water balance data have been described in this paper from two test sections representing
resistive and capillary barriers. The data show that the capillary barrier effect can be realized at field
scale and that capillary barriers can be more effective in restricting percolation in semi-arid and arid



the barrier layer. In the capillary barrier, water that enters the surface layer remains in that layer
rather than move downward into the sand. As a result, water is more easily removed from the
capillary barrier via evapotranspiration, because it is located near the surface.

FIELD WATER BALANCE OBSERVATIONS

Overland Flow
Cumulative overland flow for the resistive and capillary barriers is shown in Fig. 3a. Overland

flow is essentially the same for the resistive (12.6% of precipitation) and capillary barriers (11.9%
of precipitation). The primary reason for this similarity is believed to be the combined influence of
hydraulic conductivity of the surface layer and density of vegetation on both test sections.

The hydraulic conductivity of the surface layer of the capillary barrier is approximately one
order of magnitude higher than that for the resistive barrier (Fig. 3). Thus, water should infiltrate
more easity in the capillary barrier. However, vegetation on the capillary barrier is less abundant
than on the resistive barrier. The percent bare area (area bare of plants/total area) for the capillary
barrier is 83%, whereas forthe resistive barrier it is 40% (Benson et aL 1993). Dunne and Dietrich
(1980) report that the average runoff velocity decreases and the residence time increases as the
density of vegetation increases. Consequently, overland flow is lower for slopes having^enser
vegetation. Apparently the effects of higher hydraulic conductivity and less abundant vegetation
for the capillary barrier compensate, and result in essentially the same overland flow as occurs o n
the resistive barrier.

25
Capillary Barrier Depth (cm):
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Fig. 3. Overland Row and Precipitation (a) and Soil and Air Temperature for Capillary Barrier (b).

Overland flow for both test sections was exceptionally high during late Fafl 1994 and early
Winter 1995. The primary reason for this behavior is that the ground surface was frozen during
late Fall 1994 and most of the early part of Winter 1995 (Fig. 3b), which limited infiltration. Thus,
simulations conducted during design should account for freezing of the surface layer, and -its
effect on overland flow.

Soil Water Content
Volumetric water contents forthe resistive and capillary barriers are shown in Rg. 4. For both

test sections, the water contents show a periodic behavior. An increase in water content occurs in
fall and winter, followed by reductions in spring and summer.

In the resistive barrier, water contents increase gradually at all depths during the winter, and
exhibit a time lag with depth corresponding to the slow downward movement of a diffuse wetting
front (Rg. 4a). These gradual increases in water content are consistent with the unsaturated
hydraulic properties of the soils used to construct the resistive barrier. That is. these soils exhibit
gradual changes in water content and hydraulic conductivity as matric suction changes. In
addition, because the unsaturated hydraulic conductivity of the barrier layer is greater than that for
the surface layer (when y> 0.6 m), water readily moves from the surface layer into the barrier layer.

Different behavior occurs in the capillary barrier during winter seasons (Rg. 4b). The water
content of the surface layer increases gradually as the layer accumulates ("stores") water. The
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Water Use by the Four Plant Species under
Irrigation

The above results demonstrated that all four species
can remove water from a waste trench cap to a depth of
at least 2.2 m, and they indicate that any of the species
could use all of the water that might be stored in the soil
during a very wet year. To lest that postulate, we sup-
plemented natural precipitation on one plot of each spe-
cies. Our estimate of the maximum precipitation that
might fall while plants are dormant is 277 mm (see Depth
of Fill Soil Required, below). However, it is possible
that snow accumulation or runoff resulting from irregular
topography might result in storage of more than 277 mm,
if a sufficient depth of soil was present. Thus, to estimate
the maximum amount of water that crested wheatgrass
and Great Basin wildrye plots could use, we irrigated
stands of those species so that they received about 6OO
mm of water in 1987. In 1988 they received between
460 and 500 mm water. The irrigated sagebrush plot
received about 366 mm each year,and the streambank
wheatgrass plot received about 366 mm in 1987 (plants
on that plot were replaced by Great Basin wildrye after
the 1987 season).

In 1987, ET from ail irrigated plots except that with
strearabank wheatgrass exceeded 366 mm (Fig. 4).
Streambank wheatgrass plants on the irrigated plot had
suffered considerable mortality as a result of plot level-
ing the previous fall (necessitated by subsidence), oth-
erwise ET from that plot likely would have exceeded
366 mm. Evapotranspiration from the irrigated Great Basin
wildrye plot was 636 mm, some 2.8 limes the average
annual precipitation.

In the fall of 1987, all of the plants from two of the
plots were removed prior to determination of the drained
upper limit (see Methods, above). Upon completion of
those experiments, we transplanted crested wheatgrass
onto one of the plots and Great Basin wildrye onto the
other to again assess the capaciry of these species to use
water during the first season after being transplanted.
Evapoiranspiration from plots of both species was more
than 400 mm in 1988 {Fig. 4). Evapotranspiration from
the newly transplanted Great Basin wildrye plot was nearly
identical to that of the original Great Basin wildrye plot
(Fig. 4).

Water Loss from Plots without Vegetation
Figure 5 provides a comparison through four grow-

ing seasons of soil profiles of the two bare plots with
that of a plot supporting a stand of sagebrush. In the
fall of 1984( 1 yr after the trenches were filled and
compacted> soil moisture was approximately 17% by
volume throughout the profile on both bare plots (Fig.
5a, b). The wetting front reached 0.6 m in the spring
of 1985, and by the fall of 1985 there was a large
increase in the amount of water in storage throughout
ihe profile on both plots. Water content at the bottom
of Plot b was well above the drained upper limit (ca.
28%) by the fall of 1985 (Fig. 5b). In subsequent years,
:he bottom meter of soil on both plots was at or above
;he drained upper l imit , and it is likely that there was
substantial drainage from the bottom of'the profile (Fig.
5a, b).

Rela t ive ly l i t t l e water was lost from these bare plots

by evaporat ion. Even in the f a l l , wa te r content at 0.2
m was at or above 20% (Fig. 5a, b). In contrast, water
content on the sagebrush plot was at about 159&
throughout the profile by the fall of 1985, and in sub-
sequent fal ls it was uniformly at 10 to 11% (Fig. 5c).
It is impossible to separate losses by evaporation from
those due to drainage for these bare plots. The area
between the spring and fall lines above the point of
intersection at the top of each profile indicates the
maximum amount of water that might have been lost
by evaporation (Fig. 5af b), although it is likely that
some of this change in water content was due to drain-
age. These data ruggest that evaporation might extract
water from a bare plot to a maximum depth of about
1 m. Nevertheless, the amounts lost would be small
relative to a vegetated plot.

The data in Fig. 5 show that bare soils may quickly
reach the drained upper limit, and the influx of water
from normal precipitation likely will result in deep drain-
age. It is evident u,at vegetation is essential to remove
water from the entire soil cap and thereby empty the
storage reservoir each year.

Depth of Fill Soil Required
Estim_at_es o f t he lower limit of extraction raneed from

10 to 12% feT^TFTg. Sj^jnd there was lit!je_difference
irfThnower lirqi't ̂ "extraction. among: the plant species
(Anderspn et aK^lgS7). We estimate that the lower limit

' 11%. Our estimate of the drained
upperjjmit for this soil is 28%. The difference in these
values, 173k jsjh^^.£fftrn'v-e^nn^nirr sfQra^caoaciry
of th'is soil.

If a good cover of perennial plants is present, pre-
cipitation received during the middle and latter por-
tions of the growing season will be evaporated or
transpired within a short time; therefore, it is unnec-
essary to plan for storage of the total annual precipi-
tation. We assumed that any precipitation falling during
June, July, August, and September would be lost by
evapotranspiradon and not stored in the soil. Thus, we
took the maximum October to May total from the 40-
yr record for the Central Facilities Area (277 mml to
estimate a minimum fill soil requirement. If 277 mm
water infiltrated the soil, 1.6 m of fill soil would be
required to store it, given a storage capacity of 17%.
However, the wetting front in a soil will extend below
that portion of the profile tha t is at the drained upper
limit (e.g., Fig. 3, 6c). Our data indicate that the wet-
ting front from 277 mm of water might reach 1.8 m.
Additionally, soil subsidence or deep snow accumu-
lation could increase the depth of iniiltration in local
areas. Therefore, we recommend a minimum fill soil >
depth of 2 m for the INEL. A substantial portion of
precipitation that falls while plants are dormant will be
lost by evaporation or sublimation, so a fill soil of 2
m should be quite conservative.

Simulations of the soil water balance parameters using
two computer models calibrated for the climate and soils
at the INEL predicted that water would drain from a 1.2
m soil cap in very wet years, whereas the models pre-
dicted that a cap of l.S m prevented intrusion even dur-
ing the wettest years (Laundre, 1990). "Diese results are
consistent with our estimate of the minimum depth of
fill soil required.
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entire year. The area between adjacent lines in Fig. 3c
is proportional to the amount of water extracted from the
soil by the vegetation during that time interval. The bulk
of the available water was consumed during May and
June, and nearly all of the water available to plants was
used by 28 June.

Water Use by the Four Plant Species under
Natural Precipitation

When the trench plots were established, the fill soil
was moderately moist. That, coupled with above average
precipitation, made water plentiful during the iirst grow-
ing season after transplanting or seeding. Total evapo-
transpiration (ET) that season exceeded the mean annual
precipitation for the INEL (221 mm) on all plots (Fig.
4).

An example of the pattern of. water use through the
first 3 yr following planting is shown in Fig. 3. During
the first growing season, crested wheatgrass plants ex-
tracted water from the soil to a depth of 1.6 m, and plants
on the replicate plots removed an average of 243 mm of
water from the soil. Evapotranspiration from the plots
averaged 443 mm (Fig. 4)f and essentially all of the
available moisture was used by the end of the season
(Fig. 3a). The recharge wetting front reached depths of
0.6 m in 1985 and 0.8 m in 1986, and there was very
little change in the moisture profile below 1 m after 1984
(Fig. 3b, c).

Great Basin wildrye extracted less moisture (185 mm)
from the soil during the first growing season after trans-
planting (han did crested wheatgrass, but water was ex-
tracted to a depth of 2.2 m, showing that roots had grown
to t h a t dep th . Average growing season ET from the Great
Basin wildrye plots was 385 mm (Fig. 4). In the second
growing season, Great Basin wildrye removed large
amounts of water from throughout the profile, and by
the end of that season the soil was uniformly dry to about
105c throughout the profile. Subsequently, patterns of
recharge and extraction were similar to those for the
crested wheatgrass plots.

Transplanted sagebrush plants extracted the least water
(91 mm) during the first growing season, and only to a
depth of 1 m. Average ET from these plots in the 1984
growing season was 291 mm (Fig. 4). Sagebrush roots
extracted water from throughout the profile in the second
season, and by the end of the third season, the soil was
uniformly dry throughout the profile (Fig. 5c).

Streambank wheatgrass, which was started from seed,
extracted water to a depth of 1.2 m during the first grow-
ing season, removing 186 mm of water from the soil;
ET was 386 mm (Fig. 4). Thus, in its first growing
season a species started from seed reduced the amount
of water in soil storage sufficiently to provide storage
for the next winter-spring recharge period. Plants ex-
tracted water from throughout the profile during the sec-
ond growing season, and the profile" was uniformly dry
to about 10% moisture by volume by the end of the third
season.
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Precipitation is not closely correlated with the amount
of water stored in the soil for two reasons (1) precipitation
falling in late fail or winter may not infiltrate the soil if
it falls as snow and/or the soil is frozen, and (ii) precip-
itation that falls in late spring, summer, or early fall is
returned to the atmosphere by evapotranspiration and does
not enter storage. Minimum water contents in 1988 and
1989 were lower than in the 3 previous years (Fig. 2),
apparently as a consequence of low precipitation and
moisture recharge in those years.

Seasonal Changes in a Soil Moisture Profile
Typical changes in moisture throughout a soil profile

during a growing season are shown in Fig. 3c. In the
fall of 1985, the soil was uniformly dry with a water
content of about 10% throughout the profile (Fig. 3b, 28
October). On 20 Mar. 1986, the maximum amount of
water in the soil for thai year was recorded. At that time,
the wetting front had reached 0.8 m. Below that depth,
soil water content was essentially unchanged through the
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water moves in the opposite direc:ion in response to the vapor
pressure gradient from the wet cell surfaces to the relatively
dry atmosphere. This evaporative loss of water, transpiration,
accounts for nearly all of the water taken up by the roots.
When soil water is in shon supply, plants can curtail water
loss by closing their stomata, but stomatal closure limits the
supply of COj, which in turn reduces photosynthesis.

Over a growing season, plants can use an enormous amount
of water if it is plentiful. For example, irrigaied alfalfa (Med-
icago sativa L.) in southern Idaho can extract nearly 12 mm
of water from the soil in a single day; mean water use of an
alfalfa crop for a 120-d growing season was about 8 mm d~l

(Wright and Jensen, 1972), which was equivalent 10 roughly
four limes the average annual precipitation of the area. We
show herein that an irrigated stand of Great Basin wildrye
[Leymus cinercus (Scribn. &. Merr.) A, Love], a robust native
bunchgrass, used more than 630 mm of water during one grow-
ing season at the INEL, which is 2.8 times the mean annual
precipitation for the ire a.

METHODS
Study Area

The INEL occupies 2315 km2 of cold dtsen rangeluid at an
average elevation of about 1500 m on the upper Snake River
Plain in southeastern Idaho. The continental climate of this
area is characterized by large daily and seasonal temperature
fluctuations (Fig. 1). During summer, low humidities, clear
skies, and high temperatures result in high evaporative demand
during the day; at night, radiation cooling to clear skies often
results in temperatures within a few degrees of freezing. Win-
ters are cold, with 2 to 3 mo having mean temperatures below
freezing (Fig. 1). Topsoils usually remain frozen from mid to
late November through February or early March. Snow cover
rypically persists for at least 2 to 3 mo. The average annual
temperature is 5.5 *C, and the frost free period Is about 90 d.

