UNSATURATED HYDRAULIC CONDUCTIVITY OF COMPACTED
SAND-KAOLIN MIXTURES

By Te-Fu Chiu' and Charles D. Shackelford,” Member, ASCE

ABSTRACT: The unsaturated hydraulic conductivity of compacted sand-kaolin mixtures containing 0, 5, 10,
and 30% kaolin (by dry weight) is measured for matric suctions, Y, < ~6.0 m. The measured unsaturated
hydraulic conductiVity (Kmessures) values are compared with predicted unsaturated hydraulic conductivity (kpeaciea)
values using the Brooks-Corey-Burdine and van Genuchten-Mualem relative hydraulic conductivity functions.
In general, the accuracy of Kpeqeq decreases with an increase in kaolin content or an increase in {,,. In addition,
Kk measurea tends to be underpredicted for kaolin contents of 10 and 30% at relatively high suctions (1.0 m = s,
= 6.0 m) and overpredicted for kaolin contents of 0 and 5% at relatively low suctions (0.1 m =< s, < 1.0 m).
For a given kaolin content and {,,,, kyreaies based on the Brooks-Corey-Burdine function tends to be more accurate
than kg.uces based on the van Genuchten-Mualem function. Finally, for 1.0 m =< s, < 6.0 m, K qicieq based on
analysis vusing the maximum volumetric water content (6,,) attained under steady-state flow conditions typically
is more accurate than K, based on analysis using the saturated volumetric water content, 8,, where 0,, ~

84-90% of 8, in this study.

INTRODUCTION

Measurement and prediction of unsaturated hydraulic con-
ductivity are important for simulating unsaturated water mi-
gration through soil for engineering problems, such as in the
design of earth dams or tailings impoundments, resource de-
velopment, and waste management practice (Fredlund et al.
1994). For example, in waste management practice, the pri-
mary purpose of a final cover system for a waste disposal
facility is to prevent the generation of leachate by minimizing
the amount of precipitation percolating through the waste dur-
ing the inactive (postclosure) period. In the case of compacted
soil covers, proper evaluation of the hydrology of the covers
should be based on consideration of unsaturated flow and the
unsaturated hydraulic conductivity of the soil since soil covers
are compacted in an unsaturated condition [e.g., Khire et al.
(1994, 1995)]. Thus, modeling water migration through final
soil covers requires consideration of unsaturated flow princi-
ples, and the accuracy of the measured or predicted unsatu-
rated hydraulic conductivity can affect significantly the accu-
racy of the predicted percolation.

For example, Khire et al. (1995) compared measured per-
colation through a field test section of a final cover at the Live
Oak Landfill in Atlanta with predicted percolation based on an
unsaturated flow model and independently measured unsatu-
rated flow parameters. Comparison between the field-measured
percolation through the soil cover and the predicted cumula-
tive percolation on the basis of predicted unsaturated hydraulic
conductivity values using the van Genuchten-Mualem (VGM)
relative hydraulic conductivity function (van Genuchten 1980)
over a period of 892 days indicated that the simulated perco-
lation represented only ~3% of the measured percolation. A
significant portion of the error in the predicted cumulative per-
colation was attributed to underprediction of the unsaturated
hydraulic conductivity by approximately one to three orders
of magnitude for the soil suction range of interest (i.e., 1-100
m).
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Although several studies have shown good correlation be-
tween measured and predicted unsaturated hydraulic conduc-
tivity for relatively high-permeability soils [e.g., see Fredlund
and Rahardjo (1993) and Corey (1994)], some studies also
have indicated poor correlation between measured and pre-
dicted unsaturated hydraulic conductivity values for relatively
low-permeability soils. For example, van Genuchten (1980)
showed excellent correlation between measured and predicted
unsaturated hydraulic conductivity based on the VGM relative
hydraulic conductivity function for four soils with saturated
hydraulic conductivity (k) values ranging from 3.51 X 10°°
m/s to 5.74 X 107" m/s. However, a noticeably poorer corre-
lation was obtained for the only clay soil evaluated (k,,, = 9.49
X 107° m/s) by van Genuchten (1980) with the predicted un-
saturated hydraulic conductivity underestimating the measured
unsaturated hydraulic conductivity. Fredlund et al. (1994)
showed that the unsaturated hydraulic conductivity of Yolo
light clay is increasingly underpredicted based on their derived
relative hydraulic conductivity function as the soil suction in-
creases beyond ~4 kPa. For example, the measured and pre-
dicted unsaturated hydraulic conductivities for Yolo light clay
are approximately equal at a soil suction of 4 kPa, but the
predicted unsaturated hydraulic conductivity represents only
about 16% of the measured unsaturated hydraulic conductivity
at a soil suction of ~20 kPa.

