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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 bamiers. 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 Califomnia.  Fourteen different
demonstraﬁons are described and reviewed. Eight of the demonstraﬁdns were conducted in arid
and semi-anid 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 leamed frem the field demonstrations.

These principles can be summarized as follows:

» Compacted clay bamiers will fail f they are not protected against desiccation. In five of the
studies that employed compacted clay bamiers, the bamiers cracked when they desiccated.
Afterwards, percolation rates increased substantially regardless of the type of bamier syétem.
These findings suggest that compacted clay bariers used in final covers ml:lSt 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 ¢m of soil. The upper soil layer provides a surcharge that holds
the geomembrane in firm contact with the compacted clay.

¢ Capillary barmiers transmit less percolation when the surface layer has lower saturated hydraulic
conductivity. However, compromise must be made betweeh low saturated hydraulic
conductivity and resistance to desiccation cracking. 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 cm/sec).

* Rigorous principles must be applied when selecting layer thicknesses for capillary bamiers and
monclayer 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 altemative cover must be shown to be equivalent tc 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 crmvyr.
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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 Qeneration 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 -Iayer 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 animais 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.
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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 commoniy 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 hydrau‘lic 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), the coarser soil will have lower unsaturated hydraulic conductivity and the
finer soil will have higher matric suction (Fig.. 2¢), 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 fiuctuations 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.



\ Increase (due to Precipitation) or
. ' Decrease (due to Evapotranspiration)
Fine-Grained Soil of Soil-Water Content in Upper Layers

Little or No Water Movement

PR [N v 7 '3 S S 7, L L A L4
AAAATA T A TASA A ST TA A A Y AYA YA YA YA L BA VAN YA YA A AR T T T T T W W WA WL S Y
PR R A A I NN AN A L R N NN NN NN
LAY T WA W T WL S W SR WAL T I Y AR YA YA L Y WL WA WA WA T R A R R UL T UL YL YA N YA DA YA YA Y
SO ES LTSS PSR SSS LA ST AL AN S
LA TR T WO 0 T W T 00 T 0 Wb A W R \\\\\\\\\"W t A YA WA T YA L WL A TR T W Y
L A A NN ZIIIIIIfIII ase’l/fllllill
LA TATA AT VA YA UL W WA T WA WA WA N} NN RN NN N N NN Y NN A N N N
P AN NN P A IR N AN A A B N N NN S A A A A A A A
AYA A YA S A AT A UL UL A U WA Tk 1 A VMR YVYA RN YA AR YT YL Y T TN YL UL YA YL N Y Y
P N A A R AN AN A R N A AR AN RN NN AN,
A T T T T N N S e N R N N B A N N N T A Y N . T T T N . 3 T N U 8

Fig. 3. Schematic of Cover with Monolayer Barrier Design (from Benson and
Khire 1995).



The author notes, however, that recent field demonstrations of monolayer
barriers that have been conducted in Califonia 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 leamed from the field
demonstrations. These principles, which are described in Section Four, can be
used when selecting appropriate types of covers, designing altemative covers,

and evaluating equivalency with respect to prescriptive designs.



SECTION TWO

SITES IN ARID AND SEMI-ARID REGIONS

2.1 SANDIA ALTERNATIVE LANDFILL COVER DEMONSTRATION
2.1.1 Project Overview

The Sandia Altemative 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 cbjective of the
ALCD is to compare the hydrologic performance of five altemative 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
commoniy applied when capping uncontrolied 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 pertineht 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 = 102 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 < 1x107 cmm/s. This design
is also commonly used for final covers at modem composite-lined munici-pal

solid waste (MSW) landfills (i.e., modemn “Subtitle D" MSW landfills) and for
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remediation of uncontrolled wasta 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 underiain by a 45-cm-thick compacted soil
layer having saturated hydraulic conductivity < 10° cm/s. It should be noted that
this Subtitle D design is for closure of older landfills without lining systems.
Modem MSW and hazardous wasie 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 cbnstructed for the Sandia ALCD
closely follow the Subtitie C and D designs shown in Fig. 4. The dréinage layer
in the Subtitle C test section at the Sandia ALCD was constructed -with sand
having a saturated hydraulic conductivity of 0.1 cm/s. The compacted soil layer
consisted of a bentonite-amended siity sand having a saturated hydraulic
conductivity < 1x10® cm/sec based on laboratory tests. A 1.5-mm-thick high
density polyethylene (HDPE) 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 bentonite. Laboratory tests on the
soil without bentonite showed that its hydraulic conductivity is 5.3)(10;‘5 cm/s.
Field hydraulic conductivity testing is currently being conducted on both
compacted soils.

The altemative' 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



1mm
Geomembrane

\

S —
GCL

YYNYNYY

//////%

Lysimeter

JLTLTSISA T A

(a)

277

Fine Grained?/
2 Layer f

20

......

-

60 ¢cm

|

30 cm

......

14

Hl

+ir Sand *
Laverd]

-.Coarse Sand-

..........

”
Z Grained
/. Soil

@

120 cm

|

Fig. 5. Altemative Cover Designs at the Sandia ALCD: (a) GCL Subtitle C
Design, (b) Anisotropic Capillary Barrier, (c) Dry Barrier, and (d)
Monolayer Barrier (after Dwyer 1995).

12



capilfary 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 muitiple 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 chking layer, which effectivelly 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 barrer 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 bottomn and top of slope. Convection is induced by a
chimney effect caused by the difference in elevation of the upper énd 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.
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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 with 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
Benson et al. (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 eastem 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 Intemnational Containment Technology

Conference in St. Petersburg, Fiorida.
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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 potent'ial 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 ¢m of sandy leam top soil underlain by 108 e¢m
of crushed tuff. In effect, the conventional design is a monolayer barrier with a
topsoil cover to promote vegetative growth. The improved design is a capiilary
barrier consisting, from top to bottom, of 71 ch of sandy loam topsoil:46 cm of
gravel, 81 cm of cobble, and 38 ¢m 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 ahalog event recorder.

Each test section was seeded with blue grama and westemn wheatgrass.
Relative plant cover was determined vicually on two [ongitudinal transects.

Biomass was also determined by clipping vegetation from ten 100 cm?

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

1990
Compeonent Conventional Design improved Design
(Monolayer Barrier) (Capillary Barrier)
Precipitation 173.7 173.7 173.7 173.7
{em)
Soil Water
Storage 12.1 9.1 42 4.4
Change (cm)
Evapotranspir- 151.7 - 154.9 169.6 164.7
ation (cm) .
Lateral Flow NA NA 0.0 1.9
{cm)
Percolation 10.6 10.6 0.0 2.6
(em)

19



Percolation was generated each year from the tests plots with the
conventional design, but enly once from the test pldts 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 -snowmel,

percolation probably would have been zero.
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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 fn Fig. 7. Three designs are alternative
earthen covers (F'igs. 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 calied for in the
RCRA design, because Nyhan et ai. (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 shauld have
lifetimes in excess of 800 years (Koemer et 'al. 1990).

The three altemative designs are all variations on capillary barriers. The
conventional design (l—":g. 7a) is the cover design currently being used at LANL;
it 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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gravel. The othér two altemative designs (Figs. 7 b, ¢) 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, ¢). In effect, the capillary barriers shown in Figs. 7 b
and ¢ 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 angie weuld 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 instailed
at the down siope 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 al. 1997).

o n 6, 6, Keat
SO” (1/0m) . (Cm/S)
Loam 0.0271 1.539 0.0692 0.4209 5.7x1073
Topsoil
Clay 0.0100 1.548 0.0730 0.4839 2.5x10*
Loam ' ‘
Fine 0.0334 5.472 0.0700 0.4180 1.2x10%%
Sand
Medium 0.0288 3.766 0.0376 0.4184 1.3x107"
- 8and
Crushed | 0.0104 1.707 0.0031 0.4079 | 8.2x10*
Tuff
Clay-Tuff | 0.00014 3.992 0.0000 0.4415 6.3x10°%
Mix
Medium Not Not Not Not 2.0
Gravel Available Available Available Available

Note: a and n are van Genuchten parameters.



Data were collected from the test sections using a data acquisition and
coﬁtrol 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 percolgtion in tanks and monitoring the tahk 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 desig._n had the greatest percolation,
whereaé the RCRA design had the lowest percolation. In addition, percolation
was greater from the test sections with shallower siope. Runoff was a reiatively
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
bentonite-loam surface layer, 25% slope) of precipitation.

The long-term average mnr off was slightly greater for the test sections
with greater slope, although no difference in run off could be attributed to siope
on a storm-by-storm basis. Slope had a much greater impact on evaporation,
with greater evaporatiocn occurring from the designs with steeper slopes.
Greater evaporation on the steepér 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 Water Balance Component (cm)
and Siope | Evapotrans-| Lateral Percolation | Runoff | A Soil Water
piration Flow Storage
Conventional
5% 138.9 9.86 17.40 3.04 2.52
10% 143.8 15.12 8.16 3.19 0.45
15% 152.8 10.05 8.60 3.32 -4.57
25% 1.7 6.72 3.09 4.34 -5.69
RCRA
5% 154.1 17.07 0.00 1.83 -1.12
10% 154.1 16.02 0.00 1.73 0.00
15% 154.4 15.10 0.00 3.94 -2.23
25% 154.4 12.95 . 0.00 6.14 2,27
Loam Cap.
Barrier .
5% 143.0 14.59 9.64 1.41 2.09
10% 137.9 20.62 3.61 4.65 3.87
15% 150.6 17.85 0.00 3.37 -0.59
25% 1585.9 10.69 0.00 5.66 -2.08
Clay Loam
Cap. Barmrier
5% 149.5 10.71 - 5,59 295 2.03
10% 152.5 12.77 0.00 4.44 1.06
15% 156.9 6.83 0.00 6.19 0.21
25% 163.7 1.50 0.00 7.43 -1.39
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typically received 200 MJ/m? more short-wave sclar radiation during the winter
months than the shallowest slopes. Interlayer flow was not greatly affected by
slope angle.

Changes in soil water storage exhibited éimila; behavior in each of the
. test sections. Data from the conventional design (5% slope) are shown in Fig.
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 stoi'age during the winter and spring months, percolation
probably would have been much lower {or even zero) for each of the altemnative

covers.
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2.4 IDAHO NATIONAL ENGINEERING LABORATORY CAP STUDY
2.4.1 Project Overview

The ldaho Nationa! 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 paricular, 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 uéing monocultures of crestéd wheatgrass, great basin wildrye,
streambank wheatgrass, and big sagebrush. That is, four different
monocultures were eétablished, 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 aésumed to be zero, but no

independent measurements were made to confirm this assumption.

2.4.3 V\-atér 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 ¢omputed evapotranspiration data to
determine the thickness of a vegetated monolayer cover necessary to store and
then release the maximum annual précipitation 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 collectec infrequently, it is'highly probable that water
drained and became percolation between monitoring events. The critical
periods for water content monitoring are the wettest peﬁods, during which
significant changes in water content can occur in short pericds 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 fre_quently. 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. (.1 994). Four different car 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 sectionis 24 mx 16 m, and is dj\./ided 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 h?gh 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
(Fig. 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. 9¢) 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 finaily
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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,
regardiess 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. lt 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 monocuiture is crested wheatgrass.

2.5.2 Test Section Desvign

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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m echnology Confe

/

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

Limbach 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 the, 1997 Internation

t. Petersburg, Florida.
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2.6 WENATCHEE ALTERNATIVE COVER DEMONSTRATION
2.6.1 Project Overview

The Wenaichee 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
(Khire et al. 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 vegétated 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 meteoroiogical 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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Table 4. Haverkamp Parameters for
(from Khire et al. 1997).

Unsaturated Hydraulic Properties

Haverkamp Parameters
Test Layer | K, {cnvs) 6, e, Matric Hydraulic
Section Suction Conductivity
a B(llem)| A | B{ifem)
Resistive | Surface | 45 10°5| 0.40 0.06 80 0.6 | 300 2.2
Resistive | Barrier | 20 y10-7 | 0.36 0.05 72 0.6 [400|. 1.3
Capillary | Surface | o7 y1g-4 | 0.42 0.015 | 650 1.0 80 2.2
#
Capilary | Sand | ogy10-3| 0.40 0.01 |3s000{ 2.9 |105] 2.9
Note: the Haverkamp functions are:
6-6, 04 A
= K. =K. [—2
Bs-6r " a+yP vos [A + q,rB)
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Table 4. Haverkamp Parameters for
(from Khire et al. 1997).

Unsaturated Hydraulic Properties

Haveri-amp Parameters
Test Layer | K, (cm/s) 8, 8, Matric Hydraulic
Section Suction Conductivity
o B{1/em)] A | B{l/em)
Resistive | Surface | 45 x 105 ] 0.40 0.06 80 0.6 | 300 2.2
Fesistive | Bamer | 55 x10-7 | 0.36 0.05 72 0.6 | 400 | 1.3
Capillary | Surface | 27 y10-4 | 0.42 0.015 650 1.0 g0 2.2
Capillary Sand {2g9x103| 0.40 0.01 | 35000| 2.9 | 105 2.9
e — ——
Note: the Haverkamp functions are:
6-6, 01 A
= Ky=Kg|——5
8s0; o+ yP voos (A + ws)
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(Fig. 1) constructed from high density polyethylene geomembrane and a
geccomposite drain. Runoff flow is collected via diversion berms. Time domain
reflectometry (TDR) is used to méasure 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 (P), 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 pericdic behavior
characteristic of semi-arid and arid sites. 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 (Fig. 11). An increase in soil water storage
oceurs in fall and winter, followed by reductions in spring ahd summer. At
Wenatchee, precipitation fs 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 é result, soil water storage in the
resistive and capillary barriers increages during fall and winter (low
evapotranspiration), which is followed by a large decrease in spring and

moderate decrease in summer.
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Evapotranspiraticn 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 increas'e
and the growing season begins, evapotrénspiration 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
em 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. [f 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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reached the base (Khire et al. 1996). Percolation alsc 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 tc the increase in percolation.
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2.7 HILL AIR FORCE BASE ALTERNATIVEV 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 20 4.
barriers (Fig. 13). Annual precipitation at Hill Air Force Base is 51 cm, 28% of
which is snow. The study is described by Hakonson w 20 1

The conventional monolayer consisted of 80 cm of sandy loam top soil
having a saturated hydraulic conductivity of 2.8x10* cm/s. The RCRA cover

A consisted of 120 cm of loam top soil, a 30 cm thick sand drainage layer, and a
\ABO-cm-thick loam barrier layer amended with bentonite. -To simulate the very
fong-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 3x10® 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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2.7.2 Test Section Design

The test sections were constructed in modular swimming pools 5 m'widev
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 installéd 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 rou';ed via 1’VC 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 Bénspn et ai. (1994). Meésurements were aiso

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 em 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

et al. 1994!.
—

Water

RCRA

Balance Capillary Capillary Monolayer
Parameter (Shrubs)
1.4 2.2 5.8 55
Run Off {cm)
A Soil Water -17 -15 -1 11
Storage (cm) |
Lateral Flow 20 12 NA 43
(cm) '
Evapotrans- 145 144 137 113
piration {(cm)
Percolation 24 30 41 0.0
(em) Q
Erosion (Kg) 0.102 0.085 2.374 1.534
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water near the surface due to the capillary barrier effect, and therefore more
water was available to sustain vegefation.

Soil water storage from the monolayer and capillary barrier test séctions
increased and decreased periodically, as has been observed at dher 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 transpiratic;n. The peak soii water storage in these barriers
was approximately the same each year, indicating the bartiers 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 réleasing 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 barriers designed with adequate storage capacity, either by
using thicker layers or soil having greater storage potential.

Adding shrubs appeared to have no bensficial 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 Lysimeter Test 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 constmcied (Wing énd Gee 1994 a, b), but water balance data
from the test section have not yet been reported. Gee et al. (1993) gi_escribe the
FLTF and associated water balance data. |

Twenty of the lysimeters contain capillary barriers. Twelve capillary
barriers consist of a 1-m-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
monolaye_r 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 om whereas the “elevated”
annual precipitation is 48 cm. : . |

S {p:b 1
¢ i
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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 Me:orological

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 1o 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 sTx years. Until 1993, only five of the
capiliary 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 1983 the snow melted, which resulted in percolation from five capillary

barrier lysimeters, all of which had no vegetation. Percolation from these
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capillary barriers occurred because the snow melt exéeed 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 Dbarriers) or
evapotranspiration {vegetated barriers).

Percolation was transmitted from all of the monolayer covers regardiess
of whether they were vegetated. The un-vegetated monolayer barriers exposed
to ambient precipitation héve transmit2d 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 hydrauiic
conductivity of the glacial till is approximately 2x10® cm/sec. A vegetated top
soil layer was placed on the compacted clay layer. One test section had a top
soil layer 15 e¢m thick. The other had a 45-cm-thick top soit 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 till 30 cm thick. A 30-cm-thick
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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 aid 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 capiliary 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.
Preferentia! 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 wés relatively constant throughout
the monitoriné period. Test pits adjacent to the c;api!lary 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 18.0 3.68 4.27
Resistive-Thick 10.9 3.91 4.98
Capillary 9.65 3.68 6.60
Percolation (cm)
Resistive-Thin 0.15 0.45 5.56
Resistive-Thick 0.68 3.02 5.97
Capillary 4.03 2.21 4.06
Storage (cm)
Resistive-Thin 0.025 -7.54 7.26
Resistive-Thick 0.025 -9.90 9.78
Capillary 1.65 -7.89 NA
Evapotranspiration (cm)
Resistive-Thin 71.2 61.2 65.1
Resistive-Thick 77.9 60.7 63.3
Capillary 40.2 48.2 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 o 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 batrier
with a thicker surface layer was always greater than fromn 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 Altemative 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 landfili is adjacent to the Grede ductile iron
foundry in Reedsturg, Wiséonsin.

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
altemative cover constructed with a 60—cm-‘thick layer of waste foun;iry 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 desiccatipn cracking. In
addition, the foundry believes that adequately low hydraulic conductivity can be
achieve& 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 altemnative cover, but was concemed 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 altemative and prescriptive designs.
Five different Iayering 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 consfsts of a 15 cm top soil layer overlying 60 cm of compacted clay,
having hydraulic conductivity less than 1x107 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 topsoil 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 e¢m 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

fhe test sections were constructed in May 1992, Prior to placing the soil
layers, a lysimeter was constructed for each testl section using PVC
geomembrane and a gravel collection layer. The lysimeters were leak tested
prior to soil placement.

Soil layers for each ltest 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 indéx 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 cléyey sand
(SC). All of the undisturbed specimens (clay and foundry sand) had hydraulic

conductivity less than 1x107 crm/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 twe 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 Jayer (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 that
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 éoil structural analyses were conducted to
determine why the test section;s 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 f}actures 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 ciay 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° cm/s, on average, which is more than two orders of magnitﬁde 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 CZOMMISSION 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, Schuiz et al. 1895). The designs are a
thick vegetated monolayer, an earthen resistive barrier, a capillary barrier.. and
a bio-engineered cover. S¢hematics of the test sections are shown in Fig. 19.
Test sections simulating each cover design have been constructed at a field site
near Beitsville, Maryland. Annual precipitation in Beltsville is 106 cm.

The thick vegetated monolayer was corjstructed of 4 m of “native soil”
and was seeded with fescue grass (Fig. 19a). Characteristics of the é'ail 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 cohstructed. 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 c¢m thick is placed on the compacted clay layer. The drainage
layer is overlain by vegetated top soil (Fig. 18b) or rip rap (Fig. 19¢).

The capillary barrier design is esséntially 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 layeris 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 al.
(1995) regarding how water balance measurements are being made. A
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. Lt 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 75 71 81 64 53
Resistive-Soil 68 65 75 60 59
Surface
Resistive-Rip 30 28 26 24 26
Rap Surface
Capillary 92 75 78 60 60
- Bio- 30 32 39 40 40
Engineered
_ Runoff (% precipitation)
Monolayer 5 1 6 4 13
Resistive-Soil 32 35 25 40 41
Surface
Resistive-Rip 70 72 74 76 74
Rap Surface
Capillary 8 25 22 40 >39
Bio- 70 68 61 40 60
Engineered
- Percolation (% precipitation)
Monolayer 20 28 13 32 34
Resistive-Soil 0 0 0 0 0
Surface
Resistive-Rip 0 0 0 0 0
Rap Surface
Capillary 0 0 0 0 <1
Bio- 0 0 0 0 0
) Engineered

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
sectioh 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
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saturation, downward and upward movement of water (i.e., percolation and
evaporatioﬁ) 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 capiliary 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 m? constructed from HDPE was placed
undemeath 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 okygen concentration with a portable
meter. Thermocouples were installed to assess temperature changes due to
oxidatién of the failings. 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 sectbns 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
sasurements 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

;¢ tion occurring as a result of snow melt and spring rains.

—
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The compacted clay layer was co-nstructed 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 fee! 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 corﬁpaction 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 6.8x107 to 5.0x10° cm/sec for the non-engineered
clay layer and 1.5x10° cm/sec to 2.3x10 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 1892, Benson 1994).

3.56.2 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 HDPE 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-
ﬁunched 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 o separate
flow dues to rur 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 §f 30, 70, 90, 110, 130, and 150
cm. A weather station was also installed to measure on-site meteorological
conditions. Ali of the data were recorded automatically using a cqmputerized

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

3.56.3 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 lqw, 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 an_ifact of the measurermnent 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.

i srm—

Percolation: Non-Engineered

" Percolation: Engineered

(cm) (cm)
Slope 10% 20% 10% 20%
1992-93 0.1 0.12 0.27 . 0.12
1993-94 0.64 0.71 0.51 0.12
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Percolation from three of the fcur 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 cracks 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
Landfili in Hamburg, Germany and is described by Meichior and Miehlich
(1989, 1994) and Melchior et al. {(1994). Annual precipitation in Hamburg is 83
cm.

Three cover designs vx;ere 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 séctions contained resistive barriers
consisting of a compacted layer of glacial till 60 cm thick or a composite barrier
consisting of compacted glacial till (60 em thick) overlain by a 1.5-mm-thick
HDPE 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
capitlary_ breaks (top soil-sand drainage iayer, glacial tiil-fine sand, and fine

sand-gfavel).
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:
(@) Earthen Resistive Barrier, (b) Composite Resistive Barrier, (c)
Capillary Barrier.
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20%). A lysimeter constructed from HDPE geomembrane and fine sand was
placed undemeath 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
techniquész tipping buckets (low flows),lpaddlewheel 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 excebtion 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
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capillary barrier (Fig. 23) increased iramatically. Excavations in Spring 1993
showed that cracks formed dﬁring the drought in the compacted glacial till
layers in the earthen resistive barrier and the capillary barrier, These cracks,
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 tili 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 registive 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 continue_d 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 tnhis 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 companted

clay barriers that failed were located in humid climates. More | B
'L,; Capy This tage Rty
|

Copy This tnre d ced oF Stapled Seciid
L

should be expected when un-protected compacted clay barri

arid and semi-arid climates. ’;l o o o

It is surprising, however, that two of the earthen resistive barrie | | o

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“; ] ”c:"c‘.v‘l,t‘)ﬁg‘ INC.
constructed with compacted soil-bentonite mixtures, not cor RS2
Research has shown that soil-bentonite mixtures do not crackt Cveicuso

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 comrpacted 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 covér 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 shpw 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 Qmega Hills
Final Cover Study (Sec. 3.1) and the Georgswerder Landfill C;)ver Study
(Sec. 3.6). Unfortunately, the lowest saturated hydraulic conductivities are
obtained with compacted clays, which are prone to desiccation crackfng.
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®
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 determinecd, the soil water storage capacity was
exceeded and significant percolafion 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 capiliary 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 evapotranépiraﬁon 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 cliriates 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 thz 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 percolatidn rate. This comparisbh 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 fiow 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 percdlation
rates through geosynthetic and composite covers. In particular, they show

that the percolation rate from a composite cover is approximately 0.05 cm/yr.
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further research, Capillary barriers should bo studied in greater detail
in order to be able Lo better engineer these systems. ‘The breakthrough
ot the end of 1992 indicates that effective limilation of the infiltration
rale into the capillary luyer is essential. The combination of a flexible
membrane liner above & capillary liner seems to be a promising concept
(sce below). In contrust, compacted soi! liners that were nol prolected
by a geomeimnbrane wore deslroyed due Lo desiccation and shrinkage in
the course of a very few summers: the weather was slightly dry in 1989;
of averapge moisture in 1988, 1990, and 1991; and exlremely dry in
1992, We can only speculaie how liners with a different clay composi-
Lion or liners botler protected by thicker topsoils might have per-
formed. Yet it iy impossible to specify how surface liners can be relinbly
protecled agginst 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 olher clay liners.
Furthermore, the climalic conditions in Hamburg are far from being
very dry and therefore should create a rather more favorable environ-
menl for soll liners Lhan would a moro arid climate. Therelore, Lthe

resulls of this study indicata a high risk of failure for compactled soil
liners in landfill covers in general,
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Another disadvantage of compacted soil liners is thol maintnining
moisture contents at optimum levels during their construction makes
their usec a very complex, expensive, and time—consuming venture.
Furthermore, suilable materials nre rare, and the usm\.l qua!lly cnr‘\lrnl
programs cannot guarantee the construction of an efficient liner. Direcl
monitoring is possible only on gelected parts of a u{hnlc cover \?y
installing test ficlds that allow direct measurement of lmf_ar_leﬂkagc in
large areas. Because of the high costs of such a proccdur:c, it is nol com-
monly practiced. Leak detection and subsequent repair of covers are
therefore usually nol possible.

bove compacied soll liner,
ble 3. Extended caplilary bardar. Annual dralnage rates {mm) & i
:r.munl tateral dralnage within capiliary layer {mmj}, and annval braakihrough (mm and % of
polential leakage) across caplllary barrler.

Dralnage ';.a:eral
abova ralnaga
Compacled within Break-through
Soll Liner . Capliary Layer Capillary Barrier
mmiyr mmlyr mmlyr %
1988 389.7 8.4 Q.O 00
1989 2334 14.2 0.0 00
1930 320.5 ‘31‘0 0.0 00
1991 198.3 323 0.0 0.0
1992 27117 ©101.2 15.2 39

In addition, the results of the study show that compfxctcd soil liners
desiccate periodically even below a Nexible membranc liner due to t_lller-
mally induced water transport. This may causs shylnkng'e an-d foilure
of the soil liner even before the projected end of the design life of the
flexible membrane liner. Even i this does not happen, the compacted
s0il component most likely will not be the intended long-term l:rackup
gystem for the flexible membrane liner because of possible shrinkage
when the {lexible membrane liner no longer averts ﬂ}e t.:apnllgry rise of
water. For all these reasons, the use of compacted soil liners in landfill
covers must be questioned as long as they cannol be securely protected
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oceurred through the composite liner—only desiccotion of Lhe com.
pacted soil component. The loss of moisture of the soil liner is, however,
very smail: nhoutl 1.5% by volume. ‘T'he hydrowlic gradient is positive ay
all times but drops significantly below 1 during the dry period. The
polentials, however, are nol low enough Lo generate capillary rige of
wauler.

Drainage above Liner, mm/day
20 A
. !JL& JJL MLXJ
o_lM' L m “ L bt L “
01-
0.2 1| Discharge below Liner, mm/day
Ti988 ' 1988 . 1980 * 1891 ' 1ad3

Figure 4.Composita linor—discharges abova snd below linor.

'T'he moisture loas of the soil liner below the flexible membrane is most
likely caused by thermal gradients. Soil Lemperature varies during the
yenr belween b and 19°C (Figure 5). Due to the heal of the landfill, the
temperalure is higher at the botiom of the liner than at its top during
fall, winter, and spring. Only during the summer is almospheric heat
input high enough Lo heal the top of Lthe liner to temperatures that
exceed those at its hottom. Comparison of Lemperature gradients and
discharges reveats that discharges below the liner start with the first
occurrenco of negative gradients {temperature decr~~sing with depth).
The maximn of soil temperature and disch intensily also
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corrospond. The discharge intensily decroases slowly afler Lthe reversal
of Lhe temperature gradient; soil temperature alse decreases during

thal time,

] :
0.02 - Discharge below Liner, mm/day

0
Pressure Potentials, hPa -
Top of Llner§ -_
Bottom of Liner
Hydraulic
Gradient
A : : "0
20 ; — ‘ ;
15 | Soil Temperature, *C
101 TopofLiner. ~ -— .
5 - Boltom of Liner  ---- :
X 4: Temperalu:re : -
2 4 Gradient, *C/m : :

an®

. .
|||ﬁ[1'"l1‘lr'"ﬁ‘l"l'_"l"lll Y TYyiyrryey

1989 1590 1991 1992

0 : : _
z W

2]

1988
Figure 5. Composita liner—discharges, pressure potantlals, hydraullc gradients, and soll
temparature.
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conltent, 12.1% dry weight. Proctor densily was 2.039 g/em’, and opti.
mum waler conlent was 9.6%. The Lill waa compacted to >95% of Lhe
Proctor density on the wet side of oplimum with a smooth vibralory
roller. Tolal pore volume of Lhe liner is 27.0%; the degree of saluration,
87%. The geometric moan of Lhe suturated hydraulic conductivily, mea.
sured in Lhe laboratory during construction, was 2.4 x 10" m/sec. Due
to its graded purticle size distribution, its low clay content, and the
dominance of relatively inactive clay minerals, Lthe polential for shrink.
nge of the till is ruther low compared Lo that of other “clay liners.”

Figure 2 shows the dischargoes in Lhe drainagoe layer above the liner and
the liner leaknge (the scale of the Y-uxes of both dischargos differs by a

factor of 10). The druinage discharge above Lhe liner is high during win.
ler and spring, whercas little occurs during summer. Liner leakage was
very low during the first 20 mo, In August, 1989, however, il rose
sharply within a fow doys after a rather small discharge event ahove
tho liner following houvy rainfall. After that, both discharges corre-
sponded, 'This flow pattern and the resulis of a tracer experimenl prove
the existence of continuous preferential lowpaths within the liner that
allow rapid percolation. In fall, 1992, the liner leaknge again increased
and reached maximum values.

Tenaziomelers measure the pressure polentinl of tho soil waler. The
pressure polential is dominnted by the matric potential, although
short-lerin variationa of the tensiometer data in the liners are caused
by gas pressure potentials duo Lo delayed transmission of almospheric
prossure chungus in tho liners (seo Melchior, 1993). The lensimmeter
datn, however, clearly show the sensonal varialion of matric polentials
and therefore can be interpreted wilh respect to the degree of desicen-
tion ol Ltho liners. Pressure potentials und the hydraulic gradient in the
compacted soil liner are shown in the lower part of Figure 3. The liner
was nearly suturated during winter and aspring (polentials close Lo 0
hPa). Desiccation occurs during the summer, beginning at the top of
the liner, unlil rainfall produces drainage diacharges in the fall and
remoistens the liner (data for the end of 1992 are not included in Lhis
figure).

The hydraulic gradienls were posilive mosl of the year and indicated
downward water movement, During the asummer, however, sleep nega-
Live gradients wero present; consequently, Lthe water rose via capillary
movement. The decrease of matric polentinl caused a moisture loss of
only about 2.3% by volume and was, at least until 1992, low comnared

fiydrological Performanco of Landfill Covors 415

e

to the desiceation thal usually occurs in Lopsoila. Relatively low mois.
rure losses, however, already cause rather high capillary forces and,
consequently, cause Lhe risk of shrinkage of the compacted, low-poros-
ity liners. The summer of 1992 was extremely dry compared Lo Lhe
long-lerm average waler balonce in Flamburg. Pressure potentinls
decreased drastically and, consequently, resulted in further shrinkage
and additiona!l formation of preferential Mowpaths through the liner.
Excavations in spring, 1993, revealed the exisience of barely visibla,
very small fissures beltween soil aggregales (nround 5 cm in diamoler).
The fissures were visiblo only because there was sliiny free waler on
the surfnce of the aggregates. Hypolheses other than shrinknge to
exploin Lho formation of the macropores cun either boe extluded (frees-
ing, penetration of roots, or burrowing by animals), er are nol sup-
ported by the available dala (subsidence). Plant roots have reached the
upper ports of Lhe liners in 1992, 3 yr afller preferential Mow hegan.
From 1992 on, howovor, plant roots contributed directly Lo Lthe desicen-
tion and formation of soil structure and represent the dominant,

‘Tong-lerm threat lo the liners.

Orainage above Liner, mm/day
20
10 -
q. L iL
: r -
14
2 Liner Leakage ,mm/day
'-r-ﬁrfg-e.a. ey .1.9-8-9. T 771'1'9790 Ty 19'911' T YT -1.9.9.2
Flavira v M rveean ek et Hme Aleahacmne ahacn and Kolnw lians




MULTILAYERED LANDFILL COVERS:
FIELD DATA ON THE WATER BALANCE
AND LINER PERFORMANCE

. Melchior, K. Berger, B. Vielhaber, and G. Michlich
[nstitut fir Bodenkunde, Universitiit Hamburg, Hamburg, Germany

Key words: Landfill cover, water balance, liner performance, desiccation, field
lysimeter

ABSTRACT

The water balance and long-term performance of dilfezent covers have been
menitored on the Georgswerder landlilt (Hamburg, Germany) since 1988. Evapo-
transplration and drainage above |he liners are the major components ol the
waler balance. The liners tested parormed very dillerently. The compacted soil
lners have lost their efliciency due to desiccation and shrinkage. The llexible
membrane liners (used in combination with compacied soil liners) and an
extended capillary barrler performed very well. A slight periodical desiccation due
10 thermally induced waler transport was observed within the soil liners below the
fiexible mombranes. Finally, we will discuss the sultability of compacted soil liners
in landlill covers and the use of other, proposed systems with an inltrinsic ability
lor control. :

INTRODUCTION

Cover systems aro an importanl component of new landfills and are
widely used to safeguard old contaminated sites. They serve Lo avoid
the-{ransfer of contaminants into Lthe biosphere and Lo prevent precip-
ilation from infiltrating waste, thus limiting the risk of groundwater
and surface-water contamination. Vegetation and topsoil temporarily
slore tho atmospheric water input and, even under humid climatic con-
ditions, evapotranspirate a large part of it. The rest, however, perco-
lales downward periodically and therefore has to be drained laterally
nhove n linor. Different types of liners are used, and they are often com-
bined: compacted cohesive soil liners, flexible membrane liners
(high-density polyethylene, HDPE), and capillary barriers, as well as
other materials such as asphalt, geosynthetic clay liners, or soil mixed
with differer{ Iditives. Despite the number of covers that have heen
constructed, Iittle is known aboul their long-lerm performance in the
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Fig. 7. Water content of the composite soil cover at Waite Amuler, Quebec.
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© 33% of precipitation. Using 33% of the precipitation .
Amos. Quebec, as a surface boundary condition 1
saturated--unsaturated flow modelling, 1t was determin
that 34,4 mm of water would percolate through the cowvt
HELP modelling determined that 38 mm would percola
through the cover. The modelling exercises predict th:
4% of precipitarion percolates through the cover. Fie
lysimeter measurements indicate that 4% of precipitaci
percojates through the cover. Both modelling metnoas al

tailings. near Rouyn-Noranda. Quebec. The mode!l predic-
tons were corroborated by field measurements of percolaton.
evapotation. and soil water content. The Hydrologic Eval-
vation of Landfill Performance (HELP) model was used to
evaluate the effectiveness of the cover at four meteorologi-
cal stations surrounding the site. within a 400-500 km radius.
The HELP modelling showed that approximately 56% of .
Average annuaf precipitation evaporates and 11% runs off.
The amount available for subsurface flow is therefore
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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 Waite Amulet. i i

-y

Nov. 20 to Aug. 19to -
OcL 26 1o May 21, 1993° May 21 to . June 11 to Sept. 22, 1993  Oct. 26, 1992 to
Nov. 20, 1992 (Winter to June {1, 1993°  Aug. 19. 1993 (Late summer  Sept. 22, 1993 -
Period (Fall) early spring) (Spring) (Summer) to fal) (Anaual)
Precipitation (mm) 15 440 82 57 105 958
Lysimeter .
discharge (L) 10 ) 30 20 22 82
Lysimeter
discharge (mm) 5 0 4 9 10 37
Lysimeter :
discharge
(% of precip.) 6 0 17 4 10 -

“Precipitanon measured ar Duparguet, Quebec,

“The spnng thaw appeared (¢ per:ulu-p\vthe lysimeter begween site visits on May 21 and June 11, thug showing a time lag.
.