The INEL ties in the rainshadow of numerous mountain
ranges to the west. Mean annual precipitation is 221 mm and,
on average 36% falls early in the growing season (April-June;
Fig. 1). Typically, precipitation exceeds potential ET from
October through May (Fig. 1, vertical hatching), and potential
ET exceeds precipitation from June through-September (Fig.
1, stippled area).

The study was conducted at the'INEL Field Station (43*
36*N, 112° 54'W). Natural vegetation at the study site is dom-
inated by big sagebrush (Anemisia tridentata Nutt.) and per-
ennial grasses (Anderson and Holte, 1981; Anderson et aJ,,
1987). The soils are Xerollic Calciorthids.

Plant Species
Three species of grasses and one shrub were chosen for

study:
Crated wheatgruss [Agropyron desertorum (Fisch, ex Link)

Schult.]. This naturalized bunchgrass has been used exten-
sively in the western USA for rangdand rehabilitation (see
Anderson and Shumar, 1989). Stands of crested wheatgrass
persist as virtual monocultures at the INEL (Martette and An-
derson, 1986). This species currently is used to establish plant
cover on shallow-land burial sites a: the INEL.

Great Basin wildrye. This native bunchgrass is found
throughout the Intermountain West on deep soils or disturbed
sites. At the INEL, Great Basin wildrye often occurs in pure
stands in depressions or low-lying areas where deep soils have
accumulated. Individual plants are large,-growing to 2 m in
height. As noted earlier, stands of this species can have high
seasonal water use. Unlike other native grasses, Great Basin
wildrye continues to actively photosynthesize and transpire after
seed r ipening, well into late summer m years when water is
available. These characteristics seemed ideal for water man-
agement on waste burial sites.

Strcambank wheatgrass [Efymus Lmceotants (Scribn. and

5.5 C 221 mm
60
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Fig. 1. Climate diagram istnsu Walter ct al. 1975) for the Idaho National Engineering Laboratory (INEL) based on data for 40
yr from the Central Facilities Area (NOAA. 1950-1989, unpublished data). Solid line depicts mean monthly precipitation:
dashed line shows mean monthly temperatures. Vertical hatching indicates periods when precipitation generally exceeds potential
evapotranspiration. Stippled area indicates periods when potential evapotranspiration generally exceeds precipiution. The INEL
lies at an avenge elevation of about 1500 m. Average annuaJ temperature is 5.5 "C; average annual precipitation is 221 mm.
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design contajned 61 cm of a Hackroy clay loam classrfied as a Lithic Aridic Haplustatf (clayey,
mixed, mesic family) and used in two previous studies (Nyhan et al., 19&4, 1990a). These soils
were emplaced on top of 76 cm of a fine sand (0.05-to 0.425-mm diam) made in the sand
classifier/blender described previously. The fine sand was specifically chosen to complement the
underlying medium-sized gravel in terms of optimizing the relationship between the hydraulic
conductivity and the water-holding properties of the capillary barrier (Wohnlich, 1990).
Measurement of Seepage, Interflow, Runoff, and Precipitation
Runoff, precipitation, and seepage were collected year-round from December 1991 through July
1995, as well as interflow (flow occurring along the length of each plot through the medium sand
layer in the EPA Design, the fine sand layer in the two designs with capillary barriers, and the
crushed tuff layer of the Conventional Design). Water levels in each 100-liter tank used to collect
these data were measured with a microprocessor-controlled uttrasonic liquid level sensor (model
DCU-7, Lundahl Instruments, Logan. UT) connected to a multiplexed, automated system
described previously (Nyhan et al., 1993). Trie water levels in the tanks were routinely recorded
hourly, but much more frequently when the tank was either emptying or when it was nearly full.
Precipitation was measured using a weighing rain gauge and a long-term event recorder.
Measurement of Soil Water Content
Soil water content was routinely monitored once every six hours from December 1991 through
Jury 1995, at each of 212 locations throughout the 16 plots using Time Domain Reflectometry
(TDR) techniques with the help of an automated and multiplexed measurement system.
Volumetric water content was measured with a pair of stainless steel waveguides (60-cm long. 3-
mm diam soil moisture probes; model number 6860, Campbell Scientific, Logan, UT), which are
buried parallel and 5 cm apart in the soil and are connected to a 26-m length of RG-8/U coaxial
cable. TDR waveguides were emplaced in the Conventional Design at depths of 5-10, 20-80,
and 80-86 cm. in the EPA Design at depths of 1-61, 61-91, 96-102, and 92-152 cm, and in the
two designs containing capillary barriers at depths of 1-61, 66-126, and 126-132 cm. These TDR
waveguides were normally emplaced at downslope locations of 2.63, 4.65, 6.62, and 8.69 m for
each soil depth, except at the deepest depths in the Conventional Design and the designs
containing the capillary barriers, where they were emplaced at downslope locations of 3.64, 5.66,
7.68 and 9.70 m (to coincide with the bottom end of each of the four seepage pans installed in
the bottom of each field plot).
Water Balance Calculations
Daily water balance calculations were performed by determining the daily change in soil water
inventory, by summing the daily amounts of precipitation, seepage, interflow, and runoff, and then
determining the amount of daily evaporation by difference. As an independent check on these
evaporation estimates, evaporation was also estimated from eddy heat flux data collected from a
fast-response hygrometer mounted at a height of 12 m on a 92-m meteorological tower at Los
Alamos; daily values were estimated from field data collected at 15-minute intervals.

In order to further evaluate the water balance data, daily shortwave radiative energy received by
field plots with stapes of 5,10. 15, and 25% was estimated from pyranometer data collected at a
height of 1.2 m from the same meteorological tower described above at the same sampling
frequencies. The influences of slope and seasonally of shortwave radiative energy were
calculated using the SOLARFLUX model (Rich et al., 1995).

RESULTS AND DISCUSSION
Estimates of Precipitation and Soil Water Inventory
The overall significance of each year's water balance data can best be explained by.
understanding the spatial and temporal occurrence of precipitation around Los Alamos (Bowen.
1990). Bowen showed that mean annual precipitation is 32'.8 cm at White Rock, the only station
close to the Protective Barrier Landfill Cover Demonstration with a data base longer than the data
collected in this field study. We determined that 2.94-year. 5.56-year, and 20-year events
occurred in 1992, 1993, and 1994. respectively.



constructed and instrumented to-provide measures of runoff and interflow, as well as seepage
and soil water storage as a function of slope length.

The Protective Barrier Landfill-Cover Demonstration was emplaced on an east-facing slope
similar to the aspect of many of the local landfills where this technology will be applied. The area
was surveyed into four pads, each of which received crushed tuff to establish the varying downhill
slopes. Four 1.0- by 10.0-m plots with common sidewalls were then constructed on the center of
each pad (Nyhan et al., 1993). A seepage collection system was installed in the bottom of each
of the plots consisting of four metal pans filled with medium gravel (8.0- to 25-mm dlam) overlain
with a high conductivity MIRAFl geotextile used in previous field studies (Nyhan et aJ., 1990a); an
11-cm-wide space was left between the sidewalls of the plot and the pan to minimize sidewal!
effects.

The hydrologic properties of soils used in the field study are presented in Table 1. The soils were
analyzed for porosrty and for hanging column and thermocouple psychrometric moisture retention
characteristics (Klute, 1986). Constant head determinations of saturated hydraulic conductivity
were performed as well as pressure plate extractor determinations of moisture retention
characteristics (ASTM, 1993). Van Genuchten's RETC code (van Genuchten, 1991) was

Loam
Capillary Barrier

Design

Clay loam
Capillary Barrier

Design_

Crushed

30cm
Medium
gravel

30cm
Medium
gravel

30crn
Medium
gravel

30 cm
Medium
gravel

Figure 1. Descriptions of soil layers in the four landfill cover designs at the Protective
Barrier Landfill Cover Demonstration. Dashed lines represent a high conductivity
geotextile installed at the interfaces between soil layers.
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parameters for the root length density function. Khire (1995) reports that water balance predictions

made by UNSAT-H are not particularly sensitive to the shape of the root density function.

Hydrologic and Meteorological Data

Energy reflection .by the ground surface is described by the surface albedo. HELP has a

"built-in" albedo of 0.23 (Schroeder et .al. 1994). For UNSAT-H, a soil surface albedo of 0.2

was used for both test sections, which is consistent with albedos recommended by Chudnovskii

(1966) and Benson et al. (1996b).

SCS runoff curve numbers recommended by HELP were uSed for both test sections. The

curve numbers recommended by HELP depend on the saturated hydraulic conductivity, condition

of vegetation, slope, and slope-length. HELP recommended curve numbers of 87.7 and 89.5 for

Live Oak and Wenatchee, respectively.

Meteorological input for HELP includes daily precipitation, average daily air temperature,

daily solar radiation, quarterly relative humidity, and average yearly wind speed. Climatic input

for UNSAT-H includes daily and hourly precipitation, daily maximum and minimum air

temperatures, daily solar radiation, average daily dew point, and average daily wind speed. The

data collected on-site (Khire et al. 1994) were used as input to HELP and UNSAT-H.

Unlike HELP, UNSAT-H does not have a snow-melt. algorithm. Hence, precipitation in

the form of snow has to be "melted" before it is input to UNSAT-H. For calculating daily sno'w-

melt, the restricted degree-day radiation balance approach (Kustas et al. 1994) was used. In this

method, daily snow melt (M) is computed using Eq. 6 (Kustas et al. 1994):

(6)

where ar is the restricted degree-day factor ranging between 0.20 to 0.25 cm/°C, Td is the average

daily air temperature above the base temperature (base temperature assumed 0 °C in this study),

is a conversion constant equal to 0.026 W/m^, and Rn is the net solar radiation. To calculate

10
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able because, as the horizontal air-pressure gradient increased, the rate
and cumulative volume of air flow over time through the cover also
increased. Consequently, the rate and amount of water evaporation
within the cover would be expected to increase. The vertical pressure
gradients employed in these simulations were GOO Pa/m. The results at
other vertical pressure gradients were virtually identical and arc not
shown.
The effects of various horizontal pressure gradients on water satura-
tion within the cover are also presented in Figure G. Increasing the hor-
izontal pressure gradient had a significant effect on the water content
of both the fine and the coarse layers. As can be seen on Figure GB,
increases in the horizontal pressure from 25 to GO Pa/m resulted in the
virtually complete removal of water within the gravel layer within 6
mo. Increasing the gradient under these conditions to 100 Pa/m
decreases the drying time to approximately 3 mo. In Figure GC, the
effects of increased air-pressure gradients on the water content of the
lopsoil layer are presented. The moisture content of the lopsoil layer
was reduced after about 30 days of air flow. By .comparing Figures GB
and GC, it can be observed that the rate of drying of the topsoil layer
was initially a function of the horizontal pressure gradient. The rate of
water removal declined aa the drying front moved into the fine layer.
Once the coarse layer was dry, the rate of water loss in the fine layer
was essentially independent of the horizontal pressure gradient.

The effects of varying relative humidity of the influent air (from 25 to
100%) on the total water content of the cover arc presented in Figure
7A. These simulations employed a 100 Pa/m horizontal gradient and a
GOO Pa/m vertical gradient. The influence of relative humidity on water
saturations in the middle of the fine layer and at the base of the coarse
layer are presented in Figure 7B and 7C, respectively. These results
clearly confirm that the drier the influent air is, the more water can be
evaporated and removed from the system. Efficiency, (i.e., the rate of
water removal) is greater for the coarse layer, and efficiency declines
with time for both layers.
Figure 8 presents results for tho case where the influent air stream is
saturated with water vapor. In this case, almost all reductions in water
content occurred during tho first 10 days. A direct, almost linearly pro-
portional relationship exists between air-pressure gradients and liquid
inaaH removal. An examination of Figures 8B nnd 8C reveals thnt vir-
tually all thn iimim riuimvnil from thn rover WIIH liquid originally prumuit
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/ \l( l-SJ respec t ive ly . (4)

The thermal properties for all material types were estimated from val-
ues presented by de Marsily (1986). The material properties employed
in the modeling nrc presented in Table 1. Within ench of the cover Iny-
crs, the soil physical properties were assumed lo be homogeneous and
isotropic.

Table 1. Propofllos of materials used In numerical studies

Water Water ' Intrinsic Heat
Material content, content, n permeability, capacity.
lype 0. 0. I/Pa X m1 J/kg'C

Topsoll 0.40 0.09 1.21 x 10* 0.476 B.B6 x 10" 886.'0

10-20 0.28 0.04 1.60 x 10* 0.69B 1.38 X 10" 800.0
Sand I

Pea 0.42 0.01 5.03x10' 0.543 3.50x10* 800.0
Gravel

Thermal
COnduclivlly.

W/m'C

2.2 wel
it.Odry

1 .4 wot
1.4 dry

3.2 wet
0.5 dry

INITIAL AND BOUNDARY CONDITIONS

The; boundary conditions employed in the modeling included specified
pressure^ tcmparattiru, and air-phase mass fractions. A no-flow bound-
ary wus cniployod ul the base of lliu coarse gravel layer to simulate the
presence of an impermuablti liner below the pea gravel. Horizontal and
vertical air flow through the cover was induced by establishing various
horizontal unit vertical pressure gradients across tho gravel layer and
between the gravel and the ground surface. The vertical boundaries of
the lopsoil and the intormcdiate 10-20 Band were simulated as no-flow
boundaries. The ground surface and vertical boundaries of the gravel
luyor were ftLrmilutt id us aecpuge faces by specifying a capillary pressure
of zero at ifect mobility Tor both phases. This condition permits the

flow of both water and air across these boundaries. Tho location of the
model boundary conditions is nlso shown on Figure ,1.

