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ABSTRACT

The evaluations of the as-compacted hydrauiic conductivity of two full
scale clay liner systems using the sealed double-ring infiltromater (SDRI)
are presented, Infiltration rate measurements, soil tensiometers, dye-tracing
techniques, and measurements of post-test soil moisture contents were used
to estimate the position of the wetting front to aid in caiculating vertical
hydraulic gradients and effective vertical saturated hydraulic conductivities
of the liners at various times throughout the test, Laboratory permeability
testing of remolded clay samples were used to establish the SDRI test liner
compaction conditions to meet a specified minimum conductivity
requirement, Undisturbed samples from the as-compacted liners were
tested in the laboratory to provide a basis of comparison to field-determined
conductivity values. The results showed that field-determined hydraulic
conductivity values varied by less than one-half order of magnitude
depending on the methods utilized and the assumptions made. Tensiometer
measurements were shown to overpredict the position of the wetting front
and the value of calculated hydraulic conductivity, Laboratory-determined
hydraulic conductivities from the undisturbed liner samples slightly exceeded
the range of SDRI testing resuits, providing a conservative estimate of the

as-compacted conductivities of the liners.

INTRODUCTION

As the demands required to limit the impact of
stored solid and hazardous wastes on the environment have
increased over the last decade, field permeability testing
methods to determine the hydraolic conductivity of
compacted clay liners has received considerable attention.
Laboratory testing of small diameter, undisturbed samples
on several liner systems has been shown in many instances
to underestimate the hydraulic conductivity of the actnal
earthen liners in comparison to ficld testing performed on
much larger areas [1-3]. This has been attributed to the
ability of the field tests to measure a larger, more
representative volume of material and include the effect
that secondary features such as fissures, macropores, and
slickensides have on incressing the effective hydraulic
conductivity.

A number of in-situ testing methods have been used
over the years to estimate the fisld hydraulic conductivity of
natural soils. Thess have been broadly grouped into
borehole, porous probe, infiltrometer, and underdrain tests,
and the relative advantages and disadvantages of cach has
been previously discussed [4].

This paper describes the application of one of the
infiltration methods - the use of the sealed double-ring
infiltrometer (SDRI) - to assess the as-compacted hydraulic
conductivity of two full-scale test fills. The impact of the
variation in the interpretation of the measurements on the
estimated conductivities is discussed. Comparisons ars also
made between the field and laboratory-determined
conductivity values,
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TABLE 1

LABORATORY PHYSICAL PROPERTIES OF CLAYS

Test Fill 1 Test Fili 2
Gray Silty Clay Reddish Brown Silty Clay
Nao, of Mean Standard Range No. of Mean Standard Range

Soif Characteristic® Tests Deviation Testz Deviation
Natural Moisture
Conient (95} 42 08 54 107 - 343 3 18.2 0.4 79 - 187
Atterbery Limits A4 3
Liquid Limit (%) 723 60 154 - 378 198 14 171 - %s
Plasticity Index (%) 405 38 300 - 594 400 19 1o - N3
Grain Size Distribution® b £ :
Cley (98) Be a0 50 - 430 35 115 190 - 430
Silt (5%) 1932 as 150 - 530 40 65 1o - 50
Sand (%) 226 121 40 - 400 360 B85 100 - 430
Muisture Density Relationship © 5 . 5
Maximum Dry Density (pef} 109.1 50 1042 . 1148 1.0 12 1052 - 1081
Optimum Moisture Content (%) 158 L 125 - 178 162 30 115 - 193

¥ ASTM Test Procedures for all Characteyistic Determinations
¥ Defined es in ASTM D 422
© Standacd Proctar ASTM D 698

SEALED. DOUBLE-RING INFILTROMETER (SDRI)

The SDRI testing method evolved from the earlier
standard describing double-ring infiltration testing (ASTM
D 3385). Because of the equipment utilized, this standard
method could not be reliably used to determine hydraulic
conductivities of low permeability soils. First described by
Daniel and Trautwein [5-7], the SDRI was developed to
accurately measure very low infiltration rates indicative of
¢lay liner systems so that hydraulic conductivities on the
order of less than 107 an/sec couid be determined.
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Figure 1. Schematic of the SDRI System

The SDRI system used in the two full scale tests was
manufactured by the Trautwein Soil Testing Equipment
Company [7] and consists of two rings: a 12 ft square
aluminum outer ring and a 5 ft square sealed fiberglass
inner ring (Figure 1). The rings are embedded into
bentonite grout-filled trenches dug into the surface of the
liner system, the cuter ring to a depth of about 18 in, the
inner ring to a depth of about 5 in centered within the
outer ring.