Meerdink et al. (1996) compared laboratory- and field-mea-
sured unsaturated hydraulic conductivity values versus pre-
dicted unsaturated hydraulic conductivity values for two clay
soils, Wenatchee silty clay and Live Oak red clay, used in
constructing test sections for final landfill covers. Meerdink et
al. (1996) found that the Brooks-Corey-Mualem relative hy-
draulic conductivity function (van Genuchten 1980) tended to
provide good correlation between measured and predicted un-
saturated hydraulic conductivity for compacted specimens of
both Wenatchee silty clay and Live Oak red clay for suctions
<10 m and <30 m, respectively. However, the Fredlund rela-
tive hydraulic conductivity function (Fredlund et al. 1994) was
relatively accurate only for the Live Oak red clay and matric
suctions <30 m, whereas the accuracy of the VGM relative
hydraulic conductivity function was poor for both soils for
matric suctions >1 m. In addition, the poor correlations be-
tween measured and predicted unsaturated hydraulic conduc-
tivity values generally resulted in an underprediction, rather
than an overprediction, of the unsaturated hydraulic conduc-
tivity, which is consistent with the previous described com-
parisons for clay soils by van Genuchten (1980) and Fredlund
et al. (1994).

In summary, the common relative hydraulic conductivity
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TABLE 1. Physical Properties of Sand and Kaolin Used in This Study
Water Liquid Plastic Plasticity scs
content (W) Specific limit limit index U' o}
Substance Source Product name (%) gravity (%) (%) ((%) clasm(flgc)ation'
(1) @ (3 4 ©) (6 ) 8)
ASTM standard - — [ASTM D 4959]| [ASTM D 854] |[ASTM D 4318)|[ASTM D 4318] | [ASTM D 4318} | [ASTM D 2487]
[s d : Colorado Lien C 16-40 Sili d 0 2.65 > > » SP
an Olorado Lien Co., 1liCa san 3 -—_ -_ -—
Fort Collins, Colo.
Kaolin Georgia Kaolin Co., |{Standard air float 0.4 2.62 55.5 328 22.7 CL
Union, N.J.
*Unified Soil Classification System.
"Not applicable.
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The sand-clay mixtures used in this study consist of 5 7 9 11 13 15 17 18
mixtures of sand and a processed kaolin clay. Physical prop- Gravimetric Water Content, w (%)
erties of these two soils are given in Table 1. The kaolin con- FIG. 1. Physical Properties of Soils: (a) Particle-Size Distribu-

sists of an average of 96% by dry weight of kaolinite mineral,
based on product information supplied by the Georgia Kaolin
Co. Tests are performed using 100% sand as well as sand-
kaolin mixtures containing 5, 10, and 30% kaolin based on
dry weight.

The particle size distributions (ASTM D 421 and D 422)
for both constituent materials as well as all three sand-kaolin
mixtures are shown in Fig. 1(a). Based on the particle size
distributions of the soil mixtures, the sand-kaolin mixtures
containing 5, 10, and 30% kaolin are classified according to
the Unified Soil Classification System (ASTM D 2487) as SP,
SP-SC, and SC, respectively.

The specimens containing kaolin are compacted in the test
cell at the optimum water content, w,,, based on the standard
compaction curves (ASTM D 698) shown in Fig. 1(b). The
sand specimens are densified by percolating water through the
sand in the test cell and aliowing the water to drain by gravity
from the outflow end of the test cell. Specimen preparation for
the sand-kaolin mixtures involves mixing the sand and the
kaolin at the required compaction water content using deaired
tap water, curing the wetted sand-kaolin mixture in double
resealable plastic bags for 24 hrs, and compacting the mixture
into the test cell using a tamping rod. The amount of the wet-
ted sand-kaolin mixture to be compacted into the test cell is
determined from the required dry unit weight based on the
compaction curves in Fig. 1(b) and the volume of the test cell.

tions for Sand (S), Kaolin (K), and Sand-Kaolin Mixtures; (b)
Compaction Curves (ASTM D 698) for Sand-Kaolin Mixtures

Measurement of Soil-Water Characteristics

Separate test cells are used to measure the soil-water char-
acteristics and the unsaturated hydraulic conductivities of the
compacted sand-kaolin mixtures. The test cell used for mea-
surement of the soil-water characteristics, illustrated schemati-
cally in Fig. 2(a), is constructed from plastic tube (5.08-cm
length, 5.08-cm inner diameter, 6.35-cm outer diameter) and
is similar to that described by Hamilton (1979) and Daniel
(1980). Tensiometers or thermocouple psychrometers (TCPs)
are embedded in the soil in holes drilled through two ports in
the walls of the tube spaced 180° apart. One end of the cell is
connected to a water source while the other end is vented to
the atmosphere. Filter paper discs spread water over the en-
trance face. Further details of the soil-water characteristic cell
are provided by Chiu (1997).

