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Effective Unsaturated Hydraulic Conductivity of Layered Sands

T.-C. JiIM YEH AND DONALD J. HARVEY
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Accurate estimates of field-scale hydraulic conductivities of unsaturated heterogeneous soils are
very difficult to obtain. In the present study, various approaches to determining effective conductivity
values for heterogeneous sands are compared with laboratory measurements. The unsaturated
hydraulic conductivity, K(¢), of two homogeneous sands and one layered sand composed of the two
homogeneous sands was measured using the steady-state flux control method. The averaged K(i)
curves of the two homogeneous sands using a direct averaging approach were compared with the
measured layered sand K(¢) data. The result shows that the geometric mean of hydraulic conductivity-
suction curves of the coarse and medium sands approximates the measured hydraulic conductivity-
suction curve of the layered sand. The observed suction variance and effective hydraulic conductivity
were compared with expressions developed from a stochastic theory. The results support the

stochastic approach.

INTRODUCTION

Field soils are inherently heterogeneous. The heterogene-
ity or spatial variability of soil hydrologic parameters is well
documented [Warrick and Nielson, 1980]. Hydraulic prop-
erties of soils have been shown to be variable in both planes
and depths, and the variation of the properties is also
spatially correlated [Russo and Bresler, 1981; Vieira et al.,
1981; Byers and Stephens, 1983; Greenholtz et al., 1988].

The importance of considering spatial variability in assess-
ing flow and solute transport in the unsaturated zone has
been examined in a number of theoretical works [e.g., Yeh et
al., 1985a, b, ¢; Mantoglou and Gelhar, 1987a, b, c]. The
fundamental question is how can this heterogeneity best be
incorporated in a quantitative description of flow and solute
transport in large-scale unsaturated systems. Two different
approaches can be identified [Yeh, 19894].

The first approach to evaluate flow or solute transport in
heterogeneous unsaturated soils is to construct a detailed
deterministic model that reflects the actual heterogeneity of
the region at all scales of observation. Although there exists
a vast body of literature for vertical infiltration in layered
soils [e.g., Tagaki, 1960; Zaslavsky, 1986; Srinilta et al.,
1969; Raats, 1983; Sisson, 1987], most of the studies neglect
heterogeneities within layers. The areal variability of soil
properties makes this approach even more impractical:
characterization of the variability would require enormous
amounts of field data and numerical simulations would
demand extensive computational resources.

The second approach is to treat the soil as an equivalent
homogeneous medium so that the average flow or solute
transport characteristics of the system can be predicted. The
flow or solute transport model therefore would contain a few
parameters that are constant in space. The effects of the
heterogeneity can then be treated in the solute transport
model as dispersion phenomena [Gelhar and Axness, 1983].
This method eliminates the requirement for large amounts of
field data and computation but it predicts only the average
behavior of the system.

In order to employ the second approach, the effective soil
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hydrologic parameter values for the equivalent homoge-
neous medium must be determined. One possible technique
for obtaining these effective values is to conduct large-scale
field experiments and then apply an inverse method, e.g., by
minimizing the differences between the values predicted by
the homogeneous equation and observed values. A second
technique is to develop a formula that relates the spatial
variability of small-scale hydrologic soil parameters to the
effective parameters. One example of this technique is the
work by Weir (1989] in which an analytical expression was
derived for the effective hydraulic conductivity of soils with
variable saturated hydraulic conductivity. Another example
is stochastic analysis.

Using a spectral method Yeh et al. [1985a, b] solved the
stochastic partial differential equation describing three-
dimensional steady infiltration in porous media of random
hydrologic parameters. Their theoretical results derived
from the stochastic analysis (hereinafter designated as the
stochastic results) show that the variance of soil-water
suction increases with the mean suction value. They also
derived analytical expressions for the horizontal and vertical
effective hydraulic conductivities of heterogeneous soils that
depend on the spatial statistics of soil hydrologic properties
(e.g., the covariance of the saturated hydraulic conductivity
and a pore-size distribution parameter).

Although soil-water pressure data collected by Yeh et al.
[1986] and Greenholtz et al. [1988] support the mean-
dependent head variance concept, the formula developed by
Yeh et al. [1985a, b] for effective unsaturated hydraulic
conductivity remains to be tested.