-

systems consisting of soils with contrasting grain-size dis-
tributions. such as a composite soil cover. a high X, implies
horizontal flow and a low X.. 2 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 unsaturated hydraulic
conductivity, X. The head contours also concentrate across
the sand base. illustrating the larger gradient needed to
push the flow through the sand. Since the flux is constant
and the gradient actoss 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 unsaturated. has a lower hydraulic con-
ductivity than the clay, which is saturated. The flow mod-
elling therefore contirms the sand base as a capillary bar-
rier that resiricts 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 of

water, which is also consistent with the HELP madellin:
iFig. 1). . ‘

The water table indicates where the pressure head equals
zero (b = 0): this is also called the free water surface
When o i less than zero. water is under tension {or suc
tion). and when ¥ is greater than zero. water is under pres
sure. Unsaturated soils contain water under tension. The
water table occurs in the taulings at 1 m below the cove
and in the clay. as shown by the modeiling resuits in Fig. ¢
The fact that the clay has a perched warer table indicates 1
1s saturated. which is consistent with the HELP model-
ling. The extent of saturation or the size of the perche
water table enveloge is not actual, its presence is simply 2
indication of saturation. The sand layer below the clay
unsaturated,
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Fig. 2. HELP modelling results. average monthly totals.
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balance components with varying levels of X, (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 | X 107" cm/s. while runoff. lateral
dmnagc and hydraulic gradient decreased. Pcrco!anon was
most sensitive at K, values between 2 X 10~7 and 2 X
10”* cm/s. and i at va.!ucs greater than 4 X 1077 em/s. When
K, is less than 7 X 107" cm/s. is greater than 1. which
indica:es 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 surfacs of the clay. and there-
fore 2 high degree of satration 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-
uradon of the clay at the end of the 20 vear 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 of saturation,

Flow modelling

To enhance the HELP modelling. the flow model SEEP/W
{Geo-slope International 1992) was used to simulate flow
through the composite soil cover at Waite Amulet. The
test plot was mode!led as a two-dimensional system and

under steady-siate conditions. SEEP/W is formulated to
analvze both saturated and unsaturated flow. Pressure head
versus water content tunctions (Fig. 4), used in the flow
modeiling, wers adapted from pressure plare and column
studies conduc:ed by McGill University and Noranda Tech-
nology Centre. Pressure head versus hydraulic conductivity
functions tFig. ) were developed with a routine in SEEP/W
that uttlized the drainage curves and other soil properties.
The top bouncary condition was specified as a consiant
flow of water. 2guivalent to 303.6 mm/a, which was infil-
tration deduced tfrom the HELP modelling. The sides of
the covered t2:lings domain were specified as a constant

. head boundan set to piezometer head measurements, The
base of the (21iings, which generally sits on clay, was
defined as impermeable. All other soil properties were
similar to those used in the HELP modelling,

Modelling the test plot as a steady-state system simulates
the Now concitions as if precipitation and evaporation
were constant :hroughout the vear, which yields equilib-
rum conditiors of tflow with steady intiitration. Realistically,
precipitation would fluctuate throughout the year: runoff and
infiltration would therefore also fluctuate. Evaporation is
greatest during the summer and feast during the winter.
The cover wouid also Freeze during winter and limit per-
colation. Restits of the flow modelling therefore represent
the average tTow conditions. [t is similar to a system wun

3
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Table 1. HELP model input data,

Czn. Geolech. J., Vol. 32, 19a%

Layer: Sand cover Clay Sand base
Layer type Lateral Barrier Vertical
drainage percolation

Layer thickness (cm) 30 60 30
Porosity* 0.33 0.445 0.3
Field capacity” 0.08 0.43 0.05
Wilting point 0.03 0.35 0.025
Initial water content* 0.08 0.44 0.05
Sawsated hydraulic

conductivity (cm/s)* 2.6 x 107? 1.0 x 1077 8.4 x 107
Slope (%) 0
Maximum drainage length (m) 1]
Cover area (m?) 400
SCS runoff curve number 81
Evaporative 20ne depth (cm) 20
Maximum leaf area index 0; bare ground
Initial snow water content (mm) 50.8 (2 in.)

Growing season

June-September; not applicable to bare ground

“‘Laboratory measured s0il parameters.

The phenomenon was illustrated in a2 combined experimen-
tal and modelling study by Yanful and Aubé (1993).

Two experimental soil covers, incorporating the capillaryt
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 (199t)
and Yarful (1993) and are oniy briefly described here.
The test plots were 20 by 20 m in plan and consisted af a
60 cm compacted clay Tayer placed bctween a 30 e¢m sand
base and a 30 cm sand cover. A 10 cm gravel crust blan-
keted the sand cover to sontrol erosion. A coilection basin
lysimeter was’ placed | below each cover. Lys:mcters are
commonly used to assess evapotranspiration in water-
balance studies. but in this study they were used to col-
lect water pcrcolaung through the cover. They consisted
-resistant. hlzh-densxty )
ene laid horizontally_along the axis of the gyligder.
lysimeter had an etposed. receiving surface area of 2.2 m*
and a volume of -2 m’. The water content of each laver.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 lvsimeter. 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) mode! is a deterministic water balance model,
developed by the United States Environmental Protection
Agency {EPA), which uses climatic, soil. and design data
to determine the water budget of a landfill (Schroeder et al.
1984). The HELP model for windows (HMIW) 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 finite-clement flow model used to solve the two-
dimensional equation of flow for steady-state saturated -
and unsaturated flow 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
{5CS) Curve Number method: (i) percolation (i.e.. sap* “=d.
and unsaturated vertical flow) is modetled using Du_ s
law: (ii{} lateral drainage is computed using the Boussinesq -
equation: and (iv) evaporation is estimated with a modi-
fied Penman method. Other components of the warer bud-:
get are deduced from these results.

Cover design specifications consist of the thickness and
soil type of each layer. There are tour types of layers that_
are defined by the HELP model: (i) a vertical percolation
layer that allows only vertical flow: (if) a lateral drainage:
layer that allows vertical tlow but also horizontal flow
through drainage pipes: {/ii) a barrier soil layer that restricts-
vertical flow: and (iv) a waste layer {not used in this sonl
cover application).

Table | lists the input data used to anolv HMfW 10 the
composite soii covers at Waite Amulet. I.abormorv measured’
soil parameters ‘were used where possible, The ) runorfl
curve number was chosen using a relationshio 1o the min-
imum infilration rate and vegerauve cover (Schroeder et al.
1984). The default SCS curve number for tine sand and
bare ground was used. [n the present study, the impact of
vegeration was negligible and bare ground vajues were
used when applicable,
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slope and on the leeward side of the cover. In addition, the
cone shape minimizes ponding of water on the imperme-
abie laver. thereby reducing percolation to the till. Water
wguld, iastead. tend to flow through the graaular cover.
down slope. These hyvdrologic conditions are more enhanced
on top of the pile and could result in 2 low replenishment of
water lo the cover. thereby providing a worst-case scenario
{or this study.

Summary and conciusions

A composite soil cover was constructed 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-
imum field dry density of at least 95% of the maximum
Modified Proctor value. Moulding water contents were about
3% higher than the optimum value. A 30 cm thick gravelly
sand laver was pluced on the till followed by a final 10 ¢cm
thick ¢rosion-protection layer.

[nstrumentation was installed to measure the following
parameters:

(/1 gaseous oxygen concentrations in both cover and pile,

{{l) moisture contents and suctions developed in the cover.

(ifi} wemperatures within the pile, and

tiv) quality and quantity of the runoff and percolated
water reporting to the bottom of the pile (underdrain),

Based on the monitoring results obtained 1o date. the fol-
fowing can be conciuded.

(1) The cover has reduced gaseous oxvgen concentration in
the pile from 20% to less than 3%.

(2) The volumetric water content of the compacted till
layer has remained essentially the same at about 32%
since cover installation. The till conunued to remain
nearly fully satueated,

t3) Infiltration through the cover observed during a 55-day
wel period was about 2-2.5% of precipitation.

{4) Reduced temperatures observed in the pile since cover
installation appear to be 1 result of seasonal fluciua-
tions. Continued monitoring will be required to con-
firm these data. T

(5)  No significant change in the water quality of the seepage
from the pile has been noted since cover insullation .

These conclusions indicate that the placement of the cover
has reduced the flux of oxvgen and water to the waste rock.
which suggests a reduction n oxidation and acid produc-
tion n the pile. Long-term monitoring of quality of the
seepage from the pile will be required to confirm the reduc-
tion n acid production betause of the presently stored acid-
ity and {ow percolation of water through the cover.
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FiG. 12. Gaseous oxvgen conceqtrations in pile 7/12 before
and arter cover installation.

TasLE 3. Comparison of the quality of seepage from the pile
before and after construction of the cover

Acidity Toul Fe  SO;”
Date pH imgbl CaCOy  tmgild tmg/L)
Before construction of the cover
July {989 24 44 000 3100 43 340
Sept. 1939 23 30 500 2 300 13 000
May (990 4 i6 100 5510 12 700
Sept. 1990 2 7328 71920 32970
Oct. 1990 21 6d 100 3 700 -—
Alter construction of the cover
Oct. 0 1991 2.3 54 450 19 590 71042
June 29, 1992 24 35 000 10 500 3
Aug, 17,1992 —_ 14 400 1720 13 300
Sept. 29. 1992 29 15 800 5250 15 400

Notg: Coastruciron of the sover was compicied 1n October 1991,

compaction, 3 small-diameter 115 mm) hole was augered.
the sensor installed in a soil slurry, and the hole backfilled
and sealed to the surface with bentonite.

Moisture content
The mousture content o1 ¢ach luyer of the soil cover was
measured by time-domain reflectometry ({TOR). TDR is a
radar technique in which a fast rise time voltage pulse is
nropagated through the soil and its reflection measured. The
Jtse 1> yuided through the soil by siainless-steet rods of
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FiG. 13. Temperacure profiles in pile 7/12 befare and afcer
vover installation,

known dimensions. The measurement of travel time (An
yields an estimate of “apparent” dielectric constant tK,) of
the soil. The volumetric soil-moisture content 18 1 is then
valculated using a relation developed by Topp et al. (19800,
or other soil-specific relations. A good review of the method
can de found in Topp and Davis (1985).

A three-rod TDR probe system (Fig. 111 was adapted
from Zegelin and Whire 11985). The rods were 30 cm long
in the sand lavers and 20 cm long in the till, The probes
were placed in cach layer horizontally as the cover was
being constructed. Probes were instafled in the top and bot-
tom lilts of the till layer. The application of the voliage
puis¢e and measurement ol Ar were performed with a
Tektronix 15028 TDR metailic cable tester. The unit was -
Jitached to 2 data'fogger 10 automate measurements. :

1
Resuits to date

The etfectiveness ot the cover 1a reducing sulphide oxi-
dation and acid generation can be assessed with the dur
collected to date:

ii} gaseous oxygen concentrations in both cover and pile.

:if 1 moisture contents and suctions develoved in the cover,

tuit temperatures whhin the pile, and

tv) quahity and quantity of the runoffl and percolated
wuler reporting to the bottom of the pile {underdrain),

Guseuus oxygen concentrations measured betore 1nd after
the olucement of the cover IFig. I2) clearly indicute the
presence of the cover reduces oxvgen penetration tneo tne
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vhambers alfow Mow and water yuality to be momiterzd

indivwlually. The cover of the outfall structure was insu-

lated with 30-mm sivrofoam. and oll intemal exposed surzces

were covered with fiberglass ¢poxy. Overflow from the rut-
fall structure 13 directed to 100-mm drainage pipes slormg
wav from the site (0 2 settiing pond located nearbv.

Cuyeous oxvgen
The 72¢60uS OYYLEN CONCEAIANION Within the cover wus

Jetermined with 3 Teledyne cortable oxygen meter. A gas
sampie was extractea from 3 4.3 mm diameter stainless ezl
iube permanently installed at the depth of interest. Five

.ampniny lupes 2xtenging serncaily to the cantre of gxen
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£R0SION PROTECTION
SAND AND GRAVEL COVER -
COMPACTED GLACWL TiLL

",

P

T

~ PREPARED BASE -~

SOIL BERM

FABRENE MEMBRANE
FIG. 6. A cross section of completed compasite cover.

£:6. 3. Wasie roch piic T LI atter coser instalianon.

Ervsion protecuom sjon. This material was compacted v-"ith se.veral passes of
A finai 100.-mm faver zonsiting of 3 well-graded gravei  the vibratory compactor. A €ross section of the comoleted
ay goued 10 the covered pile 10 orosviue €ros10n prolec: composite cover 1s shown tn Fig. 6. Photographs ut the
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Fic. 3. Placement and compaction of impermeable cover (glacial i),
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Ftc. 4. In situ density vs. water content for compacted till.
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cach lift to ensure that the entire area (50 x SO m in plan)
was well covered. The next lift was placed only when the
results ot the density tests indicated that the till was being
placed within an acceotable range of densities and water
contents i ~ 2 to —4% wet of the optimum water content).
A total ot 94 density tests were conducied. Figure 4 pre-
sents the dry densities and water contenus obwined during the
rlacement ol ¢ach lift. The data indicate at least 95% of
Water S2Uration was achieved arter compaction ol each lifi.
The placement water content was. however, too high at
~ome locations where an excessive numbet of passes of the
smooth-wheeled. vibratory compactor may have been used
2 achieve the specified densities. The implicaton of ¢his

—— b ——

overcompaction {Heltz and Kovacs 1981) is a reduction in
shezr surength. For this cover where the overburden stress due
to the granular cover is small (less than 10 kPa), stability may
not have been undulv compromised by the overcompaction.
The resulis of the tests are further ilustrated in Fig. 5 for the
first lift. The degres of compaction achieved for the three lilts
raneed from 93 10 99%. Moulding water contents were from
1510 19.5%. giving an average of about 17.3%. which was
3.5% above optimum.

The null was placed on the entire pile during
September 414, 199}, Placement was completed on the
west. south, and east side slopes during September 3-10.
199} when the weather was generally suony with moder-
ate remperatures. On the top pan of the pile, however, only
the first 1ift was completed during this period. A major rain-
storm on September 10, 1991 resulted in wetting of the firs
lift. The wet ull was subsequently 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. Precautions were taken during
placement to ensure that no damage was done to existing:
piezometer installations locdted in the too and north side
vl the pile.

Following the installation of the final lift. field hvdraulic
conductivity tests were performed in the till using a single
fing infiltrometer simiiar to the tvpe described by Fernuik and
H:ﬁ;g (19901, Hydraulic conductivity values. obtained ut
two locations on the top of the pile. were of the order ol

1.0 %x 107 and 1.0 x 107" cmys.

Gramulur cover
A wranular cover consiating of clean sand and gravel wus

placed over tne entire pile. Grain-size analysis indicated
the granular cover to consist of <0% gravel. 38% sand. and
2% «ilt- and clay-size parucies. Modified Proctor compaction

ey
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TasLe 1. Canstruction specifications for compasite soil cover

Surface preparation

Grade identified high areas on slide slopes (3H:1V), minimizing disturbance 1o pile

excavate two 3.5 x 2 x 1.2 m holes at identified monitoring statioas 3t the top of che pile for lysimeters: -
provide sand cushion at bottom of excavation and siope at 2% (o promote drainage

Lzvel top of pile filling voids and depressions with excavated waste rock or non-acid-generating Trushed rock

{=~37.5 mm) or approved equivalent

Provide a tight seal between compated till layer and pile

Sand base
Compact with several passes of a medium-size vibratory roller o 92% of maximum Medified Proctor density

(ASTM 1987¢)

Compact in two lifts to a finished total thickness of 30 cm

Easure smooth surface of sand base to allow drainage

Ensuse compucted surface is flar, with surface iregularity within 225 mm of average grade

Finish final slopes at JH:tV

Impermeable cover

Cnmpact with medium-weight vibratory compactor or sheepsfoot roller (as approved by engineer) to achieve

design specifications { Yanful et al. 1993)

Coaduct preplacement test on a till pad using proposed cquipment: pad 1o be compacied in 2 minimum of

two fayers and to measure at {east 5 x (0 m in plan

Engineer 1o determine minimum number of passes of compacior (from test on pad) required for design densities
Coumpact till on sand base w at least 95% Modified Proctor deasity in three lifts (20 cm per 1ift) to 3 finished

thickness of 60 cm

Apply water as necessary during compaction to maintain specified water content (~2 10 +4% of optimum):
if cover is excessively dried out. remove from site and replace

Engineer o perform field density tests on each lift before approving placement of next lift

In areas not accessible 10 rolling equipment. compact to specified density with approved mechanical tamper

Smoath top surface of cover 1o promote drainage

Granular cover

Place in maximum 15-cm lifts and compact to 92 of Modified Proctor to a finished thickness of J0 cm
Ensure compacted surface is flat. with irregularitdes within =30 cm ot average grade

Complele tinal slope at 3IH:1V

Erosion protection

Particle size o be maximum of 75 mm and !5% by weight finer than 4.75 mm
Place uniformly over entire pile surface of granular cover to a minimum thickness of 10 ecm

The Jesrgn of a composite soil cover on a 0.25-ha experi-

mental waste-rock prie located at Heath Stesle mines near
Newcastle., New Brunswick. is presented in Yanful et al.
(1493). The design of the cover called for a three-layer sys-
1em consisting of a 60-cm compacted till {impermeable
cover) sandwiched between 3 30 cm thick well-graded sand
tsand base) and a2 30 ¢m thick coarse-grained soil layer
{granular cover),

This paper deals with the construction and instrumentation
of the cover. A brief description of the geotechnical properties
ol the »etected soils 15 presented. Monitoring data collected
o Jate are also discussed.

Canstruction of cover

The design requircments for the cover presented by Yanful
et al. 11993 and construction specifications outlined in
Table | were deveioped into a request {or a oroposal that
was submiued for costing. A contract was subscauently
awarded for the construction of the cover in accordance
with the specifications outlined in Table i.

Surtace prepararion

The tadtial task in the placement of the cover was the
preparatien of the side slopes and the top of the pile,
* Caterpiilar 215 hvdraulic excavator was used to level the
wp of thz pile and remove hich points on the side slopes,

Voids and depressions were filled with excavated waste rock
and non-acid-generating crushed rock. A total of 50 t of
crushed rock was used for surface preparation. Sand and
gravel covering the =dges of the impermeable membrane
underlying the pile at the perimeter were excavated manually
to expose the membrane. Additional membrane was joined
1o the existing one at the edges of the pile and then extended
out to provide 2 lap that ensured a tight seal between the
till [aver 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 excezd 30 cm 10
achi¢ve the required grades. Grain-size data indicated the
sand consisted of 4% gravel particles, 50% sand. and 6%
siit- and clay-si1z¢ parucles. The sand was compacted with a
minimum of four passes of a §-t vibratory compactor to
achieve the required densuies. The final surface of the sand
was sloped at a minimum gradient of 2%,

Impermeable cover

Source and properties of glacial nll

A borrow source tor the appropnate giacial till was located
approxzimately 2.5 km east of pile 7/12. Preconstruction
arain-size analysis {ASTM 1987a. 19878 indicated the uil
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TasLe 2. Summary of water-quality data for pile 7/12 from the period
July 1989 -~ October 1990

Surface runoff

Underdrains

pH 2.0-3.0 2.1-2.8

Acidity (as CaCQ,) (mg/L) 22 000 - 67 350 15 800 - 73 250
Sulphate (mg/L) 22 970 - 70 500 12700 - 43 &30
Dissolved iran (mg/L) 3600 - 18 300 3510 - 13 767

Waste-rock pile 7/12

Pile 7/12 was one of the four acid-generating waste rock
piles at Heath Steeie mine selected for monitoring and eval-
uation of remedial measures. It is located approximately 1 km
from the Heath Stezle mill complex off the main haul road
(Fig. 1). The pile was moved to its present focation and
reconstructed in June 1989 as pant of an ongoing test program
to evaluate soil covers. [t 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 with 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 the soil cover.
Reconstruction included recontouring the pile to a maxi-
mum slope of approsimately 3:1 (H: V). It was also iselated
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 facititate the placement of
monitoring instrumentation. A penmeter ditch was also con-
structed to allow for separate collection of surface runotf. The
pile configuration prior to installation of the cover is pre-
sented in Fig. 2.

The relocated pile contains approximately 14 000 t of
prritic waste rock with maximum depth ef 3 m. The pre-
dominant constituent sulphide mineral is pyrite (FeS,), and
total sulphur content averages about 5%. The physico-
chemical characteristics of the pile are presented in Table 1.
The pile was instrumented with seven sets of thermocouples
and six sets of pore-gas samplers. [t is the only pile at the
mine or which a water and contaminant balance can be
determined and was therelore selected for cover placement
and monitoring. .

Although pile 7/12 has a maximum height of only 5§ m.
pre-cover temperature and gaseous oxygen datd indicated
behaviour similar to large waste rock dumps (of averaye
height of 20 m) at the Rum Jungle site in Australia (Harries
and Ritchie 1981, 1985). For instance. oxygen concentra-
tions within the pife were found to be high enough {up (o
19%) 1o allow oxidation to occur. Elevated temperatures
1ended to occur at Jocauons where Jow oxygen concentrauons
were observed. confirming the exathermic nawre of the vxi-~
dation process. In addition. thermal convection was found to
be an impornani mechanism lor oxygen transport into the
pile through the base.

Waste-rock oxidation and cover requirements

Pile 7/12. like the other acid-generating waste-rack ptles
at Heath Steete mine. has already staned oxidizing 3nd pre-
sumably contains 2 large volume ol stored acudity. Water
quality of underdrain Nlows reported far the period April-
Qctober 1990 showed pH values in the range of 2.1-2.5,
sulphate levels of 17 000 - 33 000 merL. and dissolved-

iron levels of 3000 ~ 17 000 mg/L. Acidity, which is a mea-
sure of the tolal concentration of dissolved species capable
of consuming alkaline materials. ranged trom {6 000 (o
73 000 mg/L. Surface runoff was also characterized by low
pH and high acidity, sulphate, and iroa (Table 2). These
chemical characteristics are definitely indicative of acidic
conditions. The mineralogical data (Table 1) also incicate
that there is a substantial amount of unoxidized sulphide
minerals left in the pile. Therefore, the two key aspects of an
effective cover system are the control or mitigation of water
infiltration and oxygen ingress into the pile. High intiliration
rates would flush out large volumes of stored acid. resulting
in high treaiment costs. Residual iron sulphide minerals laf(
in the pile will oxidize if the pile is exposed to air and
muisture. Placement of an elfeciive soil cover will devrease
both inlilization and vaygen Iux into the pike. Althvugh e
cover could decrease. further oxidadon to an insignificant
level, release of stored acidity would continue. probably at
u 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 resuits in a low oxygen diffusion
coefficient which. in twrn. leads o a low oxygen flux, since
the tlux £ is proportional to the effective diffusion coetlicient
D, according to Fick's first law:

(21 F=-0, %

Az
where C is the gaseous oxvgen concentration in the pores.
and 2 i3 the distance in the direction of diffusion.

The cover will remain effective as long as it retains the
properties of low hydraulic ¢onductivity and high satura-
tion. In adverse climatic conditions such as drying. {ree?
ing and thawing. these requirements may not be met in o—
single-laver cover. Moisture losses by evaporation and
Jruinage wiil [ead to desaturation and. possibly, cracking.
Covers constructed from soils with high plasticities may
develop shninkage cracks upon freezing {Chamberlain and
Gow 1979). The integrity of such covers could also be
adversely affected by ditferenual settfement of the under-
Jving waste rock. Differential settlement may not be a mujur
problem in pife 7/12 because of its small size. However,
other sspects of the performance evaluation of the cover
{such as the ¢tfects ol freszing and thawing and reductions
in temperature following cover placament! would siill be
applicable to other. waste-rock piles. Vick (1983) noted that
mifl tailings. because of their low cohesion. could tolerate up
to | m of settlement without fraciunng. This would seem
to suggest (hag covers constructed from satls with low cohe-
<ion such as silts would undergo less cracking as 3 result
of differennial settiement 1n the underlying waste.

{n mill wailings where the gran-size disirtbution s finer
than in waste rock. the water tabfe can occur close to the
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Fic. [. Location of Heath Steele mine site and waste rock pile 7/12.

2FeSy(s) + 704(g) + 2H,0(1) =~ 2Fe’"(aq)
+ 4807 (aq) + +H"(ag}

Tht ferrous iron (Fe*™) may in turn oxidize to Ferric iron

tFe’") under bacterial mediation at low pH (1.5-3.5) con-

ditions. The lerric iron released into solution can oxidize

other heavy-metal sulphides present. such as galena (PbS).
- sphalerite 1ZnS). and chalcopyrite (CuFeS,). The final acidic
’ solution seeping from the rock may therefore also contain
high concentrations of heavy mewis. This solution is generaily
referred 10 as acid rock drainage {ARD) and is considered the
single largest environmenital problem facing the mining
industry (Filion and Ferguson {989).

Generally. the waste rock is left underground after mining.
ar in the case of open pits it is piled on the ground surface
and any acidic seepage produced is collected and treated
by lime nevtralization. Al cessation of mining operations.
the pile may be decommissioned either by covering or by
continuing the collection and treatment of the sespage. In
recent vears, waste-rock decommissioning practices have
also involved moving the rock back into the pit and flood-
ing. Flooding requires successfully maintaining a certain
Jopta uf waeloP aduve (e acid-yonorating ruvl b the UL
Tni> may be dirficult if the bedrock in the oit area is fractured
or 1f 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
1 vf waste rock covening involve the use of engineered sosl

: (i

covers. The principal function of these covers is to mini-
mize the transport of oxygen and water into the rock.

(n 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 conducied in four phases under the auspives
of Mine Environment Neutral Drainage (MENDI. Canada’s
national task force for ARD research (Filion and Ferguson
1989: Wheeland and Feasby 1991). The four phases com-
prised the selection of a few rock piles for field trials. Jet-
inition of physicochemical characteristics of the selected
piles: identification and evaluation of suitable candidate
soils for 3 cover: and the design. installation. and monitor-
ing of the cover on a selected pile.

This paper deals with the d:s:zn of the composite soil
cover installed on the selected waste rock pile. pile 7/12.
Modelling resulis used in the design are discussed along
with the geotechnical specifications for the cover matert-
als. The physicochemical characteristics of the waste rock
pile. prior 1o cover instaliation. and the history of mining
ana mulling operations at the Heath Steele mine are briesly
disguased, The cnnstruetion, invirmmentation, and rmanitoe
ing of the cover are described in Yanful et al. (1993,

Site location and history

The Heath Steele mine site is located approximately ) km
northwest of Newcastle, New Brunswick. and about 60 km
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Figure 27. Arilsl's concep! of resisiive and conductive layer' bartdlers to prolact high-lovel
waste lrom waler flowing thiough rock Sraclure. Reslstive (clay) layer divoris almost all rac-
ture llow water. Conductive layer (very fine sand of dialomaceous sarth) scavengos small

quantities of waler thst pass through clay layer. Conductive layer lransparts scavenged
waler, winder tension, around waste.
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MEASURING WELL
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Figure 24, Comblnation rasistive-layar barrdar over a conductive layer bartier. Clay-barriur
(resislive Inyer barier) neads only to protect 1o approximately 10 em/sec. Conductive-layar
barnlor of diatomacoous oarth raadlly ransporis parcolating watet around waste.

making sand more altractive to some installers. Therefore, we have
been conducting further studies with various sands. Resulls of studies

of the unsaturated flow characteristica of four difTerent sands are given

in Figure 25. All these sands exhibit unsalurated flow rates that ore
nbout twice that of the diatomaceous earth sl any given negative
matric polential. The particle size distribution of the four sands is
given in Table 3. The mortar sand, for example, had Lhe narrowest par-
licle size range, and the foundry sand had the widest particle size dis-
tributions, although the parlicle size distribution did nol have an
important effect on the flow raies reporled in Figure 25. The Nevadn
dunoe sand and tho Kelso dune sands are from large eolinn deposita in
the Nevada and California desurls, ruspectively. ‘The Kelso deposit has
been mined commercially. This work is ongoing; the hydraulic proper-
Lies will be studied over a larger range of matric polentials; further

depoaita will be lncnted and investigated; and these investigations will
be deseribed in a fulure report,

APPLICATION

Tho three procedures duseribod in tho Tntroduction may bo usod singu-
larly or in contbination Lo protecl disposal unils from percolaling water.
‘The principles apply equally Lo above-ground or below-ground disposal.
For exnmple, a combination of covers (1) and (2)( “weribed in Lthe

wator Infiltration in Wasto-Disposal Unita 19
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Figure 25. Unsaluraled flow cheraclerlstics of lour sands. Soil water tension at various flow
rales, measured in minlalure soil beam shown In Figura 20. Tension vs. horizonial dislance
lrom discharga polnl. Resulls suggest thal, al about 10’ cen/sec or less, wiler would remain
undor tension al any beam langih. Slope of beam is 1:5.

Introduction, could be ideal for a stabilized, shallow, lnand-hurial facil-
ily, whether it is above or below ground: e.g., the subsurfnce, (Iispngnl
could be in below-ground vaults, and Lho above-ground disposal units
could be carth-mounded concrete bunkers. A combination of a resistive
layer over a conductive layer in a concrelo bunker or nhm_ru-mnunfl
application ia shown in Figure 26. The resistive {clay) Iayer is Lthe pri-
mary harrier. The small smount of waler paasing through the clay Inyer
will be diverted around the concrete bunker by the conductive fnyer.
This cover over Lthe concrete hunker can, in theory, be 100% effective,

(
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WATER PRE SSURE DISTRIBUTION (VERTICAL)

VIATER UNDER
YENSION (-pgh)
(NEGATIVE MATRIC {
POTENTIAL)
WATER

- MANOMETER

WATER TABLE —+
POSITIVE
PRESSURE
t+pgh)

Flgure 10. Schamalic ol laboratory apparatus for measuroment ol waler lansion, using dil-
farent maledals and varying flow tates.

Flgure 20. Minlature soll beam used {or evaluallon of matertals for possible use In conduc-
tive-layer bacler application. Soll beam has tolal lengih of 4.5 fi. Lend brlcks wera placed
on 1op ol test malorlul 1o simulate ovarburdon.

p—
(
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SOIL WATER TENSION AT VARIOUS FLOW RATES, (cm/sec)
YENSION vs HORIZONTAL DISTANCE FROM DISCHARGE
POINT

DIATOMACEOUS EARTH (P-IT1}

12 x10°*

TENSION , cm H,0

30~

1 | ] 1 !
0 20 a0 60 B8O 100 120

DISTANCE OF HORIZONTAL FLOW,cm

Figure 21. Soll water {ension al varlous flow rales, maasured in miniature soil beam shown
in Figure 20. Tension vs. harlzontal distance lrom dischargo point Aesulls suggest tha, ﬂ:
42 x 10* cm/sec or less, water would remain undet tension al any neam length Slope ©

beam is ©:5.

The results of Lthis experiment in Lhe 4.5-N-long heam suppesl }ImL, s
long as Lthe flow rale is no greater than4.2 x 10 ‘ cin/sec, the soil 'wnlur
will remain under tension regordless of the gnil henm length. Nu-:::e
results show Lthat with the use of diatomaceous earth for the conductive
layer and following the easily achievable standard scL'nhnvn for Lhe
resistivo layer, it should be possible Lo cnnsln_lcl. a harrier that wtzuhl
allow no waler leakage to a waste-disposal unil. However, bicfore ||I.1ﬂ|
selectinn of the dintomaceous earth as the conductive layer n:mlcrml,
we helieved it Lo be prudent Lo condiict tests in a large-seale soil beam.
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run-off from the rock-covered plot as from Lhe grass-covered plot.
Although the duta show no deep percotation through the clay lnyers Lo
dale in either lysimeter, there is little indication as Lo how much salcty
murgin has been offered. Nor is it known how consistently such
near-perfocl clay barriers would bo installed in a routine operalion,
Theal remains a problem for fulure consideralion.

MEASURING WELL

LRI DR R A RS
Figure 14. Raslistiva-taysr banler with grass cover. Simitar lo UMTRA cover bul has vego-
intion I ptaco of rdprnp Soo Figro 1.

Another concern is the possible drying out of clay harriers. 1 Lhis were
to happen, the cluy layer would not be as efficient a barrier for pre-
venling radon esenpu ns planned in the UMTRA applieation. In addi-
Lion, drying out of tha cluy layer could lead (o erucking, leading Lo sulb-
scquent lenkage prior Lo resealing by wetling. Figure 15 gives the
volumelric moisture content of clay in Lhe rock-covered (lysimeter 4)
and the grass-covered (lysimeter 6) plots. In no case did the clay layer
dry oul significantly. On the contrary, in the UMTRA or rock-covered
plot, which was devoid of vegetalion, there was a slight increase in
moislura content with time, suggesting thal some leakage of waler
through the clay layer inny occur in the future. Lysimeter 6 hns a clay
layer and n grass cover. In Lhis cuse, no increase in moisture content
has been observed. On the contrary, {o date the moisture content of the
clay layer seems to be in a rather stesdy slate,

K n over the h-yr
period of meagurement,

Wator Infiltration {n Waate-Disposal Units al
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Figure 15. Moisluse content of clay layers with lime. Lysimaler 4 tinvlm sw;?‘tgznslsvzl'ty :I‘l‘g’?\:
covared with gravel and tlprap. No vegalation is prasent, nnt|ca'yn.‘mvo“qing) o
increaso of water contant with lime. Lysimotor 5 has t}:\pﬂlnry !;:uml u::l:v h;: .'.,Sl naing) laver
undernoalh clay layer; plot is planind with grass During 4.yt hI‘-‘ ol p n“.h. 'J"“ r‘;wm o
molsture content ware dwiing summot. Lysunotor fi has clay layarw QHISS € .
lysimeter 5, largest molsiuto excursions ware in sumimor

Conductive Layer Barrler

I we consider the case of water Mowing down}.xil‘l in an li.nsnl‘..lilr{;let‘!
porous medium, we have the case shown In Figure 16. ’l'hu 0 (.!-tk
' . i .
shown in Lhe diagram could bea rock lnyer, nffording n anlllllry!'i)rt.lt
i i iLions
i i inui re 17). Under appropriate cont .
or capillary disconlinuily {Figu - . e
’ i _secliona will be under Lension,
waler cve iere in these cross-s ‘ nd
there will be no feakage. This might Lhen serve ns an excellenl men

-
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Table 2. Callbration ol nautron probe used in tysimolors 1, 2, 4, 5, and 6. Calibration was
carrdad out In a weighing lysimelar using soll of fleld lysimeters.

