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Abstract 

The Savannah River Site is currently evaluating some 40 hazardous and 
radioactive-waste sites for remediation. Among the remedial alternatives considered 
is closure using a kaolin clay cap. The hydraulic conductivity suggested by the 
U.S. Environmental Protection Agency is 1.0 x 10-7 cdsec. One instrument to 
measure this value is the Sealed Double-Ring Infilttometerm (SDFU). 

Six SDRI were recently installed on a kaolin test cap. Evaluation of test results 
demonstrated uniform performance of these instruments. However, the test data 
showed as much as an order of magnitude of variation over time. This variation is 
attributed to both internal structural heterogeneity and variable external boundary 
conditions. The internal heterogeneity is caused by conslruction variability within a 
specified range of moisture and density. The external influences considered are 
temperature and barometric pressure. Temperature was discarded as a source of 
heterogeneity because of a lack of correlation with test data and a negligible impact 
from the range of variability. However, a direct correlation was found between 
changes in barometric pressure and hydraulic conductivity. This correlation is most 
pronounced when pressure changes occur over a short period of time. 
Additionally, this correlation is related to a single soil layer. When the wetting front 
passes into a more porous foundation layer, the correlation with pressure changes 
disappears. 

Conclusions are that the SDRI performs adequately, with good repeatability of 
results. The duration of test is critical to assure a statistically valid data set. Data 
spikes resulting from pressure changes should be identified, and professional 
judgement used to determine the representative hydraulic conductivity. Further 
evaluation is recommended to determine the impact of pressure change on the actual 
hydraulic conductivity. 
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Introduction 

The Savannah River Site (SRS) is currently evaluating some 40 hazardous and 
radioactive-waste sites for remediation. The remediation of these sites d l  be 
conducted under the rules and regulations of the Resource Conservation and 
Recovery Act (RCRA) and the Comprehensive Environmental Response 
Compensation and Liability Act (CERCLA). A remedial alternative under 
consideration is the closing of a waste site with a RCRA-style closure cap. The 
closure cap is a moisture barrier designed to inhibit the free flow of water 
downward into the buried wastes. The U.S. Environmental Protection Agency 
@PA) guidance documents suggest a closure cap hydraulic conductivity of 10-7 
C d S e C .  

When a remedial design is prepared, it is often necessary to test the cap materials to 
verify compliance with this recommended limit. Among the EPA-recommended 
test instruments is the sealed double-ring infiitrometer (SDRI). During recent 
testing at the Savannah River Site (SRS), six SDRI were installed and tested on a 
single kaolin clay cap. The purpose of this testing was to obtain a measure of the 
distribution of hydraulic conductivity across a model kaolin clay cap. The test 
results provide an evaluation of instrument performance and a measure of the 
repeatability of results. In addition, the testing identified variations in the 
unsaturated hydraulic conductivity. This paper presents an overview of the SDRI, 
the testing program at SRS, and an evaluation of the observations and test d t s .  

outside 
1 

Figure 1. Plan-profile of sealed, double-ring infiitrometer configuration. 
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TEST CONFIGURATION 

The SDRI is a commercially available instrument consisting of two square rings 
(Figure 1). The dimensions of the inner and outer rings are 1.829 m x 1.829 m and 
3.658 m x 3.658 m, respectively. The inner and outer ring heights are 15.2 cm and 
96.5 cm, respectively. The inner ring is constructed of fiberglass and is sealed 
from the atmosphere. The outer ring is constructed of aluminum and is open to the 
atmosphere. The instrument is fied with water to a depth ranging from 30.5 cm to 
45.7 cm. The water within the instrument provides the driving head that induces 
infiltration into the kaolin clay. Hydrostatic communication between the two rings 
is transmitted through a plastic water bag connected to the inner ring. The change 
in weight of the water inside the plastic water bag is the mechanism that measures 
the flow from the inner ring into the soil. 

Two clusters of three tensiometers each were installed at depths of 15.2 cm, 30.5 
cm, and 45.7 cm, respectively, to measure the depth of the wetting front. These 
instruments measure the negative pore pressure of the unsaturated clay. As the 
wetting front passes the instrument, the pore pnaure becomes positive, reflected 
as a zero tensiometer reading. This reading is a “switch” marking the time of 
passing for the wetting front and the saturation of the soil. 