The results of recent numerical studies of steady infiltra-
tion in random porous media by Ababou and Gelhar [1988]
show promise for the effective hydraulic conductivity for-
mula of Yeh et al. (1985a, b]. However, the cases examined
were rather limited. A more comprehensive analysis of
vertical infiltration in layered soils by Yeh [19895b] indicated
that while suction variances agree well with those obtained
by Yeh et al. [1985a, b], the effective hydraulic conductivity,
on the other hand, seems to be larger but is in the same order
of magnitude as the result of the stochastic analysis. The
agreement in head variance complements the conclusion by
Gutjahr [1984] in which he stated that the head variance
expression from the stochastic approach is exact. However,
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Fig. 1. Diagram of (a) layered, (b) medium, and (c) coarse sand
columns (dimensions in centimeters; not to scale). Circles represent
tensiometer locations.

the validity of using a exponential extrapolation to obtain the
effective unsaturated hydraulic conductivity in the spectral
analysis was questioned by Poley [1988]. Numerical exper-
iments by Bosch and Yeh [1990] demonstrated that the
effective hydraulic conductivity can be used to simulate the
mean suction profile in layered soils under one-dimensional
transient flow conditions.

To fully assess the usefulness of the stochastic results,
many field experiments are necessary. However, a logical
step toward the validation is to test the stochastic results
against data collected from controlled laboratory experi-
ments. This is the major objective of this paper. To test the
stochastic results using three-dimensional laboratory exper-
iments is a difficult task. In this paper laboratory experi-
ments of vertical infiltration in soil columns which test the
mean-dependent head variance and the effective hydraulic
conductivity concepts were described.

MATERIALS AND METHODS

The study consisted of a series of steady-state infiltration
experiments alternately conducted on three different sand
columns. The first contained a coarse sand, the second a
medium sand, and the last alternating layers of the coarse
and medium sands (Figure 1). The layered column consisted
of alternating layers (approximately 15 cm thick) of coarse
and medium sands starting with a 60 cm long coarse layer at
the bottom of the column and ending with a coarse layer at
the top. To maintain a roughly constant bulk density
throughout the column the sand was firmly tamped with a
closely fitting plunger after each addition of about 10 cm of
sand poured through a funnel.

The dry bulk density of each sand was determined by
Mathieu [1989). Ten samples of the coarse sand and eight
samples of the medium sand were packed under different
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TABLE 1. Dry Bulk Densities and Porosities of the Sands

Sand Column Bulk Density, g/em? Porosity
Coarse 0.430
Medium 0.454
Layered

Layer 1 1.46 0.449

(coarse)

Layer 2 1.46 0.449

(medium)

Layer 3 1.53 0.423

(coarse)

Layer 4 1.50 0.434

(medium)

Layer § 1.56 G.411

{coarse)

stresses equivalent to the weight of the sand columns. The
mean and standard deviation of the dry bulk density of the
medium sand are 1.46 and 0.042 g/cm®. The mean and
standard deviation values for the coarse sand are 1.50 and
0.032 g/em?.

Assuming a particle density of 2.65 g/cm?, the mean and
standard deviation of porosity values for the medium sand
are 0.449 and 0.016, while the coarse sand values are 0.435
and 0.012, respectively. These bulk density and porosity
values compare favorably with dry bulk densities and poros-
ities determined for the columns used in this study (Table 1).
The grain size distributions for these sands are shown in
Figure 2.

Wetting and drying retention curves for the sands were
also obtained by Mathieu [1989] using a hanging water
column method, and are shown in Figure 3. Three replicate
samples each of the medium and the coarse sands were
analyzed. The mean and standard deviation of residual
moisture contents (moisture at a suction of 160 ¢cm) are: for
the coarse sand, 0.047 and 0.012; and for the medium sand
0.067 and 0.015, respectively. The mean and standard devi-
ation of saturated moisture contents are: for the coarse sand
0.446 and 0.005; and for the medium sand 0.44 and 0.003.
These retention curves were assumed to be representative
retention curves of the coarse and medium sand columns.

Unsaturated hydraulic conductivity data, K(y) where ¢
denotes suction (a positive value under unsaturated condi-
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Fig. 2. Grain size distributions of the coarse and medium sands

used in the experiment.
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Fig. 3. Drying and wetting water retention curves of the coarse

and medium sands.

tions), were obtained for all three sand columns using the
long-column version of the steady-state flux control method
[Klute and Dirksen, 1986]. The experimental setup for this
method in the study is illustrated in Figure 4. It includes a
soil column, a tensiometer-manometer system, a multi-
channel syringe pump (soil measurement system), and a
recycle tank. Tensiometers with water manometers were
used to measure the suction in the sand: four, six, and twelve
tensiometers were used for the coarse, medium, and layered
sand columns, respectively. Each tensiometer-manometer
consisted of a 0.64 cm O.D. and 2.9 cm long porous ceramic
cup (high flow, 0.5 bar, Soil Moisture Corporation) into
which was inserted and glued with epoxy adhesive two
meters of 0.32 cm O.D. tygon tubing. The tensiometer-
manometer systems were checked for air leaks before they
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Fig. 4. Experimental setup for this study.
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were installed at various heights of the upper portion of the
soil columns (Figure 1).