The magnitude of the vertical and horizontal pressure gradients con-
sidered are consistent with an engineering study of dry harrier cover
systems for the western United States (Stormont eL al,. 1994). The
pressure gradient within the cover depends on n number of factors,
including: climatic conditions, desired waler-romovnl rotes, spacing of
injection and withdrawal pipes, and pressure losses in the pipes. For
hectare-sized landfill covers (100 m by 100 m) in tho western United
States, dry barrier systems were designed with pressure drops ranging
from 10 Po/m to 100 Pa/m. These pressure drops ore readily achievable
with commercially available blowers, which can develop over 5 kPn
total pressures. Given the presBurization of the coarse layer, we
imposed vertical air-pressure differences between tho gravel layer and
the ground surface of 500, 1500. and 2500 Pa to investigate the i n f l u -
ence of Iho vertical nir-prcsauro gradient on the removal of witter from
the., cover system. These pressure gradients were established by
increasing the pressure of the influent air stream in the basal coarse

; layer above the atmospheric pressure specified at ground surface!'The
1 influence of the horizontal pressure gradient was evaluated in con-
junction with each of tho vertical pressure gradients by imposing addi-
tional horizontal pressure differences across tho gravel layer through
which tho air stream entered and exited tho model domain. Gradients
of 25, 50, and 100 Po/m were investigated. Each horizontal and vertical
pressure-gradient scenario was simulated with the influent nir strcnm
at 25, SiO, 75, or 100% relative humidity.
The initial condition was established by simulating drainage from n
condition of near-saturation throughout the entire cover to an equilib-
rium soil water content distribution at ambient, static, air-pressure
conditions. A typical distribution of the resulting initial water-phase*
saturations within the landfill cover is shown in Figure 4. The water
content of tho fine-textured lopsoil layer increased from a relative! sat-
uration of approximately 0,8 at thp ground surface to greater than 0.95
at its base. The water content of the 10 to 20 sand and the upper 0.2J in
of the coarse grave,! layer were slightly greater than Lhcir residual sat-
uration moisture contents. However, the water content at the base of
the coarse layer was close to saturation, due to the presence of the
impcrimeablo boundary underneath. These ini t ial conditions -cscnl
a moisture content distribution which might be expected to oc in the1 i
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Figure 2. Drying power ol same air equilibrated with 13*C soil In terms of absolute humidity.

ing drainage from an initial condition of near-saturation throughout
the entire cover to an equilibrium distribution of soil water content at
ambient, static air-prossure conditions. A aeries of simulations wcro
then conducted with tho influent airslream at various horizontal and
vertical nir-prosatiro gradients and relative humidities. Tho effects of
vapor diffusion and coupled heat flow on wutor movement within tho
cover system were also investigated.

NUMERICAL CODE

The simulations were conducted using the TOUGH2 numerical code.
TOUGH2 is capable of simulating the multidimensional coupled flow of
multiphase fluids in porous and fractured media (Prucss, 1991). It
employs an integrated, finite-difference, numerical approach to the
solution of the governing flow equations. Details of the application of
TOUGH2 to simultaneous wnter/air flow is described by Oldenburg
and Prucss (1993) for evaluating capillary barriers.

MODEL DOMAIN AND GRID

W<> tlovnlopisd our mimnricnl model to bo rnnmHlcn! will) llin
tionnl cover for the closure of hazardous-wnsta landfills or similar
units, as defined by the U.S. Environmental Protection A^oncy (EPA)
technical guidance (USEPA, 1989). The EPA recommends n multilayer
final cover design composed of three layers, with allowance for optional
layers. The basic three layers, from top to bottom, arc:
• Topsoil Lnyer—A layer of cither armored or vegetated surface and

GO cm of soil. The armored surface is designed to minimize erosion
and to promote drainage off the cover. Vegetation reduces percola-
tion by transpiration.

• Drainage Layer—A layer of cither soil or a gcosynthcLic material
that will promote lateral drainage, with a lateral slope of at least
3%. If soil is used, it should bo at least 30 cm thick and have n min-
imum hydraulic conductivity of 10' cm/acc.

• Low-Permeability Layer—A two-component layer to minimize the
infiltration of water through the cover into tho underlying waste.
Tho layer consists of a geomembrane of at least 20-mil (0.5-mm)
thickness overlying a 60-cm-thick compacted soil layer with a max-
imum hydraulic conductivity of 101 cm/sec.

An illustration of the geometry we evaluated is given in Figure 3. The
numerical simulations utilized tho drainage layer as tho dry harrier
layer. Between the topaoil and the gravel drainage layer, a 10-cm-thick
sand layer is used ns a filter to prevent migration of fines into the
gravel. The bottom of our model is defined by tho gcomcmbrano, which
is assumed to bo impermeable. The geomembrane will isolate the
air-dried layer from the clay-based layer; this is important because dry-
ing;tho clay would impair its performance. Because tho gcomcmbrnnc
is considered impermeable, our model is restricted to tho top throe luy-
ers of tho multicomponcnt design. The layers were not sloped in these
simulations.
The horizontal dimension of 1 m was selected to simulate a "unit
width" of tho cover. As configured, the grid is essentially a two-dimen-
sional cross-section through a segment of a cover. A scries of model sim-
ulations were conducted to evaluate the effects of various cell sizes on
computational time and on accuracy of tho results. The grid employed
in the cover modeling was selected to have cell sizes which provided
reasonably similar rr Us with respect to other grids with smp 'Jor cell
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provided this project by tbo University of Maryland's Experiment Sta-
tion, Deltsvillu Uni t staff, nolnbly Peter Godwin.
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WATER REMOVAL FROM A
DRY BARRIER COVER SYSTEM
J. C. Stormont1, M. D. Ankeny*, and M. K. Tanscy3

'Sandia National Laboratories, Albuquerque, New Mexico

'Daniel B. Stephens & Associates, Albuquerque, New Mexico
Key words: Landfill cover, air flow, dry barrier, water movement, numerical
analysis

ABSTRACT
A dry barrier Is a layer ol soil that Is dried by air (low. Incorporating a dry barrier
within a landfill cover system adds an additional component to the water balance
ol the cover. Increasing the available storage within. As covers typically include
multiple, laterally continuous layers with contrasts In material properties, air How I
S channeled through relatively coarso, air-permeable layers within the cover. Sys-
tems can be active, using blowers and fans, or passive, exploiting atmospheric
phenomena.
Wo performed a numerical analysis of a three-layer landfill cover design (topsoil,
sand, and gravot) to Investigate the mechanisms of water movement induced by
air How. The simulations were conducted using the TOUGH2 numerical code. Ini-
tial conditions were established by simulating drainage from conditions of near
saturation throughout the entire cover to an equilibrium distribution of soil water
conlent at ambient, static, air-pressure conditions. A series of simulalions were
then conducted with the influent atrstream at various horizontal and vertical
air-pressure gradients and relative humidities. Pressure gradients readily estab-
lished with commercially available equipment resulted In virtually complete
removal ol water from the gravel layer within 6 mo lor hectare-sized landlills.

Although there was very llttla drying In the line layer due to advective air flow, Iho
removal o[ water by evaporation near the line/coarse layer Interface reduced Iho
local water conlent and hydraulic head. Water therefore moved toward the
llno/coorso-Iayer Interface, becoming available for evaporalion. This Is important
because It suggests that the fine-layer water conlent may be modoraled by air
flow in the coarse layer.

INTRODUCTION
Surface covers are mandated for closure of many types of waste-dis-
posal units, including landfills, surface Impoundments, waste piles, and

"some mine tailings. Covers can vary from a simple soil cover to multi-
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Innovative Cover Design for 2:1 Slopes Complying
With California Closure Criteria

by
Jeffrey G. Oohrowolski, 1M7J

A.S. Dellinger, P.E.; Member, ASCG*

Host ire nf iiwelivc landfills. while preventing harmful effects to Ihc environment. Li
n challenge facing nil landf i l l engineers. The need lo balance closure cosls with Ihc
benefits associated with cnvironmcntnl mitignlion must be considered when designing
Inndfi l l final covers.

Onlifnmin is recognised ns having some of the most stringent environmental slnmlnrds
in Ihc United States, llicsc slandnrds, coupled with seismic slnbility requirements,
necessitate crcntive and innovative Inndfill cover designs.

The City of Los Angeles is <esponsih!e for developing finnl closure plans for the
Tnyon Cnnyon Sanitary landfill, a 0.36 square kilometer {90 acre) canyon fill site
with refuse depths nf RR m (290 feet) on average. The front fncc (sloped nrcn) of
Toyan Cnnyon Umdfill encompasses 0.16 square kilometers (40 acres), with 10
benches or terraces; bench heights range from 9 to 12 m (30 to 40 feel). Iliis she
censed waste disposal in 1985, with disposal of 14.5 million metric tons (16 mil l ion
Ions) of refuse, hut has yet to implement a final cover system. The challenge in
designing a final cover system for this landfill was placement of cover material which
sniisfied permeability limits while meeting seismic slope stability needs. What makes
Iliis silc unique is Ihc presence of slopes at 2: 1 (2h: I v); current manufacturers of cover

.products cannot satisfy seismic stability factors of safety (FS) for placcmenl on slopes
with angles exceeding 26 degrees.

'l-nginccr. City of Us Angeles. Bureau of Sanitation, 419 S. Spring Street.
Si.ilc 800. I.os Angeles. CA 90013. (213) 893-8210.

' tbid.
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monitoring equipment was designed for measuring the components of water balance
and additional ancillary variables. All monitoring equipment was also designed with a
backup Tor each.

The water balance equation to be used Is:

E - P -1 - R - D - AS; (Equation 2)

where, precipitation (?). surface runoff (R). lateral drainage (D). evapolransplralion
(It). *o>l water storage (S). and percolation or infiltration (I) are the six water balance
variables. With the exception of 'IV, estimates of ill terms in Equation 2 will be
obtained with the monitoring systems. Evapotranspiration will be estimated by
solving Equation 2 for 'U'. Other measurement variables include erosion,
precipitation, relative humidity, barometric pressure, soil temperature with depth,
vegetation biomass and cover, and wind speed and direction. Most of ihe physical
attributes will be measured wilh automated monitoring systems to provide continuous
data (see figure 5).

Soli Molxiurt: Time Domain Refleclomelry (TDR) and an associated data acquisition
system will be used to provide a continuous record of soil moisture status at various
plan locations and depths in each cover profile. The soil moisture will be measured
using TDR. PVC pipes were installed strategically in the covers to be used as ports
to allow for the use frequency domain rcnectometry as a backup. The process of
sending pulses and observing the reflected waveform is called TDR. A waveform
traveling down • coaxial cable or waveguide is Influenced by the type of material
surrounding the conductors. If the dielectric constant of the material is high, the
signal propagates slower. Because the dielectric constant of water Is much higher

" than most materials, a signal within a wel or moist medium propagates slower than In
the same medium when dry. Ionic conductivity affects the amplitude of the signal but
not the propagation time. Thus, moisture content can be determined by measuring
Ihe propagation over a fixed length probe embedded in the medium being measured.

Soils with a high water content lengthen the propagation time and this Is
reflected as an apparent increase in the distance traveled by the pulse. Soils with a
high water content and a high electrical conductivity rapidly attenuate the voltage
pulse before it is reflected back to the source. If the attenuation is great enough there
is no return signal and the probe cannot be used. This is essentially what happened
when commercially available probes were tested in soils representative of the barrier
layer in the Compacted Clay Cover — no useful signal was reflected back. The high
density, water content and sodium benlonite addition made TDR a challenge to use.
Because of the problems with Ihe commercially available TDR systems, a system was
designed to overcome these problems. The design began with perhaps Ihe single
most important element and weak link * the probe. Such things as: rod length, rod
spacing, number of rods (2 or 3), coating the rods (with several different types of
coatings, coating thicknesses, and surface preparation), total coax cable lengths, rod

diameter, low loss coaxial cable, and inserting diodes were experimented with to
perfecl llie probes.

The final design yielded excellent waveforms under the most trying of
circumstances. 256 probes were fabricated, installed in the three covers, and
multiplexed (SDMX50 by Campbell Scientific) back to a set of Cable Testers
(Tektronix 15020). Afler fabrication of the probes but prior to their installation, each
probe was individually calibrated. This calibration process was extremely lengthy and
time consuming. Each probe as it would be assembled in the field was inserted in
representative sot) under a range of moisture contents to develop an algorithm lhat
would yield an accurate moisture content. The TDR system was cnlitualed to
measure the soil moisimc conic' I to within '/- 1% of actual moisture content.

Soil Tcmprreiture: Thermocouples placed strategically throughout each cover will
measure Ihe soil temperature. This data wilt be used trt assist with evapotranspiraiinn
studies and for monitoring frosl penetration and its affect on Ihe hydraulic
conductivity of Ihe soils.

Ritnnff and Eroxlnn: Runoff and erosion will be measured on an event basis. Suffice
runnfT water will be collected with a gutter system located at the bol loin of each slope
ofejicli cover. The collected water will be routed to instrumentation that quantifies it.
All instrumentation is set up so as to have redundancy in case of a failure in the
primary measurement. A dala acquisition system is linked to ihe instrument it ion to
automatically record and store dala. Sediment wilt be separated from runoff in a
sellling tank located downstream from the runoff measuring system to provide total
soil loss for each nmoff event.

Percottttlnn anil Interflow: Subsurface flows will he mcnuired. Lateral drainage from
each drainage layer will be collected using underdrain systems placed at (lie bottom of
each slope of each cover. The water will be routed to instrumentation that quantifies
it. The instrumentation is linked to a dala acquisition system to continuously record
flow events. Percolation through the barrier layer for each cover will be collected
using a gcomembrane under a geonct ihat routes the waler to an underdrain collection
system. Holh percolation and interflow will be routed via drains to the flow
monitoring system. Measurement redundancy is built into the system to reduce the
chances of losing dala due to equipment failure or power loss and to verify

.Correctness of results obtained. To avoid problems wilh inclement weather, ill
monitoring instrumentation is housed in a shelter.

Mcttarnlogy: A complete weather station was installed at the AI.CD site.
Precipitation, air temperature, wind speed and direction, relative humidity, and solar
radiation will be continuously recorded. The meteorological measurements will be
made with automated equipment coupled to the dala acquisition system.
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The third cover U called a Geosynthetic Clay Liner (GCL) cover (see figure
4). It is identical to the Compaclcd Clay Cover installed with one exception. The
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Figure 4 - GCL Cover typical section.

compacted clay barrier layer was replaced by • single manufactured sheet known as a
GCL. Therefore the GCL is the bottom layer covered with a geomembrane. drainage
layer and vegetation layer, respectively. The GCL sheet installed is a composite of
two nonwoven geotextile fabrics sandwiching a layer of bentonlte. The hydraulic
conductivity of the GCL is 5 x 10"' cm/sec.