When both rings are filled with water, the smaller
thickness inner ring is submerged and separated from the
outer ring water by its sealed cover. The outer ring water
is left open to the atmosphere, The measurement of
infiltration through the inner ring is made by the connection
of a flexible bag filled with a known weight of water to a
port on the inmer ring. Weighing the loss of fluid from the
bag at periodic time intervals rather than measuring a drop
of elevation in the water level of the rings, as has been the
practice in other ring infiitrometer methods, allows for
improved resolution and accuracy of low fow
measurements.

By sealing the inner ring and using a protective cover
over both rings, the influences of evaporation and
temperature fluctuations are alse minimized. The use of
the larger outer ring also provides improved confidence in
the assumption of one-dimensional flow immediately
beneath the inner ring,

A limited number of field tests {5,8-9] has yielded
SDRI-measured hydraulic conductivity vaiues about one
order of magnitude greater than laboratory determined
values. Unpublished data by Trautwein [4] on more than
a dozen case histories show SDRI-measured conductivities
to vary between one to ten times laboratory-measured
values. Recent resuits on a test pad liner in Jamestown,
California [10], however, showed good agreement between
laboratory and SDRI-determined values,

LABORATORY PROGRAM

In order to develop stringent construction quality
controls for the selection, preparation, and monitoring of
appropriate soils at each site for the SDRI tests, laboratory
testing programs were undertaken to fully characterize the



soil properties. The test results for the soils selected as clay
liner material at the two sites are presented in Table 1.

At the Test Fill 1 site, a northern Indiana glacial till
clay was selected, The clay in its undisturbed natural state
was described as a stiff to very stiff, mottled gray silty clay
with a U.5.C.S. classification of CL. At the Test Fill 2 site,
2 southern Indiana residual clay was used as the liner
material. The residual clay was described as a very stiff,
reddish brown silty clay also with a {J.8.C.S. classification of
CL.

Bluring borraw pit selection, several samples of the
available clay soils were subjected to  fixed-wall
permeameter and triaxial permeability testing to evaluate
the effectiveness of the soils as a land§ll cover barrier layer.
Samples were remolded and compacted in standard Proctor
and Harvard miniature molds at densities varying from 90
to 110 percent of their maximum dry density (ASTM D
698) wet of the optimum moisture content. The
relationships established betwaen hydraulic conductivity and
dry density were used to select the dry density and moisture
ranges that would result in hydraulic conductivities that
would meet the minimum U.S. EPA requirement of less
than 1 x 107 cm/s for landfill cover barrier layers.

Construction specifications developed from these
laboratory permeability tests required dry densities abova
93 percent of the standard Proctor maximum and moisture
conditions between 2 to 5 percent wet of the optimum
moisture contznt for the Test Fill 1site. Specifications for
the Test Fill 2 site required the dry density of the soil to
exceed 100 percent of the standard Proctor maximurm, with
mgeisture contents wet of optimum. If these conditions
couid be satisfied in the field, the testing resuits indicated
that hydraulic conductivities of less than § x 107 cm/sec
were possible at each test location,

JEST FILL CONSTRUCTION

The two test fill areas were prepared by removing all
topsoil and vegetation and placing a one foot thick coarse
sand layer at the base of the test clay liners to define the
lower boundary condition for the SDRY test [S]. The clay
soils in each case were placed in successive 6 to 8 in (15 to
20 cm) loose lifts and compacted with a sheapsfoot roiler.
A 79,000 b Caterpillar 835 self-propelied compactor was
used on Test Fill 1. At the Test Fill 2 location, a puil-
behind type vibrating sheepsfoot with a rated dynamic farce
of approximately 15,000 Ibs was used to compact the soil.

The completed Test Fill 1 surface area measured
shout 30 ft by 30 ft (9 m x 9 m) and the thickness
approximately 30 in (0.8 m)., The liner was constructed in
five lifts. Test fill 2 was constructed to an area of about 30
ft by 45 ft (9 m x 14 m) and a thickness of approximately 39
in (1 m). Six lifts were necassary to achieve the final desired
thickness. Field moisture and density tests were performed
on each [ift to monitor adherence to the compaction
condition specifications.  After completion of the
compaction of the top lift, the clay was covered with black
plastic to prevent desiccation.