Molsture Conlent
Volumetric Oven-Dry Weight Basis

Date of cm'H,0 (l’_

Measurement Std Count cm’ Soll v *, Massuramant {Pw)
9-11-87 0.191 0.0109 0.85
10-14.87 1.78 0.258 . 15.8
10-223-87 1.72 0.248 15.0
2-02-80 1.62 0.223 136
5-27-88 ©1.52 0.203 12.4
10-05-88 1.44 0.182 1.2
11-30-88 1.38. 0.170 10.4
1-11-89 1.29 0.159 ' 0.7
3-02-89 1.23 0.147 8.0
4-26-89 - 1.13 0.132 8.0
8-14-89 1.04 0.115 7.0
8-04-89 0.93 0.097 59
10-11-89 0.84 0.084 5.1
1-03-90 0.78 0072 44
1-09-80 0.73 0.085. 40
12-07-90 0.62 0052 31
5.22.91 058 0.043 28
11-14-91 0.52 0.040 24
4-28-92 0.50 0038 2.2
9-10-92 0.46 0.033 20
1-18-93 0.44 0.030 1.8
6-13-93 0.41 0.025 1.5
9-17-83 0.37 0.021 - 1.3
1-7-94 0.:'!5 0020 1.2

Volurne of soll in weighting lyaimeter = 382 L; oven-diled welight of soll in waighting fysimeter = 620 ko:
butk denaity of soll = 1.85 g/em®; 15 stmosphars molster (Pw) = 3.1%; 1/3 atmosphera maisture {(Pw) »

7.1%; 15 atmosphare molsture (V/V) = D D51 giem®. 173 simosphare molsture {V/V) = O 11T glem?®; Als-
dried molsiure % (Pw) = 0 85%.

Lion, are given in Figure 10. 1L is evident that use of the factory cali-

bration on gand would result in a very large error in soil moisture
determination.

Results of some neutron-probe measurements are shown in Figure 11
for binengincered lysimelers 1 and 2. The dala are plotted as volumel-

ric mofstura conlent, as n function of soil depth, on specifie dates. Only
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Lwo bioengineered lysimeters (.o, a slope of 1:5). Performance datn for
the reference lysimeters aro given in Figure 7.

The water l‘ev.el in the Lwo reference plots or trenches (lysimelers 3 and
4) rose until it was near the surface. Al that time, water was pumped
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from Lhe lysimelers Lo keop them from running over. Tha grapha of the
waler Lables (i.c., waler levels) in tha bioengineered ploty (lysimeters |
and 2) show an cntircly dilTerent slory, ns evidenced in Figure 8. In
both cases, Lhe elevation of the water Lable was lowered. 1t appears that
Lhe bioengineering approach coutld prevent waler infiltration to a dis-
posal unil. It also could bo used for a remedial actinn in dewatering
exisling problem sites guch as Maxey Flalsa.

On February 4, 1988, lysimeter 4 was pumped out Lo prevent overllow.
1L was then discontinucd as a referonce lysimeter and converled to n
rock-surfaced, resistive-tnyer barrier plot. Lysimetars ! and 2 (bioengi
neered) and lysimeier 3 have heen continued. A summary of run-ofl,
cvnpotranspiration, and pumping from thosa threa lysimelers is given
in Figure 9.

Figure 9 shows that there was very little run-off from the grass-covere:!
plot. Moat of the precipitation was disposed of, by evapotranspiration.
by the fescue crop, but this was not adequate Lo provent the rise of th
waler Lable. Table 1 gives the run-ofl, evapolranspiration, and dee
percolation in the bioengincered plots du ring the past 6 yr. There wa
no deep .percolation during this period. The cvapolranspiration hu
been rising annually, probably as n resull of the greater vegelaliv.
canopy intercepting a grealer percentage of the precipitation. In 1988
1989, 1990, 1991, and 1992 the runoff percentages were %0, 74, 70, 6

00
HEIGHT ABOVE BOTTOM OF LYSIMETER

Lystmates 2

Cantimeters
8

Lysimater ?

S
OMJJASOND‘J r'un-u.s;Asouo\;ruAuJJAsou
1987 1988 1989

Figure 8. Waler table vs. limo in blognginesrad lysimeters. Decline o! waller-'lat?le‘ lev.

with limo shows bloenginaered covers effectivaly pravented wator percolation. Efiminal.

( ator 1abla shows that this procoduro could ha nsad lo yemadial action ("drying out
ting water topgot Yl sitas. Gomparn with Ciguia 7

N
'



. 298 O'Donnell el al.

This system consisia of a porous medium underlaid by a capillary break
(rock layer). Infillration barriers such as a conduclive layer barrier or
a clay layer barrier (ur a combination thercof) must fail if subjectled to
substantial shearing caused by waste subsidence. Reestablishment of n
layered system afler subsidence [ailure is a difMicult undertaking and is
exacerbated by the increasing complexity of the layered system. The
failure polential of in-ground layered systems during tho subsidence
period argues for development of an eesily repairable surfaco barrier
for use during that period. To that end, a procedure called “bioengi-
neering management” was developed {Schulz et al.,, 1987). The bio-
engineering management technique ulilizes a combination of engi-
noered enhanced run-off and moisture-stressed vegetation growing in
an overdralt condition to control deep waler percolation through dis-

posal unit covers. An arlisl's conceptual drawing is shown in Figure 3.

FIELD EXPERIMENTS

In this section we will discuss experiments being conductled in

largo-sculo lysimelers nt n humid region sito in Beltaville, Maryland
(see Figure 4).

In bioengincering management the neceasary run-off is provided by
features instailed at or above the soil aurface rather than within the
profile. Tho procedure, doscribed by Schulz ot al. {1987), was derig-
nated bicengineering managemend. Its principal advantage ia that sub-
gidence can casily be managed by relatively simple, inexpensive main-
tenance of Lhe sbove-ground features rather than by difficult
reconstruction of below-ground layers. 1t should be noted that, aller a
length of time sufficient so that the orgonics have decayed and the
wasta containers have completely failed, subsidence will cease, and a

IMPERMEABLE
COVER

VEGETATION

Figure 3. Bloenpineering management

Water Infiltration in Waste-Disposal Units A

layered system could then be installed which could last over geologic
Lime periods.
O
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Figure 4. Plan view showing placamenl of expotlmental lysimelors al Beltsvilta, Maryl.

In essence, the bioengineering manngement technique ul,i!izc.s Ao
bination of engineered, enhanced run-off and alrcs.acd vegelation in
overdraft condition Lo control decp water pnrcnlnlton L‘hro‘ugh disp
unit covers. To describe it further: if o wasle hurial sito 18 at.:'iccl.w
Lhat incoming subsurface flaw is negligible, then precipilntion 14
gole sourcoe of inpul water. In a simplificd model, thal water hos t!
possible fates: (1) evapotranspiration, (2.) r‘un-an, and (3) decp pert
tion. Bvapotranspiration has a definite limil, gnvcrnnd by cncrgyﬂl_n
Ideally, deep perenlation should be zero, leaving only Lhe run-ofl

ponent available for unlimited manipulation. Posilive eontrol of ru

becomes difficult with the use of compacted porous metlin chr_wch
as Lhe gole barrier to waler infiltration, The compacled material |

! !




CONTRCL OF WATER INFILTRATION INTO
NEAR-SURFACE, LOW-LEVEL WASTE-DISPOSAL
UNITS IN HUMID REGIONS

E. O'Donnell,' R. W. Ridky.! and I1. K. Schulz?
'U.S. Nuclear Regulatory Commiasion, Washington, D.C.
"Wniversily of Maryland, College Park, Maryland

*University of California, Borkeley, Californin

Key words: Waste cisposal, waler Infiltration

ABSTRACT

This study's ablectiva Is o assess means lor controliing water inliltration thros
wasle-disposal unlt covers in humid regions. Experimenlal work is being |
lormed In large-scale lysimelers (75 It x 45 ([t x 10 1) at Bellsvilie, Maryl:
Results of lha assessment ara applicabla to disposat ol low-lavel radioac:
waste {LLW), uranlum milt tailings, hazardous wasle, and sanilary landlills,

Three kinds ol waste-disposal unlt covers or barriers to waler infiltration are be
lnvesiigated: {1) resislive layer bardler, (2} conductive layer barrier, and (3) |
enginesaring management. The reslstive layar barrier consists of compa
earthen materlal (e.g., elay). Tha conductive layer barrier consisis of a conduc:
layer In conjuncllon with a capilfary break. As long as unsaturaled flow condit.
are malnlalned, the conductive layer will wick watar around 1he capillary bre
Below-grade layered covers such as (1) and (2) will {ail if thera is appreciable
sldence of the cover, and remedlal action for this kind of failure will be dilficuh
surface cover, called bloengineering management, s meant 1o overcome 1
problem. The bioengineering management surface barder is easlly repairabl
damaged by subsidence; therelore, it could be the sysiem of cholce undar ac
subsidence conditlons. The bloenginaering management procedure also !
been shown to be eflective in dewalering saturated lrenchas and could bo u:
for remedial action elforts. Aller cassation ol subsidence, that procedure could
replaced by a reslslive layer barrier or, perhaps even belter, by a resistive .
barder/conductive layer bamier system. The lalter syslem would then (

long-term elfactive protection against waler enlry into waste without Institutic

care.

As mentloned In the preceding paragraph, a bloengineering managemanl c:
might well ba the cover ol cholce during the aclive subsldence phase .
wasle-disposal unll. Some malntenance Is required during that parlod. Final
11e, using geological materials, could follow cessation of subsidence. No fur
significant maintenance would then be required. If the geological malenal us..
3 , , -
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TABLE 1 - PAGE 3 OF 4

SEPTCHRER 1988 TIMOUGH AUGUST 1989
RECORNED MOHTHLY PRECIPITATION, RUHOFF, PERCOLATION AND
COMPUYED HONTHLY WATER BALANCE

SEP
ocy
HOV
DEC
JAN
FE®
HAR

APR
HAY
JUN
JuL
AUG

T0TA

PRECIPITATION  _ TESY PLOT ) — _TEST _PLOT 2 o _JEST PLOT 3 o
LONG
HOMTH TERM! ON-SITEZ RUHOFF PERC  STORAGE  CALC ET RUMOFF  PERC STORAGE CALC ET RUNOFF PERC  SAND  STORAGE CALC ET

2.88  4.81** 0.13  0.79 2.54 1.35 0.26 0.02 2.24 2.28 0.11 0.06 O 2.706 1.23
2.25 1,95 0.05 0.03 -0.22 2.09 0.03 0.02 -0.33 2.23  0.00 0.04 0,01 -0.53  2.43
1.98  3.70 0.18 0.5 0.70 2.30 0.15 0.59 2.19 1.51 0.00 G.23 0,96 -- --
2.0 1.22 0.13  0.16 0.1} 0.82 0.03 0.24 0.20 6.75 0.06 0.14 0.70 -- --
1.64 0.5 0.00 0.08 0.05 0.44 0.00 0.26 0.07 0.24 0.C.  D.08 0.52 -- --
1.33  0.30 6.00 0.04 0.11 0.15 0.00 0.25 0.13 -0.08 0.01 0.03 0.25 -- --
2.58  1.22 0.25  0.19 - 0.05 0.73 0.70 0.27 0.13 0.12 2.03  0.10 0.90 - e
3.37  0.89 0.08 0,05 -0.38 .14 0.07 0.09 -0.59 .32 0.0 0.1 0.17 - -
2.66  3.41 0.14 0.07 -0.27 3.47 0.14 0.10 -0.66 3.83 0.08 0.12 0.3 - --
3.5¢  3.05** 0.23 0.13 .0.05 2.7 0.18 0.31 -0.59 3.15 0.07 0.23 0.30 -- .-
31.54 5.08** 0.26 0.08 -0.27 5.01 0.20 0.08 -0.33 5.13  0.06 0.22 0.15 -- --
3.09 6,17°* 0.2} 0.07 " 0.49 5,318 0.20 0.12 1.39 4.46 0.08 0.24 0,22 -- -- !

L 30.94 32.40 1.68 2.19  2.86 25.62 1.96 2.35 3.85. 24.94 2.60 1.60 5.2 .- -

s: All units in dimension of inches of water depth.

Hote

HA

A

Precipitation Data: (1) Long Yerm Normal Recorded at Milwaukee Pitchell field HOAA Station hased on the
19511980 record period.
: (2) Heasured On-Site at Omega Hills Test Plets
CALC €1« Calculated Cvapotranspiration
STORAGE = Changc in moisture content from Neutron Prohe data, expressed in inches.
Dasa collected, but not yet reduced -
Estimated for period Sep 4-24, 1986 and for later periods of tark over(low.
On-site record augmented using Germantown HOAA Station Data for periods of site raingage failure.
So+1 muisture storage data collectfon for Test Plot 3 discontinced in Kovember 1988.



TABLE ) - PAGE ) OF 4

SEPTEHRER 1986 TIIROUGH AUGUST 1887
RECORDED HOHTIILY PRECTIPITAT ON, RUHOFF, PERCOLATION AND
: COMPUTED HONTHILY WATER DALAHCE

C Ihe her, )

PRECIPLIATION

T S 4 —

. JEST_PLOT | __JEST PLOT.2 TEST PLOT 3

HONTI! #?ﬁﬁn ON-SITE2 RUNOFF  PERC  SIORAGE  CALC ET RUNOFF  PERC STORAGE CALC ET NUNOFF PERC  SAMD  STORAGE CALC EY
SEP  2.88  9.78 4.40* 0.00 1.30 4.08 2.80* 0.00 1.72 5.26 2.80* 0.20 4.%0* 2.18  -0.30
ocT  2.25 1.63 0.40* 0.00 0.00 1.23 0.18 0.00 0.13 1.32  0.32  0.18 0.80* -0.07 0.40
HOY  1.98  0.86 0.00  0.00 0.00 D.86 0.00 0.00 D.0D p.86 0.00  D.00 0.04* .0.20 1.02
DEC  2.03  0.86 0.00 0.00 -0.59 1.45 0.00  0.00 -0.13 0.99 0.00 0.00 0.40* -0.53 0.99
JA 1.64  0.65 0.00  0.00 0.16 0.49 0.00 0.00 -0.20 0,85 0.00 0.00 0.50* 0.53  -0.38
FE8  1.33  0.89- 0,31  0.02 0.27 0.29 6.08 0.00 0.20 0.61 0.26 0.01 0.08* 0.26 0.32
KAR  2.58 1.81 g.00 0.00 -0.16 1.9 0.00 0.00 D.0D l.81 0,08 0,06 2.15* -0.2D -0,28
APR  3.37 A 1.60 0.0 -0.70 3.3 0.82 0.06 -0.99 r42 0.06 0.34 139 -1.12 1.64
HAY 2,66  1.32 0.00 0.00 -0.43 1.75 6.00 0.05 -0.59 1.86 06.06 0.19 G6.53* -0.66 1.26
JUN 3.59 1,48 0.16 0.00  -1.51 2.89 0.10 0.03 -2.1 3.46  0.07 0.13 0.14 -1.45 2.59
Juu 154 228 c.19  0.01 0.70 6.38 0.20 0.05 0.66 6.37 0.09 0.27 2.3¢% 0.9z 3.66
AUG  3.09  4.4)** 0.11 0.0 0.97 3.30 0.13 0.08 1.32 2.88 0.12 0.21 0.16 0.99 2.93
TOTAL 130.94 (35.2;) 7.11  0.06 0.01 28.06 4.1 0.27 0.00  30.69 3.0 1.59 13.33  0.65  15.85

Hote

HA

s: A1l units in dimension of inches of water depth,

Frecipitation Data: (1} Lon? Term Hormal Recorded at Hilwaukee ftitchell field HOAA Station hased on the
1951-1980 record period.
(2) Heasured On-Site at Omega Ni))s Test #lots
CALC EY - Calculated tvapotranspiration ' )
STIORAGE = Change in moisture content from Heutron Prole datu, expressed in inches.
hata collected, but not yet reduced
Cstimated for period Sep 4-24, 1986 and for later periods of taiwk overflow.
in-site record augmented ustnq Germantown HOAA Station Data fur periods of site raingage failure.
5001 moizture storage data collectjen for Test Plot 3 discoatinsed in November 1988.

"
TJpdat  Ord [9.'»- |cq-23




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 cover
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 controling percolation
performance. The apparent impact of dessication cracks developed during 1988
indicates that drought conditions may be much more damaging to cover
performance than 2 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. K

3. Analysis procedures which are based on assumptions of either saturated or
unsaturated porous media flow may not he annlicable to many practical landfill
cover situations without careful evaluation.

4. The multi-layered cover design did not result in lower percolation rates due 10
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.

S. The thicker topsoil utilized in Test Plot 2 has not noticeably reducsd 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 altemative vegetation speci¢s 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 1o be canducicd for the next saveral 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 runoff. 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 caver 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 mpisture in response to the small rainfall
events which occurred in the summerof $988 Indicating very rapid percolation through
the cracked soils of the upper clay layer. Turing the 1988-1989 period, runoff from Test
Plots 1 and 2 was similar, while runoff from Test Plot 3 was the lafgest This Sufprising

- result may be due'to the continued poorer condition of the vegetation on Test Plot 3
in 99Q data—

although this trend was not continued in the first eight months of 1989-1
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 runoft.

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 topscil, 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
attnbuted to the substantial moisture flow through cracks in the upper clay layer and
interception by the intermediate sand fayer, thus reducing moisture avaiabuily o
evaporation or transpiration. Evapotranspiration percentages are higher for later
periods of the study, when vegetation was better established and without the influence of
the record rainfall rates occurring in Septamber 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. Soil Moisture Content Variations

Monthly soil moisture storage changes were interpreted from CPN neutron probe data
collected at 6 inch to 12 inch intervals at seven locations in each test plot, Litte
borizontal varation of soil moisture content within each test plot was noted. However
significant varjations 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 1983. Below depths of 5 fest in Test Plots 1 and
2 moisture contents remained fairly static. , :

The observed. hydrologic responses of Test Plot 3, where substanual moisture was
transmirted through the upper clay layer, correlated with moisture content data in that

T
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cover soil profiles and to aid in the interpretation of the hydrologic budget daza.

The 4 ft by 10 ft test pits were excavated to 6 ft desp via a track mounted backhoe,
Samples were taken at approximately one foot increments or when matenal
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 sized blocky structure.

« Occasional larger cracks, 1/4 to /2 inch wide, extended 35 to 40 inches into the
clay, 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 § to 10 inches into the clay below the
topsoil/clay interface. Further root penetration occurred along crack planes
approximately 30 inches below the topsoil/clay interface.

The clay texture at the base of each test plot exhibited higher moisture contents
and no evidence of cracking. R

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 ugpcr clay of all
three test plots suggesting that more substantial cracking than observed (due to
dessication and shrinkage) would be unlikely.

Soil 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 penctration. This test pit was excavated in the buffer strip area adjacent to Test Plot
1, approximately 10 ft upslope from the 1988 test pit. The pit exposed the full depth of
the profile, down to the underlying intermediate cover on which the test plots were
constructed. Samples were collected for moisture content and density at approximately 1
ft increments in the cover clay, 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.

\\\\
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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 placsment 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 COLILECTION

Prcdpitau‘on, runoff, percolation, air and soil temperature, and soil moisture tensiometer
data 1s 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. nerature and relative humidity data is 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 2 multiplex input to the
data logger. Data logger collection frequency was hourly from August, 1986 through
September 1989, when it was altered to four-hourly.

Soil 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 soil moisture data from field samples.

Vegetation density and root penetration data was collected approximately twice-yearly,
for pot.h the alternative seed mix assessment areas, as well as for non-instrumented
sections of Test Plots 1,2 and 3.

Data collecdon has been continuous since mid-August 1986, and the collected data is
believed to presemt an accurate description of overall test section performance.
However, some problems have besn encountered in the data collection program,
summarized below: ‘

The heated tipping bucket rain gage occasionally malfunctioncd, requiring the .
use of daily precipitation data form the NOAA observation station at.
Germantown, Wisconsin (3.2 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 immaturity of
the vegetation stand, disturbance caused by instumentation maintenance and
mowing, and the effects of the drought of 1983.



THE OMEGA HILLS 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 isistalled on 3H:1V landfill
sideslopes. Two designs incorporate different thicknesses of local silty Joam topsoils 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 additon, twc 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

recipitation. After nearly four years of data collection, several observations appear to
Ec significant. The propagation of cracks within the clay soils appears (o 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 mulu-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, Inc, is located
approximately 20 miles northwest of the center of Milwaukes, Wisconsin. The &3-acre
site has been active since the 1970°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 QOutstanding Civil Engineering Achievement Awards.

Presented at the 22nd Mid-Atlantic Indusurial Waste Conference, Drexel University,
Philadelphia, July 24-27, 1990.
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SURFACE BARRIERS: PROBLEMS,
SOLUTIONS, AND FUTURE NEEDS

D. E. Daniel

Universily of Texas, Department of Civil Engincering, Austin, Texas

Key wordu: Cover, cap, barrier, clay, permeability, infiltration

ABSTRACT

The problem of designing a suriace barrier lor a remediation project can be an
enormously challenging task, There is a widely held misconception that surlace
barrer lachnology is well developed and works as expecled. In fact, the technol-
ogy Is largely unproved and experimental, paricutarly in terms of long-lerm per-
lormance.

The most diflicult problem with susface barriers Is 1o provide a long-lterm barrler
1o Infillralion of water. The materials thal have lraditionally been considerad for
the hydraulic barrter within surface barrier systems are low-permeability com-

- pacted soll, geomembranes, and the geosynthatlc clay liner (GCL). Dala are pre-

sented 10 sugges! that fow-parmeabllity compacted soil Is often a poor choice of
materials. Unless the compacled soll liner Is burled under a very thick layer of pro-
lective soll or coverad by a geomembrane, the low-permeability, clay-rich, com-
pacted soil Is likely 10 deslccate and lose ils low hydraulic conduclivily. Dilleren-
liat settfement of a compacted soil finer Irom uneven compression of underlying
waste or other causes Is almost certain to produce cracks within the soil liner.
Geomembranes do not suller as much from thasa problems, bul their design tile
Is, al bast, a'few centurdes. The GCL, which contains a thin layer of bentonite, is
much belter abla 1o resist damage Irom Ireezing/thawing, desiccalion, and diller-
aenlial sotllament than compacted soll linars. The tachnology of the GCL, which is
parlicularly well suited for arid sites, is raviewed In some dalail In this paper
becawse of lls lechnical altribules In surface-barrler applications.

Published case histories ol the performance of surlace barmiers are summarized.
There are many more published examptles of lailures than successes. It is likely
thal many, perhaps mosl, surface barders are lailing to achieve fully their
long-term design objectives.

There Is_a great need o understand more about surface barriers. The primary
Challungos are; (1) developing surface barrlers thal can withsland large differen-
ttat solllomont; (2) using materlals that can withsiand seasonnl changes in wator
contant without cracking; {3) doveloping hydraulic barrors (hal will be ossenllally
Impermeabla for hundreds of years or tonger; and (4) verllying in the lietd that sur-
lace barriers can and are working as well as anticipated.

I “
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to control the lateral Mlow of waler from tho toe of the barrier (wherg
water sccumulotes) Lo Lthe waste 2ono. If the barrier overhang is greag
enough, the amount of water (if any) thal gains access Lo Ltha wastq
zone vin lateral Mow would be sufficiently minimized to reduce the
potential for conlaminant leaching and subsequent transport.

The asphult or groul curtains consist of a verlical ring or band of
low-permeanbilily mualerials that completoly encircles a waste sile. The
curtain would bo constructed so that runofl water from Lhe barrier
would he diverted onto the side of the curtain opposile the waste zone,

The barrier lue could be designed Lo intercept and retain runoll water
from the barrier until it can ba passively recycled back to the atmos.
phere via evapotranspiration. One concept being evaluated is the con-
struction of a retention-pond Lype of structure. This feature is con-
strucied by exiending tho subsurface asphall layer in the barrier into a
shatlow trench dug nlong the periphery of the toe of the barrier. The
nsphalt layer serves as a liner in the trench. Gravel and sill loam fine
soil are backfilled over the asphall liner. The silt loam fine soils are veg-
etated to lake advantage of the Lranspiration capabilities of plants.
HunofT waler from Lhe barrier is atlowed to flow inta the soils in the
relention pond system. Based on lysimeter studies at the Field Lysime-
ter Test Facility (FLTF), the fine soils will probably slore moisture dur-
ing the fall and winter months, Thia stored water will subsequently be
removed [rom the soils by evapolranspiralional processes during Lhe

warmer spring und summer months, reducing the amount of water
nvailable for rechurge.

STATUS OF THE BARRIER DEVELOPMENT EFFORT

The BDP asg it is eurruntly structured, has been in existence since 1986.
During this timne, the einphusis of Lhe program'a efforls has been on the
development and Legting of various barrier components that are hased
on proliminary barrier conceptual designg. Mostly, these development
and Lesting efforts have been performed vither in the laboralory or on
relotively small-scale field plots. Although nol complelely resolved,
issues perlaining to prolective barrier performance with reapect to
waler infiltration, biointrusion, erosion and deposition, physical stabil-
iy, and climate change uro heing addressed. Natural analog studics of
various harrier componenty also have been conducted, and computer
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gimulation models have been used Lo predict Lhe performanee of pre-
jiminary barrier conceplun! designs.

The data and insights gnined from conducling barrier development
1asks have enabled the BDP Lo progress to the point where the design,
construction, and testing of a full-scale protnlype is vital Lo contlinued
parricr development. Although the resulls of development and Llesting
efforts conducted herelofore are nol final and additional work needs to
be performed, enough information and dala exist Lo allow the design,
construction, and testing of a prolotype barrier. A full-scale protolype
of a permanent isolation surface barrier is ennbling engincers and sci-
entists Lo gain insights and experience with issues regarding barricr
design, construction, and performance that have not been possible with
the individual Lests and experiments conducted Lo date in the program.

The design of Lthe prototype barrier was completed in 1993. Following
the completion of the design effort, n bid packnge wns prepnred and n
construclion contract lel. The contraclor began construction nclivitics
in late 1993 and completed construclion of the prolotype Larrier nenr
‘the end of summer, 1994,

Onee conslructed, tho protolype barrier will he Lested and monilored
for o minimum of 3 yr Lo evaluate its performance within the range of
conditions representative of those expected to be experienced during
the design life of a permanent isolation surface barrier {Gee et nl,
1993). Many tests and experiments are planned to assess the perfor-
mance of Lhe protetype barrier vis-d-vis waler infiltration, bhiointru-
sion, ernsion, and physical stabilily. Becouse only a finite un‘unml of
lime exists Lo Lest a prototype barrier that is intended Lo funclion for n
minimum of 1000 yr, tho Lesting program has been dcsigm;d to "e?l.r(.:as"
Ihe prototype so that barrier performance con be determined within n

“reasonable Lime [rame.

The 3-yr testing period is considered Lhe minimunl\ amount of Lime nee-
essary. Approximately 1 yr ia expected to be required .for the protolype
barrier Lo stabilize following construetion. During this (irsl yeor 'nﬂur
construction, the soils in the prototype barrier probably will_expcncn.ce
minor amounts of uniform settlement. Moisture content in lh{: ‘smls
also will equilibrate from construction levels to natural field condmn'ns.
Even though Lhe prototype’s surface will be rcvcgclalcd..Lhe vegetalion
will need some Llime Lo become estublished. Efforts will he made to
expedite the establishment of vegelation an the prototype’s surface by

-~ 4
i
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Fleld Tests and Experiments

Field tests and experimenta enable scientists and engineors to test var.
ious barrier compunents using aclual barrier construction malerinly,
These lests are designed to be canducted under ambient climatie con-
ditione as well us under conditions simulating a change in climate over
the next 1000+ yr. In this manner, components of the surface barrier
con bo tested under Lhe range of conditions that are expecled to be
encounterud during the barrier’s design lifo. Tho resulls of the field
tests and experiments are used to develop final barrier designs.

Computer Simulation Models

Computer sitnulation models are being developed for use In assessing
the performance of permanent lsolation surface barriers over their

intended design life. Tho colleclion of ficld and laboralory datn is nee-
essary Lo generalo the information required to validate the compuler
models. Many of Lhe: field and laboratory Lests and experimenla men-
tioned previcusly are designed Lo quantitatively evaluate the perfor-
mance of protective burriers. The field nnd luboratory data will be com.
pared with the predictions of the compuler simulation models,
Modifications and refinements of the models will be made, as necded,
80 that Lthe natural processes tuking place in the barrier are accurately
gimulated. Once validaled, the computer models bacome particulnrly
efTeclive Lools for predicling barrier performance (1) during perinds of
time much longoer than can be tested in the field and (2) under envi-
ronsontal canditions represanintive of anticipated future climates,

While the mudels are being developed, they aroe used Lo perform sensi-

Livily nnalyscs Lo gnin ingights Inlo the degign, tesling, und perfor-
mancu of various barrier ayslems and components.

Natural Analog Study Tasks

Insights inlo permanent isolution surface barrier performance can be
obtuined by studying unanlogous natural or man-made objecls. For
example, many ol the borrow pils at the Hanlord Sile have relatively
fine soils overlying coarsur-textured materials. This layering sequence,
which clugely resembles Llie permanent isolation surface barrier, was
primarily cuaused by the deposition of watlerborpa materinls during enst-
agtrophic Noods that cecurred about 13,000 yr
vt have coanine Y tatie ! 1 th

Becnuse these male-

neln et oap e T s,
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(he materials can serve as functional modela for the performanco of nnd
changes expected Lo accur to permanent isolalion surface barriers due-
ing extended periods of lime.

Similarly, mounds construeled to protecl Lombs or for temple platlormsy
are known to have existed for hundreds Lo thousands of years. Many of
{hese ancient mounds have survived extremely well and are stil] intact.
The BDP has studied these anciently engincercd mounds Lo gain
jnaighta Lhat will enable currenl dosign cfTerts to produce a similarly
durable and functionnl structure. This study and that of other annlogs
iz particularly effective for predicting barrier porformance wilh regurd
to physical stability and maintenance requirements,

Studies of other barrier analogs have been conducted, planned, or con-
sidered Lo provide insights into how the barrier can best be designed o

accomplish the design objeclives. For example, studies of asphall dura-
bility are being performed on asphalt specimens from museum cotlec:

_tions that rango in age from 160 Lo 5000 yr. Desert pavemenls and

other naturally occurring rock-armored surfaces have heen studied to
develop crosion-resislant surfaces nnd Lo delermine the effects of theso
armorcd surfaces on waler balance. ‘I'he abifity of plants Lo re-establish
themselves following perturbations such as range fires can be predicted
from studies of plant community dynamice on the soils that will be used
for barrier conslruction. The potential for binintrusion of various Iny-
ers of surface barriers can be nsseased by ohserving the burrowing
activities of animals and the rooting behavior of plants living in analo-
gous layered soils. Furthermore, Lthe polentinl effects on harrier per-
formance caused by future shifts in elimale ean be deduced by compnr-

-ing the parnmeters of interost at loentiona that axhibil the proedicled

climatic variability.

input to the Final D sign of the Barrler

The information and experience gained from conduetling licld tesls and
experiments, performing computer simulations, and studying notural
analogs will be used as input for the final design of permanent igolation
surface harriers. These activilies are also necessary to assess Lhe bar-
rier's ability to meet design objectives.

(
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INTRODUCTION

Engiuncered barriers are being doveloped Lo isolate wanstes dispoy of .
near the carth’s surface at the US. Department of Encrgy’s (NOR,

Hanford Site near Richland, Washinglon. Much of the waste that wouy

be disposed of by in-place stabilizalion is currently located in relativety,

shullow subsurfuce struclures, such ns solid-wnale burinl ground,

tanks, vaults, and criba. Unless protected in somo way, tho waosley (:nuldl

be trunsportod Lo the acceasible environment via tho following payy,.

ways: plunt, animal, and human intrusion; water infiltration; erosion;

and the exhalation of noxious gaseca.

Permanent isolation surface barriers have been proposed to protect
wastes disposed of “in place” from the transport pathways idenlifieg

proviously (Figure 1). The prolective barrior consists of n variety of dif-
ferent muterials (e.g., fine soil, sand, gravel, riprap, nsphalt, elc.) placed
in layers to form an above-grade mound directly over the waste zone.
Surface markers are being considered for placement around the periph.
ory of Lho wastla sites to inform future generations of the nature and
hazards of the buried wasles. In addilion, throughout tho protective
barrier, subsurface markers could be placed to warn any inadvertent
human intruders of the dangers of Lthe buried wastes (Figure 2).

A
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Avpran Lage

Wass Tans

Flgure 1. Funcllonal purlonmance of bairiora.