Apart from the three covers installed, two smaller test pads were also
constructed adjacent to the test pads. The test pads are 7.3 m by 7.3 m. One pad is a
Subtitle 'C' compacted clay barrier layer with the other being a Subtitle 'D'
compacted soil barrier layer. They were constructed exactly like the barrier layers In
the full size test plots. A double-ring infillromeler was installed on each test pad to
measure in-situ hydraulic conductivity (ASTM D5093). These in nitrometers will be
left in-place to measure hydraulic conductivity throughout (he duration of the
experiment.

Vhaxt I Coiittntctlon Quality Assurance

A delated Qualily Assurance (QA) Plan was prepared for this demonstration.
U adheres closely to that recommended by the EPA (I*PA, 1991), The major purpose
of this QA process was to provide documentation for those individuals who were
unable to observe the entire construction process (e.g., representatives of regulatory
igencics. etc.) so that these individuals can make informed judgments iboul the
quality of construction of the ALCO. QA procedures and results were thoroughly
documented.

Daily Inspection Reports were prepared llut included information about work
thai was accomplished, tests and observations that were made, and descriptions of the
adequacy of the work that was performed. Daily Summary Reports provided a
chronological framework for Identifying and recording all other reports and aided in
(racking what was done and by whom. Inspection and Testing Reports noted field
observations, results of field tests, and results of laboratory tests performed on- or
off-site. These observations took the form of notes, charts, sketches, or photographs,
or a combinalion of these. Problem Identification and Corrective Measures Reports
identified and recorded fixes of problems with material or workmanship that did not
meet tlie requirements of the plans, specifications, or QA Plan. Drawings of Record
('as-built* drawings) were prepared and continually updated to document actual field
insinuations. Final Documentation and Certification took the form of a final report
that included all of the aforementioned.

Key meetings were essential to the successful construction of the ALCD.
These meetings included a pre-bid meeting held prior to bidding of the contract, a
pre-construction meeting held in conjunction with a resolution meeting afier the
contract was awarded but prior lo the start of actual construction activities.

The prc bid meeting was used to discuss (he QA Plan and resolve differences
of opinion before the project was let for bidding. H also gave the bidders a chance to
ask questions and problems which were therefore rectified early on. The resolution /
prc-construction meeting allowed for lines of communication, review of construction
plnns Hnd specifications, emphasize the critical aspects of a project necessary to
ensure proper quality, begin planning and coordination of tasks, and anticipate any
problems that might cause difficulties or delays in construction. It also allowed for
ilic review of tlic QA Plan, lo make sure that the responsibility and ant l ioi i iy of each
individual was clearly understood, where procedures to resolve construction problems

. were established. Periodic progress meetings were held at the job site. These
meetings were helpful in maintaining lines of communication, resolving problems,
identifying action items, and improving overall quality management.

Materials Quality Assurance was of utmost importance. Materials and their
installation were tested to ensure compliance with the design and recorded
throughout the construction process. These items Included such things as plasticity
index, sieve analysis, maximum size stone or debris, placement and compaction,
moisture content, bond between lift*. In-situ hydraulic conductivity (ongoing),
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out for review first to i group of technical peers that were Independent of the project
and deemed industry experts. This review helped ensure the technical validity of the
designs to be constructed in Phase 1. Comments: were gathered from the reviewers
•nd included in the designs.

This revised test plan was then sent lo regulatory representatives from
Environmental Departments from many of the western slates including New Mexico,
Arizona. California, Nebraska, Nevada, South Dakota. Texas, and Utah. It was also
sent to representatives from the EPA Regions VI and VIII offices. Comments from
this review were also incorporated into the design package.

Politicians and thus regulators are becoming more sensitive to special interest
groups concerns and are therefore encouraging participation with these groups when
permitting projects. The ALCD has received endorsement by a committee from >
western slates* and federal government Initiative lo accelerate and improve clean up
of federal lands. This Initiative originated in 1992, when the Western Governors
Association, the Secretaries of Defense, Energy, and Interior, and the Administration
of the Environmental Protection Agency formed a federal advisory committee to
cooperate on ihe cleanup of federal waste management sites in the region. This
committee, known as the Committee to Develop On-SHe Innovative Technologies
(DOIT Committee), has sought the guidance of key players lo help identify, test and
evaluate more cooperative approaches to deploying promising innovative waste
remediation and management technologies in order to clean up federal waste sites in
an expeditious and cosi-c(Tcctivc manner.

The DOIT Committee*! primary goal with regard lo the ALCD IS to issist
with the eventual acceptance of new technologies that come from the demonstration
and inclusion of landfill permitting in an inter-slate reciprocity program the
Commiltcc is attempting to finalize.

Yet, another review process Included sending • general overview of the
demonstration to members of the DOIT Committee and special interest groups
identified by the DOIT Committee. These interest groups included representatives
from such entities as environmental activist groups like (he Sierra Club, Indian tribes,
government agencies, neighborhood associations, local businesses, engineering firms,
and politicians. Over 1000 groups received a package. Comments were forwarded
through [he Western Governors Association for consideration. The majority of these
comments centered on questions ralher than comments and on praise for gelling them
involved early In the process. Much Interest was Invoked as a result of this. Periodic
meetings were held with these representatives of some of the special interest groups.
Western Governor's Association, regulatory agencies (predominantly from New
Mexico), New Mexico Stale Legislature, and Sandia National Laboratories. These
meetings kept Interested parties apprised of idvancemenls. progress, and answered
questions and concerns. These meetings continue on about a bimonthly basis.

ALTERNATIVE LANDFILL COVER

The ALCD is a series of large-icale landfill test coven constructed side-by
side for comparison, (see figure I)- Future test cover construction will continue lliis
side-by-side arrangement. The various covers will be compared based on their
performance, cost, and case ofconslruction.

The ALCD is not intended to showcase any one particular cover system, ll is
intended to compare and contrast different cover systems in a dry environment.
Information gained from the demonstration can then be used by oilier* when choosing
between cover designs or when applying for the permitting of one of the cover
systems.

Figure I - ALCD Test Covers

The covers are each 13 m wide by 100 m long. The 100 m dimension wis
chosen because il is fairly representative of hazardous and mixed waste landfills found
throughout the DOE complex (approximately 2 acres in surface area).

General site preparation included bringing utilities (water and power) to the
site for the inslrumentation and stress testing. The site was cleared and grubbed after
which the lop 15 cm of I op soil was excavated and stockpiled. This topsoil was
reused as the top 15 cm of Ihe covers. The covers were designed so that the site cut
excavations were approximately equal to the soil requirements for the covers. The
subgrade below each cover was compacted to 95% of maximum dry density (ASTM
0698). The only soil hauled in from off-site used in the construction of the covers
was the bentonile added to Ihe barrier layer in Ihe Compacted Clay Cover and the
sand for the drainage layers. All covers were constructed with a 5*/» slope in all
layers.

/Vim* / Cover Descriptions

The Compacted Clay Cover installed was designed to meet minimum
requirements from Subtitle 'C' regulated landfills (EPA, 1991). ll is 1.5-meters thick.
The typical profile for this cover consists of three layers (see figure 2). The boltom
layer is a 60 cm thick barrier layer. The barrier layer's primary purpose is to prevent
the downward movement of water into underlying waste. It was constructed of
native soil mixed with 6% bentonite. The bentonlte was required because the native



,„ LANDFILL CLOSURP.S

Leonards, G . A . , and J. Nara ln (1963) , -Flexibility of Clay
and C r a c k i n g of Ear th Dams , " JournaJ of the Soli
Mechanics and Foundations Division, ASCE, Vol. 09, No.
SM2, pp. 47-90.

Jessberger, H . L . , and Stone, K. 1991. "Subsidence E f f ec t s
on Clay Bar r ie r s , " Ceotechnigue, Vol. 41, No. 2, pp . /
185-194.

Helchior, S., Berger, K», Vlelhaber, B., and MienItch, G.
1994. -Multllaycred Landfi l l Covers: Field Data on the
Hater Balance and Liner P e r f o r m a n c e , " I n - S l t u
Remediation; Scientific Basis for Current and Future
Technologies, G.W. Gee and N . R . Wing (Eds . ) , Battelle
Press, Columbus, Ohio, pp. 411-425.

Montgomery, R.J . , and Parsons, L.J. 1989. "The Omega Hills
Final Cap Test Plot Study: Three Year Data Summary , "
Presented at the 1989 A n n u a l Meet ing of the Nat iona l
Sol id Waste Management Associat ion, Washington, DC.

Murphy, W . L . , and Gilbert, P .A . 1985. "Settlement and Cap
Subs idence o f Haza rdous Haste L a n d f i l l s , " U . S .
Env i ronmen ta l Protect ion Agency, EPA/600/2-85-035 ,
Cinc inna t i , Ohio.

Othman, M . A . , Bensofi, C.H. , Chamberlain, E.J., and zimmle,
T.F. 1994 "Laboratory Testing to Evaluate Changes in
Hydraulic Conductivity of Clays Caused by Freeze-Thaw:
Sta te -of - the -Ar t , M Hydraulic Conductivity and Waste
Contaminant Transport in SoiJs, ASTM STP 1142, D . E .
Danie l and S.J. Trautwein (Eds.) , American Society for
Testing and Materials, Philadelphia, pp. 227-254.

Shan, H . Y . , and Daniel, D.E. 1991. "Results of Laboratory
Tests on a Geotextl le/Bentonite Liner Mate r i a l , "
Geosynthetics 91, Industr ial Fabrics Associat ion
International, St. Paul, MN, Vol. 2, pp. 517-535.

Tschebotarlotf, G .P . , and DePhlllippe, A .A. 1953. "The
Tensile Strength of Disturbed and Recompacted Soils,"
Proceedings, Third In ternat ional Conference on Soil
Mechanics and Foundation Engineering, Switzerland, Vol.
1, pp. 207-210.

U.S . Environmental Protection Agency. 1989. "Technical
Guidance Document, Final Caps on Hazardous Was te
Landf i l l s and Surface Impoundments," EPA/530-SW-89-047,
Washington, DC.

Alternative Landfill Cover Demonstration

Slephen F. Dwycr1

The Alternative Landfill Cover Demonstration is a Urge-scale field test to
compare and document the performance of alternative landfill cover technologies of
various costs and complexities for interim stabilization and/or final closure of landfi l ls
in arid and semi-a rid environments. Test plots of traditional designs recommended by
the US nnvironmental Prote"lon Agency (KPA, 1991) for both RCRA Subtitle 'C'
and *D* regulated facilities have been constructed. These will serve as baselines for
Comparison to alternative covers. The alternative covers designed specifically for dry
environment* will be constructed in 1996. The covers will be tested under both
ambient and stressed conditions. All covers wilt be instrumented to measure wtter
balance variables and soil temperature. An on-silc weather station will record alt
pertinent climatologies! data.

A key to acceptance of an alternative environmental technology is seeking
regulatory acceptance and eventual permitting. The lack of acceptance by regulatory
agencies is a significant barrier to development and implementation of innovative
cover technologies. Much of the effort on this demonstration has been toward
gaining regulatory and public acceptance. The demonstration is working with
regulatory authorities and public interest groups toward the possibility of interstate
permitting of alternative landfill cover technologies.

' Introduction
The Departments of Energy and Defense have begun a clean-up of their

facilities that is expected to cost hundreds of billions of dollars. These cost estimates,
however, are based on "state-of-the-art" technologies, of which many are inadequate.
Consequently, work lias begun on the development or improvement of environmental
restoration and management technologies. One particular area being researched is
landfill covers. As part of their ongoing environmental restoration activities, the US

Principal Investigator.
l Laboratories. Albuquerque, NM 87115-0719.
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2. Develop data on field performance of alternative mntcrinls to tlinae
in tho CSL. Gcosynlhetic clay linera and asphnltic harriers ure L\vo
examples of materials that show great promise na alternatives.

3. Dctcrminu how much differential settlement surface barriers ct\n
withstand before their ability to limit infiltration is compromised.
Because the available information is meager, until moro dnla nre
developed, surface barriers nro likely to be restricted to silcH WJL|)
little or no anticipated ucttlcmonl. When the nmount of settlement,
Ihnl a 8Urfftco barrier can withstand is defined, then the barriers
cun t>o used over a greater range of site conditions.

4. Document pcrfnrmnncc in Iho field. There is not much information
on liuld performance, and most published case histories point in
failures rather than to successes. To use surface barriers reliably.
field performance data on individual components of the harriers,
and on the barrier itself, must he documented.

CONCLUSIONS
This paper has summarized Iho basic principles employed for design of
surface harriers. The most important conclusions relate to the barrier
layer within Iho surface barrier. The main conclusions nre na follows;

• Compacted clay-rich soil liners by themselves arc not the best type
of material to uao for a hydraulic barrier because the clay is vul-
nerable lo damage from wet-dry cycles, freczc-thnw (nt some sites).
and differential settlement.

• A GCL ia a butter overall choice than compacted, low-pcrmcnbilily
soil for many sites because it can belter resist wet-dry cycles.
frecze-lhaw conditions, and differential settlement.

• Alternative barrier materials, including asphalt and GCl*. appear I"
bo promising and warrant further study.

• Gcomcmbranes are thought lo have service lives of up to sevcrnl
hundred years or moro. Despite this relalivcly long service life,
gcomembranes may not provide long enough protection for sonic
radioactive wiiHlo sites. However, lluiir low cost and high doRrno "f
cfTectiveueuB for ul least several hundred years (when the waste t*

isl radioactive) make gcomumbrnnos potcnlir* viable mntnrial0-
,on if only for riidiimlnmty. *

The EPA-recommendcd surface harrier (sometimes called "lU'RA
cop") »OB evolved over time, but it is not n technology Hint hns been
proved to work well. Many more failures Hum RUCCCRSUH have been
reported in the literature. Whether the RCIIA cap will work well
over the long term remains to be determined, but there is reason to
believe that mnny caps will fail lo meet design expectations.

. There is n lack of field performance data for surface harriers. T*cr-
hnpa tho single grenlcsl research and development nocd is lo docu-
nienl field performance and publish more case histories of successes
in surface barriers.