The hydraulic conductivity is provided by the relationship: 

Q=kiA 

where Q = the flow rate (cm3/sec), 
k = hydraulic conductivity, 
i = the hydraulic gradient (dimensionless), and 
A = the cross-sectional area of the soil being tested (cm2). 

The hydraulic gradient, i, is derived from the following equation: 

. H+L 
1=- L 

where H = depth of driving head, 
L = full thickness of the liner. 

Equation (2) is inserted into equation (1) to calculate hydraulic conductivity. A 
separate hydraulic conductivity is calculated for each instrument observation. Each 
observation is independent from the other measurements. The average of all 
measurements provides a statistical determination of the hydraulic conductivity for 
the test soil. 

Other measurements associated with the operation of the SDRI determine the swell 
and the water temperature. Swell measurements determine the amount of water 
absorbed by the soil, which is compared with the amount of water passing through 
the clay. Measurements of swell and temperature provide useful qualitative 
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information as to the behavior of the clay, but are not used to calculate the hydraulic 
conductivity . 
CLAY CAP CONSTRUCTION 

The kaolin clay for this project was purchased from a local kaolin mine. 
Approximately 600 m3 of clay was compacted in 15.2cm lifts to a depth of 
91.4 cm over a 1.829-m-thick, sandy-clay foundation layer. Before placement, the 
clay was pulverized to clods approximately 3 mm in diameter. Water was added to 
bring the mixture within a range of 0% to 4% above optimum moisture content. 
The moist clay was compacted to a minimum using Cat 815B compactor to a 
minimum dry density of 95% the Proctor value (Table 1). A 0.610-m topsoil layer 
was placed over the clay to minimhe moisture loss. 

Table 1. Characteristics of kaolin clay, quality-assurance and field-test values 
determined duriI 
clxmck&tic 

Atterburg Limits 

Moditiedproctor 

Field test values 

; construction of test cap.- 

Liquid Limit (%) 
plastic Limit (96) 
masticity index 
Percent passing #ux) sieve 

Dry density (average - kg/m3) 
Moisture content (average - 96) 
Saaaation (96) 

Field TestData 

68 
34 
34 
96 

1521.6 
27 

1481.6 
29.7 
95.5 

Quality-assurance testing demonstrated that construction variability from design 
specifications was within the acceptable range. Variability in construction and lift 
interlock affect the apparent hydraulic conductivity of the clay cap. Hydraulic 
conductivity is affected by lateral and vertical preferential pathways. Efforts were 
ma& during construction of the test cap to minimize these impacts and to optimize 
performance. 

TEST RESULTS 

Table 2 is a statistical summary of the SDRI test data, which are graphically 
represented in Figure 2A. The range between the maximum and minimum is nearly 
an order of magnitude. The heaviest curve is the numerical average of the six SDRI 
and is plotted to provide a focus for data interpretation. 

The test data show an initial variability of nearly an order of magnitude with much 
scatter among different test instruments. After approximately two weeks of testing, 
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VARIATIONS IN HYDRAULIC CONDUCTIVITY 
COMPOSITE OF ALL INSTRUMENTS (9/1/92 to 1/9/93) 

(a) 

VARIATIONS IN BAROMETRIC PRESSURE 
SRS WEATHER BUREAU (9/1/92 to 1/9/93) 
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(b) 
Figure 2 (a) Plot of hydraulic conductivity as a function of time; (b) plot of barometric pressure as a 
function of time. Both (a) and (b) are correlated for time to facilitate interpretation. Note the average 
hydraulic conductivity from (a) has been transposed on (b). 
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Table 2 Summary of Sealed Double-Ring Witrometer data acquired during 
testin!??. 

Instrument 
h t i o n  TestDuration 

W-N 

WC 
WS 
E-N 

E-c 

E4 

911 1/92-1/8/93 

911 1/92-1/8/93 

9/03/92-U8/93 

911 1/92-1/8/93 

9/04/92-1/8/93 

9/16/92-1/8/93 

vations 
A=%e 

36 0.503 

36 0.360 

36 0.402 

34 0.655 

35 1.033 

32 0.539 

Test Average = I 0.582 

s m v .  