This steady-state flux control method uses a constant flux
of water into the upper end and a water table at the bottom.
If the soil column is initially saturated and a constant water
flux less than the saturated hydraulic conductivity of the
sand is applied, the column will drain to a condition of
steady-state downward flow. Upon reaching this steady-
state flux condition the upper portion of the column, if the
soil is uniform, will achieve a state of relatively constant
suction or moisture content. A unit hydraulic gradient will
thereby be established throughout the upper region.

However, since sand columns are never perfectly uni-
form, variation in suctions always exists throughout the
“‘uniformly packed’’ sand column. For the layered column,
variations in suction are even more significant. Therefore, a
unit mean gradient approach suggested by Yeh [1989b] is
used. That is, in spite of the variation in the suction profile in
the layered sand, as with the coarse and medium sands, the
mean suction value (the averaged suction values observed at
all the tensiometers) was considered to represent the unit
gradient suction value for purposes of determining the K-y
function. Hereafter, K(¢) refers to the effective hydraulic
conductivity as a function of mean suction, ¢ {Yeh, 1989b].

Assuming Darcy’s law holds for unsaturated flow, the
hydraulic conductivity, K(i), numerically equals the volu-
metric flux, ¢, under unit gradient conditions. By measuring
suctions at various heights throughout the unit mean gradi-
ent region, the K(y) relationship can be measured. Starting
at saturation (achieved by a vacuum wetting procedure) and
proceeding through a series of progressively decreasing flow
rates, the draining or drying K(¢) function can be obtained.
The wetting K(¢) function was acquired by starting at the
lowest flux or conductivity value of interest in a column that
was dryed by drawing air through it until the sand was
visibly dry and then establishing a series of progressively
increasing flow rates. Because of the difficulty in controlling
flow rates near saturation, no measurement of the wetting
function was conducted near saturation.

In general, it takes a much longer time to measure the
wetting function because of the very low initial conductivity
of the sand and the low starting flow rates. For this reason,
measurement of unsaturated hydraulic conductivities gener-
ally do not include the wetting sequence {Klute and Dirksen,
1986]. As was observed in this study, measurements on
heterogeneous sands can take much longer than on homo-
geneous sands. This apparently is due to the individual
layers reaching a steady-state condition in stepwise fashion
starting with the uppermost layer. Since subsequent suction
changes in the lower layers affect flow conditions in overly-
ing layers the upper layers’ initial equilibrium conditions
become altered. This cycle was observed to repeat itself
throughout the column many times until the incremental
suction head changes within each layer became negligible.

ANALYSIS OF RESULTS

Analysis of Measured Hvdraulic Conductivity Data

Saturated hydraulic conductivity values of the coarse and
medium sand columns were determined using a constant
head method to be 0.1126 and 0.0905 cm/sec with standard
errors of 0.0029 and 0.0016 cm/sec, respectively. For the
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Fig. 5. Drying and wetting hydraulic conductivity-suction data of

the coarse sand.

layered column, the saturated hydraulic conductivity was
0.1014 cm/sec which is close to the harmonic mean of the
coarse and medium sand values. Experimental wetting and
drying K-y data of the coarse, medium and layered sand
columns were measured using the method discussed previ-
ously and are shown in Figures 5, 6, and 7, respectively.

In order to describe the value of K(y) for all values of
suction, ¥, two mathematical models were used. A model
developed by van Genuchten [1978] based on Mualem’s
[1976] theory for predicting the K(if) function from soil-water
retention data &(y) is as follows:

K(p) = {1 — (a)" " '[1 + (ay)" "™ [1 + (a)"]™ (1)

where m = 1 — 1/n. The moisture content-suction relation-
ship is given by:

8=(6;= 61+ (ay)"]"™ + 6, @

where @ is the moisture content, 6, is the residual moisture
content, and @, is the saturated moisture content. « and n
are parameters to be fitted to moisture retention data.

A non-linear least-squares optimization program [van Ge-
nuchten, 1978) was used to find the best-fit values of a and n
in (1), using the hydraulic conductivity data only. Table 2
contains the best-fit values of a and #, their standard errors
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Fig. 6. Drying and wetting hydraulic conductivity-suction data of
the medium sand.
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of estimate, and their r?, square of correlation coefficient
values.

As a check on the ability of the van Genuchten model to
predict the K(i) function from water retention data for these
sands, a and n values were also determined from retention
data alone (Table 2). Significantly different o and n values
resulted from the optimization process using the two dif-
ferent types of data. A comparison of the retention- and
conductivity-based wetting hydraulic conductivity curves
for the coarse sand illustrates the difference (Figure 8). The
discrepancy may be attributed to the fact that different
samples were used to measure the retention curves. How-
ever, as mentioned previously, the bulk densities of the
samples compare favorably with those determined from the
sand columns. This result may indicate that the parameters
obtained from retention curves are not suitable for predicting
the unsaturated hydraulic conductivity.