‘The isolation burriers nse enginvered loyors of natural materinls to cre-
ato an integrated structure with redundant protective features. Nat-
ural construction materialy (o.g., fina soil, sand, gravel, riprap, asphalt}
have been seleeted Lo oplimize burrier performnnce and longevily.
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Flgure 2. Tha placemont of surlace and subsuriace markers.
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TABLE C.1. (contd)

EVENING 07/01/92 MORNING 07/02/92

SAMPLE DEPTH(em) %H20(a/g) SUCTION(Mpa) %20(a/a) SUCTION({Mpa}
po8-2 0.5 0.56 145.4 1.88 56.1
Dry, bare 1 1.78 96.1 2.44 18.6
5 4.86 1.8 5.53 1.8
10 7.53 1.5 8.74 1.2
15 8.59 1.3 g8.73 0.8
20 7.98 1.4 8.98 1.2
D04-1 0.5 C1.21 122.6 1.80 66.2
Dry, veg . 1 1.76 87.3 2.12 42.4
‘ 5 4,92 2.2 4.19 3.2
10 4.96 2.2 4,53 3.9
15 4.61 1.9 4.07 3.6
20 5.67 1.9 4.16 1.6
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TABLE C.1. (contd)

e ettt

MORNING 10/18/91

SAMPLE DEPTH(cm) %H20(q/q) SUCTION(Mpa)
D08-2 0.5 1.35 132.3
Ory (Ambient) 1 1.48 87.7
bare 5 1.99 50.7
w02-2 g.5 1.26 205.9
Dry (Ambient) 1 1.48 133.7
bare 5 2.70 28.6
wW03-3 0.5 '1.93 67.0
Wet (Irrigated) 1 4.43 ' 3.4
Vegetated 5 8.61 0.7
Di4-3 0.5 2.42 2.1
Wet (Irrigated) 1 65.19 1.4
Vegetated 7.98 1.0
D10-4 0.5 2.82 8.1
Wet (Irrigated) 1 7.66 1.1
Vegetated 9.47 0.7
po4-1 0.5 1.42 119.6
Ory (Ambient) 1 1.41 116.1
Vegetated 5 1.49 . 114.5
D04-1 : 0.5 2.06 92.8
Dry (Ambient}) 1 2.58 48.1
Vegetated 5 3.53 17.2

c.2



APPENDIX C

SURFACE WATER CONTENT AND SUCTIONS AT
SELECTED TIMES ON SELECTED LYSIHETERS
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Precipltation (em)

Figures

Precipitation for the Protective Barrier Landfill Cover Demonstration
{November 1991 through January 1983: §3.0 ¢m total)
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Fig 1. Precipitarion Data Collecied at the Protective Barrier Landfill Cover
Demonstraton From November 1991 Through January 1993.
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TDR Sod Water Content Data for the
Conventional Design (5% siope)
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Fig. 3. TDR Soil Water Content Data Collected For
the Conveatiopal Landfill Cover Design With the 5%
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TOR Soi Water Content Data for
the EPA Design (25% siope)
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water content (m’/m’)

3, = intercept

x
=2
1]
3
m
D
]

a, = slope

C = neutron counts during 16-s reading.
Water storage (Snw cm) in each lysimeter was calculated using Simpson’s
method as descrilbed by Haverkamp et al. (1984):

Spp = (8, + (8, + 48, + 28, + 48, + 206, + 48, + 28, + 48, + 6,)/3 + 8,142 (2)
where 4z 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 198%. For each date, S values were calculaied and associated with
the lysimeter weight at 0600 h., ODiscrepancies could exist between neutron
probe and lysimeter storage values for the;follcwing reasons: ﬁéasurement
times, snow cover, irrigation and precipitation, and temperature. Probe
measurements occurred during the day rather than at 0600 h. A snow cover is
detectable with a weighing lysimeter but not with the probe. Recent
jrrigation or precipitation that had not infiitrated beyond the top several
cantimeters would be detected by the weiching lysimeter but would not be
adequately detected by the probe. Temperatures below freezing could have
affected the equipinent. To minimize the possible erffects of these factors,
the number of dates was reduced by el iminating 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 >09°C

irrigation or precipitation must not occur on the measurement date of
its przceding dats
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TABLE A.]. Target Amounts of Water for irrigated FLTF Treatments

Target Target .
ate 2X Treatment (mm) Date 3X Treatment{mm)
W7 -Mav-87 1.8 47-Nov-90 12.Q
ii-Hov-27 19.2 j4-hov-30Q £9.2
21 -Nov-87 1.2 21-Hev-50 7.2
29-Mov-27 42.8 28-Kav-93 £4.5
08-Dec-87 53.9 05-0ec-30 8l.2
12-Dec-8? §54.7 12-0ec-90 - 97.3
19-Dec-87 75.0 19-0ez-90 112.8
25-Jec-87 a5.¢ 26-0ec-90 - 1277
G2-Jan-88 ‘ 94.5% 62-Jan-91 142.0
09-Jan-88 103.7 03-Jan-91 155.¢
i5-Jan-88 112.5 18-Jan-91 , 169.0
21-Jan-88 121.0 21-Jan-81 181.8
3@-Jan-48. 129.2 3¢-Jan-91 194.0
£5-Feb-88 137.0 05-Feb-91 205.8
13-Feb-38 1445 13-Fed-9] 2174
20+7eb-38 i5i.8 20-Fen-9] 227.9
17-Feb~-28 153.7 27-Feb-91 218.3
C6-Mar-88 165.2 0S-Mar-91 248.4
13-Mar-88 122.7 11-Mgr-9] 258.0
20-Mar-88 178.8 2G-Mar-91 287.2
27-Har-88 184.7 27-Kar-81{ 278.1
03-Apr-88 1¢0.4 0)-Apr-91 284.7
12-Apr-48 195.8 13-Aor-91 £92.5
17-Apr-8s 201.1 11-apr-91 390.9 -
24-Apr-88 2G5.1 28-Apr-91 08.5
Ci-May-88 210.2 2t-May-31 5.8
29-Kay-88 S £3-May-91 323.0
‘G.Mgy-28 219.6 15-¥ay-91 329.9
i~vay-88 . 22¢.% 22-May-9i 3156
c3-¥ay-88 2224 2-¥ay-31 1230
23-dun-33 211 .% Tielun-3i 149
12-Jun-33 217 2 vi~lun-91 1855
L8~Jun-33 2ii.t 18- jur-31 151.4
23-jun-38 245, ¢5~aun-21 367.3
23s2yi-33 248.3 03-2u1-31 17319
t3-Jdul-38 252.? 0-Jui-91 378.7
i¥-Jui-23 253.4 17-5ul+91 31843
Z24-Jul-38 253.0 2d-Jul+31 199.3
-2t -33 . 251.3 Jiedui~3l 185.2
37-hug-33 167 .4 £7-Aug~91 2.7
Vi-Auz-38 it 14-Aug-91 195.1
2i-Aug-32 7e.5 2i-Aug~2! 411,58
Z23-Aug-23 278.8 28-Aug~-51 4170
5é-Sea-38 ) 2%2.2 94-Sen-8! 322.5
L.-3ep-38 285.5 1i-Sen-91i 1281
13-3ep-38 243.3 15-3e0-31 £33.3
23-3e0-88 293.7 Z%-Se=-91 419.%
22-0ct-38 97.1 (2L S8k H <3154
03-0¢2-38 jol.a G3-0c:-81 514
15-0¢%-88 N80 16-Cct-81 257.5
£1-9ct-88 310.¢ £31-0z%-91 283.3
Iy-0ct-22 12359 3t-0es-91 480.0

Al



Rickard, W. H., and B. E. Vaughan. 1988. "Plant Community Characteristics
and Responses." In Shrub-Steppe. Balance and Change in a Semi-Arid
Jerrestrial Ecosvstem, eds. W. H. Rickard, L. £. Rogers, B. E. Vaughan, and
S. F. Liebetrau, pp. 109-179. Elsevier, New York. .

SAS Institute Inc. 1985. SAS User’s Guide: Statistics, Version 5 Edition.
SAS Institute Inc., Cary, North Carolina.

Schulz, R. K., R. W. Ridky, and E. 0’Donnell. 1989. C(Control of Water
Infiltration into Near Surface LLW Disposal Units. NUREG/CR-4918, Vol. 3,

U.S. Nuclear Regulatory Commission, Washington, D.C.

Smoot, J. L., J. E. Szecsody, B. Sagar, G. W. Gee, and C. T. Kincaid. 1990.
Simulations of Infiltration of Meteoric Water and Contsninant Plume Movement
in_the Yadose Zone at Single Shell Tank 241-T-106 at the Hanford Site.
WHC-EP-0332, Westinghouse Hanford Company, Richland, Washington.

Steel, R.G.D., and J. H. Torrie. 1960. Princioles and Proceduras of
Statistics. McGraw-Hill, New York.

Uresk, D. W., R. 0. Gilbert, and W. H, Rickard. 1977. “"Sampling Big
Sagebrush for Phytomass.” J. Range Managemant 30:311-314.°

EPA (U.S. Environmental Protection Agency). 1986, (Covers for Uncontrolled
Hazardous Waste Sites. EPA/540/2-85/002, U.S. Environmental Praotection
Agency, Cincinnati, Ohio.

EPA (U.S. Environmental Protection Agency). 1987. HMinimum Technology
Guidance cn Final Covers for Landfills and Surface Impoundments.
U.S. Environmental Protection Agency, Washington, 0.C.

£2A4 (U.S. Environmental Protection Agency). 1991. Desian and Construction of
PCRA/CERCLA Final Covers. EPA/625/4-91/025, U.S. Environmental Protection
Agency, Cincinnati, Chio.

Wing, N, R., and G. W. Gee. 1990. “Protective Barrier Development:
Overview." In Froceedings of the Twenty-fighth Hanford Symposium on Health
and the Environment. fnvironmental Monitoring. Restoration, and Assessment:
What Have We learned?, ed. R. H. Gray, pp. 147-158}. Pacific Northwest
Laboratory, Richland, Washington. _

Winograd, !. J. 1981. "Radioactive Waste Storage in Thick Unsaturated
Zone:." Science 212:1457-1464.

49



8.0 REFERENCES

Alwz~ F. J., and G. R. McDole. 1917. "Relation of Water-Retaining Capacity
of « il to Its Hygroscopic Coefficient.” J. Aari. Res. 9:27-71.

Anderser. L. J.. and . V. Clausen. 1988. "The Capillary-Barrier Test Field
at Botterup, Oenmark." In Hvdrology and Safety of Radioactive and Industrial

Waste Disposal. International Symposium, Vol. 1, pp. 1-4. Commurications

International Association of Hydrogeologists, Orleans, France.

Anderson, 0. C., M. J. Lupo, M. C. Anderson, and S. L. Hana. 1983. "Cover
Oesign and Other Closure Considerations for a Low-level Radioactive Waste
Site,” In Superfund ‘89, Proceedings of the 10th National Conference, pp.
4-8. Hazardous Material Control Research [nstitute, Silver Spring, Maryland.

Booth, C. J., and B. C. Price. 1989. ~Infiltration, Soil Moisture and
Related Heasurements at a Landfill with a fractured Cover, [ilinois.”
J. Hvdrol. 108:175-188.

Lampbell, H. D., and G. W. Gee. 1990. Field lysimeter Test Facility:
Protective Barrier Test Results (FY 1990, the third year]). PNL-7558, Pacific
Northwest laboratory, Richland, Washington.

Campbell, M. D., G. W. Gee, M. J. Kanyid, and M. L. Rockhold. 19%0. Field
Lysimeter Test Facility: Second Year {FY 1989) Test Results. PNL-7209,
Pacific Northwest Labdoratory, Richland, Washington.

Cartwright, K.. T. H. larson, B. L. Herzog, T. M. Johnson, K. A. Albrecht,

D. L. Moffett, D. A. Keefer. and C. J. Stohr. 1587. A Studv of Trench Covers
to M.nimize Infiltration at Waste Disposa) Sites. NUREG/CR-2478, VYol. 3.

U.S. Nuclear Regulatory Cemmission. Washington, D.C.

Fayer. M. J., W. Conbere. ?. R. Heller, and G. W. Gee. 1385. Mode]
Assessment of Protective Barrier Designs. ~ PNL-5604, Pacific Northwest
Laboratery, Richland. Washirgton.

Fayer, M. J. 1957. Model Assessment of Protective Barrier Desians: Part II.
PNL-6297. Pacific Northwest Laboratory, Richland. Washington.

Fayer. M. .. '690. JTest Plan for Hvdroloaic Modelina of Protective Barriers.
PNL-7152, Paz.fiz Northwest Laboratory, Richland. Washington.

Fayer, M. J., M. L. Rockhold., and M. ©. Campbell. 1992. "Hydrologic Modeling
of Protective Barriers: Comparison of Field Data and Simulation Results.” A
Soil Sci. am. J. 56:890-700.

Gee. G. W.. R. R. Kirkham. J. L. Downs. and M. D. Campbell. 1989. The Field
Lysimeter Test Facility {FLTF) at the Hanford Site: [nstallation and initial
Results. PNL-6310. Pacific Northwest Laboratory. Richland. Washincton.




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 aperation, 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 Fi?lea 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 D09-7 (see Figure 2.4) with basalt rock, lysimeters DO4-1
and D11-7 with clean-fill soil, and lysimeters DO7-1 and D14-3 with vegetated
silt loam, 2-m-thick (with 15 wt% pea-gravel admixed into the top I m}. One
of each pair of lysimeters wiil 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 Teast 3 more years. Water balance data from the new treatments will be
compared with water balance observations in the other eleven FLTF treatments
and at the prototype barrier. Comparisons between prototype and FLTF water
balunce will allow us to evaluate scale-effects (i.e., lysimeter to field
scale)-and the merit of using lysimeter data to extrapolate in time and space
to full-scale barrier situations. [If such efforts prove successful, much time
anc money can be saved by utitizing past lysimeter records to forecast large-
scale 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. OQuring.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
silt loam soils) exceeded the 500-mm water storage limit and drainage
occurred. No drainage occuried in any other capillary barrier treatment.
These data demonstrate the limits of capillary barriers vwhen 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 :ypica]iy 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 initial water
stcrage, coupled with elevated precipitation, caused the iysimeters to drain.

Under irrigation, where vege‘atian was present, summer and fall water
storage was reduced to values similar to that cccurring in vegetated
treatments without irrigation. The low water storage in the vegetated
ireatments allowed the extreme winter snowmeit events in 1993 tc te stored
without exceeding the storage limit {500 mm) and by July all winter
precipitation (including irrigaticn) 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 silt loam soils at Hanford. new vegetative growth
will most 1ikely be initiated rapidly because of the abundance of seed sources
(Rickard and Vaughan 1988). |
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TABLE 4.1. Linear Regression Parameter values for the Leaf Area and Biomass
Models Described in Equations 1-3
T A. tridentata
P. sandbergi] p. spicata, Total Aboveground
Parameters Leaf Area (cm ) Leaf Area (cm’) Biomass (9)
b, 438 514.7 196
b, -50.4 12.46 0.00102
b, -78.4 -18.72
b, 155.5 -21.73
b, .44 0.01121
by 1.1958
by 6.325
b, -2.016
by 23.99
TABLE 4.2. Estimated Total Plant Biomass {(g) and Biomass [ndex fg/mz) on Each
Lysimeter in 1989 and 1992
B Biomass
5urfac? ‘ _ Total Inde Total Indaf
Area (m‘) | Lysimeter | Treatment (9) (g/m") (9) (g/m°)
[ 2.99 DO4- 1 smbient, 1.5 m | 3442 1150 | 3455 | 1160
2.99 007-1 3417 1140 3291 1100
2.3¢ wol-1 3203 1620 3337 1430
l 2.99 D13-3 Irrigated. 1.5 m 5218 1780 10491 3510
o 2.99 D14-3 e381 | 2130 | 9582 | 3200
2.34 W03-3 3844 1640 7131 3050
2.99 Doz-% Ambient, 1.5 m, 2623 ‘ 750 1357 450
2.99 p05-5 | Gravel Admix 3343 | 1140 4164 1390
2.99 D03-6 Ambient, 1.0 m 3328 1110 4015 1340
2.99 006-& 3045 1020 3481 11860
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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 Tinear
regression model was developed to predict shoot leaf area from morphometric

measures (cm) as follows:
Y = b, + bw + bpw + bfht + blht + bw' + bpw’ + b,fnt? 4 bint?, (1)

where Y is predicted leaf area‘(cmz), w is the greatest projected basal
diameter (cm), pw is the perpendicular width to w, fht is the floral height,
Tht is leaf height, and b are linear regression parameters.

Agropyron sibericum and QOryzopsis hvmeﬁoides are uncommon species which
przcluded the development of a similar model. Both species are related to
Pseudoroeqneria spicata; therefore, their leaf areas were estimated using a

P. spicata model. A1l measures except leaf -height were taken on 15
individuals spanning all sizes above seedlings. Sample processing was as
described for P, sandbergii. The model is as follows:

Y=b, + bw+b pw+ b, fht + b, wpw*fht. (2)

Shoot biomass was estimated from predicted leaf area by making use of
the biomass to leaf area raties of 0.0215 for P. sandberaii, and 0.0285 for P.
spicata. Biomass for A. tridentata was estimated using the model of Uresk et

al. (1977) which is as follaws:

1 = b, + b, wrpw*lht, {3)

where Z is total (leaves. stems. wocod) shoot oven dried biomass (g). Shoot
biomass for B. tectorum was abtained by harvesting and drying all shoots
within a 100-cm’ area and assuming that the stand density on the lysimeters
was constant and ecual to the average of the five harvested values. The
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£LTF Tension Data at 100 cm
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over the course of several months a proiiferation 6f roots was nbserved in the
1.5 m-deep silt loam soil layer. Over the next 3 years, roots were abserved
to permeate the silt Yoam but ..o roots penetrated more than 1 ¢m into the
sand. In late 1991, in spite of an increase in irrigation to a'3X treatment,
the sagcbrush plant died.

By early February 1993, the entire profile of the irrigated, clear-tube
lysimeter (C06-3), was noticeable wet, includiug the underlying rock
materials. However, no drainage water was collected from this lysimeter. In
March 1993, a small sagedrush was transplanted on Tysimeter C06-3 and by late
May sagebrush roots had penetrated more that 1.5 m through the silt loam and
sand and had moved in.o the wetted gravel below the sand. By late July 1993,
a few sagebrush rcots had moved downward into the rock to 2 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 lysimeter.

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 subsoiis have limitod ctorage capacity. As soon as water
is extracted from the coarse material-surfaces the rcots are limited in their
capacity to survive, and if water is not supplied the probability is high that
thay will die. [t is expected that over tﬁe next vear there wiil be no
further root penetration into the subsoil, since evapotranspiration from the
sagebrush should be sufficiently high ta 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, drainsge should be

prevented.

3.3.2 Species Composition

Sagebrush vegetaticn 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 watted. Bromuys tectorum L. {cheatgrass) has invaded the
lysimetor, and in 1993, cheatgrass occupied most of the lysimeter surface. By
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conditions.

After the first winter, storage in a\] vegetated treatments

‘averaged less than 200 mm, which is less than half the 500 mm needed to cause

drainage.

Thus, it is reascnable to conclude that vegetated capillary

barriers similar to the lysimeter design will perform extremely well.

3.2.2 Bare lLysimeters

The bare treatnents maintained a re]dtively 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 lysimeters 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). Orainage
Tysimeter 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 1ysimeters 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 observatjon 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 capiilary barriers for the Hanford Site, even under extreme
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FLTF Orainage Data Bare Lysimaters
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TABLE 3.1. (contd)

— == )
Precipitation | Storage
and Irrigation | Change ET Drainage
- Lysimeter Water Year mm
D11-7 19391 479 -45 524 0
(Breakthrough, 1992 487 29 458 0
Bare) 1993 406 i3 371 2
(a) Water Year - November 1 of previous year through October 31 of year
specitied.

{b) 1993 Water Year - exception = November 1 1892, through July 31, 1993.
{c) Numbers in parenthesis represent summer condensate water.
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TABLE 3.1. (contd)

i Precipitation | Sterage ]
and Irrigation | Change (T | Drainage
Lysimeter Water Year!¥ am ]
D10-4 1988 294 -33 325 (2)
(2% Precip., 1989 367 30 337 0
Bare) 1950 304 -32 336 0
1991 479 12 467 ¢
1992 487 45 442 ¢
1993 406 34 338 34
Dl2-4 1988 294 -21 313 (2)
(2X Precip., 1588 367 34 332 (1)
Bare) 1690 304 -25 328 (1)
1991 479 17 462 0
1992 487 39 448 0
1993 406 34 340 32
002-5 1968 127 -138 263 (2)
(Ambient, 1989 173 -21 199 0
Yegetated, 1950 144 16 128 0
Admix) 1891 144 -15 139 0
1992 174 9 - 165 0
1993 235 5 230 0
005-5 ‘ 1988 127 -123 . 244 (6)
(Ambient, 1989 173 -11 184 0
Vegetated, 1990 144 14 .30 0
Admix} 1991 144 -12 156 0
1992 174 9 165 )
1993 235 4 231 0
D03-6 1988 127 -157 277 (7)
(Ambient, 1389 173 -7 180 0
Vegetated) 1950 144 12 132 0
1991 144 -10 154 o}
1992 174 7 167 0
1993 ' 235 8 227 0
006-6 1588 127 1212 259 (1)<t
(Ambient, 1089 173 -£ 179 0
Vegetated) 1990 144 8 136 0
1991 144 -9 153 0
1992 174 7 167 0
1993+ 235 7 28 | 0
009-7 | 1991 479 -45 524 0
(Breakthrough, 1992 487 3l 456 0
'Bare) 1993 406 29 375 2
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3.0 RESULTS OF LYSIMETER WATER BALANCE STUDIES

A summary of lysimeter water batance data for nearly 6 years (November
1987 - July 1993) is provided in the following subssctians. Data “from
drainage, weighing and clear-tube lysimeters are grouped and analyzed
according to treatment.

3.1 DRAINAGE RESULTS

Orainage data from 211 lysimeters are presented in Table 3.1 and shown
in figures 3.1 to 3.3. Table 3.1 lists the cumylative drainage vaiues 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 D1l-
7) (Campbell and Gee 1990). A1l drainage values are rounded to the nearest mm
of water. ODrainage from all lvsimeters is scaled to 2 unit cross-sectional
area (i.e., water volume/area = length, expressed in mm, to conform to
conventional S.I. units used for preéi;)itation, recharge, etc.).

The data clearly indicate that all capiflary-barrier (silt 10%& soil)
treatments, excepl those with bare so0i1 , exposed to the highest (3X)
precipitation treatment, have had no drainage after nearly 6 years of testing.
A1l other treatments (e.g., sandy soils) exhibited drainage. Orainaye is
least for vegetated sand under ambient precipitation and greatest for gravel-
covered sand under elevated (3X) precipitatioen. 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 “irst 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
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to minimize further debris accumulaticn. The weighing lvsimeter calibration
for WLO! was adjusted to account for the new scale. Because of the scale
replacement, all data were checked for proper calibration both in early spring
and fail of 1992. B8y fall of 1992, all scales were wcrking co%rect!y. Héight
change duta from the weighing lysimeters as well as precipitation, irrigation,
temperature, and other key data are plotted and reviewed weekly. Appendix A
(Figure A.1) provides an example of these weekly plots.
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TABLE 2.1. Field Lysimeter Test Facility Treatments

Precipration Surfacs Soil Thickness
Treatment Al") 28 BI®) Bare Veq Admix Gravel Texture 1.0m 15m 3.0m Lysimaler #
3 X - X T SiL X Wwo1-1, DO4-1, DO7-1, CO3-1
2 X X SiL X Wwo2-2, D01-2, D0o8-2
3 X X siL X woa-3, D13-3, D14-3, C06-3
4 X X SiL X WO4-4, D104, D124
5 X X X SiL X D02-5, DO5-5
6 X X e sit. X Do3-6, DOS-5
7 : X X SiL X Dog-7, D11-7
8 X X S X cot-8
9 X X S X Co2-8
1 b S X L X Cos-10
1 X X ' : S X Cos-11

MAmbient precpitation
®lax, 3X annual average
&)8reakthrough +2X, 23X annual average

SEXUAT.§

2.6.1 Drainage Errors

{

We checked all outflow lines for evaporation losses. Evaporation losses
were found to te 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 {yravel-covered sand, 3X precipitation) was found in early sumnrer (July
14-23) of 1593 to be apen for a week, and drainage water was lost during that
pericd 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 incrementally adding this amount to the drainage data Set. A1l other
records represent actual recorded drainage values.

2.6.2 Mater Storage Analvsis

Neutron probe data were collected manually (reccrded in laboratory
record books) and electronically. The electronic data were reid 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.

12



water storage data are also used to analyze performance of lysimeter

treatments with no drainage.

2.6 EXPERIMENTAL DESIGN AND METHQOS 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. 1Ihe 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 mm/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, znd 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 snowfz1l 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 D0B-2. Lysimeters D0S-7 and D11-7 {see Figure 2.4) were covered
and sealed with plastic from August 1988 through-Ju?y 1990, when ccvers and
plastic seal were removed. Each irrigated lysimeter had a smal), manual
plastic precipitation gage next to it. Irrigation was scheduled to remove
deficits at the beginning and middle of each monmth. During the first 3 years
{November 1987 - October 1990}, the irrigation treatment was designec (2
create a 2X (twice the annual average) precipitation condition. For the past
3 years (November 1990 to oresent), irrigaticn 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 zvailability. A target amount of supplemental irrigation was

10
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FIGURE 2.3. Instrument Locations in Weighing and Drainage of Lysimeters

Two clear-tube lysimeters (designated as C03-1 and C06-3) were installed
and filled in November 1988 with basalt riprap, capped by a filterbed in the
lower ha]f. and 1.5 m of Warden silt loam soil (Xerollic Camborthid) from
McGee Ranch in the top half (identical to 12 of the drainage lysimeters). A
small {above-ground height, approximately 0.15 m) Artemisia tridentata
(sagebrush) was transplanted into each of these lysimeters. Four additional

lysimeters were installed in October 1989. each filled with pit-run gravely
sand in the bottom half (1.5 m) and with screenad sand in the top 1.5 m. Two
of these sand-filled lysimeters {designated as C02-9 and C05-11} were topped
with 0.15 m of coarse gravel. The remaining two sand-filled lysimeters
(designated as C02-9 and C05-11) were each transplanted with small sagebrush
in late 1989.
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1.0 INTRODUCTION

Cover systems are used to isolate buried wasi: from the accessible
anvironment at must, if not all, waste sites throughout the United States
(Lutton et 1. 1973; EPA 1986, 1987, 1991; Anderson et al. 1989). These
covers range from very simple designs, cansisting of nothing more than 3 thin
mantle of seil placed over the waste, to complex designs, consisting of
aultiple layers of soils and geosynthetic materials. Control of water
intrusion into the waste is a major feature of the more complex designs.

1.1 CuPILLARY BARRIFRS

A proposed surface cover design for the Hanford Site includes a
"capillary barrier” {Wing 2=d Cee 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 Timits drainage and
stores water in the upper {fine) so0il until the soil at the interface
approaches saturation. The resulting increéased water storage increases water
availability for evaporation and plant transpiration (Milier 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. 1987; Andersen and Clausen 1988; Healy 1989; Schulz et
al. 1989; Melchior et al. 1993). While this concept has been known for many
years (Alway and McDcle 1917), practical use of the concept for infiitration
control at waste sites is a relatively recent innovation {Rancon 1980).

In humid climates, a capillary harrier is less effective than in arid
climates because s0il is often wetted to near saturation, resulting in
periodic drainage into the underlying coarse soil (Melchior et al. 1993).
8ooth and Price (1989), Healy (1989), and Andersen and Clausen {1988) have
shown that significant portions (ranging from 20% to 50%) of the annual
orecipitation at humid sites can drain through a capillary barrier, which on

sloping surfaces in wet climates acts more like an internal drain.
P

In contrast, Schulz et al. (1989) have demonstrated that a capillary
barrier at a humid site (B21tsville, Maryland) when covered with adequate
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Oetailed soil water measurements were made at near-surface on selected
$i1t loam-covered (capillary barrier) lysimeters during FY 1992. Scil cores
were taken to depths of 35 ¢m and analyzed for soil water content and matric
suction. Soil water contents at the near surface varied according tc bath
treatment and sampling tine. Vegetated soils were driest, with h%ghest matric
suctions at depth. Matric suctions exceeding 10 Mpa (100 bars) were observed
at depths of 35 em. 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-bs-rier 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 fieaf area index. Total biomass was correlated with plant

density and leaf area index.

The FLTF test results have been used to guide the design, deve]opment,v‘
and testing program of a large-scale (100 x 60 x 15 m) prototype barrier
facility located over a waste disposal facility (200 8°-1) at the Hanford
Site. The prototype barrier construction was begun in September of 1993 and
is scheduled for comp]etioh in April of 1994. \Water balance data for both
soi1raﬁd 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 testing.

Complementssy 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 pe 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



EXECUTIVE SUMMARY

Tae Field Lysimeter Test Facility (FLTF), 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 thc Hanford Metearological Station (HMS), censists of_gj_
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-m-thick layer of fire soil (silt loam) overlying a coarse-textured subsoil
(capillary break) and simulate surface isolation barriers with two differont
water storage capacities. four lysimeters wer- filled with gravel-covere
coarse sand and simulate surfaces that lack an isolation barrier. The soi)
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 cover systems. Precipitation
treatments have ranged from ambient (non-irrigated) precipitation, averaging
163 mm/yr, to accelerated precipitation, which includes ambientiﬁlus
irrigation, and currently averages 480 mm/yr.

The water storage capacity and drainage characteristics of the
capillary-barrier (i.e., silt loam over coarse sand/gravel) lysimetars were
determined. In early 1988, shortly after the initiation of lysimeter testing,
two lysimeters were saturated with .:ster ani then allowed tc drain. The water
storage jimit (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 S00 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
surfacz (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 zdequately control
contaminant transport to ensure protection of human health 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 integrty 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 tailure 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 usc of capping alternatives for closure of landfills, is
not just an engineering problem, as is often stated, but rather involves complex physical,
biclogical, 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 coptions to further
improve leachate control might be to increase the slope on the capillary barrier and/or to
use a layer of matenial (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,
ssasonality, and amount of precipitation, and the effects of biological intrusion through
the capillary break on barrier performance. Intuitively, t 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 intlusnce of plant roots, which will aggressively seek subsurface moisture in dry
climates, on the performance of the capillary bamier.

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
orin 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 potertial 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 barmiers 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 atemnatives 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 cof the capillary barrier. It 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 invadse 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 attematives in reducing risks to

acceptable levels.
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Tﬂh,‘,& 4: Water balance estimates on the 11ill AFB Landfill Cover Demonstration Plots 01Jan90 - 20Sep93

PLOT DESIGN
LA-1 (Grass) LA-2 (Grass/Shrub) RCRA Control
Precipitation (cm)’ 173 173 173 173
(1)
[Soll Waler Storape
At Depinning CY90 (cm) 32 3 a5 20
Net Chinnge in Soll Water
Storage =17 (-10%) -15 (-9%) 11 (6%) -11 (-6%)
1CY90-Sept. 93 (AS)
Leachate (cm)t 24 (14%) 30 (17%) 0.01 (0.006%)" 41 (4%)
IE;})lcrﬂm\r {cm) 20 (11%) 12 (7%) 43 (25%) 0 (0%)
(R[u)nuﬂ (cm) 1.4 (0.8%) 2.2(1.3%) 5.5(3.2%) 5.8 (3.4%)
4
Evapotronspiratlon (cm) £45 (B4%) 114 (83%) 113 (65%) 137 (79%)
ET) - :
cdiment (p) 102 95 1534 2374

P=(AS+L+I+R4ET)

At

t Does pot include wall effccl

At

* Dreakthirough began March 20, 1992 (27 months elapsed time)




Cummulative Interflow

Hill AFB, Utah
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Water (cm)

Figure 16.

Total Inventory of Water
Hill AFB, Utah
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Soil Moisture in the RCRA Plot

Hilt AFB, Utah
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Cummulative Runoff

Hill AFB, Utah }
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Table 3. Dry blomass estimates for vegetation types on the Hill AFB cover demonstration plots in
June 1992 and September 1993. _

DRY BIOMASS (g/m2)1

LA-1 LA-2 - RCRA CONTROL

92 93 | 92 93 92 93 92 93
GRASS 6.9 5.6]0.72 2.3 156 5.4]6.1 6.4
FORB | 0.06 0.11} 0.0 0.22 | 0.07 0.16 ] 0.05 0.14
SHRUB 7.6 191 30 21 | 4.2 12 13.0 9.7
TOTAL , 14 23 | A 24 | 10~ i8] 9 16

44

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 = 0,541, P « 0.0099




0c

Table 2. Some characteristics of the vegetation on the cover demonstration plots at Hill AFB during

June 1992 and Septembaer 1993.

PLOT
LA-1 LA-2 RCRA  CONTROL
92 931 92 93| 92 93 ]| 92 93
TOTAL PLANT COVER (%) 51 63} 58 67} 38 58 35 56
FORB COVER (%) 78 14] 0 27 ]85 20} 65 17
GRASS COVER (%) 27 22} 28 9| 22 21 24 25
SHRUB COVER (%) 11 27143 31| 60 17 | 43 14
STANDING DEAD (%) 54 NM*| 12 NM 1.1 NM 0.9 NM
GROUND COVER (%) B0O 96| 88 94 | 47 77 60 76
ROCK COVER (%) 3 30|17 10 | 1.0 1.0 0 O
LEAF AREA INDEX (CM2/CM2) | 0.780.96 | 0.85 1.12] 0.55 0.84 | 0.55 0.88

* Standing dead not measured separately from live vegetation




FIGURE 7. CAPILLARY BARRIER COVER DESIGN
(VERTICAL CROSS SECTION OF HILL AFB FLOT)
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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 runoft and one-dimensional movement of water in the soil profile to the plant
rooting depth. For net rates and amounts, the water balancs equation is:

dS/dt = (P - Q- ET - L)/ct (Equation 1)

where dS is the rate of change in soil moisturs, P is the precipitation per unit area, Q is
the runoff per unit area, ET is the evapotranspiration per unit 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 varicus 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 percotation. Likewise, reducing percolation necessitates that
more of the precipitation be partitioned between soil moisture storage, ET, runoff, or that
it is diverted laterally using an appropriate barrier technolegy. 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 radicactive 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

Qbiectives

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, 1889; Hakonson et

al, 1986).

12



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 ¢an be reduced.

Biological F

Although vegetation is important in controlling erosion and percolation (Nyhan et al,
1984), deep-rooted plants can access buried radionuclides and bring them to the
surface of the site (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 ‘0 honey
pathway (Hakonson and Bostick, 19786). Also, tumbleweeds (Salsola kali) growing over
the cribs at Hanford, accumulated Sr-S0 and then transported the contaminant away
from the site as the matured plants blew away from the site after the growing season
was over(Klepper 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 bioclogical 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). Field 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 st

al, 1980; Lysikov, 1982).

REGULATORY CONSIDERATIONS
Geneml Performance Requirements
The regulatory requirements for closure of hazardous and mixed waste landfilis are
found in 40CFR Parts 264 and 265, Subpart N. Under these reguiations,
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 $3SWAC
'RCRA CAP | $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 ECOL OGICAL 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 bamers can be permeable or impermeable depending on the type of
contaminant/s and their mods of transport (note that side wall- and/cr under- barmier
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 DOE's cleanup program, it is certain that capping
technologies will be heavily used, either alone or in combination with cther technologies,
to remediate the landfills on DOE property. Capping is a viable cleanup atemative
becauss human and ecological risks are considered to be low at most of these sites
(based on known levels > 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 bunal

environment.