Wetting (or absorption) soil-water characteristics are mea-
sured in this study to simulate an infiltration process. The pro-
cedure used to prepare the specimens for measurement of the
soil-water characteristics consists of several steps. First, sev-
eral specimens of a given sand-kaolin mixture are prepared
and compacted at the same compaction water content and den-
sity. Second, all of the compacted specimens are allowed to
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FIG. 2. Schematic Diagrams: (a) Soll-Water Characteristic
Cell; (b) Instantaneous Profile Method Cell

air dry for the same period to decrease the initial water content
to a value closer to the residual water content. Third, the air-
dried soil specimens are wetted to different water contents by
adding different amounts of water to each specimen. Finally,
two 0.635-cm (0.25-in.) diameter holes are drilled carefully
about 1.27-cm (0.5-in.) into the specimens for insertion of the
suction measuring probes consisting of either screen-cage, Pel-
tier-type TCPs (No. 74-1V, J. R. D. Morell Specialty Equip-
ment, Logan, Utah), or round-bottom, straight-wall-cup, one-
bar standard tensiometers (Soil Moisture Equipment Corp.,
Santa Barbara, Calif.).

The TCPs are used in this study for relatively dry specimens
with relatively high suctions (>20.4 m) whereas the tensio-
meters are used for relatively wet specimens with relatively
low suctions (<10.2 m). Since the maximum suction that can
be measured with the tensiometers in Fort Collins, Colo. (al-
titude ~1,500 m) is ~6.94 m, no attempt is made in this study
to measure suctions ranging from ~6.94-20.4 m.

After drilling the holes in the soil specimen, the presaturated
tips of the TCPs or tensiometers are inserted to achieve inti-
mate contact with the soil, and threaded sealing tape and sil-
icon caulk are used to provide an airtight seal between the
measuring probe and the cell wall. Suction readings are taken
every day. Equilibrium is regarded as being achieved when the
readings are within =2.0 m for TCPs or =£0.02 m for tensi-
ometers. After equilibrium has been achieved, the cell is dis-
assembled and the soil around the measuring probe is recov-
ered for measurement of the water content.

Although matric suction is required in the measurement of
soil-water characteristics and unsaturated hydraulic conductiv-
ity, TCPs, which measure total suction, are used in this study
to define wetting water-characteristic curves at relatively low
water contents corresponding to relatively high suctions. Pre-
vious studies have indicated that the use of TCPs in the mea-
surement of both soil-water characteristics and unsaturated hy-
draulic conductivity of compacted fine-grained soils is
acceptable (Daniel et al. 1981; Hamilton et al. 1981; Meerdink
et al. 1996). Also, data presented by Fredlund and Rahardjo
(1993) indicate that the percentage contribution of osmotic
suction to the total suction of a glacial till decreases as the

water content decreases dry of w,,, which is the region of
water contents evaluated in this study. Nonetheless, the poten-
tial limitations of the use of TCPs on the measurement of the
soil-water characteristics and the associated results of this
study should be recognized.

Measurement of Unsaturated Hydraulic Conductivity

The instantaneous profile method (IPM) is used to measure
the unsaturated hydraulic conductivity of the compacted soil
specimens in this study. Details of the IPM including data
analysis are given by Hamilton et al. (1981), Olson and Daniel
(1981), Frediund and Rahardjo (1993), Stephens (1994), and
Benson and Gribb (1997). A schematic of the IPM test cell
used in this study is shown in Fig. 2(b). The IPM test cell
essentially is a longer version of the soil-water characteristic
cell [Fig. 2(a)] with four equally spaced holes in the cell for
insertion of tensiometers as previously described.

The compacted soil specimens used in the measurement of
the unsaturated hydraulic conductivity are prepared in the
same manner as previously described for measurement of the
soil-water characteristics. However, suctions were limited to
=6.94 m owing to the desire to measure only matric suctions
using tensiometers in the evaluation of the unsaturated hy-
draulic conductivity of the compacted sand-kaolin mixtures. In
all cases, the specimens were air dried after compaction to
achieve an initial suction of ~6 m.

A wetting procedure is used with the IPM to simulate an
infiltration process and to be consistent with the measurement
of the soil-water characteristics. After air drying to establish
the initial suction of the compacted test specimen, the test cell
is placed on a horizontal plane and is allowed to imbibe de-
aired water from a water tank without the application of an
externally applied hydraulic gradient. As a result, the gravi-
tational component of flow is zero, and the water migrates into
the soil specimen only as a result of the suction in the soil.
The outflow end of the test cell is vented to atmosphere. Fur-
ther details of this procedure are provided by Chiu (1997).

After the tensiometer furthest from the water source mea-
sures zero suction, the steady-state hydraulic conductivity, k,,,
of the specimen in the IPM cell is measured directly by per-
meating with deaired tap water using an externally applied
hydraulic gradient =10. The measured k,, values from the IPM
cells are checked against independently measured k,, values
for specimens of the same soil mixture using double-ring rigid-
wall (DRRW) permeameters as described by Daniel (1994).
The principle advantage of the DRRW permeameter is the
ability to detect the existence of sidewall leakage occurring
between the soil specimen and the walls of the permeameter.
In all cases, Darcy’s law is used to calculate k,, of the soil
specimens as described by Daniel (1994).