In summary, Lhia paper has addreHHud Iho prnblemH. HoIulioiiH, nm!
future needs for surface barriers. The problems arc: (1) Groat reliance
has been placed on low-pcrmcabilily, compacled soil barriers, but the
performance of such materials may be compromised by desiccation- or
settlement-induced cracking. (2) Geomembrancs may work well for
several centuries but cannot be relied upon for surface barriers with
longer design Hvca. (3) Tho literature is not rich with examples of sur-
face barriers that have performed effectively. To the contrary, there are
mnny examples of failures, leading one lo conclude that current tech-
nology for surface barriers is unproved.
The solutions are to make greater use of natural processes for control
of erosion and infiltration of water and lo use alternative barrier inntc-
rinls. Future needs arc, primarily, to determine how much differential
Bclllcmcnl surface barriers con withstand, and lo develop field perfor-
mance data lo determine and document how well surface barriers can
perform under realistic conditions.
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measured much groulcr tensile Hlruina wiUinnL crocking in many GCI,
probably duo to the beneficial reinforcing effects from the Kcnluxliloa nr
geomotnbrano in the GCI*. In any cnso, Iho available dnln indicate thnl
GCL can withutund much greater lenailo deformation limn normal
compacted soils without cracking, which is a very favorable character,
islic for surface barriers. Gcosynthctic clay liners arc considered to b0
superior to CSL in terms of resistance to damage from differential set.
llemcnt.
ConHtructlon Issues. The construction issues that might be consid.
cred in an equivalency analysis include puncture resistance, effect of
aubgrode condition on conalructability, ease of placement, speed of con-
Htruction, availability of muterials, requirements for water, nir-pollu-
tion effect.8. weather constraints, and quality-assurance requiremenla.
Tn moat respects, the GCI. enjoys advantages over CSL in terms of case
of construction. The only potential problem warranting discussion is
puncture resistance of GCL.

Geosynthottc clay I inure are thin and, like all thin liner materials, nrc
vulnerable to damage from occidental puncture during or after con-
struction. Thick CSL cannot be accidentally punctured. Some GCL are
capable of eclf-Bealing around certain punctures, e.g., penetration of
Iho GCL by a sharp object, such ao u null . Tho swelling cnpncity of
bcntonito gives GCL this self-healing capability. Of greater concern
than penetration of the GCL by an object after construction is acciden-
tal puncture during construction. For example, if the blade of a hull-
dozer accidentally punctures Iho GCL during spreading of cover mole-
rial, the GCL would probably not self-seal at the puncture.

Tho puncture resistance of GCL will generally not be equivalent to that
of CSL. However, Ibis docs not mcnn lhat a GCL cannol meet or exceed
the performance objectives of a CSL. Quality-assurance mid quality-
control procedures can be established and implemented to mnku the
probability of puncture during conslruclion exlrcmely low. In surface
biirrierH, one or two accidental punctures would probably nol have n
major impact on the overall performance of the barrier layer. In a bot-
tom liner system uubjected lo a conlinuoua bead of l iquid, a different
conclusion might bo drawn about the significance of undetected and
unrepaired damage to a GCL from puncture. Ultimately, site-specific
conditions ond quality-assurance procedures will be critical in dealing
wiUi the isuuo of puncture and in establishing equivalency of a GCL to
i \j for a particular project.

CASE HISTORIES OF SURFACE BARRIERS

pleld Test Plots Illustrating Desiccation Problems
Some designers linvc assumed thai a CSL can he: prolm-trd from desic-
cation with a thin layer of cover soil. Montgomery and Parsons tl ' .WO)
describe field experiments in which three lest plots won* constructed
anil monitored for 3 yr. A 1.2-m-lhick layer of low-permeability, com-
pacted clay soil was covered with either 150 mm or 4M) mm of Inpsoil
nt a temperate site in the northern Unilcd Slates. Afler 3 yr, excava-
tions were made into the compacted soil. The condition of the two plots
wna about the some: Tho upper 200 to 250 mm of clay wns weathered
and blocky, crocks up to 12 mm wide cxlendcd up lo 1 m inlo the clay;
roots pcnelralcd up lo 250 mm inlo the clay in a continuous mnl, and
gome roots extended up lo 750 mm inlo the clay. Clearly, neither 150
mm nor 450 mm of topsail was enough lo prolccl Iho clny adequately,

Coracr and Cranston (1991) describe lenl plots in which a layer of
low-permeobUily, compaclcd soil (a soil-bcnloniln blond) wns covered
wilh cither (1) a GOO-mm layer oftopsoil, (2) on unprotected gcnmem-
brnne. or (3) a gcomombrano overlain hy 450 mm of Inpsnil. The silo
was loco led in a rclalivcly arid part of California. In loss limn a year,
significnnl drying ond cracking occurred in the plots with soil cover
Mono or the gcomc nbrano cover alono, but no significnnl desiccation
occurred in the soil covered wilh bolh a pcomcmbrnnc and soil. How-
ever, Iho tests were short-term, and long-term drying may have even-
tually occurred even with the gcomemhrnne nnd soil overburden. Ncv-
erlhelcsa, Ihc studies of Monlgomcry ond Parsons (1989) and Cursor
and Cronslon (1991), taken collcclivcly, illustrate Hint the best and.
perhaps, only practical way lo protect n relatively wot, low-pormcnhil-
ily, compacted soil liner from dcsiccnlion from Iho surface is lo cover
laosoil liner wilh bolh o gcomembrone am! a layer of cover soil. To pro-
vide loss protection is inappropriate if the designer's intention is for Iho.
compacted soil liner to remain moisl. A gcomombranc mny nol be nec-
essary i f an exlrcmely thick layer of cover soil is used, or if the soil l iner
'8 designed to wilhsland drying wilhoul cracking (Daniel ond Wu,
1993), but the cover Inyer would hove to be so thick thai, for some pro-
jects, soil alone would be impractical.

I
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whoro k is the hydraulic conductivity, H is tho depth of liquid ponded
on the liner, and T is the thickness of the liner. Tho water pressure on
tho base of the liner Is assumed lo bo atmospheric pressure in equation
(1).

TABLt^2. DIHorgoces between gepsynlhellc clay liners and compacted soilI liners.
Characteristics Geosynlhetlc clay liner Compacted soil liner

Materials

Thickness

Hydraulic conductivity
Speed and ease of
construction
Ease ol quality
assurance (qa)

Vulnerability to
damage during
cons! ruction trom
desslcallon and
Ireeze-lhaw
Vulnerability to
damage from
puncture
Vulnerability lo
damage (torn
dllferanttfe!
Availability of
materials

Denlonlte, adhesive*,
geotexllles. and geomembranes
Approximately 12 mm; consumes
very little landfill volume

it to 5 x 10* cm/sec
Rapid, simple Installation

Relative simple, straightforward,
common-sense procedures

GCL are essentially dry; GCL •
cannot deslccalo during
construction; nol particularly
vulnuiable to damugu from
Ireeze-lhaw
Thin GCL Is vulnerable lo
puncture

Can withstand much greater
differential settlement than
compacted clay liner
Maleitals easily shipped to any
silo

Native soils or blend ol soil
and benlonllo
Typically 300 lo GOO mm;
consumes more landllll
volume *
Si x 10'cnVsoc
Slow, complicated
construction
Complex qa procedures
requiring highly skilled
and knowledgeable people
Compacted ctay Hnors aro
nearly saturated; can
desiccate during
construction: vulnerable to
damage from Ireeze-lhaw
Thick compacted clay liner
cannot be punctured
accidentally
Cannot withstand much
differential settlement
without cracking
Suitable materials nol
available ol nil silos

Cost

East ol repair

Experience

Regulatory approval

flousonauly low. I Uglily predictable
cost that does not vary much
trom project lo project
Easy to repair with patch
placed over problem area

Limited due lo newness

Not explcltly allowed In most
regulations—owner must gain
approval on Ihe basis ol
equivalency In mooting
performance ob|uc11vos____

Highly vmtablo—dopands
groally on characlortsllcs
ol locally available soils
Very difficult lo repair: must
mobilize heavy earth-moving
equipment It large area
requires repair
Has been used lor many
years
Compacted ctay liners are
usually required by
regulatory agencies
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c nation (1) 13 dpplicablc only Tor flow through tl in hi*nl.niiitu
nt of a GCL; if the GCL cnnlnin.s n Roomnmbrnno. wnlur f l ux w i l l ho
nlrollcd by wnlcr vapor diffusion through the Rcnmnmhrnnc cnmpn-
nt The gcomcmbrnnc component, if present., should be considered in

Ihe equivalency analysis and in computation of wntcr flux. The sim-
lest wny to do this is to adjust the hydraulic conductivity nf the OCL

lo reflect tho presence of a goomembrano. (Kquatiou |1! npplios In n
compacted noil liner (CSL) or GCL liner alone, not to composite liners
involving one or more separate geomembrnno components.)

The flux ratio for wilcr, F_, is defined as the f lux through tho GCL,
divided by the Oux through the CSL:

F., » 'net
'CSL

(2)

nr

kCSt TGCt ll+T CSt (3)

If the (lux ratio is 1, then tho GCL is equivalent lo the CSL, in terms of
steady water flux. For example, for a situation with H = 0.3 m and n
GCL with Una. = 1 x 10" m/sec, Tm. = 0.007 m. nnd n CSL with k,,, = I
x 10* m/scc nnd Tr*,. = 0.6 m, then F. from equation CD equals 0.3. This
means tbnt there would bo loss water pcrcolntion through the OCL.
than through tho CSL; thus, cquivnloncy is established for thoso
conditions.

Alternatively, one cnn assume that water flux throti^li the C5CI, in otpinl
lo the water flux through a CSL (i.e., F. = 1):

(-1)

and compute the required hydraulic conductivity of the OCL by substi-
tution in equation (4):

I I+TGCL = k 'CSL
CSL (5)

'GCL 'CSl
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Hydraulic Conductivity. In general, the hydraulic conductivity Of
the hcnlonitc component of GCL varies hctwccn nboiil I < 10"nnd 1 x
10" m/aec, depending on the compreasive stress. The higher the com,
prcasive stress, the lower the hydraulic conductivity. Then* nre sonic
differences hulwcun the hydraulic conductivities' of the vnrioua GCt,
bill, except for hcntonilu-geomcmbrane composite GCL (for which Uu>
geomcmbrane will significantly reduce the overall hydraulic conducliv.
ity), the differences do not appear to bo very largo. The available daln
on CtC.l* arc* HiimmarUcd hy Schubert (1987), Uanicl and Rslornrll
(l!)90). Sclimi «ta1. (1990). Daniel (1991), Rith nt nl. (1991). Slum nm|
Daniel (1991), KHlnrncll and Daniel (1992), Cirubo (1992), Daniisl ct nl.
(199:U. nnd Daniel and Uonrdnuin (199.1).
For a surface harrier, a confining stress on tho order of 10 to 30 Ul»n i*
reasonable. Laboratory hydraulic conductivity tests performed on
back-prcaaurc-aaluratcd lest specimens in flexible-wall pcrmenmolcrs
indicate that tho hydraulic conductivity of tho benlonilo component of
GCL in thia range of comprcaaivo stress ia approximately 1 to 4 x 10"
m/flcc. EeLnrncll and Dnniel (1992) measured the hydraulic conductiv-
ity of OCL in lurgo tanks. Tlio teals were specifically sot up to simulate
conditions (» f low overburden Htrcas that are typical of mirface harriers
and to lual very large specimens with overlaps. Of the 10 losta lor
which hydraulic conductivities were measured, the average value was
4.G x 10" m/scc (nornml averaging) or 2.2 x 10" m/scc (logarithmic
averaging). Uascd on all the data, a reasonable assumption is that a
GCL can be supplied with a hydraulic conductivity for u surface barrier
application Six 10n.lo5x 10" m/sec.

Studies of the hydraulic properties of overlapped scama performed hy
EatorneM nnd Daniel (1992) imlicnto that tho overlapped scama in GCL
self-scam in tho manner described by the manufacturers. Kor gootcx-
tile-encaaed, needle-punched GCI* with additional benlonite along the
overlap, the himlunilu appears, to swell on hydration nnd plug voids in
the geolexliloa in the overlap. For the gcotexlile-encascd,
adhesive-bonded GCI* Ihut have been tested, the hcntonite appears to
oote out through tho openings In the gcotexlile and to allow the matc-
riul to self-seal. Kor bunlonilo-guomembrone composite GCL, Urn ben-
tonitc swells on hydration, seals at the bentonilc-pnlyethylcnc inter-
face, and effects aotf-suoming at the overlap. Thus, based on the
nvp:i-blo data, it ia reusonnblo to assume that, with proper quality con-
In tho field, beams will self-seal.
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ghear Strength. "Internal shear strength" rpfcrs to tho strength »f
Ihc material when sheared through thcmidplanoof thebonlonito. Pub-
lished shear strength data are provided in Shan and Daniel (1901) nnd
panial etal . (1993).

Dry hcntonite ia much stronger than wntcr-saturntcd hcntonite. Tor
dry GCL, or slightly damp GCL, the angle of internal friction (even Tor
materials that nre not internally reinforced) is approximately 3.r>. Tor
unrfiinforccd GCL, tho angle of internal friction drops to nhnut 10 for
fully siiturntod bcntonito.

for GCL that arc needle-punched or sown logolhor, tin; internal rein-
forcement makes tho material's internal shear alrength much less sen-
eilivo to tho strength of the benlonilo contained between the attached
geolcxtilcB. However, tho reader ia caulioned Ihnl, for anrface bnrricra.
Ihc GCL may bo cxpoacd to prolonged shearing stresses for periods of
years, decades, or oven centuries, and that the long-tnrm shearing
resistance should be carefully considered,

"lalcrfacial shear strength11 refers to the shearing strength between
two otynccnt components of o surface barrier. The GCL may be placed
against soil, o gcomombrano, or a geotcxtilc. Because the range of JWH-
sihlc mntorinls ot an interface is unlimited, the actual intorfncial shear-
ing properties are usually determined on a project-specific basis. It ia
Ihfi author's experience that the internal shear strength will often gov-
ern the design because, with proper selection of materials, relatively
high intcrfacinl strengths can usually bo obtained.