Biological processes, including plant root and burrowing animal intrusion into the waste
can alsg contribute to migration of contaminants from the burial environment {Hakonson
et al, 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 fo a minimum 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 atternative (i.e. the RCRA cap at $4.9M/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 $0.12M - $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



FIGURE 1. CONVENTIONAL LANDFILLING '
PRACTICE .
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Figure 2. Schematic Representation of Water Balance Computations by HELP (a) and UNSAT-1 (b)




Table 2. Initial Abstraction and SCS Runoff Curve Number for Live Oak

Season Measured HELP HELP CN for Better Avg, Increase in
Abstraction | Abstraction CN Prediction of Overland Flow®
(cm) {cm) Overland Flow (cm)
Spring 1993 0.7 55 1.5
Summer 1993 0.7 1.8 87.7 91 1.0
Fall 1993 0.1 96 1.6
Spring 1994 09 89.5 0.8

*Avg. increase in overland flow is per storm event



Table 1. Input Parameters for Model Simulations

Panuncter Site/Layer i Input Value | Reference ] MODIL. Applicable
Soil Propertics
Porosily (em/cm) Live Onk: Surfuce Layer, Barrier Luyer 0.40, 0.52 Field Density Test HELP, UNSAT-H
Wenntehee: Surface Layer, Barrier Layer 0.40, 0.36 (Lanc et nl. 1992)
Field Capacity {tmfem) | Live Oak: Surface Layer, Batrier Layer 0.35,0.33 Pressure Plate Test HELP
Wenatchee: Surface Layer, Borrier Layer 0.29,0.25 (Khire et al. 1994)
Wilting Point Live Oak: Surfnce Layer, Barricr Layer 0.15,0.17 On-Site TDR
(cm/em) Wenalchee: Surface Layer, Barrier Layer 0.06, 0.07 Measurements HELD
(Khire et nl. 1994) :
Saturated Hydraulic | Live Oak: Surfuce Layer 1.0 X 107 Laboratory Hydraulic
Conductivity Live Oak: Barrier Layer 32X 106 Conductivity Tests
(cm/s) Wenatchee: Surface Layer 45X 103 (Benson et al. 1993) HELP, UNSAT-H
Wenatchee: Barrier Luyer 22X 107

taverkamp Fitting
Parumeters for Soil

Live Oak: Surface Layer

200, § (Vem) = 0.65

a
Livc Onk: Barrier Layer a=17, B (l/cm)=0.40 Khire et al, (1994) UNSAT-H
Water Characteristic | Wenatchee: Surfoce Layer o= 80, B (1/em) = 0,60
Curve Wenatchee: Barrier Layer =72, B (l/cm) = 0.60
Haverkamp Fitling Live Oak: Surface Layer A=1,B(l/cm) =145
Parameters for Live Oak: Barrier Layer A=8 8 (l/cm)=1.15 Khire ct al. (1994) UNSAT-H
Unsaturated Hydraulic | Wenatchee: Surface Layer A=300,B(l/cm) =22 Khire et al. (1995)
Conductivity Function | Wenalchee: Barrier Layer A=400,B (t/em) = 1.3 '
Plant Doata
Bvaporative Depth (em) | Live Oak, Wenatchee 106.5, 75 Schroeder et al, HELP
{1994)
Root Zone Depth (em) | Live Qak, Wenaichee 24,23 (Benson et al. 1993) HELP, UNSAT-H
Percent Bare Aren Live Oak 59 _ Grid Pictures UNSAT-H
" | Wenatchee 40 ~(Benson et al. 1993)
Leaf Area Index Live Oak 2.0 Bxpert Opinion HELP, UNSAT-H
Wennichee 1.0
Growing Season Live Oak 75-320 Bxpert Opinion HELP, UNSAT-H
(Julian Day) Wenalchee 105-225 ,
Live Oak a=0.315, Fayer and Jones ,
Fitting Parameters for by (1/em)=0.0773, by=0.0755 (1990) UNSAT-H
Root Density Function | Wenatchee a=1.16, Payer and Wallers
b1 (1/em)=0,129, by=0.02 (1995)
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Consequently, caution should be employed when interpreting predictions made with these modgls
for sites where snow cover is significant, pardcularly 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 unsam.ratcd
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 Lﬁe 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 (Fig. 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 pcrcolatioﬁ 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 pcrcolation‘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 c¢m 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 scc.tion 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. 19962). 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 1o 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 thoéc measured at Live Oak in 1994 and 1995 (wetter summers). Similar
trends exist in 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 (¢.g., the gradient at 27 cm
must be positive during some of the wet period, because percolation did occur). Nevertheless,
Fig. 11 illuswrates 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 contirually drained water from the soil untl the wiltng point (6,,) was reached
(see Fig. 4, where B_ 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 UNSAT-H for the test

- section at Wenatchee are shown in Fig. 8. The field data show that overland flow at Wenatchee

does not hav»e 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 overlahd 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 beJow 0 °C (Schroederet 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 stoi'age
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-
predjcdoﬁs when they simulated the hydrology of lysimeters at the Hanford site. Fayer (1993)
artribute 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 Jower rate in fall and
winter, which is consistent with changes in temperature, solar radiation, and growing season of the
vcgctation'. 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 undcr—cstimatf:d. more water infiltrates into the
cover and thus more water is available for evapotranspiration. Hoé;ever. actual evapotranspiration
cannot c'xcecd 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
Ozk had relatively high water contents during 'Lhc portions of the monitoring period when

evapowranspiration 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* 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 Qak is generally higher in fall and winter and
lower in si:ring 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 Land(fill Cover Demonstration was ‘to monitor 2nd
compare water balance on the conventional landfill cover design, similar to that used in Los
Alamos and the waste management industry for waste dispos.ﬁn (3), with that on three other
designs containing engineered barriers, The éxrfomancc of all four designs was evaluated
at dominant downhill slopes of 5, 10, 15 and 25%. These piots were insulled during the
jfring, summer and fall of 1991 in our 8-ha field test facility (7) and ware instumented so
that a complete accounn'ng of precipitation falling on the plots could be measured. The
plots were constructed and instrumented to provide measures of runoff and intertlow, as
well as seepage and soil water storage as a functon of slope length. '

The technology for controlling soil water erosion on all cover designs consisted of
upplzﬁ 2 70% surface cover of medium gravel (8.0- w0 25-mm diam). Dominant
downhill slopes up to 25% were used on the plot surfaces 1o 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 Jandill.

~ The Protective Ramier Landfill Cover Demonstration was emplaced on an east-facin
10.7- by 37.5-m parcel of land with crushed tuff backfill on the surface (8). This backfi
is used in landfills at Los Alamos as a result of excavating disposal renches in locad

Bandelier Tuff, which is then crushed and emplaced around the waste waterials. This arca
was surveyed into fo « = as. each of which received additional Crushed tart

to estabiis . The crushed wif on cac
compacted and resurveyed to co desired slopes. A south-facing 4.6-m-wide, 40-
m-long ramp that abutted the lower eads of these four east-facing pads was constructed
similarly, oaly with & 2% dominant downhill slope. A set of four 1.0- by 10.0-m plots

with common sidewalls was then constructed on the center of eaclrprd, witTa distace of—
3.05 mmWot walls except the downhill endplates were
fabricated using two pieces ofcg-llifwood (1.27 cm by 1.88 m by 1.22 m) emplaced within a

framework consisting of vertically placed iron I beams (2.5 by 5.1 by 0.32'cm) on 1.22 m
centers, with channel iroa (2.5 by 5.1 by 0.32 c¢m) top and bottom framing. The ¢ndplates
were fabricated from 14 gauge sheet metai, and had 7.62<m and 10.2-cm diamn steel half
couplings welded into the endplate wall to connect plumbing used for the collectdon of
seepage and interflow, re mc'llé The interflow collection system consisted of a 1.0-m
Ions, 30.5-cm-deep, 30.5cm-wide 14 gauge meral trough welded to the inside of the
plot's endplate. The runoff collection system was also fabricated using 14 gavge sheet
metal and consisted of a 1.0-m long, 15.2-cm-wide trough with a floor that sloped to divert
runoff 330.5-cm deep at the low end and only 25.4 cm deep at the high end): this mough
was welded 10 the top of each endplate and had a 152-cm-diam steel half coupling welded
into the wough wall to connect plumbing used to collect runoff.

A seepage collection system was installed in the boitom of each of the plets and was
designed to evaluate seepage as a function of slooc length. Sixty-eigh: 2.02- by 0.76 m
pans with a depth of 0.30 m werz Tabnicated Tom I3 gauge sheet metal. Each pan was
designed with a 5.0-cmm-tall. 2.02-m-long channel iron foor that was welded to the bottom
of the pan; this foot insured a slope on the bottom of the pan for secpage 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-to-end in the bottom of each plot.

and were attached to each other at the top of cach pan using a shest metai clin. An [1.4~

cm-wide spacc was purposcly left between each sidewall of the plot and the pan 10
minimize sidewal] effects in this experiment, which might aflow water 10 migrate down the
sidewalls of the plot and be incorrectly measured as seepage. Each E:m and the rest of the
bottom of each plot were then filled with medium gravel (8.0- to 25-mm diam). A sharp
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soil water is retained in the upper fne-grained laver.
making it more available for evapotranspiration, This
ts helptul because 2 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 the landfill
cover and potentially translocaling wasie 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 laver result in en-
hanced piant biomass at the soul surtace. which in (um
ranslates 10 greatly improved soil ¢rosion protection
of the landfll cover. The fourth advantage 1s thar
snowmnelt results in soil water penetrauing into the
coarse-grained laver and this water can be removed
from the landfll cover by drains placed at the base of
this layer. This is helpful because a vertical diversion
of infiltrating snowmelt {at 2 time wiien potential eva-
potranspiration is low) means less soil water coming
into contact with waste maierials {ocated beneath the
landfll cover.

The data collected in this Aeld experiment was used
10 field calibrate a simplistic. one-dimensional mede}
{(CREAMS) without extensive input parameters {Ny-
han. 19%90). For the frst time. direct measures of all
of the water balance components existed from this
study to compare with modsl-simulated values. in-
stead of just comparing observed and predicted soil
water content values to evaluate the success of the
hydrologic simulation, Ultimarely. a2 multidimen-
sional finite element model will be validated that takes
into account soil. plant. and climatic variability.
Models like these can be used to optimize configura.
tions of specific landfill cover materials, such a5 the
thickness of the cover. Using this approach. landfill
closure designs can be further evaluated for 20 to 30
T of meteorological conditions to ¢encompass the av-
erage and record wet years. 5o that the effectivensss of
the landfill covers can be assessed. The cost erdective-
ness and practicality of vanous designs will be eval-
uated with the help of our site operator. who will have
a major input into the selection ofa inal closure design
for low level radicacuve and hazardous waste sites.
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L of leachate, respectively. By the end of the expeni-
ment in 1987 the tota] leachate produced by Plots !
and 2 was 3239 and 3176 L, respectively. Similar dara
are not available from the improved plots because [m-
proved Plot | did not produce detectable leachate from
cither drain during the course of the study. This was
probably the result of enhanced evapournspiration on
this plot with its larger plant biomass than Improved
Plot 2 (see Table 1),

Both the amounts of leachate produced and the sea-
sonability of leachate production varied with the land-
fil} cover design. Duning the snowwnelt events in ‘the
spring of 1985, leachate was produced from latera!
water flow in the upper drain of Improved Plot 2 from
Mareh through early Mav, and totaled 10 0.72 ¢m (Fig
7). Duning the first week in May the control plots began
producing leachae from their cover profiles that to-
led 10 0.56 2ad 0.43 cm, from Plots | and 2. re-

spectively ~Therefore. by the end of the 1985 events.
1 Y 'zﬁ:_hi?hp :—;in;nd

4\% : tisfactorily diverting soil water laterally in
the soil overlving the eravel. oecause no leachate was

produced from the lower drain tn thesé pioG. Uwitke
within the control piouS (Fig /-

In December |986. leachate production in the con-
ol plots began again—almost 600 d after the initial
ourlow in early May 1985, Conwrol Plots | and 2 pro-
duced about .90 cm of leachate during December and
about 1.30 cm in January and March, but the largest
amount ol leachate was produced in February-April
1987 (7.7 and 8.0 cm in Plots | and 2. respectively).
In contrast outflow in the improved plots did not
begin unul mid-February from the upper drain and in
early March from the lower drain. Thus. the capillary
barrer conducting water toward the upper drain did
perform satsfactonly lor about 3 wk (mid-February-
early March). but fnally failed (the soil above the
gravel Bnally attained saturation with this extremely
heavy snowmelt allowing water to pass info the jower
drain in the plot). The end result for the {986~-1987
period was that the control plots produced an average
of 10.1 ¢m of leachate. compared with only 2.6 ¢ of
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L aachats Procuction in 1988-13687
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Fig. 7. Cumulative leachate production in_the [TP experiment. Mo leachate production occurred at all other time periods during the year
_olhu than those indicated in the figure. The upper drain leachate data. originally on 2 3.7- by 10-7-m basis, was multiplied by 0.33 so that
it could be expressed oa 2 J.0- by 10.7-m basis with the rest of the data presested in this figure.

leachate produced from the lower drain in the im-
proved plot design. Even during this very wet period,
the capillary barrier diveried about 1.2 cm of leachate
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 bunal (SLB)
facilities. The reliance on plastic liners on the floors
of the plots and Freach drains (which drains at pear-
saturated conditicas) tends to temporanily minimize
leachate production. As time proceeded in our feld
experiment. the soil water inventories near the plot
flocrs in both landRll cover designs probably increased
to amaunts that would have bezn lower in 2 natural
system without a plastic liner and drain. However, the
scape of the experiment only included 2 comparison
of the water balance between the two landfll designs
in the field plots. and aot 2 comparison berween the
plots and natural conditioas (an arez for future stud-
es)

Evapotranspiragon Estimstes

Since no runoi gccurted in the ITP expenrnernt at
any time. we could estimate ET by differezce in Eq.
(1] and quantitatively esumate all of the parameters
of the water balance equation for every ume interval
for which we had held dawa. Evapotranspiration raes
(Fig. 81 were calculated from these esumates and did
show the expected seasonality partern: low evapotran-
spuration rates (<0.} cm/d} in the late fall-winter and
peak evapotransuiration rates { >0.2 crn/d) during the
spring and summer. Pe2k evapotranspiration rates oc-
curred during seasons with pezk precipitauon rates in
both cover designs. When these esumates were per-
formmed for shorier ume penods i.e.. biweeklv instead
of for an entire season. larger vanauon in evapouan-
spiration rates was observed with ume from all of the
plots. since the frequency of precipriation aod the
amounts of plant-available water were also more var-

fable wicth ume {Fig. 8% ]
Evapotransoirauon ditferences were observed with
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the landfll cover). Water siorage {cm) beaecath the cover in
the control plots was esdimated by cuculanng the average
volumetric water content percentags for the 1 i0-cm depth
for the swx sampling locauons, dividing this number by 1C0,
and multiplying this result by 23 cm. the depth of'the crushed
wi beneath the cover.

Soil waier storage estimates were also made for the im-
proved cover design for each sampling penod. These two
plots contained a gravel/cobble layer with a maximum thick-
ness of 137 em. which was excluded from the inventory
estimates, based on the zssumpdon that this laver contned
a negligible. constant water-holding capaciry. Thus. the soif
water s10tage tn the treach cap was estimated by calculating
the average volumetne water content percentage for the 20-,
20-, and 60-cm depihs (nine sampling locanons for the 20-
and 40<m depths, and three sampling locauons tor the 60-
cm depth) dividing this number by 100. and multiplving this
cesultby 70 cm (the average thickness of the porous materials
above the biobamer). Water storage (cm) beneath the landAl}
cover was estimated by calculating the average volumetric
waler content percentage for the 220cm depth for the six
sampling locauoas, dividing this number by 100. and mul-
tiplying this result by the average thickness of the tuff backfil]
beneath the biobarmier. 38 cm.

Evaluation of Plant Biomass and Species
Composition ’

By 26 Aug. 1586, all four plots had a 1009 cover of biue
grama and western wheatgrass, Ten 10~ by 10-cm quadrants
were clipped for each of these two plant species on this darte.
and the oven dry weight perunit area of vegeiation tbiomass)
was determined. Relative plant cover by species was also
estimated using two loagitudinal transects on each plot,
where the percent cover of both grass species was estimated
visuaily in 22 quadrants located [ m apart on each of the
two transecls. The relauve 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 generallv larger than the
average received at Los Alamos from 1911-1986 (Fig.
4). The 1otal pracipitation in the fall ot 1984 was 12.54
cm. compared with the average (1911-1986) fall pre-
cipitation of 8.38 cm. This was followed by above av-
erage snowfall in February and March of 1985 (Fig.
4). which resulted in 13.73 ¢m of precipitation during
the winter ol 1984-1935 (compared with the 1911-
1986 average of anly 6.71 cm for winter). This winter
was then followed by the second wertest spring on
recordh. with the [TP expeniment receiving 13.31 cm
of precipitaton, 63% more than average for spring
trom 1911 w0 1986,

Wheteas the fall of 1985 was not particularly unu-
sual for'Los Alamos. 24.69 cm of precipitation was
recived in the spring of 1986 (Fig. 4), making this a
maximum record both for the season and f(or the
month of June, Dunng the plant growing season of
1986. summmer rainstorms produced below average
pretipitation followed by a slighuy wetter {all than
iverage. However. during the winter of 1986-1987,
record maximum snowtall occwrred for the menth of
January (with 163 cm of snowtall) and February. In
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Fig. 4. Distribution of manthly precipitation and snowfall in the [TP
experiment compared with the average values for {91 1-1986 (Ny-
han et al.. 1989a).

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 dam is presented in Fig. 5
and 6. as well as the total precipitation received by the
nlots weekly and an indication of the maximum soil
waler storage possidle for each portion of the sail pro-
file (the soil would be close to saturation at this value,
based on laboratory peresity measurements).

The soil water dzuz collected on the controt and the
improved plots all shew a pronounced increase in
water content. with additions of precipitation durin-

the Grst winter of the field experiment in 1985. The. .

vegetation on all of the plots was fully established by
early 19835 and subswaaatial decreases in so1] water con-
tent during the spring and summer of 1985 were 2
direct result of evapotranspiration (very little leachate
production occurred at these times as we will dem-
onstrate subseguenty). Notice that plant roots had
withdrawan water out ot the landfili covers in both de-
signs, as well as beneath the landfill cover in the con-
ventional cap design (Fig. 3). This latter phenomenon
occurred gn every growing season. but did not occur
on the improved plots (Fig. 6). pointing out the etfec-
tiveness ot the cobble laver in keeping plant roots ¢con-
fined to the land8ll cover sol above the biobamer.

Sl

1’ ~— 9

/T




- 35, Etfect of ferulizer

‘e Si3e'Mngan 3 aze-

¢ Unitet Navions., 1983,
v

L

s Lair 4 Naugag 1986
Te oLy, '
1 10 the remote aimos-
f2alloway el al, (ed)
L-FOYEN 1N [Ne rem
1M, o

te ' 21trous production

730N, 1984 Nitrous
- %rconun, § Eaviron,

rirous oxide: 3 enitical

“nraus oxide emussions
aagton, DCy 2081125+

WL Chameides. 1976.
Louon by wns wung fife-
anys. Retw Letr Ji157-

ous oude sources and
suauon. Aumosphenc
X

7ous oude ermusions

£9-17)

and J. Baxter. 1982
rgated Wil ammo-

sull LT3

120 1986, Sail losses

sd crops in Norh-

i3

R.G. "Voodmansee,
s10Mgrass prasne.

~e25 3 grassland son!
L3150
< 2uient of direcily
TIatton vegtlabie
LB 1.1
L4379 Direct meas.
Deveiopment and
ma 43 10-114,
M3 Cude emussions

*3'$ ot naturz) and
T jous. APCA J.

us onIds cTussiong
73T:1€21 Tepon fAn.

2vQtution dur-
ansiornanons

e j.E, Hansen.

1€z 2TTssI0N from

EEIE I N

v ——

¢ e ———— & e st v gt e

—_

A Water Balance Study of Two Landfill Cover Designs for Semiarid Regions

J.W. Nvhan.* T. E. Hakonsoan, and 8. J. Drennon

ABSTRACT

The resaits from sever fitld experiments oa methods to conool
wil ero1ian. bisintrosion, ead mater infiltration were used 1o design
and test 2a enhunced landfll cover that improves the apiliry of the
dispasal site to isolste buried wastes, The performaance of the im-
proved cover design io maguging water and bioc st the disposal site
was compared for 3 yr »ith that obtsined from a more coaventions]
deaiys that has been widely used in the indusay. The coaventional
cover design coasiszed of 20 cm of 1asdy koam topsail over 108 cm
of 2 sandy silt backEIL whereas the improved design consists of 71
ctn of topsail over 3 minimam of 46 cm of gravel 91 cm of river
cobbie. and 38 cm of sandy silt backfill. Exch plog was lined with
an impermeable licer to allow for mass batance calenlsdon of water
dynemics. Results over a 3-vr period including 2 wet y7, demon-
serated that the improved design redoced percolacion of wsater
through the landBll cover by a factor of >4 over the conventionsl
desiga. This decrese in percolation was artribeted ta 1 combinatian
of increased erepocranspiraGon from the plant caver and the effect
of & apillary burrier embedded in the eahanced cover profile in
diverting water laterally io the cover. The field data an “ aally dis-
cussed in termas of its asefalaess {or waate mansgement decisions ta
be made in the furare for both new and exisring laodfills ar Los
Adamos NN and af other semiarid waste disposal sites.

THE PRIMARY objective of posiclosure requirements

for waste repositories is 1o limit the exposure of
the general public to radioactive and hazardous wastes
for time periods ranging from 100 to 10000 »r
{USNRC. 1982, USEPA. 1980. 1985). Hydrelogic
processes histoncally account for most of the perform-
ance-related problems (Jacobs et al.. 1980: Hakonson
et al., 1982b: USDOE. 1980). For example. erosion of
the landhAll cover can breach the cap and expose waste
10 the biosphere. Water that innltrates into the cover
¢an accumulate within the landfill. leach wastes into
groundwater. and enhance subsidence with the land-
all,

As Fig. | implies. the successtul pertormance of the
entire landill is very much a function of interactive
processes operating 1o control water balance within the
landfll covers. [f we restnet our attention to net rates
and amounts. and consider one-dimensional move-
ments of water i1n the soil protile. then the rollowing
2quation ¢an be used to represent a simplifed water

balance:
AS=P—-Q—-£ET~-L (1]

where

AS = change in soil water storage

P = precipiiation

@ = runcid

ET = evapotranspiration. and

L = sezpage or percoiation.

All authars. Los Alamos Nawl Lab., Eavironmenay Science Groue.
Mau Stop J493. Leos Alamos. NM 37545 Research funded under
contract no. W.TI05.-Eag 36 between the Natl Low Level Waste
Management Program ot the (.S, Dep. of Enerey ana tne Environ-
mental Saence Groun of the Los Alamos Nan. Lib. Rectived 10
Apr. 1989, *Corrssponaing autnor,
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Fig. 1. Hydrology of shallow land burial of waste materials.

Traditional remedial engineering solutions. which
do not include analyses of these interacuve factors
hawve already led to numerous landfill failures {Hak.
onson et al.. 1982b). Future designs that ignore these
interactive factors will cerainly reproduce many of the
failures o! the past (Hakonson et al.. 1982b, 1987:
Nvhan and Lane. 1986a), and at a very high cost: land-
fill cover installation costs range from $400000 to
54 000 000 per ha.of landhil (Brandl 1988; Cook.
19881,

Currendy, adequate 3eld data does not exist fr~m -
caretully instrumented large-scale expeniments ¢ ‘
movement of water and contaminants under un.. .-
rated conditions 1o enable a site operator 1o define and
engineer suitable barmers to prevent the migration of
~aste materials out of a landhil, Our approach to de-
veloping an eflective landfill cover technology com-
bined the results from individual studies at Los Ala-
mos. NM. on soll ¢rosion (Hakonson et al. 1982a:
Nvhan et al.. 1983a. 1984a.b: Nvhan and Lane.
1986a.b). on subsidencs (Abezle. 19Bdab.c. 1983,
1986: Abeszle er al.. 1986: Nvhan et al.. 19342l on
biointrusion barmiers (Pertusa. 1980: Felthauser and
MclInrov. 198): Hakonson et al.. 1982a.c, 1983 Hak-
onson. 1986: Nyhan et al.. 1984a, 1986). and on cap-
illary barmers (Abeele and DePoorter. 1984: Nvhan et
al.. 19869 10 design and emplace a landfill cover dem-
onstration called the Integrated Test Plot (ITP) ex-
penment. The purpose of the ficld demonstrauon was
to monitor and compare water baiance and biclogic
mtrusion on a conventional landfiil cover design witn
that on an improved design, which was based on the
results of the previous studies.

MATERIALS AND METHODS

Plot Conscruction. Design, and Rationale

The purpose ol the cover demonstrauion was (o monuor
Jnd compars water faiance on the convenuenal tandsll




)

344 Stormont et al.

became available for evaporation. This reault is imporlant because it
suggests that the fine-layer waler contenl may be moderated by air
flow in the coarse layer. Incorporating diffusion of waler vapor [rom Lthe
fine Inyer inlo the coarse layer substantially increased Lhe waler move-
menl oul of the fine layer.
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in Lhe base of the gravel layer. The waler conlent of Lhe middle of the
Lopsoil layer changed only very slightly. It can also be observed that a
significant smount of water remained within the gravel layer even
after o year of air flow. The mechaniam of the water content reduction
under these conditions appears to be the forcing of waler out of the
model dumain through the seepage faces, due Lo Lhe increased air pres-
sure. This resull indicates that even if the influent air is saturated with
waler vapor, Lthe {low of air in the coarse layer will move some of Lhe
waler oul of the systemn.

The movement of air and water within the cover was also examined by
converting the water-phase pressures lo tolal polentials (sum of the
pressure and elevation heads). For this analysis, the simulation used a
horizonlal pressure gradienl of 100 Pa/m, relative humidily of 25%, and
a vertical pressure gradient of 5600 Pa/m. Capillary water potentials at
0, 30, und 90 days are presenled in Figure 9. ‘This figure shows a verli-
cal cross-section (through the cover) located at the midpoint of Lhe
model doinain (0.6 m {rom the lateral boundaries). Prior to initiation of

air (low, the water phase was essentially at equilibrium within the svil

prolile. The small waler potential difTerences within Lhe coarse layer
resulted from the contrast between Lhe nearly saturated conditions atl
Lhe base of the gravel layer and the luw waler conlent in middle and
upper portions ol the drained gravel. By 90 days, the coarse layer

becamne nearly Jry, the waler polential declined sharply at Lhe inter-
fuce, and a strong downward hydraulic gradient developed.

The numerical simulations reveal that air flow in the coarse layer
induced some waler movement in Lhe fine luyer when tho influent nir
was not saturated wilth waler vapor. The removal of waler by evupura-
tion near the fine/coarse layer interface reduced the local waler con-
tenl. When the local hydraulic head decreased, a downward liquid
waler pressure gradient was established, and waler moved lowsrd the
line/conrae layer interfuce and became availuble for evaporation. This
result ia important because it suggests Lhol Lthe fine-layer water con-
lent may be moderated by air Now in the coarse layer.

In the simulutions discussed above, diffusion of water vapor was not
considered. In tho TOUGH2 cude, the vapor diffusion cocfficient is
given by

J

Waler Removal from a Dry Barrier _ 241
0’ 0
D = T¢ _'_‘. __._—T+273 ) (5)
v s p| 2713

where T is tortuosily, ¢ is porosity, S, air-phase saturation, D.‘..frcc gas
diffusion coefficiont (2.13 x 10* m¥s al standard cnmh'h‘o.ns for
airfvapor mixtures), 0 is a constant 1.80, P is pressure, and T is Lorp-
perature. Of these varinbles, only lorluesily and pnrnsn!.y arc machrfnl
properlies. Because measured Lorluosities were nol l'anllf\l)]('_‘, sensiliv-
ity analyses were performed lo assess the potential significance of
vapor dilTusion on the rale and amount of waler loss [rom Lhe cover.

Constanls
0 days Horizonlal Pressure (}radienl - 100 Pa/m
————— 30days  Vertical Pressure Gradient - 500 Pa/m

---------- 90 days Relative Humidily of Inlluent Ais - 25%
1.0 T | L

0.75 I~

...........

0.25 [ .t;J.c.)le: Calculaled capillary potentials lor gravel layer are

<< -40 kPa and docrease rapidly lo lhe waler polential

of the air slream, Indicaling an essentially air-dry layer.
| 1 1

Elevaton above Base, m
o
(3,
T

0.0
-40 -30 -20 -10 a

Capillary Polentials, kPa

Figuso 9. Caplliary pressuros in covor syslem al 0, 30, and 80 days.
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Place Figures 5 and 6 on one page here, side-by side
(Place Figures 7 and 8 on one page here, side-by side
can be e for both c£Eﬂots for the data collected at the bottom of the fine sand layer at the

maximum slope length tested (9.7 m downslope).

The TDR data for the Clay Loam Capillary Barrier design with the dominant downhill
slope of 25% is presented in Fig. 8 to demonstrate the effect of a low-conductivity 1opsoil
on capillary barrier dynamics. The daily interflow data presented in Fig. 2 for this design
evaluated on a 5% slope is ‘Kpiaﬂ for this design compared with similar datz from the plots
?Esgc?thu)rbmcd slopes. csoil\:l. <8 tdamformcbonomqfdﬁm ayer

sio o not demonstrafe mulaple large s wafer comun c.C
loam topsp;il (Fi_‘gfﬂjf‘x—n%omﬁ%ﬁ ned o the capillary anghydrauljc barrier
ploss with the highly cond'ucuvTTomﬂ'!b_Z%%EtCFp 1gs. 5-7). Instead, we observed a pattern
1ndicating a very slow dralmage-ratcof Warer from the clay loam layer into the undeslyin
fine sand layer, whose soil water content dramatically decreased from Septzmber thron

}P!ace Figures 3 and 4 on one page here, sidec-by sidc;

December [992 (notice the TDR darta at the 9.70 m downslope position), following the

decrease in soil water content of the soil layer abour 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 Fc%pcramr wants & design for a specific slope and slope length that
minimizes long-term runoff and seepage and maximizes interflow and evapotranspiration,
These water balance garamcxcrs are interdependent and need to be evaluated in the field
using techniques and field data similar to those in this smdy.

Only 15 months of dats is presented in this manuscript for this study, yet we are already
struggling o keep up with data analysis. Many of the commonly used computer software
me?ms and hardware do not have the capacities to handle such large data s, so we are
In the process of connecting our measurement systems for water flow and TDR 1o a local
area net of computers to solve this problem. This will allow us to perfarm routine systemn
diagnostic checks on our hydrologic sensors and to calculate water balance estimates on
this entire daza set. Once this is accomplished, we can evaluate important issues such as the
time scale necessary 10 adcquarcfl; describe a landfil cover design for wastc management

u%scs. Coupled with this effort will be a major activity o develop field-calibrated
Ey logic models 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 regulators, who will have major inputs into the selection of a final closure .

design for low-level radioactive and hazardous waste sttes.
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(Place Figure 2 here: 1 column) .
lopsoil exhibited maximum daily interflow rates of only 0.034 cm with only 0.71 ¢m of

interflow occurring during this tfme period. Most of this large difference in interflow can
probably be atibuied 1o he fact that the clay loam bas 2 low conduetivity (8), compared 1o
the loam topsoil, which limited the flow of soil water into the fine sand laycr in this design.

' The estimates of interflow and seepage oo 2ll 16 plots for the 15 months of this sdy are
summarized in Table L This daca shows that all of the capillary and hydraulic barriers are
preventing seepage at all slopes and slope lengths tested 1n the study. Total interflow for
the 15 months of the study ranged from 3.4 to 6.1 cm on all of the EPA and capillary
barrier designs containing the loam topsoil. In contrasy, the convenrional design, which did
not coatain an engi barrier, cied seepage in alrost every case wsied and most of
this seepage occurred from February through April of 1992, during and folowing a
relatively winter (Fig. 1).

For the Conventional design evalusted on the 5% slope, this 15-moath total sespage
occwred in the sccpagc coliection system located 3.64-5.66 m downslope (0.21 cm), 5.6g6-
7.68 m downslope (0.37 cm), and 7.68-9.70 m downslope (2.86 cm). This design only
produced secpage 5.66 to 9.70 m downslope with 2 15% slope, and 7.68 to 9.70 m
- downslope with a 25% slope.

Runoff occurred on these unvegetated 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 nmoff from ai 16 plots is summarized in Tabie IT for the
15 months of the study. The largest daily runoff (0.54 cm) occurred on the EPA design
with the 25% slepe after a 2.16-cm precipimton event on August 24, 1992.

No consistent relationship exists between slope and runoff for cither the ¢lay loam topsoil
used on the Clay Loum Capillary Barrier design or the loam topsoil used on all the other
designs. Less than 15% of this total runoff {Table IT) usually came from soowmelt eveats
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 August, 1991 (Fig. 1).

Soil Water Data

Each of the 212 locatons throughout the 16 plots was monitored for soil water content
once every six hours from November 1591 through December 1992, resulting in several
Sﬂ-wabytc monthly computer files of TDR waveforms. This waveform data was then
red to soil water content dara. :

Soil water data is presented for several layers of the Coaventional design eveluated ara

sition 9.7 m downslope in the plots with dominant downhill slopes of 5% (Fig. 3) und
Tg% (Fig. 4). The water content of the loarn topsoil is presented in the top haif of each of
these two figures, representing the readings of a honzontally-2mplaced pair of waveguides
within the 13-cmn deep topsoil (atan a depth of 5o 10 &m).

The topsoil water content data from these two Lﬁ]ols can be used to demonstrate the
influence of aspect on snowmelt dynamics during the short daylight periods of the winter
when the sun is at a low angle on the horizon. For the plot with the 13% slope (Fig. 4),
the volumetric water content rises from 14.2% oz December 10, 1991 (at 6:20 :Lmi to
27.9% on December 11 (at 2:44 PM), as a result of 2 snow even: that accounted for 2.4 cm
of precipitation added 1o the surface of the site. The volumetric water content steadily
decreased t 7.1% on December 15 (at 5:08 amn). All of this happened as the snow melted
on the surface of this high-aspect plot, unlike what happened on the plot with the 5% slope
(Fig. 3). This plot retained snow cover and only demoastrated a small increase in
volometric water content 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



<] x 10°9 m/s. Since the plastic-FML would last less than 35 years (11), this fearure of the
EPA design was omitted in our EPA design o evaluate the worst possible case. The
results of previous research on mixtures of local crushed wff and sodium-saturated
bentonite (%_.6) indicated that a 1:10 (W: W) mixmre of finely ground Aquagel (Baroid
Drilling Fluids, Farmington, NM) and crushed wff should easily provide us wath the low
canductivit_")arcqmmd for this layer. This mixture was 1n a cement truck by addin
10 45.4-kg bags of dry AquagJ to 4.54 metric tons of <6.4-mm diam crushed tuff that h
besn screened and dricd using an aspbalt batch plant. This dry mixture was mixed for 40
minutes, approximately 200 %jtcrs of water was added (for dust control and to optimize
compactrion), fol]owecr by an additional 30 minutes of mixing. A 15-cm-deep lift of
mixrure was finally added w each plot. A fter compaction this |ift was covered to prevent
the mixture from drying, and this lift was sprayed with water before adding the next 15-¢cm
lift of mixmure to promote the uniformity of the entire §1-cm layer,

Two designs contained capillary barriers varying only in the of suil used in the
uppermos e . One of the cmg-ns contained 6; criofr c e
ious designs, whereas the other design conteined 61 e of a local ciay loam backfill
classified 730) as a Lithic Aridic Haplusealf (clayey, mixed, mesic Tamily) 2nd uséd in two
cvious studies (8,9). These soils were emplaced on top of 76 cm of a fine sand (0.05-to
.425-mm particle diam) made in the sand classifier/blender described previously. The fine
sand was specifically chosen t0 complement the underlying medium-sized gravel in terms
gf opm?i%ng both the hydraulic conducdviry and water-holding properties of the capillary
armer (27).