RESULTS
Steady-State Hydraulic Conductivity

The measured hydraulic conductivity values resulting from
permeation of the IPM specimens under applied external hy-
draulic gradients after measurement of the unsaturated hy-
draulic conductivity are plotted versus pore volumes of flow
in Fig. 3(a). As expected, the steady-state hydraulic conduc-
tivity values decrease from 5.4 X 107> m/s to 5.9 X 10™° m/s
as the amount of kaolin in the mixture increases from O to
30%, respectively.

The independently measured hydraulic conductivity values
resulting from permeation of separate sand-kaolin specimens
in DRRW permeameters are plotted versus pore volumes of
flow in Fig. 3(b). The results in Fig. 3(b) indicate essentially
no sidewall leakage for any of the four test specimens. As
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FIG. 4. Comparison of Steady-State Hydraulic Conductivity
Values from Double-Ring Permeameters versus IPM Cell

shown in Fig. 4, comparison of the steady-state hydraulic con-
ductivity values, k, resulting from the data in Figs. 3(a and
b) indicates excellent agreement between the two sets of in-
dependently measured hydraulic conductivity values. The ex-
cellent agreement between the k,, values shown in Fig. 4 for
a given soil mixture implies that the ability to compact repro-
ducible specimens of the same mixture also is excellent.

Steady-State versus Saturated Hydraulic
Conductivity

Measured k,, values resulting from permeation of soils in
rigid-wall permeameters typically are assumed equal to the
saturated hydraulic conductivity, kg [e.g., Daniel (1994)]. In
most cases, the soil saturation after permeation is sufficiently
high to justify the assumption that k,, = k,,, particularly in
the case where the objective of the measurement does not re-
quire an evaluation of the unsaturated hydraulic conductivity.
However, in the case of the measurement of unsaturated hy-

draulic conductivity, prudence dictates an evaluation of the
extent of saturation of the specimens after permeation to mea-
sure k.

The saturated volumetric water content, 9,, often is used in
the definition of a normalized, dimensionless volumetric water
content, ©, as follows (van Genuchten 1980):

_8-86,

®'e,—e,

1

where 0, = residual volumetric water content; and 6 = actual
volumetric water content, which is defined further as follows:

0=nS 2

where n = soil porosity; and S = saturation corresponding to
0. For a saturated soil (i.e., $ = 1), 6 = 6, = n. Thus, ® as
defined by (1) establishes the range of possible 6 values for a
saturated soil (ie., 0, =0 =<6,0=<0 = 1).

In the case of infiltration (wetting) processes where the soil
typically is not completely saturated at steady-state flow due
to the existence of entrapped air, a maximum volumetric water
content, 0,,, less than 6, has been used in lieu of 6, (Corey
1994). In such cases, (1) is written as follows:

6 — 8,

®=m—&

3

where 0, < 0 < 9,,; but 0 =< O < 1. Corey (1994) defines (1)
and (3) in terms of saturations (i.e., S, S,, S;, and §,,) through
(2), and refers to ® in (3) as the effective saturation (S,). In
the case of the existence of 8,, < 6,, the maximum saturation,
S, is defined using (2) as follows:

<

m

o,

s |

Sn = 4

Corey (1994) indicates that 0.80 = §,, = 0.92 for infiltration
(wetting) processes. However, Wang and Benson (1995) pre-
sent both drying and wetting soil-water characteristics for Sauk
County clay compacted dry of w,, that indicate S,, ~ 0.97.
Thus, the type of soil and the initial compaction water content
apparently have an influence on the S, value resulting after
permeation.

In the present context, 6, 6,, and S, resulting from per-
meation of the compacted sand-kaolin specimens to measure
k. are plotted versus kaolin content in Fig. 5. As indicated in
Fig. 5, 9, decreases with an increase in kaolin content due to
increasing Ysm.« With increasing kaolin content [Fig. 1(b)].
Also, 6, is ~84-90% of 6, (i.e., ~0.84 = S, =< 0.90) depend-
ing on the kaolin content, which is consistent with the range
of §,, values reported by Corey (1994). Thus, the k,, values
reported in Fig. 4 are not the same as the k, values since the
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FIG. 5. Saturated Volumetric Water Content (0,), Maximum
Volumetric Water Content (0,,), and Maximum Saturation (S,,)
Resulting from Steady-State Permeation of Compacted Sand-
Kaolin Mixtures
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specimens, in reality, were not completely saturated under
steady-state flow conditions. Nonetheless, the measured k.,
values probably are representative of the maximum hydraulic
conductivity values that are attainable using the rigid-wall per-
meameter (i.e., IPM test cell) and the imposed test conditions
(i.e., without back-pressure saturation).

Soil-Water Characteristics

As shown in Fig. 6, the measured soil-water characteristics
are fitted with the Brooks-Corey (BC) function (Brooks and
Corey 1964) defined as follows:

0 = {wd«a)‘*; Y > g
" ¢d; lbm = '-"d

where {5, = matric suction; 5, = displacement suction; and A
= pore-size distribution index. Although Brooks and Corey
(1964) originally developed (5) only for the case of drying
soil-water characteristics, the BC function also is applied rou-
tinely to describe wetting soil-water characteristics.