0.155 

0.110 

0.125 

0.283 

0.512 

0.143 

0.244 - 

3.09 

2.74 

2.24 

2.57 

1.91 

2.78 

1.40 

1.01 

0.68 

1.32 

1 .oo 
1.02 

2.56 I 0.42 

Hydraulic 
Conductivity 

( X l W  cmlsec) 

Average 

0.32 

0.3 1 

0.53 

0.50 

0.76 

0.42 

0.47 
= 

StDev. 

0.17 

0.16 

0.39 

0.35 

0.38 

0.27 

0.17 - 
the test data became more uniform, although there is still a range of an order of 
magnitude of difference between the extremes. ~uctuations in four of the six test 
instruments appear correlated. Spikes occur at nearly the same time for all test 
instruments. However, after approximately 90 days, fluctuations damped and the 
test data became very uniform, with little variation among instruments. The 
calculated breakthrough for the wetting front reaching the underlying sandy-clay 
layer occurred between 90 and 100 days. 

The test duration ranged from early September to mid-January. During this time, 
there was a steady decrease in tern-, ranging from 28OC to 6°C. 

ANALYSIS OF TEST RESULTS 

Periodic variations in hydraulic conductivity appear throughout the test, with all six 
instruments recording similar variation. Over the test duration, the average 
hydraulic conductivity was 0.47 x 10-7 cdsec, with a standard deviation of 0.17. 
These values are within the regulatory limits. The variations in the test data are the 
focus for this discussion. 

Variation in hydraulic conductivity is known to vary with changes in void ratio and 
moisture content and can be induced by heterogeneity in these values ( F d u n d  and 
Rahardjo, 1993). Because impact of soil heterogeneity should be unique to each 
instrument, and the data spikes appear uniform, an external influence must be 
causing the changes. 

Both temperature and pressure were evaluated relative to the variations in hydraulic 
conductivity. Tempera- variations had no cornlation with changes in hydraulic 
conductivity. Changes in temperature altered both density and viscosity (Amp et 
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al., 1960). Changes in density as a function of temperature were small, with a 
negligible impact on hydraulic conductivity. Changes in viscosity were evaluated 
using equation (3), which incorporates density and viscosity into Darcy's law 
(Amyx et al., 1960): 

Q = + p g ( t +  1) 
P 

(3) 

where p = fluid viscosity, 
p = fluid density, 
g = force of gravity, 
h = depth of driving head, 
L = depth of soil. 

Manipulating equation (3) to solve for hydraulic conductivity (k) produces the 
following: 

Equation (4) places viscosity in a direct linear relationship with hydraulic 
conductivity (k). However, as temperature increases, viscosity decreases; 
conversely as temperature decreases, viscosity increases. Considering this inverse 
relationship between temperature and viscosity and the relationship shown in 
equation (4), changes in temperature cannot directly affect hydraulic conductivity. 
This relationship, along with the lack of correlation between temperature and 
hydraulic conductivity, eliminates temperatme as an external cause of the changes in 
hydraulic conductivity. 

On the other hand, changes in barometric pressure, when compared to hydraulic 
conductivity, provide a direct correlation. Figure 2B is a plot of the variations in 
barometric pressure during the test. The highs and lows in hydraulic conductivity 
are generally correlated with the variations in barometric pressure. This correlation 
is consistent until the clay layer is completely saturated. After saturation, thm is no 
correlation between hydraulic conductivity and barometric pressure. The 
repeatability of individual SDRI measurements is within the expected range, 
particularly after a steady-state flow is reached. However, close examination 
reveals that the most severe changes occur with large barometric changes spread 
over a short period of time. When the changes in barometric pressure occur over a 
long period of time, the impact is less pronounced. This indicates that the 
barometric pressure changes are sensed in the kaolin clay matrix. The kaolin clay 
has a moisture content that is 95% of saturation. Within a range between 90% and 
100% of saturation, occluded air bubbles occur (Fredlund and Rahardjo, 1993). 
Occluded air bubbles may cause pore water to appear, causing differential pressure 
gradients. As the pressure variation is induced in the soil, the pore fluid distributes 
the changes to obtain equilibrium. The rate of this pressure change distribution is a 
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function of air-filled porosity. When clay has little &-filled porosity, equilibrium 
changes are slow to propagate; conversely, when porosity is great, as in sandy 
soils, the equilibrium changes occur more quickly. Theoretically, this supports the 
observations noted in Figure 2 and the change in correlative behavior after 
saturation of the clay and the wetting front breaks through into the underlying silty 
sand layer. 