Measurement of Seepage, Interflow, Runolf, and Precipitation

Runoff, interflow, and seepage were collccted in 100 100-liter tanks housed in two
instrument trailers that were heated in the winter to allow year-round hydrologic
measurements. Water Jevels in each tank was measured with a mi -
altrasonic liquid level sensor {(model DCU-7, Lundahl Insauments, Logan, UT) mounted
in the'top end of a [.5-m-long sdlling well (5.1-cm diam 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 juncton boxes. This
muldplexer board was organized as a pair of 16-t0-1 multiplexers. The output of each
multiplexer was connected by way of shielded flat cable 1o a digitizer card (model CIO-
ADOS, CyberResearch, New Haven, CT) in a compurer with a widc‘.{ used personal
computer motherboard (model 386N33, Ha%pr%ugge Computer Works, Inc., Commack,
NY)and a 200 megabyte hard drive (model § A, Seagate Technology, Scotts Valley,
CA) Two d;gin'zcr cards served the ten multiplexers in this system, in which 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 cach tank and 10
activate the draining of the tank when it was nearly full by actuating a 5.1<m-diam
electrically-acruated ball valve (115 volt alternating curreat Electromni model,
Asahi/America Inc., Medford, MA) mounted in the bottom of the tank. The digital output
card in the computer (model PCL 722, CyberResearch, New Haven, CT) was organized as
six channels of 24 bits each. with five channels being connected 1o five rzlay driver boards
(model DB-3737, PERX, In¢c., San Mateo. CA) located in the junction boxes. Thus, the
computer read the water levels in the 100 tanks and madc the decision to actvate the valves
and repeated this loop 2t a rep rate of approximately 1.5 herrz. The wazer levels in the tanks
were routinely recorded hourfy, but much more frequently whea the tank was emptyin
and when it was nearly [ull. This data was routinely copied into a single large fils every
hours. .

Precipitation was measured using a dpping bucket rain gauge and 2 long-term event
recorder (Weathermeasure Corp., Sacrarnento, CA).

Measurement of Soil Water Content



Time domain reflectomety (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 Ozk and much smaller in Wenatchee. Climatic and hydrologic data have
been obtuained continuously since June 1992 for the test section at Live Oak and since November
1992 for the test section at Wenatchee. Benson et al. (1.996a) 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 (Ep) is computed by subtracting daily overland flow (Of), percolation (Pr), and

the change in the soil water storage (ASyw) from daily precipitation (P) as shown in Eq. 1:

E=P-0,- P -AS, (1)

OVERVIEW OF HELP (Version 3.01) and tINSAT-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
carthen 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 léyer. In a vertical percolation layer, unsaturated flow of water occurs
in the vertcally downward direction. A barrier layer (soil liner) has low saturated hydréulic

conductivity and is assumed to always be saturated. Percolation from the barrer laver is assumed



Unsaturated Water and Heat Flow (UNSAT-H, Fayer and Jones 1990), developed at Pacific
Northwest Laboratofy, 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 preperties.
HELP is operated interactively and a simulation typically requires litle processing time on 2
desktop computer because simplified algorithms are employed. In contrast,' UNSAT-H uses a
finite-difference implementation of a2 modified form of Richards’ equation that des.ribes
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 UNSAT-
H, and no datzbases are included that provide this information. UNSAT-H is rup in a batch mode
(non-intcractiveiy) 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
and Schroeder 1988, Barnes and Rodgers 1988, Peters et al. 1986, Gee and Kirkham 1984, and
Thompson and Tyler 1984) have attempted to assess the accuracy of H’E.LP. However, in most
studies, key input data were not measured and/or ambiguities existed in the field data that preclude
making definitve conclusions regarding model accuracy (Khire 1995). An assessment of the
accuracy of UUNSAT-H has not been made using large-scale field data, particularly for covers K
designed as resistive barriers, an (e.g., I-;ayer etal. 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 (geosynthetic clay liner or gecmembrane as barrier

layer) as the primary means to limit flow.



Soil Water Characren’sri;‘ 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 etal. (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:

es—er_(x-i-\{lﬁ (3)

where 8 is the volumetric water content, the subscripts s and r correspond to samurated and residual
conditions, and o and B are fitting parameters. 'I"hc Haverkamp function was' used because it
provided a good fit to the data and can be directly input to UNSAT-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 barrer layers using the program
 described by Khire et al. (1994). “The Haverkamp function has the form: '

A
A+\}JB (4)

K, _
-K—:._



UNSAT-H Model

UNSAT-H is a one-dimensional, finite-difference computer program developed at Pacific
Northwest Laboratory by Fayer and Jones (1990). UNSAT-H can simulate the water balance of
landfill covers as well as soil heat flow (Fayer and Jones 1990, Fayer 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 HELP. The form of Richards’ equation solved by UNSAT-H

is (Eq. 2):

By _ _3i, oV 2
Jar = ToKr gy +Ky+a|-S@y 2)

where y is matric suction, t is time, z is the vertical cbordinate, 8 is volumetric wéterl content, Ky
is unsaturated hydraulic conductivity, KT = Ky + Kyy, where Kyy is isothermal vapor
conductivity, gyt is thermal vapor flux density, and S(z, t) is 2 sink term representing water uptake
by vegetation. Thermal vapor flux density (qvt) is computed by applying Fick'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 lprecipitaﬁon 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 satrated 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

gravity and marric potential (Fig. 2b). When the upper boundary is selected as a flux boundary,
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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 all depths in the resistive bamer,
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-and
site (-80% of precipitation). Evapotranspiration is a function of soil water storage and energy
available to evaporate scil water. Evapetranspiration 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. For example , evapotranspirztion persisted into
fall 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
wil exist to remove water stored during the crtical wet period (winter & this site). = K
evapotranspiration is inadequate, water will annually accumulate in the barier, and percolation will
occur (Mormis 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 barmiers is shown in Fig. 6. During the three year
monitoring period, the resistive barrier transmitted 3.3 ecm of percolation (5.1% of precipitation),
whereas the capillary barrier transmitted 0.5 cm of percolation (0.8% of precipitation).
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Figure 6. Percolation from the Resistive and Capillary Barriers

Significant percolation from the capillary barrier occurred only during Winter 1893 when the
record snow fall was received. If the surface layer of the capillary bamier had been thicker (i.e.,
providing additional storage capacity}, percolation from the capillary barmer would have been
nearly zero (Khire 1895).

Percolation from the resistive bammier 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, hawever, percolation occurred before the wetting front reached the base {Khire et al
1996b). Percolation also increased dramatically in 1995. The primary reason for this change is
new preferential flow through vertica! cracks, which apparently formed as the barmier 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 bamiers. The data show that the capillary barmier 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 aresult, water is more easily removed from the
capillary barrier via evapotranspiration, because it is located near the surface,

FIELD WATER BALANCE OBSERVATIONS

Overland Fiow

Cumulative overiand 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 (11.8%
of precipitation). The primary reascn for this similarily 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 barier is approximately one
order of magnitude higher than that for the resistive bamier (Fig. 3). Thus, water should infiltrate
more easily in the capillary barrier. However, vegetation on the capiliary bamier 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 for the 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 denser
vegetation. Apparently the effects of higher hydrautic conductivity and less abundant vegetation
for the capillary barrier compensate, and result in essentially the same overand flow as occurs on
the resistive barmier.
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Overland flow for both test sections was exceptionally high during late Fall 1984 and eardy
Winter 1995. The primary reason for this behavior is that the ground surface was frozen during
late Fall 1994 and most of the eary part of Winter 1995 (Fig. 3b), which limited infiltration. Thus,
simulations conducted during design should acceunt for freezing of the sudace layer, and its
effect on overland flow.

Soil Water Content :

Volumetric water contents for the resistive and capillary barers are shown in Fig. 4. For both
test sections, the water contents show a pericdic behavicr. 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 & time lag with depth corresponding to the slow downward movement of a difiuse wetting
front (Fig. 4a). These gradual increases in water content are consistent with the unsaturated
hydraulic properties of the scils used to construct the resistive bamier. 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,

Ditferent behavior occurs in the capiliary barrier during winter seasons (Fig. 4b). The water
content of the surlace layer increases gradually as the layer accumulates (“stores™) water. The
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Water Use by the Four Plant Species undexr
Irrigation

The above results demonstrated that 2li four species
can remove water from a waste trench cap to a2 depth of
at least 2.2 m, and they indicate that any of the species
could use a!l of the water that might be stored in the soil
during a very wet year. To test 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 mum,
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 600
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 all irrigated plots except that with
streambank wheatgrass exceeded 366 mm (Fig. 4).
Streambank wheatgrass plants on the imrigated plot had
suffered considerable monality 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 656 mm, some 2.8 times the average
annual precipitation.

In the fall of 1987, all of the plants from two of the
plots were removed priot (o determination of the drained
upper limit (see Mcthods, above). Upon completion of
those experiments, we transplanted cresied 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.
Evapotranspiration 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
in[:{:cmical 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 supponting 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
the 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,
the bottom meter of soil on both plots was at or abowve
the drained upper limit, and it is likely that there was
Eubs;a;ntial drainage from the bottom of the profile (Fig.
23, .

Relatively little water was lost from these bare plots

by svaporation. Even in the fall, water content at 0.2
m was at or above 20% (Fig. Sa, b). In contrast, water
content on the sagebrush plot was at about 15%
throughout the profile by the fall of 1985, and in sub-
sequent falls it was uniformly at 10 to 11% (Fig. 5¢).
It is impossible to separate losses by evaporation from
those due 1o 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. 52, b), although it is likely that
some of this change in water content was due to drain-
age. These dara ruggest that evaporation might extract
waler from a baie plot to a2 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 Jikely will result in deep drain-
age. It is evident u at vegetation is cssential to remove
water from the entire soil cap and thereby empty the
storage reservoir each year.

Depth of Fill Soil Required

Estimates of the lower limit of extraction ranged from
10 to 12% (e7g7, Fig. 3), and there was little difference

inThe lower 1umx_gf_:nmnmmn_c_m_sg_clgi=§
(Anderson et al., 1987). We estimate that the lower limit
of extraction averages 1

Q L 1%. Qur estimate of the drained
upper limit for this soil is 28%. The difference in these
valles, 17%, is the effective maisturs stqrage capacity
of this sail. .

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 toral annual precipi-
tation. We assumed that any precipitation falling during
June, July, August, and September would be lost by
evapotranspiration and not stored in the seoil. Thus, we
took the maximum October to May total from the 40-
yr recotd for the Central Facilities Area (277 mm) to
estimate 2 minimum fill soil requirement. {f 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 that is at the drained upper
limit (e.g., Fig. 3, 6¢). 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 infiltration 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 1.8 m prevented intrusion even dur-
ing the wettest years (Laundré, 1990). These results are
consistent with our estimate of the minimum depth of
fill soil required.

F)



66 1. ENVIRON. QUAL., VOL. 22, JANUARY-MARCH 1993

entire year. The area between adjacent lines in Fig. 3¢
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 {irst grow-
ing seasoq after transplanting or seeding. Total evapo-
transpiration (ET) that season exceeded the mean annual
precipitation for the INEL (221 mm) on all plots (Fig.
43. ‘

An cxample of the pattern of water use through the
first 3 yr fellowing 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
waler from the soil. Evapotranspiration from the plots
averaged 443 mm (Fig. 4), and essentially all of the
available moisture was used by the end of the season
(Fig. 3a}. The recharge wetting {ront 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, ¢).

Great Basin wildrye extracted less moisture (185 mm)
from the soil during the first growing season after trans-
planting than did crested wheatgrass, but water was ex-
tracted to a depth of 2.2 m, showing that roots had grown
to that depth, Average growing seascn 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
10% throughout the profile. Subsequently, pattemns of
recharge and extraction were similar to thase for the
crested wheatgrass plots. .

Transplanted sagebrush plants extracted the least water
(91 mm) during the first growing season, and oaly to a
depth of 1 m. Average ET from these plots in the 1984
growing scason 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. S¢).

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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Fig. 4. March-September evapotranspiration from plots supporting monoculiural stands of four plant species (darz). Data for
1984-1986 are means of replicate plots. In 1987 and 1988, one plot (a) of each species received natural precipitation while the
other () received supplemental irrigation {sce Methods). Arrows show 1owal October-September precipitation for each growing
season. Dotted line shows mean annual precipitation for the INEL (221 mm): dashed line shows maximum aonusl precipitation
received at INEL since data collection began in 1950 (366 mm). In the fall of 1987, vegetation on the irrigated crested wheatgrass
and streambank wheatgrass plou was removed to facilitate estimation of the drained upper limit (see Methods). Subsequently,
mature crested wheatgrass and Great Basin wildryc plants were transplanted onto the plows. Thus, for 1988, plants on one
irrigated Great Basin wildrye plot and the {rrigated crested wheatgrass plot were planted the previous fall. All other dats were

from plants estsblished in 1984,
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Fig. 3. Soil moisture profiles for a stand of crested wheatgrass on a simulated waste trench plot. Each line depicts moisture content
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Precipitation is not closely correlated with the amount
of water stored in the soil for two reasons (i) precipitation
falling in late fall or winter may not infiltrate the sail if
it falls as snow and/or the soil is frozen, and (if) precip-
itation that falls in late spring, summer, or early fall is
returned (o 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 that 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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The INEL lies in the rainshadow of numeraus mountain
ranges to the west, Mean annual precipication is 221 mm and,
on average 36% falls early in the growing season (April-June;

waler moves in the opposite direction in response to the vaper
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. Fig. 1). Typically, precipitation exczeds potential ET from
When soil water is in shon supply, plants can curtail water October through May (Fig. 1, venical haiching), and potential
loss by closing their stomata, but stomata! closure limits the ET exceeds precipitation from June through Sepiember (Fig.
supply of CO,, which in turn reduces photosynthesis, 1, stippled area). )

QOver a growing scason, plants can use an enormous amount The study was conducted at the*INEL Field Station (43¢
of water if it is pleatiful, For example, irrigated alfalfa (Med- 36"N, 112° 54'W). Natural vegetation at the study site is dom-
icago sativa L.) in southern Idaho can extract pearly 12 mm inated by big sagebrush {Artemisia tridentata Nutt.) and per-
of water from the soil in a single day; mean water use of an ennial grasses (Anderson and Holte, 1981; Anderson et al,,

alfalfa crop for a 120-d growing season was about § mm d-* 1987). The soils are Xerollic Calciorthids.
{Wright and Jensen, 1972), which was equivaleat to roughly

four times the average annual precipitation of the area. We : :
show herein that an imigated stand of Great Basin wildrye Plant Species

(Leymuzs cinereus (Scribn. & Merr.) A. Lave], a robust native Three species of grasses and one shrub were chosen for
bunchgrass, used more than 630 mm of water during one grow- study:

Crested wheatgrass [Agropyron desertorum (Fisch. ex Link)
Schult.]. This naturalized bunchgrass has been used exten-
sively in the western USA for rangsiand rehabilitation (see

ing season at the INEL, which is 2.8 times the mean annual
precipitation for the area.

METHODS ) Anderson and Shumar, 1989). Stands of crested wheatgrass
Study Area persist as virtal monocultures at the INEL (Marlerte and An-
derson, 1986). This species currently is used 12 establish plant
The INEL occupies 2315 km? of ccld desert rangeland at an cover on shallow-land burial sites at the INEL.
average clevation of about 1500 m on the upper Snake River Great Basin wildrye. This native bunchgrass is found
Plain in southeastern [daho. The continental climate of this throughout the Intermountain West on deep soils or disturbed
area is characterized by large daily and seasonal temperature sites. Al the [NEL, Great Basin wildrye often occurs in pure
fluctuations (Fig. 1). During summer, Jow humidities, clear . stands in depressions or low-lying areas where deep soils have
skies, and high temperatures result in high evaporative demand accumulated, Individual plants are large, growing to 2 m in —
during the day; at night, radiation cooling to clear skies often height. As noted carlier, stands of this species can have high
results in lemperatures within a few degrees of freezing, Win- seasonal water use. Unlike other native grasses, Great Basin
ters are ¢old, with 2 to 3 mo having mean temperatures below wildrye continues to actively photosynthesize and ranspire after
freezing (Fig. 1). Topsoils usually remain frozen from mid to seed ripening, well into late summerin years when water is
late November through February or earfy March. Snow cover available. These characteristics seemed ideal for water man-
typically persists for at least 2 10 3 mo. The average annual agement on waste burial sites,
temperature is 5.5 *C, and the frost fres period is about 90 d. Streambank wheatgrass (Efymus lonceolanus (Seribn. and .
’ }
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Fig. 1. Climate diagram tsensu Walter et al. 1975) {or 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 maonthly temperatures. Yertical hatching indicates periods when precipltation generally exceeds potentist
evapotranspiration. Stippled area indicates periods when potential evapotranspiration generally exceeds precipitation. The INEL
lies at an avernge elevation of about 1500 m. Average annual temperature is 5.5°C; average annual precipitation is 221 mm.
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design contained &1 cm of a Hackroy clay loam classified as a Lithic Aridic Haplustalf (clayey,

mixed, mesic lamily) and used in two previous studies (Nyhan et al.,, 1984, 1990a). These sails
were amplaced on top of 76 cm of a_fine sand (0.05-lo 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 tertns of oplimizing the relationship between the hydraulic
conductivity and the water-holding properties of the capillary barrier (Wohnlich, 1950},
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 piot through the medium sand
layer in the EPA Design, the fine sand layer in the two designs with capillary barmiers, and the
crushed tulf layer of the Conventional Design). Water levels in each 100-liter tank used to collect
these data were measured with a microprocessor-controlled ultrasonic liquid level sensor (model
DCU-7, Lundahi Instruments, Logan, UT) connected to 'a multiplexed, autormnated system
described previously (Nyhan et al., 1993). The water levels in the tanks were routinely recorded
hourty, 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 monftored once every six hours from December 1991 through
July 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 sleel waveguides (60-cm fong, 3-
mm diam soil moisture probes; model nurmber 6860, Campbell Scientific, Logan, UT), which are
buried paraile! 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, 81-91, 96-102, and 92-152 ¢, 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, €.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 Balancs Calculations

Daily waler balance calculations were performed by determlnlng the daily change in soil water
inventory, by summing the daily amounts of precipitation, seepage, interflow, and runoff, and then
determining the amount of daity 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 slopes of 5, 10, 15, and 25% was estimated from pyranometer data coilected at a
height of 1.2 m from the same meteoroiogical tower described above at the same sampling
frequencies. The influences of siope and seasonality of shortwave radiative energy were
calculated using the SOLARFLUX moedel (Rich et al., 1995).

RESULTS AND DISCUSSION

Estimates of Precipitation and Soil Water Inventory

The overall signfficance of each year's water balance data can best be explained by,
understanding the spatial and temporal occurrence of precipitation around Los Alamos (Bowen.
1590). Bowen showed that mean annual precipitation is 32.8 cm at White Rock, the only station
ciose lo the Protective Barrier Landfill Cover Demonstration with a data base longer than the data
collected in this field study. We determined that 2.24-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 Bamer 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., 1883). 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 diam) ovetiain
with a high concuctivity MIRAFI geotextile used in previous field studies (Nyhan et al., 1980a); 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 wers
analyzed for porosity 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 Clay loam

Conventionall .
Design Capiilary Barrier] | Capillary Barriern
Design Dasign

30cm
Medium
gravel

30cm 30cm
, Medium | Medium
30cm gravel qravel
Medium
gravel

Figure 1. Descriptions of soil layers In the four landflll 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 recornmended 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 slopc-lcrngth. HELP recommended curve numbers bf 87.7 and 89.5 for
Live Oak and Wenatchee, respectively.

Meteorological input for HELP includes daﬂy precipitation, average da11y air temperature,
daily solar radiation, quarterly relative humidity, and average yearly wind speed. Climatic input
for UNSAT-H includes daily and houwrly precipitation, daily maximum ard 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 snow-
melt, the restricted degree-day raﬁiation balance approach (Kustas et al. 1994) was used. In this
method, daily snow melt (M) is computed using Eq. 6 (Kustas et al. 1994):

M=2aTd+mqRp ‘ (6)

where ar is the restricted degree-day factor ranging between 0.20 to 0.25 ecm/°C, T{ is the average

daily air temperature above the base temnperature (base temperature assumed 0 °C in this study),

mgisa co_nvcrsion constant equal to 0.026 W/m2, and Ry, is the net solar radiation. To calculate

10
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able because, as the horizontal air-pressure gradient increascd, the role
and cumulative volume of air flow over time through the cover also
increased. Consequently, the rale and amounti of water evaparalion
within the cover would be expecled Lo increase. The verlical pressure
gradients employed in these simulations were 500 Pa/mn. The resulis at
other vertical pressure gradients were virtually identical and are not
shown.

The effects of various horizontal pressurc gradients on waler satura-

Lion within the cover are also presented in Figure 6. Increasing the hor-

;zontal pressure gradient had a significant cffecl on the waoter conlent

of both the fine ond the coarse layers, As can be scen on Figure 68,

increases in the horizontal pressure fromn 25 to 60 Pa/m resulted in the

virtually complele removal of water wilhin the gravel layer within 6

mo. Increasing the gradient under these conditions ta 100 Pa/m

decreases the drying time to approximalely 3 mo. In Figure GC, the
offects of increased air-pressure gradients on the waler contenl of the
Lopsoil layer are presented. The moisture conienl of Lhe topsoil layer
was reduced after about 30 days of air flow. By comparing Figures 6B
and 6C, 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 as the drying front moved into the finc layer.
Once the coarse layer was dry, the rate of water loss in the fine layer
was essentially independent of Lhe horizontal pressure gradienl.

The cffects of varying relative humidily of the influent air (from 25 Lo
100%) on the total water content of the cover are presented in Figure
7A. These simulations employed a 100 Pa/m horizontal gradient and a

* 500 Pa/m verlical gradient. The influence of relative humidity on waler
salurations in the middle of the fine layer and at the base of Lhe coarse
layer are presented in Figure 7B and 7C, respectively. These results
clearly confirm that the drier the influent air is, the more waler can be
evoporated and removed from the aystem. Efficiency, (i.e., Lhe rate of

* water removal) is greater for Lho conrso layer, and elTiciency declines
wilh time for both layers.

Figure 8 presents results for the cose where the infuent air strenm is
saturated with water vapor. In this cose, almost all reduclions in waler
content occurred during the first 10 days. A direct, almost linenrly pro-
porlional relationship exisls between nir-preasurc gradients and liquid
mass removal. An oxaminalion of Figurca 8B nnd 8C reveals that vir-
tunbly nil tho man rumuovasd from tho cover was liquid originnily prenent
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hs9ros)
kfg = {1-§ 1-§ , respectively. @

Tho thermal properlies for nll malerin] Lypes were_estimated from val-

ues prcsentef] by de Marsily (1986). The material propertica employed
in the modeling aure presenled in Table 1. Within each of the cover lay-

ers, llu? soil physical properties were assumed to be homogeneous and
1sotropic.

Table 1. Proportles of materials used In numarlcal studies

Water  Waler !

. Inttinsic Heat Tharma!
lMalcrial content, contenl, a permoeability, capaclty, conduclivily
ype 0, 0, 1/Pa 1 m’ JKg'C  Wim'C
Topsoll  0.40 009 121 x10*' 0476 885 x 10" 8860 2.2 wel

7 1.0 dry
132-:3 0.28 . 004 160x10* 0698 138x10* 800.0 1.4 wot
[ 1.4 dry

Pea 042 0. v "
e 0or 503x10 0.542 350« 10" 800.0 ::].2 wat
S5dry

INITIAL AND BOUNDARY CONDITIONS

The boundary conditions employed in the modeling included specified
prussure, lemperalure, and air-phase mass fractions. A no-flow bound-
ury was employod ut the base of the conrse gravel layer to simulale Lhe
presence f)l’ an impermeablu liner below the pea gravel, Horizonlal and
verl.zcal air {low through Lhe cover was induced by establishing various
:;nrlznnlul und vertical prossure gradients across tho gravel lnyer um.I
uulwcen l'hc gravel .un‘d the g.mund surface. The vertical boundaries of
‘ble lO])Hl.)ll ond the intormedinte 10-20 sand were simulated as no-flow
h?t::-darles. .'Phe ground surface and verlical boundaries of Lhe graQell
Ory- ; were simuluted us seepage faces by upecifying a capillary pressure

ceroor . rfect mability for both phases, This condilion permits Lhe

| ‘
Water Hemoval from o Dry Barrior : 337

et

flow of both water and air across these boundaries. The lacalion of the
inodel boundury conditiona is nlso shown on Figure 3.

The magnitude of the vertical and horizontal pressure gradients con-
sidered are consistent with an engineering study of dry barrier cover
systems for the western United Slates (Stormont et al,, 1994). The
pressure gradient within 'the cover depends on a number of factors,
including: climatic condilions, desired water-removal tatles, spacing of
injection and withdrawal pipes, and pressure losses in the pipes. For
heclare-sized landfill covers (100 m by 100 m) in the western United
States, dry barrier systems were designed with pressurc drops ranging
from 10 Pa/m Lo 100 Pa/m. These pressure drops are readily achievable
with commercially available blowers, whizh can develop over 5 kPa
total pressures. Given Lhe pressurizalion of the coarse layer, we
imposed verticnl air-pressure differences belween the gravel inyer and
the ground surface of 500, 1500, and 2500 Pa Lo investipgate Lthe influ-
ence of the vertical nir-pressure gradient on Lhe removal of wiler from
the. cover system. These pressure gradients were established by
inereasing the pressure of the influent air stream in Lhe basal coarse
layer above tha ntmospheric pressure specified al ground surface” The
influence of the horizontal pres:'sure gradient was evaluated in c{bn-
junction wilh each of the verlical pressure gradients by imposing addi-
tional horizontal pressure differences across the gravel layer through
which the air slream ontered and exited the model domain. Gradienly
of 25, 50, and 100 Pa/m were investignted. Ench horizonlal and vertica!
pressuro-gradient sconiario waos simulated with Lhe influent nir stream
al 25, §0, 75, or 100% relative humidity.

The initial condition was esteblished hy simulating drainnge from n
coridition of near-saturation throughout the entire caver to an equilib-
rium soil waler content distribution at ambient, stalic, sir-pressure
conditions. A typical distribution of the resulling initial waler-phase
saturations witl.hin the landfill cover is shawn in Figure 4. The water
content of the fine-textured topzoil layer increased from n relative sat-
uration of approximately 0.8 at i.hp ground surface Lo greater than 0.95
at its base. The water content of the 10 to 20 sand and the upper 0.2/ m
of the coarse gravel layer were alightly greater than their residual sat-
uration moisture contents. However, Lhe water content at Lhe base of
the conrse layer was close to saturation, due to the presence of the
impermenble boundary underneath, These initial conditions”  -esent
a mnisture content distribution which might be expected tooc in the

. s ‘ _
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ing drainage from an initia! condition of near-saturation throughout
the czn!.ire cover Lo an equilibrium distribulion ef soil waler conlent at
ambient, static air-pregsure condilions. A series of simulations were
then conducted wilh the influent airstream at various horizontal and
verlical nir-prossure gradienls and relativo humidities. Tho effecls of
vapor diffusion and coupled heat flow on water movement wilhin Lho
cover system were also investigated.

NUMERICAL CODE

The simulations were conducted using the TOUGH2 numerical code
'I‘OU.GHZ is capablo of simulaling the multidimensional coupled Now oi‘
multiphuse fluids in porous and fractured media (Pruess, 1991). It
cmpk.Jya an inlegrated, (inite-difference, numerical appro;lch to .lhe
golution of the governing Mow equations. Details of the application of
TOUGH?2 to simultancoua water/air flow is described by Oldenbur

and Pruess (1993) {ur evalualing capillary barriers. s

wator omovnl from n Dry Barrior 1920

MODEL DOMAIN AND GRID

Wi daveloped our aumorient medel Lo he consistent. willy the canven.
tional cover for the closure of hazardous-wasle tandills or similar
anits, as defined by the U.S. Environmental Proteclion Agency (EPA)
technical guidance (USEPA, 1989). The EPA recommends a mullilayer
final cover design composed of three layers, with allowance for oplional
tayers. The basic three layers, [rom top Lo bottom, are:

« Topsoil Layer—A layer of cither armored or vegolnted surface and
GO em of soil. The nrmored surfaco is designed to minimize erosion
and to promote drainage off the cover. Vegelation reduces percola-
tion by transpiration.

. Drainage Layer—A layer of either soil or a geosynthelic materinl
Lthat will promote lateral droinage, with a laleral slope of at icast
3%. If soil is used, it should be al teast 30 cm thick and have a min-
imum hydraulic conductivity ol 10" cm/acc.

. Low-Permeabilily Layer—A two-component layer Lo minimize the
infiltration of water through the cover into the underlying waste.
The layer consists of a geomembrane of ot least 20-mil (0.5-mm)
thickness overlying a 60-cm-thick compacted soil layer with a mox-
imum hydraulic conductivity of 107 cm/sec.

An illustration of the geometry we cvaluated is given in Figure 3. The
numerical simulations utilized the drainage layer as the dry barrier
layer. Belween the lopsoil and the gravel drainage layer, 10-cm-thick
sand layer is used as a filter to prevent migration of fines into the
gravel, The bottom of our model is defined by the geomembrane, which
is assumed to be impermeablo. The geomembrane will isolale the
nir-dried layer from the clay-based layer; thisis important because dry-
ing:the clay would impair its performance. Because the gcomembrane
is considered impermeable, our model is restricted to the top three luy-
ers of the multicomponent design. The layers were not sloped in Lhese
simulations. )

The horizontal dimension of 1 m was selecled to simulate a “unil
width” of the cover. As configured, the grid is casentially a Lwo-dimen-
gional cross-section through a segment of a cover. A series of model sim-
ulations were conducted to evaluate the effects of various cell sizes on
computational time and on accuracy of the results, The grid employed
in the cover modeling was selected Lo have cell sizes which provided
reasonably similar re ‘)ls wilh respect Lo other grids with sm="or cell
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provided this project by the University of Maryland's Experiment Sta.
tion, Beltsville Unit stalf, notably Peter Godwin.
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WATER REMOVAL FROM A
pRY BARRIER COVER SYSTEM

1. C. Stormont', M. D. Ankeny’, and M. K. Tansey’
1Sandia National Laboratories, Albuquerque, New Mexico

Daniel B. Stephens & Associntes, Albuquerque, New Mexico

Koy worda: Landfill cover, air flow, dry barrier, waler movement, numerical
analysis :

ABSTRACT

A dry barrder Is a layer ol soll that s dried by alr flow. Incorporating a dry barrier
within a landlill cover syslem adds an additional component io the water balance
of the covar, Increasing the avallable storage within. As covers typlcally include
multiple, faterally continuous layers with conlrasts in materal properies, air llow |
5 channelad Ihrough relatively coarso, alr-permeable tayers withln Lho cover. Sys-

lems can be active, using blowers and fans, or passive, exploiling atmospheric
phenomena.

Woe performed a numerical analysls ol a three-layar landfill cover design {topsoil,
sand, and grave!l) to Investigale the machanisms of water movement induced by
air flow. Tha simulations were conducled using the TOUGH? numerical code. Inl-
lial conditlons were established by simulating drainage from conditions of near
saturation throughout the entlre cover lo an equilibrium distribution of soil waler
content at amblent, static, alr-pressure conditions. A series ol simulalions were
then conducted with the Influent alrstream at various horizontal and vertical
alr-pressure gradients and relatlve humidities. Prescure gradients readily estab-
ished wilh commercially avallabie equipment resulted in virtually complete
removal of water from the gravel layer within 6 mo for hectare-sized landlills.

Although thera was very litlle drylng in tho flne layer due 1o advective alr flow, the
removal ol water by evaporation near the fine/coarse tayor interface reduced the
local waler conlent and hydraulic head. Water therelore moved toward ihe
line/coarse-layer interface, becoming avallable for evaporation. This is important
because It suggests that the fine-fayer water content may be moderated by alr
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 [rom a simple soil cover Lo multi-
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Innavative Cover Design for 2:1 Slopes Complying
“With California Closure Criteria

hy
Jeffrey G. Dabrowolski, P13}
A.S. Dellinger, P.C.; Member, ASCE?

Backpyonnd
Clostre of bsetive by, while preventing harmful effects to the environment, is
n challenge facing oll landGill engineers. “The need 1o balance closure costs with the

henelits associated with environmental mitigation must be considered when designing
Iandfill final covers,

‘_(Taiil'nmin is recopnized ns having some of the most strinpent eavironmental standards
in the United States, These standards, coupled with scismic stability requirements,
necessilale creative and innovative Inndfill cover designs.

The Cily of L.as Angeles is «esponsible for developing final closure plans for the
‘Fnyon Canyen Sanilary Landfill, a 0.36 square kilometer (90 acre) canyon fili site
with refuse depths of BR m (290 feet) on average.  The [ront face (sloped nren) of
Tayon Canyon Landfill encompasses 0.16 squnre kilometers (40 ocres), with 10
henches or terrnces; bench heights range from 9 to 12 m (30 to 40 fecl). This site
ceased waste disposad in 1985, with disposal of 14.5 million metric tons (16 million
tons) of refuse, but has yet to fmplement a final cover system. The chatlenge in
designing n final cover system for this landfill was placement of caver materin! which
satisfied permenbility limits while meeting seismic slope stabilily needs. What makes
this site unique is the presence of slopes ot 2:1 (2h: 1v); cument manufacturers of cover
Jproducts cannol satisfy seismic stability factors of safety (FS) lor placement on slopes
with angles exceeding 26 degrees.

-

'Engincer, City of 1.os Angcles, Nureau of Sanitation, 419 S, Spring Street,
Suile 800, Los Angeles. CA 00013, (213) 893-8210,

Nhid.
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monitoring equipment was designed for measuring the components of water bafance
and sdditional ancillary variables. All monitaring equipment was also designed with a
backup For cach.

The water balance cquation to be used is:

E=P.-I-R-D-AS;(Equation2)

where, precipitation (P), surface runolf (R), lateral drainage (D), evapolranspiration
{I2), s0i) water storage (S), and percolation or infiltration (I) are the six water balance
variables, With the exception of *B*, estimates of alt terms in Equation 2 will be
obtained with the monitoring systems, Evapotranspiration will be estimated by
solving Cquation 2 for 'E'.  Other measurement varisbles include erasion,
precipitation, relative humidity, barometric pressure, soil temperature with depth,
vegefation biomass and cover, snd wind speed and direction. Mast of the physical
attributes will be measured with automated monitoring systems to provide conlinuous
data (see figure 5).