The measured soil-water characteristics shown in Fig. 7 are
fitted with the van Genuchten (VG) function (van Genuchten
1980) defined as follows:

]
1
©= [1 + (awm)s]
where o, B, and 8 are fitting parameters; and & = (B — 1)/B.
The values of 8,, or 6, upon which the fits are based and the
coefficients of determination, r*, for the fits also are shown in
the plots in Figs. 6 and 7.

&)

(6)

Fitting Parameters

Stephens and Rehfeldt (1985) found that the predicted un-
saturated hydraulic conductivity of a fine sand differed by
more than an order of magnitude depending on whether a mea-
sured or regressed value of 6, was used in the prediction. Al-
though the methods, soils, and conditions of this study do not
necessarily resemble those of the study by Stephens and Reh-
feldt (1985), prudence dictates documentation of the proce-
dures used to estimate 6, in this study.

For the BC function [(5)], ¥, and A were determined by
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linear regression of log-log plots of i, versus @ as described
by van Genuchten (1980). In this case, the values of @ were
determined using the measured 0 values, either 6, [(1)] or 0,,
[(3)] from Fig. 5, and an assumed value of 8,. The regression
was repeated for different assumed values of 8, until the best
fit was achieved based on the highest value for r2 In all cases,
the value of 6, obtained from the fitting analysis using the VG
function was used as the initial estimate for fitting the BC
function to the measured data.

For the VG function [(6)], 8,, a, B, and & (=1 — 1/B) were
determined by the nonlinear, least-squares optimization pro-
cess using the RETC (RETention Curve) curve-fitting program
developed by van Genuchten et al. (1991) and the measured
data. In this case, 8,, or 8, were specified as presented in Fig.
5.

The residual volumetric water contents, 8,, resulting from
these analyses are plotted versus kaolin content in Fig. 8. As
expected, 6, increases with increasing kaolin content [e.g., see
van Genuchten (1980)]. Also, for a given kaolin content, the
difference in 6, values based on either the BC or the VG func-
tion and either 6,, or 6, typically is small. However, at 30%
kaolin content, 8, based on the BC function using 6, is ~50%
higher than the other 6, values at 30% kaolin content.

The BC (Y, and A\) and VG (a and B) fitting parameters
resulting from the regression analyses are plotted versus kaolin
content in Figs. 9(a and b), respectively. In the case of the BC
fitting parameters, both Y, and N\ are characteristic constants
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of the porous medium with the displacement suction, Vs, rep-
resenting a measure of the maximum pore size forming a con-
tinuous network of flow channels within the medium, and A
representing the pore-size distribution of the porous medium
(Brooks and Corey 1964).

In general, the smaller the pore sizes, the higher the ex-
pected ¢, value. Corey (1994) distinguishes between the dis-
placement suction, U, and the bubbling suction, {s, for a dry-
ing soil-water characteristic, i, being defined as the suction at
which desaturation first occurs and {, being defined as the
suction required to pull air completely through an initially wa-
ter-saturated sample. However, in practice, ¥, and U, com-
monly are referred to simply as the entry suction primarily due
to the practical difficulty typically associated with distinguish-
ing between the values for Y, and s,

For porous media with uniform pore sizes, \ is a high num-
ber that theoretically approaches infinity whereas sometimes A
< 1 for well-aggregated soils in an undisturbed state (Brooks
and Corey 1964). For thoroughly mixed, densely packed, nat-
urally occurring sand deposits, Brooks and Corey (1964) sug-
gest 5 = N = 6. In general, \ is expected to decrease as the
soil becomes more well-graded and the amount of finer par-
ticles in the soil increases.

As shown in Fig. 9(a), J, tends to increase and A tends to
decrease as the amount of kaolin in the sand-kaolin mixture
increases. Both of these trends are consistent with the expected
trends for both fitting parameters. In addition, A < 1 for all
specimens containing kaolin, as expected.

The effects of using 6,, versus 8, to determine s, and X\ are
not significant until kaolin contents of 10% and 30% are
reached, respectively. In the case of A, fitting with 9, tends to
result in a A value that is approximately half the magnitude of
the N value based on fitting with 8, at a kaolin content of 30%.
In the case of W, fitting with 8,, results in a higher value of
y, relative to fitting with 6,, and the difference between the
two s, values increases with increasing kaolin content.
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FIG. 10. Water-Entry Suctions for Compacted Sand-Kaolin
Mixtures

As shown in Fig. 9(b), both o and B decrease with increas-
ing kaolin content. The use of 8,, versus 8, has negligible effect
on the magnitude of B. However, there is a pronounced effect
on the magnitude of o resulting from the use of 8,, versus 6,.
In general, fitting with 8,, results in a lower value of o relative
to fitting with 6,, and the difference between the two a values
increases with increasing kaolin content. At 30% kaolin con-
tent, a (=0.47) based on analysis using 6,, is only ~12% of
a (=4.0) based on analysis using 6,.