Whether or not shear strength ia of concern for n particular surface
barrier depends on the slopes and other site-specific details. Tho
designer, however, should carefully conaider the implications of shear
Blrcnglh when consideration ia givon to use of GCL. For many aurfan;
barriers on relatively flat ground, shear strength will not bo an Impor-
tant concern.
Durability. Shan and Daniel (1991) atudicd the effects of punctures
°n a geotextile-encascd, adhesive-bonded GCL. The effects of punctures
°n the hydraulic conductivity of the GCL were studied by drilling or
^Uing circular holes into the dry GCL. selling tho punctured GCL up
'n flexible-wall permeamclere, and permeating the GCL slowly until
fil*ady flow WBB achieved. Small (25-mm-dia) punctures made in the
dry material self-scaled on hydralion oflho bentonitc. These testa i l lus -
lr*Uc the aeir-hcnling'capabilily of bonlonilc.
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lions and also in several surface harriers for hazardous materials
radioactive materials, and nonhazardous solid waste.

B

>y52^

Figure 7. Two basic types ol geosynlhellc clay liners: A, bcntonito sandwiched between two
Quotexlllos; B. benlonlto gluod lo geomombrano.

Four gcosynlhetic clay liners ore currently manufactured in North
America: Benlofix*, Benlomal*. Ctaymax*. and Gundscal*. The GCL
foil into tlio hroad categories shown in Figure 7, as follows; hentonitc
sandwiched between two goolexlilca (Bcnlofix, Rcntomat, and Clay-
max); bentonilo mixed with an adhesive and glued to a gcomcmbranc
(G "seal).

Surface flarrierB HO?

The GCL are sketched in Figure B. nonlofix and Hontomat ronsisl uf
bcntonitc sandwiched between a wovon and nnnwnvi»n gwi lox l i l c* I hat
arc needle-punched logothor. Clnymnx 2(l()Il cnnsints of Iwnloniti!
mixed with gluo and sandwiched between two woven geolnxliles. Clay-
max 500SP consists of bentonite mixed with glue and sandwiched
between two woven gcotcxtilos that arc sewn together. The purpose of
pitching the two geolextiles together ia lo provide additional internal
reinforcement and greater shear Hlronglh. Special gooloxLiles ran he
selected to "custom design" the GCL to a particular application, ( t i m d -
sco! is mode by mixing bentonite with an adhesive and at taching UK;
bentonilo layer to a polyethylene gcomemhrane. (itindscal can be sup-
plicd with either HOPE or VLDPE.

Except for shear-strength considerations, tho goosynLlioLicfl may bo
considered a "carrier material" for the thin Inyer of hnntonilo. If the
gcosynthctic were to degrade, tho hydraulic integrity of the bontoiiito
would not be harmed.

All GCL arc manufactured in panels, approximately 4 to 5 m wide and
approximately 25 to 60 m long. The panels arc placed on rolls nt Ihe
foclory and are unrolled nt the time of installation. The mass of the roll
vnrics, depending on size and materials, from about fiOO to 2000 kg.

The panels ore typically overlapped 75 to 300 mm and are said to l i t ;
"flclf-scaling" at the overlaps. A sketch of the overlapped y.nnus is
shown in Figuro 9. With gnol(ixlil<Mim:asfid, iiccdh'-pnnchud G(M,.
sodium benlonitc is placed along tho overlap (Figure 9A) at a rule of
approximately 0.8 kg/m. The benlonilc penetrates Iho pores nftlii! gon-
Icxliles and is said by the manufacturers lo cnnso the malnrinls lo
sclf-acam when the bentonite hydralcs. With goolexlile-cncnacd. ndhe-
flivc-bonded GCL, no additional bentonite is needed (Figure 9H). The
material is said to self-seal upon hydration at the overlaps through
expansion of henlonito out through the openings of the gootuxtilo in the
overlap area.

With GCL containing a gcomembrano, the GCL can be placed with llic
benlonilo facing upward or, as shown in Figures 9C and 91), downward.
If the GCL will bo used by itself esn composite goomcinbrano-clay liner,
l»c gcomcmbranc would face upward. If a Rcparato geomemhrano ia to
bo placed on tho GCL, the hentonilo would face upward. The material
'a said to be self-sealing at overlaps with no need for nny mechanical
scam at the o' "pp (Figure 9C). However, if one wants ' fnrm a con-
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may crack. Even in relatively humid regions, occasional droughts cnn
cause cracking in soils to depths in excess of 1 m. The soil lends to swell
when wetted, but full "self-healing" is nol likely when the compressivc
stress acting on Iho soil is low, aa in surface barriers (Boynlon nnd
Daniel, 1986). Designing CSh at arid sites to resist damnge from desic-
cation is discussed by Daniel and Wu (1993).
Freeze-Thow. When waler freezes, moialuro ia drawn to Hie freezing
front, which can cause shrinkage cracks from desiccation as well ns
crocking from Iho expansion nnd contraction of Iho wnter nfl It froozoa
and lhaws. Polygonal cracks may form in compncled soila. Examples of
damage done by freeze-lhaw arc given by Kim and Daniel (1992) and
Deneon and Othman (1993), There is some evidence Ihol soil-bonlonilo
mixtures may nol be as vulnerable lo damage from frcozc-lhaw na com-
pnctccl nutivo soils (Wong and Haug, 1991). In general, however, il in
considered prudent lo bury a low-perrneabiUly, compacted soil liner
deep enough to ensure that il is nol subjected to freezo-lhaw.

Differential Settlement. LaGalla (1992) has summarized available
data on Iho tensile strains thai compaclcd soils can undergo before they
fail in tension (i.e., crack) (Table 1). The published data indicate that
most compacted soils cannot withstand tensile strains greater than 0.1
to 1.0% wilhoul cracking. The question, Ihcn, is how likely is il that
Icntjila alrains greater than 0.1 lo 1.0% will develop in surface barriers?

Il is convenienl to define distortion as the differential settlement,, that
occurs over a distance L (Figure 6), or /L. Distortion in a surface bar-
rier stretches the barrier layer and, as a result, tends lo produce tensile
slralns In Iho components of Iho barrier. Murphy and Gilbert (1985)
computed the relationship between distortion and tcneilo slrain for
cover componenla; Iho maximum dislorlion ft* associated with a Icnsilo
slrain of 0.1% lo 1% in 0.05 to 0.1.

Jcssberger and Stone (1991) performed centrifuge leata on 35- to
46-mm-thick prololypo clay liners lo be used for surface harriers. A
"Irap door" beneath the liner was deformed lo produce sclllcmcnt like
thai expected in n surface barrier. Flow rotes through the soil were
measured as a ftinetlon of the dislortion in the liner. 11 was found lliol
the How rule through the clay remained low until the distortion
reached /I, = 0.1, at which poinl Ihe flow rale increased dramatically-
Tension crucks were noted in later examinations of the material. Thus.
IV*- xperimcnLsreporled by Jesabcrger and Stone support the findings

Surf**:0 Barriers

r otn Murphy and Gilhcrl (1985); i.e.. compact™! soil liners in surface
bnrriera cannot wilhalnnd /L distortions grontor than approximately
n 05 to 0.1 without cracking.

Tini E 1 Published data on tho Icnsilo slrain al failure (or clay soils (horn LaGalta 19*12)

nclorence

Tschcbotoilolt
and DoPhllippe
(1953)

Leonaids and
Naialn(l963)

Typo or Source
of Soil

Nnlurat Clayoy Soil
Dontonllo

(Monlmorlllonite)
Illite

Kaollnllo

Port In nd Dnm
Portland. CO

Rector Creek Dam
Napa, CA

Woodcresl Dam
Rlvorsldo. CA

Shell Oil Dam
' enluia. CA

Wlllard Test Dam
Embankment. UT

i

Water
Content (%)

109
101

31.5
37.6

16.3

19.0

10.2

11.2

164

Plasticity
IndoK (*/.)

7
4(17

34
na

n

16

Nonplasllc

Nonptasllc

11

Tcnsllo Strnin
nl Failmo {"/.)

ono
34

084
0.16

0 14

o.i fi

0.18

007

0.20

does this level of distortion mcnn in prnclicnl terms?
one observes a circular crater with Q dinmeter of lO.m in n surface

barrier. What is the maximum settlement at tho center of the crntor
^fnre significant cracking would be expected in a compacted soil liner?
The horizontal distance from the cdgo lo center of the crnter. 1,, in 5 in.
flnd 0.05 lo 0.1 times L yields a maximum allowable settlement (A) of
0-25 lo 0.6 m. II is Iho aulhor'a experience lhal many surface harriers
Placed over compressible materials undergo this magnitude of
distortion or larger. In such cases, il may be pointless to construct an
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Erosion Layer. The erosion layer is typically used to support growth,
of vegetation. The EPA recommends that the universal soil loss cqun-
tion ho used to cslimulo rates (if water erosion from the surface harrier-
for wind croaion, they recommend an alternative equation (USEPA
1993). No specific guidance is provided on allowable rales of soil (033
Tho soil should bo selected to provide a good growth medium for sur-
face vegetation. Lonmy soils with adequate organic content aro gener-
ally preferred.

A vegetative cover la recommended for MSWLF. locally adopted peren-
nial plants that aru resistant to drought and temperature extremes arc
recommended. Roots should not disrupt Uio underlying low-permeabil-
ity layer. Tho uso of deep-rooted plants and shrubs is not rucotn-
inonded. Careftjl timing ofeeeding is critical to germination in most cli-
malcB.

The main criticism of the author for the EPA'a recommendations con-
cerning the erosion layer IB the recommended minimum thickness of
160 mm. Field experience 1ms shown that native grasses havo roots
that typically exlcml lo gronlcr dcpllig, and rill croaion commonly
occurs to local depths >160 mm. In the author's experience, 150 mm ia
not nearly thick enough for the erosion layer; a minimum thickness of
450 to GOO mm would bo much more appropriate.

Infiltration Layer. The Infillrntion layer must ho at least 450 mm
thick and should consist of earthen material that has a hydraulic con-
ductivity leea than or equal to the hydraulic conductivity of any bottom
liner system or natural subsoils. If there is no bottom liner, or if the
bottom liner It) of poor quality, Lho infiltration Inycr mual have n
hydraulic conductivity 1 x I01 m/aec. No explanation of or justification
Tor tho latter value is provided in EPA'a background document
{USEPA, 1993). If the bottom liner contains a gcomcmbrano, the infi l-
tnition layer must aluo contain a gcomemhranc. Tho surface of the
infiltration layer uhnuM bo sloped at an inclination of at leiifil 3% hut
ivo muru than 6%, aflor allowance for settlement. The EPA recom-
mends the computer program HELP (Mydrologic Evaluation of Land-
fill Performance) Tor evaluating alternative designs (USEPA, 1993).

In some respects, thu rules are confusing and appear lo be conflicting-
Kor instance, tho rulos explicitly stale that the infiltration layer must
have » Tiermeubility that is no greater than that of any ' ->llom liner. If
Iho mi l iner conaisln nfn Kuninombrmic overlying .) mm of low-

•I ft!)

crmcnhility compacted soil with a saturated hydraulic conduct ivi ty <l
x I0f in/sec (the standard bottom linor system for MSWUK roguhiUMt
under subtitle D of UCRA), it would soern that tin; surfncn harrier
should nlflo have n soil component with a niilurnlod hydraulic conduc-
tivity 1 x 10* m/sec. However, the guidance document spocificnlly Klntes
that for such a bottom liner system, the infiltration layer need consist
only of a geomombrnno overlying 4fiO mm of soil with a hydraulic con-
ductivity 51 x 10T m/sec. U is not clear what the rationale is for allow-
ing soil with n hydraulic conductivity 1 x 10? m/acc in tho mtrfncc hnr-
ricr when the soil component of a bottom liner hns a hydrni i l ic
conductivity <l x 10' m/sec. Tho EPA's recommendation has been
strongly criticized (Au: in, 1992).

Tlic earthen material used for tho infiltration layer should be free of
rocks, clods, debris, rubblo, roots, and other materials that may
increase the hydraulic conductivity of this layer. Problems with frost
action nnd desiccation arc mentioned in USEPA (1993), but no require-
ments are stated for burial of the layer below the depth of frost pnniv
Irnlion or seasonal moisture change.
If a geomcmbrane is used as an infillrnlion Inyor, the gemncmhrnnc
should be nL least 0.5 mm thick, or thicker, if nerossnry. lor welding
(C.R., n minimum thickness of 1.5 mm is recommended for high-density
polyethylene in order to produce high-quality snnins).

Alternative Layers. The director of the applicable state regulatory
agency in an EPA-approvcd stale may approve alternative surface bar-
riers, provided its performance is equivalent to the EPA criteria in
terms of minimizing infiltration nnd erosion. No Rprcific uxnmplcH aro
provided in tho background document (USEPA, 1993), other than lo
repeat much of what EPA has already staled nhoul surface harriers for
ImzflrdouB-wasle disposal facilities.

Criticisms. The EPA's rulos for MSWLF wont into p.ffecL on October
9. 1993. Tho new regulations have been criticised by mimo na being
insufficiently stringent. In a summary article hy Austin (1992), mnny
of these criticisms are listed nnd explained. A 150-mm-thick erosion
'aycr is consider inadequate for many sites over tho long term hy ono
cxperl. Several cxperUnole that the requirement of 1 x 1°' in/sec ia fur
below what is technologically achievable and they arc ol a loss to justify
ln-is value. Offi } from EPA note thai the rcpilnlions.wcro wrillon
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If Lhore is polenlial for particles from the overlying Inyer to clog i|10
drain a go layer* a filler should separate Lhom. The filler may !>(• noil or

a geotexlile; design criteria ure given by USEPA (1989).