The as-compacted condition of each test fill, as
determained from field measurements, indicated that the
moisture and density requirements were met or exceeded at
all test locations. Test Fills 1 and 2 were compacted to
mean dry densities of 982 and 10L7 percent of the
standard Proctor maximum, respectively, Fixed-wall
permeameter and triaxial permeability tests were performed
on undisturbed Shelby-tube samples taken from the as-
compacted test fills, Mean hydraulic conductivities of 5.2
X Gg and 5.7 x 107 cm/sec were determined for Test Fills
1 and 2, respectively,
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Figure 2. SDRI Set Up - Test Fill 1

SDRLINSTALLATION

The SDRI test apparatus set-up used at Test Fill 1
is shown in Figure 2. A similar arrangement was also
utilized at Test Fill 2. A trenching machine was used to
excavate a 4 in {10 cm) wide by 18 in (46 cm) deep trench
for the outer ring placement. The outer ring was placed,
leveled, and sealed with a Volciay grout. The 2 in (5 cm)
wide by 5 in (13 cm) deep trench for the inner ring was
hand excavated with a brick hammer, the ring positioned,
leveled, and grouted into place. Camplete details of the
assembly and installation procedures of the SDRI may be
obtained from the manufacturar [7].

_As a means of providing an indication of the
movement of the wetting front beneath the rings during the
test, three sets of soil tensiometers were placed at depths of
6, 12, and 18 in (15, 30, 45 cm) below the surface of the
liner at the locations shown on Figure 2. The tensiometers
were installed by drilling a vertical pilot hole to about one-
haif the tensiometer depth. Once the tensiometer casing
was lowered through the hole into place, another smaller
diameter hole was advanced beyomd the casing to the



desired depth and the tensiometer lowered and sealed into
place,

Protective wooden-framed housings were constructed
for each SDRI installation. At Test Fill 1, the housing air
temperature was controlled by a thermostat set to 80 ° F,
For the Test Fill 2 location, two portable electric
submersible water heaters controlled by a thermostat were
used to maintain the actual water temperature at about
60 * F. Constant ponded water levels in each SDRI were
maintained by manual refilling when required.

INFILTRATION RATES

The infiltration rate of the inmer ring at test duration
time t, I, , is defined as the volume of infiltrating water
per unit soil surface area per unit time, and is determined
from the test measyrements as the total change in the
volume of water measured from the flexibie bag, AV,_.‘,
during a specific time interval, At, per unit soil surface area
of the inner ring, A, or

L Av,,
kT
i © At,a,,

where AV, =V, -V, Aty = t;~ty,.

Measured infiltration rates versus time for the inner
ring for the two test fills are shown in Figure 3, During the
143 day and 161 day test duratons for Test Fills 1 and 2,
respactively, both tests showed initiaily higher infiltration
rates in the 10° cm/sec range steadily decreasing at a
higher rate within the first 10 to 20 days and then more
slowly after that. Observed fluctuations in infiltration rates
were most likely caused by changes in the viscosity and
density of the water due to temperature fluctuations,
barometric pressure variations, or small differences in the
manner of weighing the flexible bag by the field technicians
that occurred during the long duration of testing.
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Figure 3. Infiltration Rate Versus Time

Cumulative infiltration through the inner ring, Tyzes

was determined as the total change in the volume of water
measured from the flexible bag at test duration time t per

unit arez of the inner ring soil surface area, or

Iim," - S R R {2)

where mAc,; = €.

The cumuiative infiltration was calenlated to be
1.6 cm and 2.2 cm for Test Fills 1 and 2, respectively.

NETTING FRONT POSITION

Several methods were employad during the SDRI
tests to estimate the position of the wetting front. A
theoretical approach based on the sharp wetting-front
Green-Ampt model [11] assumes that as infiltration occurs,
the soil profile is uniformly wetted to a constant, saturated,
final volumetric moisture content, 8,, above the wetting
front, and at the froat a step-like change in moisture
content back to the initial constant volumetric soil moisture
content, 8;, occurs. Using this approximation, the wetting
front position, L, , below the inner ring after an elapsed

" test duration time t, may be determined as

1:',£e = Ii:c,/de" I R (3}

whete A8 = 8, - 8,. If complete saturation of the soil is
assumed above the wetting front {12}, then the final
volumetric moisture content can be taken to be equal to the
porosity, n, of the compacted soil, or