Water-Entry Suction

The water-entry, or air-exit, suction, ¥, may be defined as
the suction at which water displaces most of the air in the soil
and becomes essentially continuous in the pores upon wetting
an initially unsaturated soil (Bouwer 1978). The ¥, values re-
sulting from fitting the BC and the VG functions to the mea-
sured data in this study are plotted versus kaolin content in
Fig. 10. In the case of the BC function, the entry suction for
wetting soil-water characteristics was taken as the water-entry
suction (i.e., Y, = ¢,). In the case of the VG function, van
Genuchten (1980) notes that o ™' approaches the entry suction
as d approaches one (i.e., B approaches infinity). However,
since this limiting case is not evident in this study [see Fig.
9(b)], ¥, was determined using the procedure illustrated by
Wang and Benson (1995). This procedure results in s, values
that typically are close, but lower than, the corresponding o ™'
values.

Based on the data in Fig. 10, the difference between the
estimated values of s, based on either the BC function or the
VG function for a given kaolin content and a given limiting
water content (i.e., either 8, or 6,) is small (i.e., =0.12 m).
Also, as expected, ¥, increases with increasing kaolin content.
However, the increase in s, with increase in kaolin content is
more significant when 6,, is used in the analysis than when 0,
is used in the analysis. At 30% kaolin content, {s,, based on
8., is approximately three times greater than s, based on 8,
regardless of the soil-water characteristic function used in the
analysis.

Unsaturated Hydraulic Conductivity

Measured Unsaturated Hydraulic Conductivity

The measured unsaturated hydraulic conductivity, Keasureds
values for all four sand-kaolin mixtures, including the k, val-
ues previously reported [i.e., Fig. 3(b)], are plotted versus ma-
tric suction, s, in Fig. 11(a). The data shown in Fig. 11(a)
are consistent with expected behavior based on naturally oc-
curring coarse- versus fine-textured soils [e.g., Jury et al.
(1991)].

At nearly saturated conditions (i.e., U,, = 0), Kpeasurea (SKss)
decreases as the amount of kaolin in the sand-kaolin mixture
increases. This trend typically is attributed, in part, to in-
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creased filling of the pores existing between the grains of sand
with increasing clay soil content resulting in smaller pores and,
therefore, lower hydraulic conductivity for conditions near sat-
uration. However, as illustrated in Fig. 11(b), the rate of de-
crease in Ke.es With increasing y,, (excluding the k,, values
due to the log-log scale) generally increases as the kaolin con-
tent in the mixture decreases. As a result, the range of Kneasurea
values increases with decreasing kaolin content.

Predicted Unsaturated Hydraulic Conductivity

Unsaturated hydraulic conductivity typically is predicted on
the basis of measured soil-water characteristics due to the rel-
ative difficulty associated with the measurement of unsaturated
hydraulic conductivity. As a result, predicted unsaturated hy-
draulic conductivity values based on either the Brooks-Corey-
Burdine (BCB) relative hydraulic conductivity function
(Brooks and Corey 1964) or the VGM relative hydraulic con-
ductivity function (van Genuchten 1980) also were determined
in this study for comparison with the measured hydraulic con-
ductivity values. Either, or both, of these relative hydraulic
conductivity functions typically are required in unsaturated
flow modeling.

The BCB relative hydraulic conductivity function is given
as follows:

243
¢d>
0 5 "Jm > lb
k, = (‘bm ‘ @

1! ¢m = ‘bd

where &, = relative hydraulic conductivity defined as the hy-
draulic conductivity of the soil, k [=f(\{s,,)], relative to the sat-
urated hydraulic conductivity, k., of the soil, or

L3

S

®)
and {, and X are as defined in (5). For porous media, 0 < k,
=1, and as ¢, — 0, k, = 1, and k() — k... The VGM
relative hydraulic conductivity function is given as follows:

RS s I 0 I
- [1 + ()P

where o, B, and 8 are defined in (6). The BCB function is
based on the assumption that the porous medium consists of
a bundle of capillaries, whereas the VGM function considers
the porous medium to consist of a randomly distributed pore-
size distribution.
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Comparisons between the measured and predicted k values
as a function of s, based on the BCB and the VGM functions
are shown in Figs. 12 and 13, respectively. In predicting the
k-, relationship, the steady-state hydraulic conductivity val-
ues shown in Figs. 3 and 4 were assumed to represent the
maximum, or saturated, hydraulic conductivity values (i.e.,
ke = kg, in (8). Two predicted k-5, relationships are shown
in each plot in Figs. 12 and 13, one k-{s, relationship based
on the respective soil-water characteristic parameters resulting
from use of 6, and another k-{s, relationship based on the
respective soil-water characteristic parameters resulting from
use of 0,.

Fitted Unsaturated Hydraulic Conductivity

In addition to predicting the k-is,, relationship using the BC
and VG parameters resulting from fitting the measured soil-
water characteristics in (7) and (9), respectively, the measured
k-{,, relationships also were fitted directly with the BCB and
the VGM relative hydraulic conductivity functions to provide
consistent trends in the measured k-, relationships for com-
parison with the predicted k-ys,, relationships. The resulting
fitted k-, relationships and the corresponding values for the
coefficient of determination, r?, for the BCB and VGM func-
tions also are shown for each soil in the plots in Figs. 12 and
13, respectively.