Soil Molsture: Time Domain Reflectomelry (TDR) and an associated data scquisition
system will be used to provide & continuous record of soil moisture status at various
plan locations and depths in each cover profie. The soil moisture will be measured
using TDR. PVC pipes were installed strategically in the covers to be used as ponts
to allow for the use frequency domain reflectometry as a backup, The process of
sending pulses and observing the reflected waveform is called TDR. A waveform
traveling down 1 coaxial cable or waveguids is influenced by the type of material
surrounding the conductors. 11 the dicleciric constant of the material is high, the
signal propagates slower. Because the dielectric constant of water is much higher

“than most materials, & signal within 2 wet or moist medium propagates slower than in

the same medium when dry. Tonic conductivity afTects the amplitude of the signal but
nat the propagation time, Thus, moisiure conient can be delermined by measuring
the 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 a3 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 retura signal and the probe cannot be used, This is esseniially what happened
when commercially available probes were tested in soils representative of the barrier
layer in the Compacted Clay Cover — no uscful signal was reflected back. The high
densily, water content and sodium bentonite addition made TDR a challenge 1o use,
Because of the problems with (he commercially available TDR systems, & system was
designed to overcome these problems. The design began with perhaps tie single
most imporfant élement and weak link - the probe. Such things as: rod length, rod
spacing, number of rods (2 or 3), coating the rods {with several dilfercnt types of
coatings, coating thicknesses, and surface preparation), total coax cable lengths, rod

ALTERNATIVE LANDEILL COVER k1)

diameter, low loss coaxial cable, and inserting diades were experimented with (o
perfect the prohes.

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 10 & sct of Cable Testers
(Tektronix 15028). After fabrication of the probes but prior to their installation, esch
prabe was individually calibrated. This calibration process was extremely lengthy and
time consuming, Each probe a3 it would be sssembled in the field was insened in
sepresentative soil under a range of moisture contents to develop an algorithm 1hat
would yield an accurate moisture conlent. The TDR system was calibrated to
measure the sail moistute conter t ta within 1/- 1% of actual maisture content.

Sail Temperoture: Thermocouples placed strategically throughout each cover will
measure the soil temperature. This data will be used tn assist with evapotranspiration

studies and for moniloring frost penctration and its affect on the hydraulic
conductivily of the soils.

Runoff and Frosion: RunofT and erosion will be measured on an event basis. Surface
runciT water will be collected with a gutter system focated at the botlom of each sfope
ol each cover. The callecled water will be routed to instrumentation that quantifies it.
All instnimenlation is sel up so as 1o have redundancy in case of a failure in the
primary measurement. A dala acquisilion system is linked to the instrumentation to
sulomatically record and store data.  Sediment will be separated from runoff in a

selling tank located downstream (rom the runall’ measuring system to provide total
soil loss for each minofT event.

Percolaiion and [nterflow: Subsurface Rows will he measured. Latersl drainage from
each drainage layer will be collected using underdnain systems placed at the bottom of
cach slope of each cover, The water will be routed to insirumentation that quantifies
it. The instrumentation is linked 10 a dala acquisition system to continuously record
flow events. Percolation through the barrier layer for each cover will Le collecied
using 2 geomembrane under a geonet Lhal routes the waler to an underdrain collection
system.  Noth percolation and interflow will be routed via drains 1o the flow
monitoring tystem. Measurement redundancy is built into the system to reduce the
chances of losing data due to equipment failure or power loss and 10 verify

‘torreciness of results obtained.  To avoid problems with inclement weather, all

monitoring instrumentation is housed in a shelter.

ML'Ir.ornlngy: A complete weather station was installed at the ALCD site
Prc_ctpilaﬁon, air temperature, wind speed and direction, relative humidity, and solar
fadiation will bé continuously recorded. The meteorofogical measurements will be
made with automated equipment caupled to the data acquisition system.

% —

-
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Sublille ‘D" RCRA Cover

Vepetalion Sprinkler lla;l

Terael {Ceolealile an lop)

[y U
""'mtk‘"i" Layer Prepared Subprade Cesrmembrane. 10 mil

Figure 3 - Soil Cover typical section.

.T'E\c thi_rd cover is called n Geosynthetic Clay Liner (GCL) cover (sce figure
4). 1t is identical (o the Compacted Clay Cover installed with ane exception. The

Ceosynthelic Clay liner Cover

'qellliu\

Sprinkler
Pipe

Top t“)ll

Sand : | }
Orainage layer ﬂﬁ']_]" "U_.-I_m"
r Prepared Subgrade _)Iq}['%mfﬁ[l}ﬁm

Figure 4 - GCL Cover typlcal section.

GCL. Thercfore ‘lhe GCL is the botiom layer covered with a geomembrane, drainage
layer and vegetation layer, respectively. The GCL sheet installed is & composite of

iwo nonwoven geotextile fabrics sandwiching a layer of bentonite. The hydraulic
conductivity of the GCL is § x 10? cm/sec.

Apart from the three covers installed, two smafler test pads were also
constructed adjacent 1o the test pads. The test pads are 7.3 mby 7.3 m. One pad is a
Subtitle 'C' compacied clay barrier layer willh the other being a Subtitle ‘D'
compacted soil barrier layer. They were constructed exaclly like the barrier layers in
the full size test plots. A double-ring infiltrometer was installed on each test pad to
measure in-situ hydraulic conductivity (ASTM D5093). These infiltrometers will be

lefl in-place to measure hydraulic conductivity throughout the duration of the
experiment.

Phase | Constructlon Quality Assurance

compacted clay barricr layer was replaced by a single manufacturcd sheet known as a ‘

ALTERNATIVE LANDFILL COVER b

A detailed Quslity Assurance {QA) Plan was prepared [or this demonsirslion.
1t adheres closely Lo that recommended by the EPA (EPA, 1991). The major purpose
of this QA pracess was to provide documentation for those individuals who were
unable 1o observe {he entire construction process {&.8., representatives of regulatory
sgencies, cic) so that these individuals can make informed judgments sbout the
quality of construction of the ALCD. QA pracedures and resulls were thoroughly
documented. :

Daily Inspection Reports were prepased that included information about work
that was accomplished, testy and observations that were made, and descriptions of the
sdequacy of the wark that was performed.  Daily Summary Reports provided s
chronological framework for identifying and recording sll other reports and aided in
tracking what was donc and by whom. Inspection and Testing Reports noted ficld
observations, results of field tests, and results of Irboratory lests performed on- or
ofT-site. These observations tock the form of notes, charts, sketches, or pimléguplu_
or a combination of these. Problem 1dentification and Correclive Mcasures Reports
identified and recorded fixes of problems with malerial or workmanship that did not
meet the requirements of the plans, specifications, or QA Plan. Drawings of Record
{*as-built” drawings) were prepared and continually updated to document actual field
installations. Final Documentatien and Certification taok the form of a final report
that included ail of the aforementioned.

Key meelings were essential to the successful construction of the ALCD.

- Thesc mectings included & pre-bid meeting held prior to bidding of the contraci, &

pre-construction meeting held in conjunction with a resolution meeling afler the
contract was awarded but prior to the stari of actual construction sctivities.

The pre bid meeting was used to discuss the QA Plan and resolve differences
of opinion before the project was let for bidding. Lt also gave the hidders s chance to
ask questions and problems which were therefore rectified early on. The resolution /
pre-construction meeting aliowed for lines of communication, review of construction
plans and specifications, emphasize the critical aspects of & project necessary to
ensure proper quality, begin planning and coordination of tasks, and anticipate any
problems that might cause diMiculties or delays in constniction. Tt also allowed for
the review of the QA PMan, 10 make sure that the responsibility and authorily of each
individual was clearly understood, where procedures to resolve construction problems

- were eslablished. Periodic progress meelings were held 3t 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. Malterials and their
installation were lested to ensure compliance with the design and recorded
throughout the consiruction process. These items included such things as plasticity
index, sieve analysis, maximum size stone or debris, placement and compaction,
moisture content, bond. between iy, in-situ hydraulic conductivity {ongoing),
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out far review first to s 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 consteucted in Phase 1. Comments were gathered from the reviewers
and included in the designs.

This revised lest plan was then sent to regulatory representatives from
Environmental Depariments from many of the westem states including New Mexico,
Arizana, California, Nebraska, Nevada, South Dakota, Texas, and Utah, 1t 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 inferest
groups concerns and are therefore encouraging participation with thesc groups when
permilling projects. The ALCD has received endorsement by a committee from a
western states” and federa) 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 Fnvironmental Prolection Agency formed a lederal advisory committee (o
coaperale on the cleanup of lederal waste management sites in the region, This
committee, known as the Committee to Develop On-Site Innovative Technologies
(DOIT Committee), has sought the guidance of key players to help identify, test and
evalusle more cooperative spproaches to deploying promising innovative waste
remedistion and management technologies in order to clean up federal waste sites in
an expeditious and cost-cllective manner.

The DOIT Committee's primary goal with regard to the ALCD is to assist
with the eventual acceptance of new technologies that come from the demonsiration
and inclusion of landfill permitting in an inter-stale reciprocity program the
Commiltee is attempting to finalize.

Yet, another review process Included sending a general overview of the
demonstration to members of the DOIT Commitiee and special interest groups
identified by the DOIT Committee, These interest groups included representatives
from such entilics as environmental activist groups like the Sierra Club, Indian tribes,
government sgencies, nefghborhaod associations, local businesses, engineering firms,
and politicians. Over 1000 groups received & package. Comments were forwarded
through the Western Governor Associstion for consideration, The majority of these
comments centered on qucstions rather than comments and on praise for getling them
involved eatly in the process. Much intercst was invoked as a result of this, Periodic
meetings were held with these representatives of some of the special interest groups,
Western Governor's Associstion, regulatory agencies (predominantly from New
Mexico), New Mexico State Legisiature, and Sandia National Laboratories. These
meclings kept Interesied parties apprised of advancements, progress, and answered
questions and concerns. These meetings confinue on about a bimonthly basis.

ALTERNATIVE LANDFILL. COVER tR

Demonsiration Desceiption

The ALCD is a serics of large-scale landfill test cavers constructed side-by
side for comparison. {see figure 1). Fulure les! cover construclion will cantinue this
side-hy-side srrangement. The various covers will be compared based on their
performance, cost, and case of construction,

The ALCD is not intended to showcase any one particular cover system. 11 is
intended to compare and contrast dilferent cover sysiems in a dry environment.
information gained from the demonsirstion can then be used by others when choosing

between cover designs or when applying for the permitting of one of the cover
syslems.

Figure 1 - ALCD Tesl Covers

The covers are each 13 m wide by 100 m long. The 100 m dimension was
chosen because it is {airly representative of hazardous and mixed waste landfiils found

" throughout the DOE complex {spproximalely 2 acres in surface ares),

General site preparalion included bringing utilities (water and power) to the
site for the instrumentation and stress testing. The site was cleared and grubbed afler
which the top 15 cm of topscil was excavated and stockpiled. This topsoil was
reuscd as the top 15 cm of the 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
D698). The only soil hauled in from off-site used in the construction of the covers
was the benfonile sdded to the barrier fayer in (he Compacted Clay Cover and the

sand for the drainage layers. All covers were constructed with & 5% slope in all
layers.

v Phase | Cover Descriptions

The Compacted Clay Cover installed was deslgned 1o meet minimum
requirements from Subtitle ‘C* regulated landfills (EPA, 1991). Itis 1.5-meters thick.
The typical prafile for this cover consists of three layers (see figure 2). The botiom
fayer is 1 60 em thick barrier layer. The barrier fayer’s primary purpose is to prevent
the dowpward movement of water into underlying waste, Tt was constructed of
native soil mixed with 6% bentonite. The bentonite was required because the native
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Alternative Land(itl Cover Demonstration

Stephen F. Dw-yerl

Abstract

The Alternative Landfill Cover Demonstration is a large-scale field test to
compare and document the performance of alternative landfill cover technologies of
various costs and complexities for interim stabilizstion and/or final closure of landfills
in arid and semi-arid environmenls. Test plots of traditional designs recommended by
the US Fnvironments! Proter ilon Agency {EPA, 1991) for both RCRA Subtitle ‘C’
and ‘D" regulated facilities have been constructed. These will serve as baselines for
comparison to alternalive covers. The slternative covers designed specifically for dry

‘environments will be constricted in 1996. The covers will be ested under both

ambient and stressed conditions. All covers will be instrumented to measure waler
balance variables and soil temperature. An on-site weather station will record sl
pertinent climatological data.

A key to acceplance of an alternative environmental technology is seeking
regulatory acceptance and eventual permitting. The lack of acceptance by regulatory
agencies is a significant baricr to development and implementation of innovative
cover lechnologies. Much of the clort on this demonsteation has been toward
gaining regulatory and public acceptance. The demonstration is working with
regulatory suthorities and public interest groups toward the possibility of interstale
permitting of alternative Jandfill cover technologies.

* Iniroduction

The Departmenls of Energy and Defense have begun a clean-up of their
facilities thal is expected to cost hundreds of billions of dollars. These cost eslimales,
however, are based on “gtate-of-the-ant” technologies, of which many sre inadequate.
Consequently, work has begun on the development of improvement of environmental
restoration and management technologies. One particular area being rescarched is
landfill covers. As part of their ongoing environmental restoration activities, the US

' Principal Investigator, Sandia Natlonal Laboratories, Albuquerque, NM 271850719,
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2. Develop data on field performance of plternative materinls Lo thag,
in the CSL. Geosynthetic clay liners and asphallic barriers are (w,
examples of materials thal show great promise ng nlternntives,

3. Determine how much dilferential settlement surfnce barriers cap
wilhatand before Lheir abilily to limit infiltration is compromiseq,
Because the available informalion is meager, until more data nre
doveloped, surface barricrs are likely Lo be restricted Lo siles wil),
litlle or no anticipaled sctllement, When the amount of setilement
Lthot n surface barrier can withsiand is defined, then Lthe barriers
con be used over a grealer rango of sile conditiona.

4. Document performance in the fiekd. There is not much information
on lickl performance, and must published case histories point to
faifures rather than to successes. To use surface barriera relinbly,
fetd performance data on individual components of the harriers,
and on the barrier itself, must be documented. '

CONCLUSIONS

'This paper has summarized the basic principles employed for design of
surface barriers. ‘I'he most important conclusions relate to the barrier
layer within Lhe surface barricr. The main conclusions are as follows:

Compacted clay-rich soil linera by themaelves are not the besl Lype
of matoerlal to use for a hydraulic barrier becnuse the clay is vul-

norable Lo damage from wel-dry cycles, freeze-Lhaw (nt some siles),
and differentin! setllement.

A GCl, is a better overnl! choice than compacted, low-permenbility
goil for many siles because ib enn helter resist wet-dry cycles.
frecze-thaw conditions, and differentinl settlement.

Alternalive barrier matorinly, including asphalt and GCL,, appear Lo
be promising and warrant further study.

Geomembranes aré thought to have service lives of up Lo severnl
hundred years or more. Despite this relatively long service life,
geomembranes may not pravide long enough protection for some
radionclive wasle sites, Hlowever, Lhoir low cost and high degrec of
efTeclivencaa fur ut least several hundred years (when Lhe waste is

25l radicaclive) mnke geomembranes polentier” ’/inlﬂe materinle--
cen il only for redundnney.
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The EPA-rccommendcd surface harrier (somelimes called “RCRA
"y has evolved over Lime, bul itianot a technology that has heen
cn[‘:vcd to work well. Many maore (ailures thnn successes have heen
I::por[cd in the literature. Whether lhc'RClU\ cap will' work well
over the long lerm remaina to be determined, bul Lthere :.s reason Lo
pelieve Lthal many caps will fail to meel design expectations.

‘ ) :
There is a lack of ficld performance dala for surfnce harriers. Per-
haps tho gingle grentest resenrch and development need is to docu-
ment field performance and publish more case histories of successes
in surface barriers.

In summary, Lhis pnpui- has nddressed tho problems, HnluLiunH,. il
future needs for surface barriers. ‘The problems are: (n Gr.'an relinnee
has been placed on low-permeability, compncled. soil lmrnc'rﬂ, l)-uL the
performance of such materiala may be compromised by desicention- or
gettlement-induced cracking. (2) Geomembranes may wnrk'wcll fnr
severnl centuries but canmnol be relied upon for m!rl'ncc harriers with
jonger design lives. (3) The lilerature is not rich with examples of sur-
(ace barriors Lhol have performed eflectively. To the contrary, Lhere ave
many examples of failures, lending one to conclude Lhat current tech-
nology for surface barriers is unproved.

The solulions are to make greater use of natural processes for control

" of erosion and infiltration of waler nnd Lo use nlternalive barrier mate-

rials. Futlure needs are, primarily, Lo determine how much differentinl
solllement surface barriers can withstand, and to develop field perfor-
mance data to determine and document how well surface borriers can
perform under realistic conditiona.
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meansured much grealer tensile atraing willioul cracking in many GC1,
probably due to the Leneficinl reinforcing effects from the geolextiles .,,'
geomombrane in the GCL. In any cnso, tho nvailablo dntn indicule thay
GCL can withstand much greator tensile deformation than normg)
compncted soils wilthout crucking, which ia a very fuvorable chuaracter.,
istic for aurface barriers. Geosynthelic clay liners are considered to he

superior to CSL in terms of resistance to domage from dilferential set.
tlement.

Construction Issues. The construction issues that might be consid.
ered in an equivalency anolysis include puncture resistance, effect of
subgrade condilion on construclabilily, ease of placement, speed of con.
atruction, availabllity of muterinls, requirements for waler, nir-poliu.
tion effects, weather constraints, and quality-assurance requirements,
In most respects, the GCLL enjoys advanlages over CSL. in terms of cnse

of construction. The only potenlinl problem warranting discussion is
punclure resistance of GCL.

Geosynthetic clay linera are Lhin and, like all thin tiner malcerials, are
vulnerable to damage from accidental puncture during or aller con-
struction. Thick CSL cannot be accidentally punctured. Some GCL aore
capoble of eclf-scaling around cerlain punctures, c.g., penctration of
tho GCl, by a sharp object, such ay a nail. The swelling capnacity of
bentonite gives GCL this self-healing capabilily. Of greater concern
than penetration of the GCL by un object after construction is acciden-
tal puncture during construction. For example, if the blade of a bull-
dozer nccidentally punctures the GCL during sprending of cover mate-
rial, the GCL would probubly nol self-seal at Lhe punclure.

The puncture resistance of GCL will generally not be equivalent Lo that
of CSL. However, this docs not menn that n GCL cannol meel or excecd
the performance chjectives of n CSL. Quality-nssurance nnd qualily-
control procedures can be eslablished and implemented Lo mnkoe the
probability of puncture during construction extremely low. In surface
burriers, one or lwo accidental punctures would probably not have n
major impact on the overall performunce of the barrier lnyer. In na bot-
tom liner system subjected Lo a continuous head of liquid, a different
conclusion might bo drawn about the signilicance of undetected and
unrepuired damage to a GCL from puncture. Ullimately, sile-apecific
condilions and quulity-assurance procedures will be critical in dealing

with the issue of puuncture and in eslablishing equivalency of a GCLs lf_’
I L for a particular projecl. -
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cASE HISTORIES OF SURFACE BARRIERS
field Test Piots lllustrating Deslccatlon Problems

Some desigmers have assumed that a CS1 can he prolected fram desic
cation with o thin layer of cover soil. Montgomery nnd Uarsons (HI89)
Jescribe field experiments in which three test plots were cn'n.sl,ruclnd
and monitored for 3 yr. A 1.2-m-thick iayer of low-permenbility, cmn.-

acted clay soil was covered with either 150 mm or 450 mm of topsnil
:l o temperate site in the northern United States. Aler 3 yr, excava-
lions were made inlo the compncled soil. T'he conditinn of the two plots
wns nbout the same: The upper 200 Lo 260 mm of clay wns wealhered
and blocky, cracka up to 12 mm wide extended up lo I m into the clay;
rools penctrated up Lo 260 mm into the clay in a conlinuous .mnl., and
some roots extended up to 750 mm into the clay. Clearly, neither 150

mm nor 450 mm of Lopsoil was enough Lo prolect the clay ndequnlely,

Corser and Cranaton (1991} describe Lest plots in which o layer of
low-permeability, compacled soil (n soil-bentonite blend) wns covered
with cither (1) a 600-mm layer of Lopsoil, (2) an unprolecled geomem-
brane, or (3) o gcomembrane overlain by 450 mm of tapsoil. The site
wna localed in n relalively arid port of Cnlifornin. In less than n year,
significant drying and cracking oceurred in the plots with soil cm.rur
alone or Lthe geome nbrane cover alone, bul no significant desicenlion
occurred in Lhe soil covered with both a geomembrane and soil. Now-
ever, Lhe Lests were short-lerm, and long-term drying may have even-
tually occurred even wilh the gecomemhbrane aml aoil averburden. Nev-
ertheless, the studies of Monigomery and Parsons (1989) and Corser
and Cranston (1991), taken collectively, iltustrate that the hest nnfi,
perhaps, only praclicnl way to protecl n relalively wel, lnw-[.aorrncnhl'l-
ity, compacted soil liner from desiccation (rom the surface "f I.('m‘cnvcr
the soil liner with bolh o gecomembrane and a layer nfc'(wnr.sml.. I'a pro-
vile leas proteclion is inappropriate if the designer's intention s for the
compacted soil liner to remain moist. A geomembrone m.ny not l?c r.\cc4
casary il an extremely thick layer of cover soil is used, or il l'ho sonl liner
is designed Lo withstand drying wilhoutl cracking (Daniel and Wu,
1993}, but the cover layer would have to be so thick that, for some pro-

jects, soil alone would be impractical.
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whore k iz tha hydraulic conductivity, H is the depth of liquid pondeg
on Lhe liner, and T is the thickness of Lhe liner. The water pressure oy
Lhe base of the liner {3 asaumed to be almospheric pressure in equation

(1.

TABLE 2. Dilioronces botwaon gaosynthatlc clay linors and compactad soll linors,

Characterlalics

Geosynihallc clay linet

Compacled scil liner

Matarlals

Thickness

Hydraullc conductivily
Speed and ssse ol
construction

Ease of quality
Assurance {qa)

Vulnereblilty (o
damage during

conslrucilon from
dessicatlon and
freaze-thaw
Vuinerabliity to
damage from
punciure
Vulnerablilty to
damage ftom
ditferantial

Avallabiiity of
mupiorols

Cost

Eeast of repalr

" Expetlonce

Regulatory approval

Bentonlte, adheslves,
geotexilles, and geomambranas

Approximalaly 12 mm; consumes
vary Iiille landfill voluma

<tto5x 10* cm/soc
Rapld, simpla installailon

Relatlva simple, stralghtorward,
coinmon-sensa proceduras

GCL ara essanlatly dry; GCL -
cannot desiccats durdng
conslruciion; nel paricularly
vulnurable to damugs from
froare-thaw

Thin GCL I3 vulnarabls to
punclure

Can withsland much greater
dilerantlal seltlemnent than
coinpacted clay liner

Materials aaslly shipped to any
slte

Reousonably low, highly prodictabla
cost that doos not vary much

from project to project

Easy lo tepalr with putch

placod ovor problemn araa

Limitad due 10 hawness

Not axplcily aflowsd In most
reguiations—owner musl galn
approval on tha basls ol
aquivaloncy In maoting

parformance objuctives

—

Nallve solls or hlend of solt
and bantonlle

Typlcally 300 o 600 mm;
consumas more landllll
volumes

<1 x 10" cmsoc

Slow, complicaled
construclion

Complex qa proceduros
requidng highly skilled

and knowledgasble paaple

Compacled cfay liners aro
noarly saturated; can

daslccate durng
construction; vulnarablo to
damage from freeze-thew

Thick compacied clay liner
cannot be punctured
accldentally

Cannol withstand much
dilfarential sattiement
wlihout cracking

Suliable matarials nol
avallable at all sitas

liighly varlablo—daponds
Qrenlly on characlorisiics
of locally available solls
Vary dlificull to rapalr; must
mabllize hoavy earth-moving
equipmaent I large area
requires repair

Has been used lor many
yaars

Compacted clay linors are
usually required by
regulatory agenclos

!
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Fqunf.ion {1) is npplicable only for flow Lhrough the hentonilo compn.
,:cnt of 2 GCL; if the GCL conlains a geomembrane, water flux will he
controlled by water vapar diffusion through the geomembrane compo-
nent. The geamembrane component, if present, should be considered in
the equivalency analysis and in computation of wnlcr !'lux. The sim-

lest way to do Lhis is Lo adjust the hydraulic conductivity of u'\r: GCl,
1o reflect Lho presence of o geomembrane. {Bquation {1] np;flnm.m &
campacted soil liner (CS1) or GCL liner alone, not Lo compasite liners
involving one or more separate geomemhrane componenls.)

The Mux ralio for water, F., ia defined as Lhe Mux through the GCL,
. divided by the flux Lnrough the CSl.:

Veel (2}
F“ B ey
Vest

or

w

ke Test e

Kest Tooo H*Test @

If the flux ratio is 1, then the GCL is equivalent Lo the CSL in terms of
steady water Mux. For example, for a silunlion with i1 = 0.3 m and a
GCL with ke, = 1% 10™ m/sec, Tuq, = 0.007 m, and a CSIL wilh ki =1
x 10* m/sec nnd T, = 0.6 m, Lthen F. from equation () equals 0.3. This
means that there would be less water percolation through the GCL
than through the CSL; lhus, equivalency is established for these
condlitions,

Alternatively, nne can nssume that water flux Lthrough the GCL is equal
(o Lthe water flux through a CSL (i.c., F. = 1

(1)

and compute the required hydraulic conductivity of the GCL by substi-
tution in equation (4):

H +TGCL i +TCSL 5)
Keet T = Rest ’ '
) 6CL cst
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Hydraulic Conductivity. In general, the hydraulic conduclivity of

the bentonite component of GCI, varies helween abonf | < 107 and § .

10" m/sec, depending on the compressive stress. The higher Lhe com.
pressive stress, the Jower Lhe hydraulic conductivily. There nre somg
differences belween the hydraulic conduclivitiea of Lthe various GCi,
bul, excepl for hentonite-geomembrane composite GCL (for which the
geomembrane will significantly reduce Lhe overnl) hydraulic conductiv.
ity), the differences do not appear Lo boe very large. The available daty
on GCl, are snmmarized by Schubert (1987), Daniel and Fslorne)
(1990), Schewu ol al, (1990), Daniet (1991, Bith ot al, {1991), Shan nnd
Daniel (1991), Batornell and Daniel (1992), Grube {1892), Daniet of uf,
(1992), and Danicl and Boardman (1993).

For a suitrface harrier, o conlining stress on Lthe order of 10 Lo 30 k¥’n iy
reasonable. Loboralory hydraulic conduclivity lests performed on
back-pressure-saturated test specimens in flexiblo-wall permenmelers
indicate that the hydranlic conductivity of the bentonitle component of
GCL in this range of compressive streas is approximately 1 to 4 % 10"

m/ucc. Estornell and Danie) (1992) measured the hydraulic conductiv-

ity of GCL, in large tanks. The tesls were specifically sl up to simulale
conditions of law overhurden stress that are Lypical of surface barriers
and to tesl very large specimens with overlaps. Of the 10 tesls for
which hydranlic conductivities were measured, the average value was
4.6 x 10" m/sec (normul averaging) or 2.2 x 10" m/sec (fogarithmic
averaging). Based on all the dala, a reasonable assumption is that a
GCL can be supplied with a hydraulic conduclivity for a surface barrier
application 1 x 10" to'§ x 10" m/sec.

Studies of the hydraulic properties of overtapped scams performed by
Lstornell und Daniel (1992) indicato thal the overlapped seams in GCIL.
self-geam in the manner deacribed by the manufacturers. For geotex-
tile-encased, needle-punched GCL with addilional bentoenite along the
overiap, the buntonile appears. to swell an hydration and plug vaids in
the peotexiiles in the overlap. For the geotextile-encased,
ndhesive-honded GCl. thut have been tested, Lhe hentonite appears Lo
ooze out through thoe upenings in the geolextile and Lo allow Lhe mate-
riul Lo sell-seal. For bentonite-geomembrane composite GCL, the ben-
lonile swells on hydralion, scals at the bentonite-polycthylenc inter-
face, and effects solf-scaming at the overlap. Thus, based on the

ave**~ble dala, il is reasonable Lo assume that, with proper qualily con-

L tho [eld, seoms will aelf-senl.

gurface Bnrriers AT

ghear Strength. "“Internal shear atrength” refers to the strength of
{he material when sheared through the midplanc of the bentonite. IPuls-

Jished shear strength dala are pravided in Shan and Daniet (19913 nnd
panicl et al. (1993),

Dry tentonile is much stronger than water-saturaled bentonite. For
dry GCL, or glightly damp GCL, the angle of internn! friclion {cven for
mnlcrmls that are nol inlernally reinforced} is approximately 5. For
unreinforeed GCL, the angle of internal friction drops Lo aboul 10 for
fully saturnted bentonile.

for GCL Lhat are needle-punched or sewn Lagether, Lhe inleraal rein-
forcement makes the materinl’s internal shear atrength much leas sen-
pilivo to the strength of tho henlonile eontained belween the nttnchaed
geolextiles. However, tho render is cnulioned Lthal, for surlface barriers,
the GCL may be exposed to prolonged shearing stresses for periods of
years, decades, or even centuries, and Lthal the long-lerm shearing
resistance should be carefully considered,

“Interfacial shear strength” refers to the shearing strength hetween

* {wo adjncent components of o surface barricr. The GCL may be placed

sgainst soil, a geomembrane, or a geotexlile. Decouse the range of pos-
sible mateorinla ot an interfnee is unlimited, the actunl interfacinl shenr-
ing properlies are usunlly determined on a project-specific basis, 1L iy
the author's experience that the inlernal shear sirenglh will often gov-
ern the design because, with proper seleclion of malerials, relalively
high inlerfacinl slrengths can usunlly be obtained.

Whether or not shear atrength is of concern for a particulnr surfnce
barrier depends on the slopes and olher site-specific details. The
designer, however, should carefully consider Lhe implications of shenr

_ slrength when consideration is given Lo use of GCL. For many surface
* barriers on relatively flat ground, shear strength will not be an Tmpor-

lanl concern.

Durabllity. Shan and Daniel (1991) studied Lhe effects of punctures
on a geotextile-encased, adhesive-honded GCL. The elfecta of punctures
on the hydraulic conductivity of the GCL were studied by drilling or
ulling circular holes into the dry GCl, selting the punclured GCL up
in flexible-wall permeameters, and permeating (he GCL slowly until
tleady flow was achieved. Small (25-mm-dia)} punciures made in Lhe
dry malerial self-scaled on hydration of the bentonite. 'l‘hese tesls illus-
Irate the self-healing capabilily of bentonite. ,
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tions and also in several surface Larriers for hazardous m'ltcrml.,
radioaclive malerials, and nonhazardous Sulu! wasle.

Geotextile
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Goomembrano

Figure 7. Two bask types of gaasynihetic clay ﬁners: A, bentonita sandwichod boiweon two
guclaxiles; 8, bentonlte g'ued to geomombrana.

Four geosynthelic clay linera are currenlly manufactured in North
America: Bentofix®, Bentomat®, Claymax®, and Gundseal®. The GCL
fall into the broad calegoricy shown in Figure 7, ns follows: hentonite
sandwiched betweon Lwo geolextiles (Bentofix, Bentomnt, and Cloy-

max); bentonite mixed with an adhesive and glued Lo a geomembranc
(G- ‘seal). )

gurlace Barriers 167

The GCL are skelched in Figure 8. Bentlofix and Bentomat consist of
pentonite sandwiched between n woven and nonwoven geatextile that
are needle- punched together. Claymax 20001 consisls of hentonite
mixed with glue and sandwiched belween Lwo woven geatextiles. Clay.
max 500SP consists of bentonite mixed wilth glue and sandwiched
petween two woven geotextiles Lthal are sewn together. The purpose of
alitching the two geotextiles together is to provide additional internnl
reinforcement and greater shenr atrength. Specinl peolextiles ean be
aplected to “cuatom design” the GCL Lo o particular npplicntion. Gund-
qcal ia made by mixing bentonite wilh an adhesive aml ntlaehing the
pentonile layer to a polyelhylene gecomembrane. Gundseal can he sup-
plied with either HDPE or VLDPE.

Except for shear-strength considerations, the geosynlhelica nny be
considered a “carrier materinl” for Lhe thin layer of bentonite. I the
geosynihelic were Lo degrnde the hydraulic inlegrity of the hentonite
would not be harmed.

All GCL are manufactured in panels, approximately 4 to 5 m wide and
spproximately 25 to 60 m long. The panela are ploced on rolls at the
faclory and are unrolled a! Lthe time of installation. The mnss of the roll
varies, depending on size and malerials, from about 600 Lo 2000 ky,

The panels are typically overlapped 75 Lo 300 mm nand are gnid Lo he
“sell-senling” ot Lthe overlaps. A sketch of the averlapped zones is
shown in Figuro 9. With geolextile-encased, needle-punched GL,
sodium bentonite is placed along Lthe overlap (Figure 9A) at n rale of
approximately 0.8 kg/m. The benlonile penetrates the pores of the poo-
texliles and is snid by the manufactureras to cause the materinls to
sclf-senm when the bentonite hydrates. With geolexGile-eneased, ndhe-
gsive-bonded GCL, no additional bentonite is needed (Figure 98). The
materinl i snid Lo self-geal upon hydration ol the overlups through
expansion of bentonite out through the openings of the geolexlile in the
overlap area. :

With GCL conlaining & geomembrane, the GCL can be placed with Lhe
benlonito facing upward or, as shown in Figures 9C and 91), downward.
IT the GC1, will be uacd by itself a= o composite geomembrane-clay liner,
lhe geomembrane would face upward, If a separale geomembrane ia Lo
be placed on the GCL, the bentlonile would face upward. The materin
i8 snid to be self-senling at overlaps with no need for any mechnnica!
seam al the o ‘j)p {Figure 9C). However, if one wants * - form o con-
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may crack. Even in relatively humid regions, occasional droughis can
cavse cracking in soils Lo depths in excess of 1 m. The soil lends Lo swep
when welted, but full “self-healing” ia not likely when the compressiv,
stress acling on the aoil is low, as in surface barriers (Boynlon ang
Daniel, 1985). Dosigning CSLL at arid siles to resist damage from deae.
cation is discussed by Daniel and Wu {1923).

Freeze-Thaw. When waler (reezes, moiature is drawn Lo the frcezing
fronlk, which cun cause shrinkago cracks from desicenlion as well gy
cracking from the expansion nnd contraction of tho waler na il Mreozes
and thaws. Polygonal cracks may lorm in compacted aoila. Examples or
damage done by freeze-thaw are given by Kim and Daniel (1992) ang
Benson and Olhman (1993). There is some evidence Lhot soil-benlonile
mixtures may not be as vulnerable Lo damage from freoze-thaw ns com-
pacted nulive soils (Wong and Haug, 1991). In general, however, il is
considered prudent Lo bury a low-permeability, compacled so0il liner
deep enough to ensure that it is not subjected to freeze-Lthaw.

Differentinl Settlement. LaGalla (1992) has summarized available
data on the Lenaile slraina that compacted soils can undergo before Lhey
fail in Lension (i.e., crack) (Table 1). The published dala indicate that
most compacted soils cannot wilhaland tensile strains grealer than 0.1
to 1.0% without eracking, The question, then, is how likely is il thal
tensile slrains greater Lthan 0.1 Lo 1.0% will develop in surface barriers?