Geoamala(p,/p o, v - +{4)

where p, is the bulk dry density of the soil and p, is the
mean soil solid density. The mean dry density and moisture
content of the as-compacted fills determined from the field
testing programs were utilized in the porosity value and
wetting front calenlations,

The estimated theoretical wetting front position
during the SDRI test on Test Fill 1 based on these
equations is shown in Figure 4. Wetting front locations at
the end of each test were caleulated by the Green-Ampt
model to be 9.5 and 14.1 em for Test Fills 1 and 2,
respectively,

Measured soil suction head values from the three
sets of tensiometers were also used to calculate the wetting
front location. It was assumed that as the wetting fromt
arrived at the depth of a tensiometer, the soil suction head
velue recorded by the tensiometer would be zero.
Interpretation of the averaged readings from the various
depths of the tensiometer sets at Test Fill 1 results in the
wetting front prediction shown in Figure 4. Constant
velocity movement of the front was assumed between the
tensiometer depths. From the tensiometer readings, the
wetting front positions at the end of the tests were
estimated to be at 45.7 and 43.7 cm for Test Fiils { and 2,

respectively.

Rhodamine dye was initially added to the outer
SDRI ring at the Test Fill 2 location to determine the
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Figure 4. Wetting Front Position Versus Time
for Test Fill 1

wetting front location at the end of the test. A sharp dye
front was observed at a depth of about 16.0 cm at 161 days.

The resuits of soil moisture content measurements
from undisturbed Shelby tube samples taken at the end of
the tests were used to estimate the final position of the
wetting front. Moisture variations indicate wetting front
positions at 7.6 and 152 cm for Test Fills 1 and 2,
respectively.

HYDRAULIC CONDUCTIVITY

The apparent saturated vertical hydranlic
conductivities (k,) of the two clay liners during the SDRI
tests were calculated from the infiltration data and the
estimates of the wetting front position using both the
thearetical Green-Ampt model and the tensiometer
readings previously discussed.  Conductivities were
calculated using the foilowing equation:

I H+ ¥
k '-"t = 1 F 4 R
P —-—1g Iir,[ + ‘—""""""'"—Erl ] {5}

where i, is the hydraulic gradient at test duration time t, H
is the depth of the ponded water an the surface of the liner,
and ¢ Is the wetting-front suction head, taken as zero in the
absence of direct measurements (this is z conservative
assumption that results in smaller calculated hydraulic
gradients and thus larger hydraufic conductivities).

The caiculated hydranlic conductivities for Test Fills
! and 2 are shown in Figure 5. [Initially higher infiltration
rates in the first 10 to 20 days resulted in conductivities
about one order of magnitude higher in the early stages of
the tests than calculated near the end of the tests. In each
case, the use of the temsiometer readings resuited in
estimated conductivity values greater than the theoretical
predictions.

Test Fill 1 exhibited hydraclic conductivities near the
end of the test in the range of 8 x 10 cm/sec using the
Green-Ampt approximation, and 3 x 10° em/sec based on
the tensiometer data. Hydraulic conductivities for Test
Fill 2 near the end of the test were calculated to be about
2x 10® and 4 x 10® cm/sec using the Green-Ampt model
and tensiometer data, respectively.
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Figure 5. Hydraulic Conductivity Versus Time for (a)
Test Fill 1 and (b) Test Fill 2
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Reductions in infiltration rates and thus hydraulic
conductivity were observed during each SDRI test, Prior
studies have also noted this phenomenon [3, 9-10] and have
explained that it may resuit from higher initial soil suction
[5] or swelling of the soils tested [10). Inadequate
preparation and protection of the surface of the liner prior
to the initiation of the test could zlso result in surficial
drying, lower initial moisture contents, and an apparent high
conductivity. This behavior may also be produced by dry
density varfations within the upper lift (e.g. a lower dry
density in the upper few inches) resulting from typical
effective compactive effort differences within the liner
system.

Despite the long duration of the two tests, the
wetting front movement occurred only within the upper lift
of the multi-lift liners. Similar flow behavior within the
lower lifts may not be extrapolated from the test resuits.

A comparison of laboratory permeability test results
on both remolded and as-compacted liner soils to the field-
determined values indicates that the [aboratory testing
accurately predicted the observed fisld behavior of the liner
systems, Hydraulic conductivities of less than 5 x 10°°
cm/sec were predicted and observed in the (eld. Test
durations of greater than 10 to 20 days were necessary to
reach this conclusion.

Good agreement in the predicted wetting front
position was observed using the Green-Ampt model, post-
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