Effect of Matric Suction on Predicted Unsaturated
Hydraulic Conductivity

The effects of matric suction on the ratio of predicted-to-
measured unsaturated hydraulic conductivity, K, rgicea/Kmeasurcds
for the compacted sand-kaolin mixtures are illustrated in Fig.
14. The kpesues value used in calculating Kpegicrea/Kmeasurea 18
based on the fitted k-y,, relationships shown in Figs. 12 and
13. For 1.0 m < §s,, = 6.0 M, Kpreqictea/Kmeasurea < 1 regardless of
the relative hydraulic conductivity function (either BCB or
VGM) or limiting water content (either 9,, or 6,) used in the
prediction. Also, for 1.0 m = ,, < 6.0 m, kpegcrea/Kmeasurea
based on 6, for a given relative hydraulic conductivity function
(either BCB or VGM) tends to be lower than kpesiciea/Kmessued
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FIG. 14. Ratio of Predicted to Measured Unsaturated Hydrau-
lic Conductivity of Sand-Kaolin Mixtures as a Function of Matric
Suction: (a) 100% Sand; (b) 95% Sand and 5% Kaolin; (c) 90%
Sand and 10% Kaolin; (d) 70% Sand and 30% Kaolin

based on 8,,. In addition, Kpegicted/Kmeasurea Dased on VGM tends
to be lower than kediciea’Kmeasurea based on BCB for a given
limiting water content (either 6,, or 8;) and 1.0 m < ¢, = 6.0
m,
The BCB relative hydraulic conductivity function accurately
predicts the measured hydraulic conductivity of the mixture
containing 30% kaolin (i.e., Kpredictea/Kmeasurea = 1) for 0.1 m =
Y, = 1.0 m when 0,, is used in the analysis, but only for 0.1
m < {,, =< 0.3 m when 6; is used in the analysis [Fig. 14(d)].
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Thus, the range of matric suctions over which the BCB func-
tion accurately predicts the unsaturated hydraulic conductivity
of the mixture containing 30% kaolin is improved by using 9,
instead of 6,.

Effect of Kaolin Content on Predicted Hydraulic
Conductivity

The effects of the amount of kaolin in the compacted sand-
kaolin mixtures on Kpwdicwea/Kmeasurea for ¥, = 0.1, 1.0, and 6.0
m are illustrated in Fig. 15. The Kpcaurea Value used in calcu-
lating & pregiciea/Kmeasurea 1S based on the fitted k-, relationships
shown in Figs. 12 and 13. The value for kpegictea/Kmeasurea d€-
creases with increasing kaolin content regardless of the matric
suction when K, .4icieq is based on the VGM function using fit-
ting parameters derived assuming 0, is applicable. For kaolin
contents of 10 and 30%, the best prediction of Ky eueurea 1S given
by the BCB function using 8,, (107°% = K eaciea/Kmeasurea =
10%, whereas the worst prediction of Kmeasurea i given by the
VGM function using 8, (107*° < K esiciea/kmessures = 10712,
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However, for kaolin contents of 0 and 5% at {s,, = 0.1 m, both
the BCB and the VGM relative hydraulic conductivity func-
tions overpredict kpeusued (10%° = Kpredicioa/Kmessured = 10°%),
Similar overprediction of kpeesureq at relatively low suctions has
been shown for compacted clays [e.g., Khire et al. (1995);
Meerdink et al. (1996)].

As illustrated in Fig. 16, the predicted unsaturated hydraulic
conductivity based on the VGM function, & egicreacvam, 18 lower
than the predicted unsaturated hydraulic conductivity based on
the BCB fuﬂction, kpnedicwd(BCB) (i.e., I(r VGM)/k JBCB) <
1) except for the 100% sand specimens at {,, = 1.0 m [Fig.
16(b)] and ll.‘m = 60 m [F]g 16(C)] AlSO, kpredictcd(VGM)/
Korediceacaeny tends to decrease with an increase in kaolin con-
tent. Thus, the difference between Kpwgiciearvomy aNd K predicreamen,
tends to increase as the kaolin content in the sand-kaolin mix-
ture increases. However, the difference between k giceacvam
and Kjegiceaweny for kaolin contents =5% is less when 8, is
used in the analysis in lieu of 8,.

COMMENT

The results of this study are consistent with the results of
previous studies based on compacted, naturally occurring clay
soils indicating that the unsaturated hydraulic conductivity can
be underestimated by several orders of magnitude using com-
mon relative hydraulic conductivity functions [e.g., Khire et
al. (1995); Meerdink et al. (1996)]. Meerdink et al. (1996)
attributed their poor correlations between measured and pre-
dicted unsaturated hydraulic conductivity, in part, to the in-
ability of the relative hydraulic conductivity functions based
on capillary tube models to capture the complexities of unsatu-
rated flow through compacted clay soils. This explanation is
not necessarily surprising in that the inability of capillary tube
models, such as the Carmen-Kozeny equation, to predict ac-
curately the hydraulic conductivity of fine-grained soils, owing
to the failure of such models to accurately reflect the fabric of
the soil, is well recognized [e.g., Mitchell (1993)].