It is convenient Lo define disforfion as the differential setilement, , Lthatl
occura over a (listance L (Figure 6), or /.. Dislortion in a surface bar-
rier stretches the barrier layer and, as o result, Lends Lo produce tensile
strains in the componente of the barrier. Murphy and Giibert (1985)
computed Lhe relationship between distortion and Lensile strain for

covor compuonents; Lhe maximum distortion /1. associated with a tensile
slrain of 0.1% Lo 1% ia 0.06 Lo 0.1,

Jessberger and Slone {1991) performed centrifuge tests on 35- lo
45-mm-thick protolype clay liners Lo he used for surface harriers. A
“trop door” beneath the liner was deformed to produce settiement like
that expecled in a surface barrier. Flow rates through the soil were
measured as a function of the distortion in the liner. 1t was found Lhat
the flow rate through the clay remained low until Lhe distorlion
reached /1, = 0.1, at which point the ffow rate increased dronmatically.
Tension eracks were noled in later examinalions of Lhe material. Thus,

th-" xperiments reported by Jessberger and Stone supporl the ﬁndingﬂﬂ___‘
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from Murphy and Gilbert (1985); i.e., compacted soil liners in surface
parriera connol withstand /L distortions greater than approximalely
005 ta 0.1 without eracking.

—_—'—"—_f
TABLE 1. Publishad data on tha lensila strain al tallure tor clay salls {lrom LaGatta, 1992).
c—""__‘__'_f

Typo or Source Whator Plasticity Tenslle Strain
Aclarence of Sall Content {*%) Indox (%) &l Faikne ()
Tschebotarioft Nntural Clayoy Soll 199 7 0 no
and DoPhitippe Bontonite - 4a7 34
{1953} {Monimorllionite)
‘ Ilite 315 34 084
Kaolinila 76 aa 0.6
Leonards and Portland Dam 16.3 n 014
Narain {1963} Portland, CO
Roclor Creok Dam 19.8 16 D16
Napa, CA
Woodcres! Dam - 10.2 Nonplastic 0.18
Rivarside, CA :
Shall Ol Dam 11.2 Nonplaslic 0.07
' antuta, CA
Willard Test Dam 16.4 1 0.20

Embankment, UT

I

What does this level of distortion menn in practical Lerms? Suppose
(hat one observes a circular crater wilh a dinmeter of 10.m in a surface
barrier. What is the maximum scltlement at the center of the craler
hefore significant cracking would be expecled in 2 compacled soi! liner?
The horizontal distance from the edge la cenler of the crater, 1, i3 5 m,
and 0.05 to 0.1 times L yields a maximum allowable seltiement (A) of
0.25 1o 0.6 m. It is the author's experience thal many susface harriers
Pleced over compressible materiala undergo this magnitude of
distortion or larger. In such cases, it may be pointless to construet an
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Erosion Layer. The erosion layer is Lypically used to support growy
of vegetulion. The EPA recommends thal the universnl soil loss equp.
tion bo used Lo estimalo rates of waler crogion from the surfaca hurricr;
for wind erosion, they recommend an allernalive equalion (USEPA
1993). No specific guidance is provided on allowable rates of soil losg,
Tho eoil should be setected to provide o good growth medium for gyr.

faco vegeloation. Lonmy soils with adequate organic conlent aro gener.
nlly preferred.

A vegelalive cover Ia recommended for MGWLF. Locally adapled peren.
nial plants that are registant lo drought and lemperature extremes are
recommended. Roata should not disrupt the underlying low-permeabil.
ity layoer. Tho uso of doup-rooted plants and shrubs is nol recom.
mended. Carelul timing of seeding ia crilical Lo germination in most clj.
males.

The main criticism of the author for the EPA’s recommendations con.
cerning Lhe erosion layer is the recommended minimum Lhickneys of
160 mm. Field experience has shown Lhat nalive grasses have roots

that typically extend to greater depths, and rill erogion commonly -

occura to local depths > 160 mm. In the author’s experience, 150 mm is
nol nearly thick enough for the erosion layer; n minimum (hickness of
450 Lo 600 mmn would bo much more appropriate.

Infiltration Layer. The infiltration lnyer must he at least 450 mm
thick and should consist of earthen malerial thal has a hydraulic con-
ductivily less than or equal Lo the hydraulic conduclivity of any bollom
liner system or naturul subsuils. If there ia no botlom liner, or if the
bottom liner iy of poor qualily, the infiftration Inyer must have n
hydraulic conductivity 1 x )" m/sec. No explanation of or justificalion
for the latter value is provided in EPA's background document
(USEPA, 1993). If the bottom liner conlains a geomembrane, Lhe infil-
tration loyer must also conlain 8 geomembrane. The surluce of the
infiltralion Juyer should be sloped ot an inclination of al lesst 3% bul
no more than 5%, afler allowance for setllement. The EPA recom-
menda the computer program HELP (1Tydrologic Evaluation of Land-
fill Performance) for evalualing allernative designa (USEPA, 1993).

In some respects, the rules are confusing and appear to be conflicting- .

For instance, the rulea explicitly state thut the infiltration layer must
have » nermeability thal is no greater than that of any * ~ttom liner. i
the sm liner conaists of n geomembrane overlying ) mm of low-
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srmenbility compacled soil with a saturated hydraulic conductivity €1
« 10* m/sec (the standnrd hotltom liner system for MSWLE regulnbod
gnder gublitle N af RCRA), it would seem thal Lhe surface barrier
shoutd also have a goil companenl with a saturated hydranlic conduc.
tivity 1% 10° m/sec. However, Lhe guidance document specifically sintes
that lor such a bottom liner syslem, the infiitralion layer need consist
only of a geomombrane overlying 450 mm of soil with n hydraulic eon-
ductivity <1 x 10" m/sec. It is not clear what Lthe rationale is for allow.
ing soil with n hydraulic conduetivily 1 % 10" m/ace in Lhe srfnce bar-
rier when the soil component of n bottom liner hna a hydraulic
conduclivity €1 x 10* m/sec. Tho EPA’s recommendalion has heen
strongly criticized {Auz in, 1992).

The earthen material used for the infiltration layer should be free of
rocks, clods, debris, rubble, roots, snd olher mnlerials thai may
incrense Lhe hydraulic conductivily of this lnyer. Problems with frost
aclion and desicention are mentioned in USEPA (1991), but no require-
menls are slated for burial of the layer below the depth of frost pene-

- {ralion or sensonnl moisture change,

If a geomembrane is used as an infillration layer, the geomembrane
should be at least 0.5 mm thick, or thicker, il necessary, for welding
{e.g., n minimum thickness of 1.5 mm is recommended for high-density
palyethylene in order lo produce high-qualily seams).

Alternntive Loyers. The director of Lhe applicable state regulatory
agency in an EPA-approved state mny approve alterantive surfnece bar-
riers, pravided ils performance is equivalent to the EPA crileria in
terms of minimizing infiltralion and erosion, Na specific exnmples aro
provided in Lhe background document (USEPA, 1993}, other thnn to

< repent much of what EPA has alrendy stated aboul surfnee harriers for

hazardous-waste disposal facilities.

Criticlams. The EPA's rules for MSWLEF went into effecl on October
9, 1993. The new regulations have been criticized by nome ny hieing
insufTiciently stringent. In a summary article by Austin (1992), many
of these crilicisms ore listed and explained. A 150-mm-thick erosion
layer is consider inadequate for many siler over Lhe long term by one
experl, Several experis note that the requirement of 1 x 107 in/sec is fur
below what is technologically achievable and they are ot n loss Ln juslify
this vatue. O ) from EPA note that Lhe regulntions were written

| N 4 ’ L ) n
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If thore is potential for particles [rom the overlying Inyer o clog
droinngo layer, a filler should scparato Lhem. The filter may be aojl ,
a geotexlile; design criteria are given by USEPA (1989).

If the drainage material is a geosynthelic (c.g., geonel, geocomposile, py
geotexlile), the geoeynthelic drainage malerial should provide ay
in-plane tronamisaivity that is equivalent to or belter than the trang.

missivity provided by 300 mm ol soil having a hydraulic conductivity »
% 10* m/sec,

Low-Permenbilily Layer. Tho surfnce barrior {a required to provide
long-term minimization of the migration of liquida through the surface
barrier. Also, Lhe cover over u waoste-disposal unit is required Lo have a
permeabilily leas than or equal Lo the permeanbilily of the bollom liner
aystem or natural subsoils pregsent. The EPA recommends a geamem-
brane/yoil compogite liner that ig stmilar in concept, bul not necessar.
ity identical in materiels, to a typical compasite bottom liner. ‘The two
componenla (geomembrane and low-permenbility avil Inyer) are congid-

" ared Lo function together a8 one system. The geomembrane slops the

movement of nearly all liquid through it, excepl for liquid thal diffuses
through the geomembrane {uanally considered lo bo o trivial amount)
ond liquid that migratea through any defecls in the geomenibirane
(including pinholes but, primarily, tiny imperfections in welded senma).
Tha primary purpase of the low-permenbility soil component is Lo min-
itnize lenknge through any imperfections in the geomembrane or ils
seams. The EPA believes thatl the recommended camposile harrier is
the bust one practlicoble, in most cases, lo minimize percofation of
water Lhrough Lhe surface barrier. The geomembrane and low-perme-
ability soil componenta are Lhonght to complement each other so Lthal
the long-term elfecliveness of tho two components Logether is heller
than ench nlonoe.

The EPA recommenda thal Lhe low-permeabilily layer be located helow
the maximum depth of frosl penetration. They also recommend that
the geomembrane be at least 0.6 mm thick, that it should be placed
without surface unevenness (Lo facililute drainnge of water in Lhe over-
lying layer), and that the geninembrane should be in direel conloct with
a smoothed surfucu on the underlying low-permeability soil layer. Also,
penetrations through the geomembrane should he minimized,

W the EPA originally hegan recommending composile geomem-
L. , *lqu bnrru.rs for waste containinent unita in the early 1980s, th

qurface Barriors 455
——

C,mﬂ.dcred Lhe geomembrane to be o relatively short-lived component.

oy T wal the low-permenbility soil _would provide for
r'gTErm minimization of flow through |he conposite barrier How-
everl, with lncreasmg knowledgc of the chnracleristics of geomem-
pranes, and development of relalively stahle and long-ived polymers
(such ns high-density polyethylene), the EPA believes that geomem.
branes con provlda lon_g -lerm conlninment, (The life of gcomembranes
ia discussed later in Lhis pnpcr)

The EPA recommends that the low-permeability soil component consist
of & minimum of 600 mm of compncted, fow-permenbilily s0il with an
in-place anturated hydraulic conduclivily of 1 x 107 in/sec or less. The
s0if must be lree of large clods, lnrge rocks or slanes, rubbish, roots, or
olher materials that would tend to provide preferential flow paths or
puncture the overlying gecomembrane.

A wrilten conslruction qualily assurance (CQA) plan is recommended
for both the geomembrane and low-permenbility soil. Experience has
shawn Lhal most Jeaks in geomembranes are the resnlt of inadequate

_onstruction quality control (CQC) or CQA. 1¢ is for Lhis reason that

EPA places strong emphasis on CQA (e.g., USEPA, 1989; Daniel and
Koerner, 1993). The EPA recommends construction ol a test fill prior (o
aclual conslruction of Lhe low-permenhility soil eomponenl of n surfnce
barrier (USEPA, 1989). The purpose of the Lest fill is Lo verify Lthat the
snil con be constructed Lo an in-place salurated hydraunlic conduclivily
that is no greater than 1 x 18" tn/sec. The EPA believes thal Lhe con-
struclion of a test Gl ulilizing the soil, equipment, and procedures to
be used in construction of Lhe low.permeability lnyer will ensure that
desigm specifications are slininable with the available materinls nnd
equipment. {The lesL [il! need not be constructed on the conlaminnted

- site))

Gns Vent Layer. The function of a gas vent layer (Figure 4) is Lo con-
trol combuatible or toxic gases released from buried wastes or other
contaminated materinls. For a hazardous-waste Iandfill, the facilities
that are likely to require a gas vent layer are codisposal facilities that
Teceive arganic waste malerial, such as thal found in municipal wasle,
which produces gas upon decamposilion, in addition Lo hnzardons
wasle. However, cerlain volatile chemicals may also be of concern.

The EPA recommends that the gas vent layer be at least 300 mm thick
and Lthat it be locnted belween the barrier layer and the waste.



460 Daniey

—

1989). The usval cover design recommended (Figure 3) is commonly

used both for design of new, hazardous-waste disposal facilitics and r(,,.
covers over remediation projects regulated under EPA's Superfund prg.
gram. It incorporates a top layer {which doubles as the surface laye,
and protection luyer), a drainage layer, and a geomembrane/soil com,.
posite liner. There i3 no mentlion of a gas colleclion layer or foundation
luyer in tliis design. An ulternative design recommended by EPA (Fig-
ure 4) inchidea colihles at Lthe surlface, o biotic barrier, and n gns collne.

Lion loyer.
/ \\p/h “\\i{/

T

Top Soil Layer 600 mm
Dralnage Layar

ge L.ay 300 mm

Geomembrang —=

Low-Permeability

Sol! Layer - 600 mm

Wasle
Figur- ° Recommunded surfaco banler for harordous-wasio d Jai tacuny (aner

USElI . 09).
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Figure &. Allemallve tecommondod surfaco bartlar Jor hazerdous-waslo disposat lacllity
(altar USEPA, 1989).
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biointrusion proteclion layer primarily for radioactive wasle-disposgy)
sites, bul not for other Lypes of siles. I'liis is because uplake of dangey.
ous compounds by plant roots and burrowing nnimals is a problem prj.
marily with radioaclive materiala.

I the protection layer is placed directly on a barrier layer, a plane of
potentinl scepage exists at the interface. The risk of instability is par.
ticularly acute [ollowing prolonged porioda of heavy rain if no drainage
layer is provided heneath the prolective layer. The engincer must
ensure an ndequalo factor of snfely against slippage ol this and all
olher interfaces in the surface barrier. If the originally designed surface
barrier does not have an adequate factor of safety, gseveral steps may be
tuken to incrense it. These include: (I} use of differenl materials
(stronger soils, or materials such as textured geomembranes with
higher strength along the interface): (2) addition of a drainage loyer;
(3) Nattening of slopes; or (4) reinforcement of cover soils with geogrida
or high-strength geolextiles.

Drnlnagé Layer

A drainuge layer is sometimes placed beldw the proteclive layer and
sbove the barrier layer (Figure 1). There are three rensons why a
drainage layer might be desirable: (1) Lo reduce the head of waler on
the barrior layer, which minimizes infiltration; (2) to drain the overly-
ing protoction layer, which increases Lthe water-slorage capaocity of the

protection layer; (3) to reduce pore waler preastires in the cover soils,
improving slopae alabiity.

Materialy typically used for drainage layers are:

« sand or gravel with either a s0il filter or a geolextile filter;

*

a thick geotoxtile, which serves as bolh a drain and a filler;
+ n geonet, wilth a geolextile fller/separator;

a gencompaoslto drain, consisting of a polymeric drainago coro and
an overlapping geotextile filler/separator.

Selection of material typo is usually based on economics and design lifo.
Al the materinls listed above. will work reasonably well in the shorl
term.  covors with limited design lives {e.g., <30 yr), all these mate-
rials « . congidered Llechnically adequate, and the finn} selection is
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often based on economics. Thin, gcnsynllmlic' malerinls will usunlly

rovo Lhe maosteconomical; however, the design life of geosynthetic
materials is limited, and the greater the surlace aren per unit mass, the
shorter Lhe life of a geosynthetic. Thus, genlexl.lkfﬂ. which have na rela-
tively large ratio of surface area to unil mnss, will not last os long ns

comembranes, which have a much lower ratin of surface nrca Lo mnss.
%"r covers with design lives of more than a few deendes, nntural min-
erol materinls (i.c., sond or gravel) would nlmost always he used for Lthe
drninago material.

Cpulion is especially urged about two detnils. Firsl, waler must d'ia-
charge frecly from the drainage layer at the base of I.hf: surface barrier
(Figure 2). If the outlet plugs or is of inadequate capacily, the toe of Lthe
glope will become saturated, devcloping excess pore waler pressure,
and may become unstable. Drainoge pipes thal cnmr-nnnly aurround n
sile al its low clevations must have sdequale capacity and cannol ha
allowed Lo plug. Similarly, for surface harriers Lhat are uxpfzclcd Lo lasl
indefinitely, a drainage pipe is probably nol a vinhle design clement
since it can deteriorate or plug. "

Drainage Layer

Pipe to Drain Waler
al Toe of Slope

Figure 2. Dralnage outlet at edge of surface bariar.




442 Danijgy

INTRODUCTION

Surface barriera aro o critical component in managoment of liquid gy

gas movement inlo and out of contaminated scils, buried wasles, ang
other sourcea of subsurface contamination. The main lunctions of 5
surfaco borrier are to seporate tho contnminaled materinl from the gy,
fuce environment, to reslrict infiltration of water into the contnmi.
nalod materiala, and {in some caaca)} Lo conlrol releasa of gas from (e
conlaminaled material. If the objective ia prevention of pollution g
ground water, then one of the obvioua strategies is Lo Lry Lo minimize
the amount of liquid available to leach or Lransport. subsurface polly.

tants. IT there is no leachale, there is liLtle or minimal polential for pol.
lution of ground waler,

In succeeding sections, the basic components of an engineered surfnce
barrier will be identified; US. Environmental Protection Agency
{USEPA) regulations concerning surface barriers will be described; nnd
materiala that are often employed will be discussed in detail. Also, case
historiea will be reviewed, and recommendations will be presented for
resolving the critical technical issues that limit the use of surface bar-
riers und that requira further research and development.

SURFACE BARRIERS

Most engineered aurface barriers in the United Slates are composed of
multiple componenta. As shown in Figure 1, the components of a sur-
face barrier can be grouped inlo five categories: (1) surface Inyer, (2)

protection layer, (3) drainage layer, (4) barrier layer, and (5) gaa collec- .

tion or foundation layer, Not all componenta are needed for all surf{oce
barriera. For example, & drainage layer might nol be needed for a sur-
face barrier Jocated in en arid region. Similarly, o gos collection lnyer
may be required for some surface barriera but not othera. Furthermore,
some layers may be combined—for instance, the surface layer and pro-
toction layer may be combined into a single layer of soil that forma the
upper port of the surface barrier.

The materials typically used for an engincered surface barrier are also

shown in Figure 1, They Include natural earth materinls, geosynthet-
ics, and olher materials, for example, asphalt,
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Layer] Deseription of Layer Typical Materials

Topsail; Geasynihelic
Erosion Control Layes
Coblles: Gravel Adinix

Sail; Recycled or Reused
Waste Material; Cobbles

Band ar Gravel; Geonet or
Geocomposile

Compacied Clay.
Geomemliane;
Geagynihetic Clay Lincr:
Wasie Matesial; Asphalr

3 Cas Collection Layer | Sand of Gravel; 38}1.;

and/or Foundation Geonet or Gementile;

Layer ftecycled or Reased

Waste Material

1 Sueface Layer

21 Pmteclidn Layer

k! Drainage Layer

4 Danier Layer

L

Figure 1. Five posslbta componenis of englnoared surface barrier.

Surface tayer

The materia] that is by far most commonly used for Lthe surfoce !nycr is
%il, Soils have the advantages of local availabilily and providing 2

)
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Khire ct al. (1994h) was casier 1o construct and less costly than the presceiptive
resistive hanier. .

Sufficicnt daia reganling the performance of inonolayer barriers have not yet
bieen gathered Neventheless, the study by Geologic Associales (1990) SUP_SCSU that
monolayer bacices may he elfective in sune regions. Ficld lr.j.\lls.mclm mg Jarge-
scule measucements of percolation wre needed before definitive conclusions
regarding manofaycr barriers can e drawn,

Caplllary Barrlers: Hydraulic Conductivity of the Surface Layer

Cupillary burriers perform hetter if the saturused hydraulic nmf!urn'vily of
the surface lover Is [ower. Nyhan et al. (1993) repodt that pcrcola(tqn from a
capillary barrier consiucted with a clay-loum surluce Jayer had 11 times less
percolation than un identical capillary barrier canstructed with s loam surfuce layer.
The capillary banice consinucled with o clay-loam surface layes also shed more water
as overland Now,

Caplilary Darrlers: Storage Capaclly of the Surface Layer

The surface luyer of a capillary hurrier must be designed to have adeguate
storage capacity such thar significont flow inte the coarse-grained layer does nat
oceur. This is paniculady iinpertant in regions where snow accumulates, hecanse
large pulses of percolation can oceur if the surfuce layer has inadequate copacity to
stare water that infilirstes during snow miclt (Wing and Gee 1994, Khire et sl
1994a). In regions where Snow accumulates, the critical storage capacity should be
defined using the storage cupacity sequired in the spring when snow mell occurs,
Thus, the design year for rcgluns where snow accumulates shonld corsespond 1o the
year with maxinunn snow accanndation,

Desleeation Cracking and Blota Intruslon

The surface luyer of a copillary burrler must not crack ar the effectiveness of
the harrier will be vompromised. Thus, caution nus) be exercised when selecting
snils for the surface Yayer. Suitable soifs are likely 1o be eluyey silis, sitty sands, nnd
snme sundy clays. Clay:rich soils should be svoided il possible, beeause clays
shrink and erack when dried (Montgomery and Parsons 1910}, I clays are vsed,
they shonld be placed 31 low waler contents 1o minimize desiceation cracking
(Kleppe snd Olson 1984, Dunlcl und Wu 19933, Fusthermore, i significant potential
exists for the surface layer to shrink and crack on drying, then u three laycer capillary
hartier may prove to be a more effective altemnative (Ycﬁ ctal. 1994),

Darriers construted with thick luyers of fine-grained soil must be protected
Srem intrusion by bivtr. Burrows or tunnels created hy animals or deep root holes
cvan become pulclcnlinl NMow paths (Khire et al. 19940), Thus, biota barriers should
e included in any design where preferentind Now through u fine-grained loyer will
compromise performance of the cover.

Vegetation

Field datn show that test sectlons designed io yicld greater
“evapotranspirgtion do not necestarily perform as intended (Montgomery and
Parsons 1990, Hakonson et vl 1994). Funthermore, dease vegetation or species that

FARTHEN COVERY oy s

are not natlve can be difficalt to sustain on eapiltary harriers (Khite et al 19943 1),
Thus. designers should be cautious 1eganfing the henefits that can actually he
agcned through enhanced vegetation,

SUMMARY

Field data feoum several sites have confinmed that enrthen final covers
tesipned s enpillary bartiers can be effective fins) covers in semi-aiid aned arid
tegions. In somne cases, where the soils nceded for construction are avuilable on site,
carthen covers of this 1ype can be less costly than presciiplive covers designed as
resistive barmiers. .exs duta are availahle regarding monolayer burriers, but some of
the data collected 10 date suggest that these cavers may also be effective. Muore data
must be collected, however, before g definitive conclusion can e diawn,

The field dara also indicate that several {ncines lave a sirong influence an the
peeformance of nlternative entthen cavers. o capillary Danieis, these factors
melude suturated hydenulic conductivity and storage cupacity of the fine-grained
layer, latern! diversion capacity, mind resistance 1o desicention ciacking, Desiceation
crucking is also an issue with monolayer basricrs, as me preferential pathways
crented by inteusion of biota  Finally, the field data also suggest that adidisional
cvapatranspiration cxpected due ta enhanced vegetatinn may wot he cenlized.
Considering these factors during design wilt likely tesult in an earthen barrier that is
more fikely fo peefoem as expecied,
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(300 mm thick), and s layer of clay loam amended with bentonlte (600 mm thick).
The sarated hydraulic conductivity of the loam-bentonite layer was 3.4 x 10-8 nvs,
The test sections designed as capillary bariers had the same layeting, excepl onc was
sceded witly grass, whesess the other was secded with grass and shrubs 10 enhance
evapotranspiration, Buoth capiliary barriers had 1500 man of sandy loam topsoil vver
300 mm of washed gravel {~ 10 mm diameter). A non-woven geatextile was placed
hetween the bayers 1o linit migeation of sand and fines into the gravel so that a shar
capillary inteiface conld he preserved. A thin gravel cover was placed on each
capiliary barrier test section to reduce eroslon.

Corvartional  Modified NCRA  Capliary Bastier
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Fig. 9 Tesl Sections and Water Nalance Data from llrlnkonson el al. (1994)

The test scctions were studied for 46 gnonths, during which 1730 mm of
precipliation (28% snow) was seccived. The long-lerm average precipitation is 510
mnvyr. A summary of the dala is shown in Fig. 9. Percofation from the modified-
RCRA prescriptive cover was the least {0.006% of precipitation), wherens
percolation fram the conventional presetiplive cover was greatest (24% ol
precipitation). Both capittary barviers produced percolation thal was approximaiely
15% of the precipitation. Percolation [rom ihe capillary barricrs was Jarge because
snow accumulated an the test sections, which overwhelined their capacity lor storage
and diversion.

‘The greatest uvertand flow was oblained fur the conventinnal cover {3.4% of
precipitation), whereas the least was oblained for the cupillary barrier with grass
(0.8% of precipitstion). Overtand flow fur the capillary barcier with grass and shrubs
was [.3% of precipitation, and for the RCRA Jesign it was 5.5% of precipitation.

Evapotranspiration was targest [or the cupillary barrier with grass (84% of
precipitation} and smallest for the RCRA design (65% of precipitation). Surpeisingly,
the shrubs added o the capillary barsier had po beneficinl influence on
evapolranspiration (Y% of precipitation).

Lateral Now was greatest for the RCRA design (25% of precipitation). No lateral
Now was recorded fur the conventional prescriptive cover.  lateral Mlow also
occurred in the cnri"nry burriers, heing 11'% (br the cover vegetated only with grass
only and 7% fur the caver vegelated with grass and shrubs. However, Hakonson et
al. (1994) do not deseribe through which luyers lateral Now occurred.

) l'l\“|'|l',l1|lJVIl\.l

Khire et al. (1994h)

Khire ct al. (1994b) describe the watet hafance ol fwa final cover test sectinng
(resistive amid capillary basriers) constencted mdjacem 10 euch other in a semi-agid
climate (Fast Wenatchee, Washington: anonal precipitation = 2 W nan)  The two test
sectinns (Fig. 10a) ope 30 m 1 Wy in areal exient amd are Ieated on 2 bandiill e
slope. The prescriptive resistive harrier is consteucted with a compacied silty clay
h:nicr AO0 num thick and a sifty clay susface fayer 150 nun thick. The ca iillary
barrice has a sand layer 750 nun thick overlain by a surlace layer of silt 150 wun
thick, The capillary rmnicr was constructed withow a peolextile separator hetween
the fine- and cosrsc-gisined layers  Examinstlon of the interfuce between the Inyees
has shawn, however, that s distinet inlerface exists. Tenson of al. (1994) provide a
detailed description of how the test sections were constiucted amd insfonmented.

Khirc el a1, {19941y repart that the capillmy barrict has been miore effeciive
than the resistive harrier In restricting pereotation (Pig. 10b). Percolstion from the
capillary hartier has been (L6% of precipitation, whereas perenlatinon from ihe
tesistive barricr has heen 4.4% of preciphation, verland flow and
evapotrapspiration fronn hoth lest sections have been siemilae, being 15% and 658 of
precipitation, respectively.
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Fig. 10 Test Sections (a), Water Ralance (b1, and Cumulative Percolation () from
Khire et al. (1994)

Khire ct al. (1994b) repont findings regaeding snow accumulation similar 1o
thase by Wing and Gee [1994); that is, the capillary barrier can he inellective when
snaw accunmiates on the cover and the subsequent melt overwhetms the storage anid
diversion capacity of the fine-grained layer. For example, approximaicly the smnc
amount of precipitation was recorded duting the winlers of 1992-93 and 1993-94,
However, in 1992-9), 1.6 of snow accumulated on the test sections. When the
snow melted in late February 1993, the fine praincd layer hecame sahuaicd) and sapid
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Fig. 5. Water flatance Data from Melchoir et of, (1994)

Data were collected for 4 yeurs.  Lysiinelers were used for meusuring
percotation, diversion beans were used for collecting overlund Mlow, and water
contents were measired with neatron pwohes. Meteornlogic data consisted of rain,
air lemperature, s relitive humidity. A sunnnary of the dala is contuined in Fig. 6.

Pereolation ohserved from the twu resistive burrices was similar, although
slightly more percokation emanated from the resistive batrier with a thicker topsoil
luyer (4.8% of precipitation, commpared to 31.6%K).  Apparently, the additional
cvapateanspiration expected from the hicker lopsoil layer wax et realized. The
capitlury harrier also did not perform ax designed.” The upper clay Yayer became
extensively cracked and allowed rapid infiltration of water inte the sand layer,
however, the sand fayer remuoved a targe fraction of the infiitrating water vin lateraf
flow. The lower clay fuyer remained intact and percelation through it continued ot a
relatively steady rate (4.6% ol precipitation).
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Tig. 6. Test Sections and Water fiafance Nata from Montgomery and Parsons (1990)

Nyhan et ul. (1990)

Nyhan et al. (1990) coinpared the hydiology of a prescriptive caver (o that of an
alternative capillary harrier at & slie in Log Alanns, New Mexico. Two test sections
3 mx 10.7 m in plan view were construcieil.  The lest section simulating »
Frcscriplivc caver conslsted of 2 200-mm-thick surlace layer comprized of sandy
oam underlain by 080 mm of crushed tufl backhill. “The capillary harrier conxisted
of 7Hrann-thick surluce layer of sandy loam underlsia by 460 mm of gravel {510
mm diameter). The grave) was undertain by a 910-mm-thick hiota barrier consisting
of cobibles. Crushed Wil hackfill was placed below the biota barrier.

The data indicate that the aliernative capillary harrier wus more effective in
liniting (ncu'nlnlinn than the prescriplive cover {IFig. 7); percolation prosluced by the
prescriptive cover was four umes higher than percolation from thie capiltary harrier.
Furthermore, evapotranspiration from the capitlary haaier (9%6% uf precipitation) was
larger than evapatranspiration from the prescriptive cover (RR%. of precipitation). It
wis also ahserved that plant species diffecent from those ariginally sceded eventually
covered the 1est seclions,

Nyhan et al. (149.3)

' Nyhan et al. (1997} studicd the water balance of fous land(Ml cover test
sections construcied at Los Alamos Nationsl Laboratory. The test sections consister
of the (olluwing cover designs: cunv:nli(mal‘rrcsnlptivc cover, EPA-recommended
prescriptive cover, loam capillary barrier, sud a clay-loam capillary bareier {Fig. 8).
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studics that have heen conducted! 10 evaluate the performance of alternative covery

Some, hut not all of the studies have been conducted in semi-arid or arid
Hlowever, from each siudy lessons can he learned that cun be &

considering, designing, o ati i
: , des . or evuluating un alicrnat
. 4 tve cover {or a sem

frabugs $ysien

Fig. | Prescriptive Final C?wcr.

WATER BALANCE OF EARTHEN COVERS

Alternutive o . . .
nasalurated ﬂu::;_:h:‘l.::‘l-,‘:.n.::rus_-gc"c"’."y "[’l"“ the unigue characieristics of
of plants o remove \\;ulcrt v i A Imc-fru.mc(l soils. and the matural capicity
linked Iy the waler el n CII.IT‘IF ".“.: cvover during wet perimds. These factors nre
o of a fina) cover. The \:I:!'Cmi ' Im.u.m“"i for mavement of winer inta, within, and
ShOW, rain, of ite; ;lvcxlnnd " r m(a)n.cc consists of precipitation (1°) in the forn of
surface {E); transpiration b _— (O); xoil water storage (S); evaporation from the
from the buse (1%) (Fig. 2{ ‘;Eﬂ:‘“"" (T Jateral drni!mgc (L); and pereolation
cambined us evapitrunspiration (1), 'Me cases. eviporation and teanspiration are

In afgebraic form, the water hal

equation: ance con be described by the following

V=P-0-8$-E.-T-1, 1
, tn
The form of | i
. 1 Indicates that :odati

vt Fq. ales percolation can he minimized b anci
e T o .s;.il |:::;:r\:lnr‘n'gc. cvaporation, transpiration, or bateral Jn.ti::.':-l:tﬂ?)%
devign. Tor xeamme or \c:;:bc x:n(l lateen! drainape are easicr 10 uplimi'l(; llgh;rin r
n. _ ifer stornge can be incre : i , X
i cAun il g e Increased by.selecting surficinl soils
Chmuini 'gnmli.' lh:i’[:u.ujmg; ol fines or by incrensing m{ lhickncfli-n;'l?l'ml‘ e,
L9345 o ool n.!::t.cum. e increased by adding n wicking lu.y.u (Yc(; u:\'cr.
Fvaporstimy ing c-“yh;“\::'l‘l; :;:\;snirlupu.: hydraulic conductivity (Slurmnntllg‘)::.
selecting soils havin 3 lic
s0ily B unsatnrated hydeauli
c

climaie;,

pplied when
i-0rid or prig

VAR FIEN COVERS ) 2o

conductivity (Ky) that changes gradually with auts e suetion (40 (Khire et al §995)
Finc-grained suils typically have this type of snsaunaled hiydeautic conductivity
function {Tillel 1980, Meerdink 1994). Transpiration can lic enhanced by carelely
celection ol vegetation and wanipulating the extent and density ol the plant canopy
(Rockhnld et al. 19951
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Fig. 2. Water Dalance of Landfil) Final Cover.

Desipn of an altesnative enrthen cover for n seini-arinl o arkd environment
entuils manipulating soil water stonage capacity, lateral drainage. transpitation, amd
cvaporation such that an nceepiahle value fir percolation occurs in a worst case
desipgn yeur (e.g., yoar where cminfall or snow(all is shmormally high and temperatue
snd sotar endiation ore abnormally low). In paniculsr, the over is designed such that
it has wdequate capacity to store or diven wates that infilirates during late fall amd
winter snd sufficient vegetation and evaporalive potential tu remove the stored water
during spring, summer, and eacly fall. Twa types of earthen covers that are designed
on this principle are cnpillary barriers and munolayer soil harriers. In xome cases,
these harriers are used in conjunctinn with a resistive bantier.

Capilary Barrlers

10 their simplest form, capillary harricrs employ a finc-grained layer nver a
coarse-praincd layer (Fig. da) FFlow actoss the interlace of these layers is restrictesd
under unsaturated conditinns becouse the wnsaturated hydeaulic conductivity ol the
conrse-grained tayer is much lower than the wnsaturated hydrulic conduclivity of the
fine-grained layer (Fig. ib) (1Tillel 19R80). Thus, the finc-grained soil can snre or
divert water that infiltrates intn the cover, and yel flow infu the coase-grained layer
ix restricied. Mure clahorale designs cm|l|nyinf, mndtiple layers having continsting
grain size are nlso possible. These covers ey ay the capillay harries principle
divent infiltrating water vin lateral Now while ensuting that deep parcolation does not
oce (Nylam et al, 1998, Yehetal, 1994,