If the drainage material is a geosynlhelic (e.g., gconel, geocompoailo, or
gcotexlilc), the gcoaynlhelic drainage material should provide an
in-plane transmiauivity that is equivalent lo or boiler Ihnn Iho Irnna-
missivity provided by 300 mm ofsoil having a hydraulic conductivity ^\
x 10 4 m/Bcc,

I^ow-PcrtnenbllUy Lnycr. Tho aurfnco barrier IB required lo proviso
long-lcrm minimization of the migration or liquids through the surface
barrier. Also, the covur over u waste-disposal unit is required to hrwo n
permeability leas than or equal lo the permeability of Hie bottom liner
syalcni or natural subsoils present. The EPA recommends n gcomcm-
brane/Hoil coiupnailo liner Unit is fllmilnr in concepl, bul not nercHsur-
ily identical In mnleHala, to a typical composite hollom liner. The two
componunla (geomembrano and low-pcrmeahilily soil layer) are consid-
ered lo function together ae one Hystcm. The geomemhrnnc stops the
movement of neurly all liquid Ihrotigh it, except for liquid thnt diffuses
through the geomembrano luaitally considered lo ho n trivial amounl)
and liquid lhat migralca through any defccla in the gcomcmhrnno
(including plnholea but, primarily, liny imperfections in welded acums).
The primary purpose of the low-permeability soil component J3 lo min-
imize leakage through any imperfections in the gcomcmhranc or ila
seamB. The El'A believes that the recommended composilc barrier i3
the bust one practicable, in moat casca, to minimize percolation of
water through the surface barrier. The gcomembrane and low-perme-
ability soil components arc thought Lo complement each oilier so lhal
Iho long-farm effectiveness of Iho Iwo componcnls together is better
Ihnn each atone.

The EPA recommends lhal the low-permeability layer he located below
the maximum depth of frosl penelralion. They also recommend that
the geomembrano be at least 0.5 mm thick, that it should be placed
without an r fa co unovonnoaa (lo facilitate drainage of water in the over-
lying layer), nnd that the gootnumbrano should be in direct conlacl with
a bmoolhed surface on Iho underlying low-pcrmeubilily soil layer. Also,
penclrulione through Iho gcomemhruno should bo minimized.

n the EPA^ originpjly began recommending compoailo
3/Bojl bflrriers^jm* waatu containment units in the early 19BOs, Ih
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considered IhcRComemhrnne to be a relatively shorl-livrd comrignniit.
low-pcrmnnbiliLy soil wnukl provide fnr

Hnw-
evcr, wilh increasing knowledge of Ihc characteristics of gcomem-
branes, and development of relatively stable and long-lived polymers
(such as high-density polyethylene), the EPA believes thai Roomcnv
brnncs can provide lpng-Lcrrn_£ontainmcnt. (The lifo of gcomnmhrnncs

later in this paper.)

The EPA recommends that Iho low-permeability soil component consist
of ft minimum of GOO mm of compacted, low-porinenbilily soil with nn
in-place saturated hydraulic conductivity of 1 x 10' m/suc or less. The
soil must be free of large clods, large rocks or n tone's, rubbish, roots, or
other malcrinls lhat would tend to provide preferential flow paths or
pnnclurc the overlying gcomcmbrono.

A written construction quality assurance (CQA) plan is recommended
for both the gcomembrane nnd low-pcrmenbilily soil. Experience has
shown thai most leaks in gcomcmbrnnca arc Ihc result of inndequnfa

.construction quality control (CQC) or CQA. It is fnr this reason Hint
EPA places slrong emphasis on CQA (e.g., USEPA, 1989; Daniel nnd
Kocrncr, 1993). The EPA recommends construclton of a lesl fill prior Lo
ncliinl construction of Iho low-pcrmcahilily noil component of a mirfnco
burner {USEPA. 1989). Tho purpose of Iho leal fill is lo vorify Lhal Ihe
soil con bo conslrucled lo an in-placo saltiralcd hydraulic conduclivity
Lhat is no grcaler lhan 1 x 10 ' m/scc. Tho EPA believes lhal Ihc con-
struction of a test fill utilizing Ihe soil, equipment, nnd procedures lo
he used in conslruclion of Ihe low-permeabilily layer wil l ensure Lhal
design specifications arc allainablc with the available materials and
equipment. (The lest fill need not ho constructed on Iho contaminated
silc.)

Gas Vent Lnycr. Tho function of a gas vent Inyer (Figure 4) is Lo con-
trol combuslible or toxic gases released from buriod wastes or other
contaminated materials. For a hazardous-wasle landfill, the facilities
lhal are likely lo require a gas vent layer are codisposat facilities that
receive organic waslo material, such as that found in municipal waste.
which produces gas upon decomposition, in addition Lo hnznrdnus
wasle. However, certain volatile chemicals may also bo of concern.

The EPA recommends that the gas vent layer be at least 300 mm thick
QTnl thnt it be located between Ihc barrier layer and the waste.
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1989), The usual cover design recommended (Figure 3) fa commonly
used both Tor design of new, hazardoua-wasla disposal facilities and Tor
covers ovor remediation projects regulated under EPA's Supcrfund pro-
gram. It incorporates a top layer (which doubles as the surface Inycr
and protection luycr), a drainage layer, and a geomembranc/aoil com-
posite liner. There is no mention of a gas collection Inycr or foundation
luycr in th'is design. An alternative design recommended by EPA (Fig.
uro 4) includes cobblua at the siirfnco, a biolic barrier, nnd n pnn collec-
tion layer.

Top Soil Layer

Drainage Layer

Geomembrane ———•

Low-Permeabilily
Sol! Layer

Wasle

M,L
600mm

300 mm

600 mm

USEI
nocommundod surlaco bonier lor liarordons-wasto rt til locntiy tniier

09).

Slirfaco Barriers

Cobbles

Top Soil Layer

Gcosyntheiic
Filler

Blotic Barrier
(Cobbles)

Geosynlhetic
Filler

Drainage Layer

Geomembrane

Low-Permeabilily
Soil Layer

Geosynthetic
Filter ——— - ————

600 mm

300 mm

300 mm

600 mm

Gas Venl Layer
300 mm

Figure 4. Alternative recommended surface barrier lor haiardous-waslo disposal facility
tailor USEPA. 1989).
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biointrusion protection layer primarily for radioactive
silos, but not Tor other types of sites. This is because uptake ofdangcr-
ous compounds by plant roots and burrowing animals is a problem pri-
marily with radioactive materials.
If the protection layer Is placed directly on a barrier layer, a plane of
potential seepage exists ut the interface. The risk of instability is pnr.
licularly acute following prolonged periods of heavy rain if no drainage
layer is provided beneath the protective layer. The engineer must
ensure on adequate faclor of safely against slippage at this and all
olher Interfaces in the surface barrier. If the originally designed surface
barrier does not hove an adequate factor of safely, several steps may be
taken to increase It. These include: (1) use of different materials
(stronger soils, or materials such as loxturcd gcomcmbrancs with
higher strength along the Interface): (2) addition of a drainage layer;
(3) flattening of elopes; or (4) reinforcement ofcovcr soils with gcogrids
or high-strength gcolextiles.

Drainage Layer
A drainage layer Is sometimes placed below the protective layer and
above the barrier layer (Figure 1). There ore three reasons why n
drainage layer might be desirable: (1) to reduce the head of water on
Iho barrier layer, which minimizes infiltration; (2) lo drain the overly-
ing prolocllon layer, which increases Iho water-storage capacity of the
prolcclion layer; (3) to reduce pore water pressures in the cover anils,
improving elope stability,

Materials typically used for drainage layers are:

• sand or gravel with either a soil filler or a gcotcxlilc filter;

• a thick geotoxlilo, which serves as both a drain and a filter;

• a geonet. with a geotexlile filler/separator;

• a geocompoatto drain, constating of a polymeric drainage corn nm!
an overlapping gcotoxlile filler/separator.

Selection of material typo Is nan ally based on economics and design life-
All tho materials listed above, will work reasonably well in the short
term covers with limited design lives (e.g., <30 yr), all these male-
rials u _ considered technically adequate, and the final selection is

based on economics. Thin, gcosynlholic mnlo.rmls will usunl ly
o Iho mosl cconomicnl; however. the desifm life of K.Mi.synlln;l.c

trials is limited, nnd Iho greater Hie surfnco nron per unil mas*. lhe
"I rf,r lhe life ofn geosynlholic. Thus, geolexlilcs. which have n rcln-

tv laree ratio of surface area lo unil mn.ss. will nol last ns lonK ns
Imhranos. which have « much lower rnlin ofRurface nrca to mn.ss.
Rovers wilh design Jives of more lhan n few docndcs nnlural m,n-

...I mnlcrioU (i.e.. snnd or grovel) would utmost nlwnys l,r used for t!,«
Hrninngo mntcrinl.
Caution is especially urged nhoul Iwo details. First wnter must ,lis-

S.r» r««'yfrom lhe drninaRO lnycr ol thc sc , "n T nFilre 2) If lhe outlet plugs or is of inndequnle ci.pae.ly. the toe of the
3 will'becomo snluraled. developing excess pore water pressure,
Tmay hccome unstable. DrninaRO pipes that commonly surround „

at ils low elevations musl havo adequate cnpnc.ty nnd cnnno hn
.Led lo plug. Similarly, for surface harriers thnl are expected to Ins
iTmiX a'drainago "pipe is probably not a viable des,Kn element
since it can deleriorate or plug.

Drainage Layer

Pipe lo Drain Waler
al Toe ol Slope

Figure 2. DralnaQe outlet at edge ol surface barrier.
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INTRODUCTION

Surface burricra ore a critical component in manngomont of l iquid nru|
gas movement into and out of contaminated soils, buried wonlcs, nnd
other sources of subsurface contamination. The main functions of a
Burfoco barrier arc to separate the contaminated material from the ti\\f.
fncc environment, to restrict infil tration of water into the contami-
nated materials, and (in aomo coses) to control release of gas from Uie
contaminated material. If the objective is prevention of pollution to
ground water, then one of the obvious strategies is to try to minimize
the amount of liquid available to leach or transport subsurface pollu-
tants. If there is no leachale, there is little or minimal potential for pol-
lution of ground water.

In succeeding eectiona, the basic components of on engineered surface
barrier will bo identified; U.S. Environmental Protection Agency
(USEPA) regulations concerning surface barriers will be described; and
materials that are oflen employed will be discussed in detail. Also, cnsc
histories will be reviewed, and recommendations will be presented for
resolving the critical technical issues that limit the use of surface bar-
riers and that require further research and development.

SURFACE BARRIERS

Most engineered surface barriers In the United States are composed of
multiple components. As shown in Figure 1, the components of a sur-
face barrier can be grouped into five categories: (I) surface layer, (2)
protection layer, (3) drainage layer, (4) barrier layer, and (G) gas collec-
tion or foundation layer. Not all components are needed for all surface
barriers. For example, a drainage layer might not be needed for n sur-
face barrier located in an arid region. Similarly, a gas collection layer
may be required for some surface barriers but not others. Furthermore,
some layers may be combined — for Instance, the surface layer and pro-
tection layer may be combined into a single layer of soil that forms the
upper part of the surface barrier.

The materials typically used for an engineered surface barrier arc
shown in Figure 1. They include natural earth materials, geosynthct
ics, and other materials, for example, asphalt.

Ltyer

1

2

3

4

5

Description of Layer

Surface I, lyer

Protection Layer

Df linage Layer

Darner Layer

Gai Collection Layer
a ltd/or Foundation
Layer

Typical Materials

Topjoil; Geosynlhclic
Erosion Coniiol Layer;
Cobbles: Gravel AdmU

Soil; Recycled of Ueu*e<l
Waste Material; Cobbles

Sand or Gravel; ticonct or
Citneompaiile _ .

Compacted Clay:
Geomcmbrane;
Ocoiyniltctic Clay t.incr.
WMIC Material; A*pliali •

SamJ Of Gravel; ioi ;
Geonet or Gcoiemilc;
Recycled of Itemed
Waite Material

Figure 1. Five possible components of engineered surface barrier.

Surface Layer
The material that is by far most commonly used for the surface layer is
soil. Soils have the advantages of local availability and providing a
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Kliire ct al. (I994W was easier to construe! and less cosily than tlie prescriptive
resistive harrier. . . .

Sufficient data regarding ihc performance of monolayer barriers have not vet
\tcen gaihcied Nevertheless. Ihc study hy Cieologic Associates (199.1) suggests that
luonolaycf burners may l*c effeclivc in some regions. Held tests including large-
scale measurements of percolation ure needed before definitive conclusions
regarding itionnljycr harriers can IK drawn.

CapllUry lUrrlcr*; Hydraulic Comhicllvlly of Ihe Surface l.oyf r

Ctipillnry barrier* perform heller If the salumttil hydraulic conductivity of
the surface later If lower. Nyhan et al. (1993) report that percolation from a
capillary harrier constructed with a clay-toum surface layer had II times less
percolation limn «n Identical capillary harrier constructed willi a loam surface layer.
The capillary hanier constructed with u clay-loam surface layer also shed more water
as overland How,

Capillary Harriers: Slnrife Capacity of the Surface Ijiyer

Tlie surface layer of a capillary harrier muxt hf designed tn have adequate
storage capacity such that significant flttw into the coarse-grained layer tints nut
drriir. This is parlictilarly important in regions where snow accumulates, Itecmise
large pulses of percolation can IKCUT if (he surface Inyer has inadequate capacity tn
si ore waicr thai infiltrates during snow melt (Wing nnd Gee 1994, Khire el al.
I994i.li). In regions where snow accumulates, the critical storage capacity should he
defined using the storage capacity itcpiired tn Ihe spring when snow melt occurs.
Thus, the design year for regions where snow accumulates should correspond to the
year with maximum snow accumulation.

Dtslecatlon Cricking And tllnli Intrusion

The surface layer iifa capillary barrier mutt nnt cruet nr the effectiveness of
the harrier wilt hf ftunftrtnniifj. Thus, caution ntusl IK exercised when selecting
soils for the surface layer. Suitable soils arc likely to l« clayey sills, silly sands, and
some sandy clays. Clay-rich soils should IK avoided if possible, because clays
shrink and crack when dried (Montgomery and Parsons 1990). If clays are used,
they should he placed al low water contents lo mlnlmi/e desiccation crocking
(Klcppc and Olsou I9B4, Daniel and Wu I99J). Furthermore, if significant potential
exists for the surface layer to shrink and crack on drying, then u three layer capillary
harrier may prove lo l>e a mure effective alternative (Yen ct ol. 1994).