The major factors affecting the ability of capillary tube
models, such as the BCB and VGM relative hydraulic con-
ductivity functions, to accurately predict the unsaturated hy-
draulic conductivity of the sand-clay mixtures in this study are
the amount of clay soil in the mixture and the suction range
of interest. In general, poorer accuracy is associated with the
higher clay soil contents of 10 and 30% and higher range of
suctions evaluated in this study (i.e., 1.0 m = ¢, =< 6.0 m).
In this regard, the effect of clay soil content is consistent with
the well-recognized effect of the clay fraction on the saturated
hydraulic conductivity of compacted sand-clay mixtures typi-
cally used as compacted clay liners and covers [e.g., see How-
ell and Shackelford (1997)].

CONCLUSIONS

A significant factor affecting the interpretation of the test
results in this study was the difference between the maximum
volumetric water content, 8,,, actually attained in the test spec-
imens under steady-state flow conditions relative to the satu-
rated volumetric water content, 0,, that would be attained un-
der the assumption of saturated flow conditions. For the
sand-kaolin specimens evaluated in this study, 8,, resulting af-
ter steady-state flow was ~84-90% of 6,, presumably owing
to entrapped air resulting from the wetting processes used in
this study. Thus, the specimens were not saturated after steady-
state flow, and subsequent analyses indicated that substantial
differences in Kpeqicea could result depending on whether 6,, or
6, is used in the analysis. In general, K, qicieq typically was more
accurate when based on 0,, versus 0, Therefore, the results of
this study suggest that the arbitrary use of 6, should be avoided
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in predicting the unsaturated hydraulic conductivity, particu-
larly when evaluating Xppeqceq Under wetting conditions in com-
pacted clayey soils such as the sand-kaolin mixtures evaluated
in this study.

The kaolin content and the magnitude of y,, had significant
effects on the accuracy of the predicted unsaturated hydraulic
conductivity, Kpsces, Of the compacted sand-kaolin mixtures
evaluated in this study. For kaolin contents of 10 and 30% and
0.1 m = {,, = 6.0 m, the overall best prediction of the mea-
sured unsaturated hydraulic conductivity, Kmessureas iS given by
the BCB relative hydraulic conductivity function using 9,
(107%? < kpegieea/Kmeaswea = 10°), whereas the overall worst
prediction of &, ...eq 15 given by the VGM relative hydraulic
conductivity function using 6, (107*° = ks Kmeasured =
10™"?%). However, for kaolin contents of 0 and 5% at ¥, = 0.1
m, both the BCB and the VGM relative hydraulic conductivity
functions overpredict Kpepurea (10°° = KprdicioaKrmensurea =
10°%®). Thus, the tendency in the analysis is for both the BCB
and the VGM functions to underpredict K casurea at the relatively
high clay soil contents (i.e., either 10 or 30%) and relatively
high range of matric suctions (i.e., 1.0 m < ¢, < 6.0 m)
evaluated in this study.

Except for the 100% sand specimens at {,, = 1.0 m and s,
= 6.0 m, the value for k,dices based on the VGM function is
lower than k4. based on the BCB function. Also, the dif-
ference between Kkp.ices based on the VGM function and
Koreaicea Dased on the BCB function tends to increase as the
kaolin content in the sand-kaolin mixture increases. However,
the difference between K qiea based on the VGM function and
Koceaicea Dased on the BCB function typically decreases for a
given kaolin content when 6,, is used in the analysis in lieu of
6:.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

k = hydraulic conductivity;
krmeasurea = measured hydraulic conductivity;
kyeaicea = predicted hydraulic conductivity;
predicteaaesy = hydraulic conductivity predicted using Brooks-

Corey-Burdine function;
hydraulic conductivity predicted using van Genu-
chten-Mualem function;

kpradlcled(VOM)

k, = relative hydraulic conductivity (=k/k,,);
ko = saturated hydraulic conductivity;
k,, = steady-state hydraulic conductivity;
n = soil porosity;
r* = coefficient of determination;
S, = maximum saturation;
Wox = Optimum (gravimetric) water content;
o = fitting parameter in van Genuchten function;
B = fitting parameter in van Genuchten function;
Y« = dry unit weight;
8 = fitting parameter in van Genuchten function [=(B

= /B
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® = normalized (dimensionless) volumetric water con-
tent [Eqs. (1) or (3)];

volumetric water content;

maximum volumetric water content;

0, = residual volumetric water content;

0, = saturated volumetric water content;

<
I @
nn

pore-size distribution factor in Brooks-Corey func-
tion;

bubbling suction;

displacement suction;

matric suction; and

water-entry or air-exit suction.
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