The change in the correlation between hydraulic conductivity and barometric 
pressure occurred at saturation of the kaolin clay layer. An explanation of this 
change is found in the difference between unsaturated and saturated flow and the 
influence of a multilayered system. 

As the SDRI induces infiltration in the test soil, the flow rate is controlled by the 
total hydraulic head at the wetting front and the opposing forces within the soil 
structure. When the positive hydraulic head exceeds the negative soil structure 
pressure, then flow occurs. As the water infiitrates and saturates the soil matrix, 
the flow rate is controlled by two separate functions: the unsaturated or the 
saturated flow (assuming constant head). During testing, both unsaturated and 
saturated flow conditions exist simultaneously. Unsaturated flow conditions exist 
at the wetting front, while saturated flow conditions exist beneath the test 
instrument. The slowest flow rate controls the entire system. 

When the wetting front breaks through into the underlying silty clay, the 
unsaturated flow rate exceeds that of the kaolin clay saturated flow rate. When this 
happens, the kaolin clay saturated flow rate controls the system. The saturated 
conditions infer that there are no occluded air bubbles in the kaolin clay, allowing 
the pore water to behave incompressibly. The silty sand at the wetting front 
provides better communication with the atmospheric pressure. This combined with 
an incompressible fluid in the kaolin clay causes transmission of changes in 
atmospheric pressure through the entire system, minimizing effects on hydraulic 
conductivity. 

CONCLUSIONS 

The average hydraulic conductivity met the regulatory limit of 1.0 x 10-7 cdsec,  
but there were unanticipated variations in the data set. These variations are 
correlated with changes in barometric pressure during the test period. Analysis of 
the test results offers the following conclusions. 

1. The test results obtained from the six SDRI instruments were well 
correlated, considering local heterogeneity within the clay. There were no 
observed differences between instrument performance and repeatability of 
results. Repeatability of test results was affected by changes in barometric 
pressure during unsaturated flow. Changes in measurements are attributed 
to one of two reasons: (1) variability in the construction of the clay cap. 
Variability within acceptable construction standards and communication 
between lifts can create both horizontal and vertical preferential pathways. 
These preferential pathways, when encountered by the wetting front, cause 

9 McMullin 

I 



sealed Double-Ring InfiltrometersTM 

immediate changes in the SDRI readings. (2) Changes in the barometric 
pressure. Because of the low air-filled porosity of kaolin clay and a 
saturation of 958, changes in pressure were slowly communicated through 
the soil matrix. This slow response causes an apparent unequal pressure 
distribution at the wetting front, influencing the flow rate and the hydraulic 
conductivity. When the wetting fiont breaks through into the more porous 
unsaturated foundation layer this impact is mitigated. The more porous 
foundation layer provides faster communication of changes in barometric 
pressure, minimizing influence on hydraulic conductivity. 

Both unsaturated and saturated hydraulic conductivity are measured during 
the testing of a layered system. Depending on the duration of the test, the 
test results may be biased by both internal and external boundary 
conditions. Unsaturated flow occurs at the wetting front and controls the 
flow rate measured by the SDRI in a homogeneous medium. When the 
wetting front passes through the clay layer into a more porous foundation 
layer, the unsaturated hydraulic conductivity increases. When the 
unsaturated hydraulic conductivity exceeds the saturated conductivity within 
the clay, then the saturated conditions control the results. 

2. 

3. The impact of variations in hydraulic conductivity on a closure system can 
be significant if the test duration is short and the testing medium has little 
porosity. The test results of the SDRI are a statistical average taken over the 
test duration. If the duration is short, then variations induced by 
construction and external environmental conditions are weighted more 
heavily. If only a single SDRI is installed, it should be placed in a 
representative location. 

The full impact of the hydraulic conductivity changes d i s c u s s e d  in this paper are not 
completely understood. Under the right conditions, these deviations may cause a 
closure system to apparently exceed regulatory requkments. Further analysis may 
provide validated correlations that can be used to calibrate test results. Observations 
support a variance between the unsaturated and saturated hydraulic conductivity. 
Considerations should be given to modelling actual field conditions to ascertain 
which value should control the system. If unsaturated conditions apply, the test 
should be run for a duration long enough to evaluate potential influences from 
changes in barometric pressure. The most conservative results wiU be the saturated 
values, which will only occur after complete saturation of the test material. 
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