Barriers constructed with thick layers of fine-grained soil muxt he protected
fntm Intrusion hy biota. Hurrows or tunnels created hy animals or deep rool holes
can Income preferential flow paths (Khire ct nl. l')94h). Thus, biota barriers should
IK: included in any design where preferential flow through u fine-grained layer will
compromise performance of the cover.

Vegetal tun

Field data show that test sections designed tit yield greater
evtipiitranspirulitm do nut necessarily perform ax intended (Montgomery and
Parsons 1990. Mukonson el ol. 1994). !:utlliermore, dense vegetation or species that

t'.AlUIII N ( UVl.US ' ; j|>

are not native can 1* difficult In sustain on capillary harriers (Khiir el at I'W-la.h).
Thus, designers should be cautious regarding the benefit* lint can actually be
accrued lluouph enhanced vegetation.

SUMMARY

l:tcht <l;ila ftom scvrrnl sites have confirmed thnl enrlbrn I \n.\\ covti*
designed us ciipillury barriers can l*e effect ive final covets in semi n id wnd «fiil
legions. In some caves, wheic the soils needed for conjunction are aviiilnhle ou litc,
canhen covers ol this type can he less costly than ptesniplivc covers designed as
resistive burners. 1.ess data are available regarding monolayer burners, bill sume of
(be data collected tn date suggest that these covers may also he effective. Mote dau
mm! IK collected, however. I w fore a definitive conclusion can he <lf nwn.

The Held data also indicate tlmt xeverul fnclors luivr a strong influence on the
performance of nlternativc earthen covers. l:oi capillaiy lianiris. ihrse factors
mcbide siilurn'icd hydtnulic coiuluciiviiy and storage cuprtt'ity of the line-grained
layer, latent! diversion rapacity, and resistance lo desiccation ciacking. IV sit cat ion
cracking is also nn issue with umnntuyrr harrier*, as ttre ptrlefriMial pnibwuys
crcnied hy intrusion of hjnia |:in»lly. ihr field dntu nUo xiiggttl lluii aildiiioiml
cvapolranspir.ition cxpectetl due to enhanced vegetation may not be rcali/.cd.
Considering these factors during design wilt likely result in mi ciutben harrier that U
more likely In jxrrfmm ns cipcclcd.
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(300 mm thick), and a layer of clay loam amended with bentonlte (600 mm Ihick).
The saturated hydraulic conductivity of the loam-henlonilc layer was 3.4 x 10 8 m/s.
The test \eclimiv designed as capillary harriers had tlte same layering, except one wax
seeded will) grass, whereas live oilier was seeded wiih grass and shrubs to enhance
cvapotranspiration, Uoth capillary harriers had 1500 mm of sandy loam topsail over
300 mm of washed gravel (- 10 mm diamelcr). A non-woven geotcxtile was placed
between ihe layers lo limit migration of sand and fines into the gravel so that a sharp
capillary interface could he preserved. A thin gravel cover was placed on each
capillary harrier lest section lo reduce erosion.

MMftted nCRA Cwf**rf Bwriv

Fig. 9 Tcsl Sections and Water Dalance Data from lUnkonson el al. (1994)

The test sections were studied for 46 months, during which 1730 mm of
precipitation (28% snow) was received. The long-term average precipitation Is 510
mm/yr. A iummaiy of Ihe dau is shown In Tig. 9. Percolation from the modified-
RCRA prescriptive cover w« ihe le«l (0.006% of precipitation), whereas
percolation from Ihe conventional prescriptive cover was greatest (24% of
precipitation). Uoth capillary barriers produced percolation llial was approximately
15% of the p reel pit it inn. Percolation from Ihe capillary barriers was large because
snow accumulated on the test sections, which overwhelmed their capacity Tor storage
am) inversion.

The greatest overland flow was obtained for Ihe conventional cover (3.4% of
precipitation), whereas the least was obtained for the capillary barrier with grass
(0.8% of precipitation). Overland flow for the capillary barrier with grass and shmbs
was 1.3% of precipitation, and for the RCRA design it was 5.5% of precipitation.

nvapnlransplruiion was largest for the capillary barrier with grass (84% of
prccipitatiiin) and *m;dleM for tlie RCRA design (65% of precipitation). Surprisingly,
the shrubs added lo the capillary hairier hud no beneficial influence on
evapolranspiration (H3% of precipitation).

lateral How was greatest for the RCRA design (25% of precipitation). No lateral
flow was recorded for Ihe conventional prescriptive cover. Lateral flow also
occurred in ll« capillary barriers, being 11 % for Ihe cover vegetated only with grass
only and 7% for the cover vegetated wiih grass and shrubs. However, Hakonson et
al. (1994) do not describe through which layers lateral flow occurred.

I 'AK I llr.14 t t >V|

Kl,ir fetal.
Kluiecl al. (I994h) describe the wain balance of two fund cover lest sections

(resistive and capillary burners) constructed adjacent In rai'li nlhci in a semi irnt
rlim;iie (l:asl WrniiU-hrr. Washington; minimi pirripiiaiinn T 2 U) nun) Thr two ICM
xcilinns (l:ti*. Ida) aic 10 in i II) nt in arfal client ami a/r Incnlcd nn a landfill M.IC
slope. The piescriptive resistive hairier is run\lructrd with a t nni|i.uletl silly day
harrier MX) nun thick and a silly clay nurlarc layer ISO nun thick. The capillary
barrier has a sand Inyer 750 mm thick ovrrlain by n siirluce layer of silt I Ml mm
thick. The capillary harrier wax constructed without a grolcxlilr srpnratur IK-twr.cn
the fine- and cuarse-giaiited layers Iltani'matton of thn interf»ce Itelwren llic Inyeis
hns shown, however, that a dislincl inlrrfare exists. Ucnsim cl al. (ITM) prnviilr •
detailed description of how the test section* weie constiticled and intlnmientcd.

Khrrc el al. (I994h) report thai the capillary barrier has been moie elfccilve
than Ihe resistive harrier in restricting percolation (I'ig. I (Mil. Percolation from live
capillary barrier has been U.6% of precipitation, whereas percolation from the
resistive hauler bas been 4.4% of precipitation. Overland flow and
cvA|Hitranspirutinn from Imlh lesl set-linns have been similar. Itcing 15% and 65% nf
prectpitHtion, respectively.

i - ,
I if

..i_i _i—t_.l,J .i-.t!•£• F •» 1*1- r -.
•> *» n •} n f i « •> ii H M M M M

l:ig. H) 'lest Sections (a). Water Halanve (hi. ami Cumulative Perrohiinn (c) from
Khirerl id. (1904)

Khire et nl. (l°04h) rep<»r1 findings rcgniding snow iccumuhiiion NiniiUr in
thnsc by Wing and (ler ( 1994); that is, Ihe capillary barrier can IK ineffective when
snow accumulates on the cover and (he. subsequent melt overwhelms the *lmige nnd
diversion capacity of Ihe fine-grained layer. Tor example, approximately the s*mc
nrnouni of precipitation was recorded during ihe wtnleis of 1992-93 and 1993-94.
However, in 1092-93. 1.6flm of snow accumulated on the lesl *eclinns. Whrn the
snow melted in lale Febnrnry 1993, Ihr line jerxinrd layer Wcarne sRlumlcd ind rapid
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Pig. 5. Water Balance Data from Metchoir ct nl. (1994)

Data were collected for 4 ye sirs'. l.ysimclcrs were used for measuring
percolation, diversion bcrms were used for collecting overland flow, and water
contents were measured with neutron prnltcs. Meteorologic dnij consisted of ruin,
air temperature, and relative luiinidily. A summary of the data is contained in t:ig. 6.

Percolation observed from the twm resistive hiirricrs was similar, although
slightly more percolation emanated fiom the resistive harrier with a thicker topsoil
layer (4.H% of precipitation, compared to 3.6%). Apparently, ihe additional
cvupntranspiralion expected from Ihc thicker lopsoil layer was nut realized. Tlie
capillary harrier also did not per for in ax designed." The upper clay layer became
extensively cracked and allowed rapid tnfilmtlion of water into ihe sand layer;
however. Ihc sum! layer tcmoved a large fraction of the infiltrating water viii lateral
How. The lower clay layer rcmatrted intact und pcrcnljtion through it continued at a
relatively steady rate (4.u% of precipitation).

1'.A|ttltl:NCOV|;itS

n«»ltlvt BM(*W (Rflt)

too

I7tg, 6. Test Sections and Water Balance Data from Montgomery and Parsons (1990)

Nyhan et al. (1990) compared the hydrology of a prescriptive cover to that of in
alternative capillary harrier at a site in l-ns Alamos. New Mexico. Two test sections
3 m x 10.7 m in plan view were constructed. The lest section simulating a
prescriptive cover consisted of a 700-mm-thick surface layer comprised of tindy
loam underlain by IORO mm of crmlied tuff hick fill, 'Hie capillary harrier con*i*lcd
of 710 nnn-iliick surface layer of •candy loam underlain by 4ft<) nun of guvel (V10
mm diameter). The gravel was underlain by • 910-imn-llm:k biota barrier consisting
of cobbles. Crushed luff backfill was placed below the biola barrier.

The data indicate that Ihc alternative capillary bnrrier win more effective in
limiting riercnlaiinn than I lie prescriptive cover (l:ig. 7); pcrcohitinn priwluced by Ihc
prescriptive cover was four times higher ihan percolation from the capillaiy hairier.
l:urthcniiore. cvapotranspiration from tlic capillary harrier (06'JO t»f prcci(>itaiinn) was
larger lhan cvapotranspiratton from the prescriptive cover (HR% of precipitation). It
w;is :dso observed (hat plant species different from those originally seeded eventually
covered (lie lest scchftn<;.

Nylinncttil(IW.I)
Nyhan et al. (1993) Studied the water balnnce of (our landfill cover tesl

sections ctmxtntcleil at U»s Alamos National Laboratory. The test sections consisted
of the following cover designs: conventional prescriptive cover, l-PA-recommended
prescriptive cover, loam capillary harrier, and a ctiy-toam capillary bnrrier (Pig. 8).
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studies il..11 have been conducted lo evaluate the performance of alternative euveri
Some, hut mil all of the studies have heen conducted in semi-arid or arid climates
However, from each study lessons can he learned dial can he applied when
considering, designing, or evaluating tin alternative cover for it semi-arid or ufij
environment

Tig. I Prescriptive Final Cover.

WATKIl nAl.ANCK OF EARTIIKN COVKRS

Alternative earthen covers generally exploit the tmiwie characteristics of
unsaluratcd flow, (he storage capacity of line-grained soils, imd (lie natural capacity
of plants to remove water entering (he cover miring wet jKriixIs. These factors me
linked (ty lltc water halance, which iiccounts for movement of witter into, within, ami
mil of a final cover. The waier ha lance consists of precipitation (P) in the form of
snow. ruin, or ice; overland flow (()); soil water storage (S); evaporation from the
surface (P.); transpiration hy vegetation (T); lateral drainage (1.); and percolation
front (he hiise (I*,) (t:ig. 2). In some cases, evaporation imd transpiration are
cnmhincd ui evapolrumpiralion (1^).

In algchrnic form, (he water hntancc t'un he ilcsciihcd hy flic followingequation;

( I )

The forrti of f;i|. ) indicates (hat percolation can he minimi/cd hy enhancing
overland flow, soil wulcr storage, cva|H»raiiou. transpiration. 01 lateral drainage. Of
these factors, soil water Moiagc and lateral tlriiinuye urc easier to oplimi/e during
design. For example, soil water storage can IK increased hy.selecting surllciitl soils
containing a gienler ncrccntnifc of fin** «»»i.» :..«.—-t-- - • - - • • •

l-AlUllt :NC(W|-HS

conductivity (Ky) that rhnugrs gradually wilh matiir Minion (y) (Khirc cl at I°'»M
Fine grained soils lypicnlly have this ly)>c of imsalmatrd hydraulic cnmtucliviiy
function (Hillcl I')KO, Mcerdink l')').|). Iranspirnlion can l*e rohancetl hy carcfr^,
sclcdion of vegetation and miMtiptd;iiinf! (he Cktrnl and drnsily i>l the pt.mt rannpy
iRiM khold ct al.

Fig. 2. Wmcr ll.ibncc of I .andflll IHnal (."over.

Design of an alternative cnrlhcn cover f<»r n semi-nriil 01 nritj environment
entails manipulating soil water storage capacity, lateral drainage. Uiih'.piiJiion, ami
evaporation such that an lu'centahlr value for percolalinn occurs in a worst case
design year (e.g.. year where rainfall or snowfall is abnormally high nnd tcinpcriiitiic
imd solar riidialion me nhnortnnlly low). In pnniculnr. llte cover is designed such thai
it has ademtalc capacity In More or iliveii water thai infiltrates during laic fall ami
winter and sufficient vegetation and evaporative potential lo remove the stored water
during spring, summer, and cnily fall. Two types of earthen covers thai arc designed
on this principle are cnplllary harriers and monolaycr soil harriers. In some CUKCS.
these harriers arc used in conjunction with n resistive harrier.

Cnplllary Harriers

In their simplest form, cnpillary harriers employ n finc-grnincil tuycr over .1
coarse-grained layer {Tig. .l;t). I-"low across the interface of these layers is reMrictnl
under uhialuralcd conditions hecome the unsuluralrd hydiaidit: comlncliviiy of the
ro;ttsc-^raiiic<t layer is much lower than Ihe unsaluralcd hydraulic citmlnuliviiy til ihc
fine ^rainctl layer (l:ip. .̂ hi (Hillcl I9RO). Thus, the finc-gmiiu-d soil can shuc or
divert watci thai infiltrates into the cover, and yet flow inln ilu- coaiscvgrained l:iyrr
is irslriflcd. More clahtirnlr designs employing tnulliptc layers liav'ni|' contrasting
grain si/c are iiKii possihlc. These covers employ tin: capillary harrier piinciplc to
divcil infiltr;iiinp watci viti talera) flow while ensuring thai ila-p |x:K-olaiitni dix-s. niti
wciii (Nyhancl »l. IW, Yclicl id. 10'Mi.