The exponential model proposed by Gardner [1958] is as
follows:

K(y) = K; exp (—BY) &)

where K is the saturated hydraulic conductivity, 8 is the
pore-size distribution parameter which characterizes the rate
of reduction in hydraulic conductivity with increasing suc-
tion . Equation (3) can be linearized and rewritten as:

InK=InK; - By 4

where In is the natural logarithm. The exponential model is
used here because it is the model upon which the stochastic
expressions developed by Yeh et al. [19856] are based, the
experimental verification of these expressions being a pri-
mary objective of this study. The 8 and In K values were
obtained by fitting (4) to the observed data and are listed in
Table 3. However, the exponential model does not account
for K values at suction lower than the air-entry value. The
best-fit intercept, therefore, is an artificially high log satu-
rated conductivity. The exponential model is not valid below
the observed air-entry suction value for the sand. According
to Figure 5 and 6, the air-entry occurs at a suction of about
10 cm for the coarse sand and about 5 cm in the medium
sand. These values are somewhat counterintuitive. How-
ever, the actual air-entry values are unknown because of
difficulties in controlling the flow rate near saturation.



YEH AND HARVEY: CONDUCTIVITY OF LAYERED SANDS

12758

TABLE 2. Parameters of van Genuchten's Unsaturated Hydraulic Conductivity Model for the
Sands
Retention-Based Conductivity-Based
Drying n = 6.79(0.594) n = 9.30 (0.196)
Coarse a = 0.0956 (00154) a = 0.092 (0.00034)
r? =0.986 r? = 0.989
Drying n=17.18(0.372) n=4.72(0.924)
Medium a= 0.045 (0.00047) o= 0.074 (0.00057)
re = 0.99%4 r- = 0.99
Wetting n = 5.28 (0.273) n = 10.16 (0.532)
Coarse o= 0.134 (0.0021) «= 0.143 (0.000137)
r= = 0.986 r- = (.968
Wetting n = 4.53 (0.069) n=4.27(0.115)
Medium a = 0.069 (0.00107) a = 0.0913 (0.00074)
r? = 0.993 r? = 0.984
Drying n = 7.015(1.93)
Layered a = 0.0781 (0.00215)
r* =0.957
Wetting n = 4.288 (0.460)
Layered a = 0.149 (0.0066)
r? =0.976

Standard errors in parentheses; r?, square of correlation coefficient.

A finite element program, UNSATID, using the chord-
slope iteration scheme to solve the one-dimensional Rich-
ards’ equation was developed based on the program by
Khaleel and Yeh [1985]. It was employed to simulate suction
profiles in the layered sand column under different infiltra-
tion rates. The soil hydraulic parameters used were the
measured K-y of the coarse and medium sand columns.
Transient simulations with a constant flux upper boundary
condition and a water table condition at the lower boundary
were carried out. Figures 9 and 10 show the comparison of
the simulated and observed steady-state suction profiles
during drying and wetting cycles, respectively, in the layered
sand column. The simulated profiles approximate the exper-
imental data. Deviations may be attributed partially to the
fact that the measured hydraulic properties of the coarse and
medium sand columns do not represent those of the sands in
the layered sand column. They may be also caused by the
fact that the size of the tensiometer is not large enough to
obtain a representative average suction value.
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Fig. 8. A comparison of the measured hydraulic conductivity-
suction data and the data derived theoretically based on the water
retention data.

Suction Variance

Figures 9 and 10 also illustrate that the difference in
suction values in the coarse and medium layers of the
layered sand column increases as the flux decreases. In other
words, the drier the soil, the greater the variation in head in
the layered soil column. This result qualitatively supports
the mean-dependent head variance concept by Yeh et al.
[1985h). To provide a quantitative comparison, we first
assume ergodicity applies and then calculate the mean and
variance of experimental suction data. The mean suction
value represents the arithmetic average of all suction values
observed throughout the layered sand column under a given
infiltration rate. The variance denotes the deviation of ob-
served suction values from the mean. Means and variances
of the suction profiles under various infiltration rates were
then compared to a stochastic model by Yeh et al. [1985b].

Using the exponential hydraulic conductivity model, Yeh
et al. [1985b] developed an expression for the head variance.
Although the expression is developed for field-scale analy-
ses, it is also suitable for the layered sand column. Since the
layered soil column can be treated as the case where In K|
and B are perfectly correlated, the suction variance at a unit
mean gradient condition is given by [Yeh er al., 1985a, b, ¢,
Yeh, 1989b]:

, _ofl’(l - Hg)? )
" T BI0 + BI) )

where ai is the suction variance, a_fz is the variance of In K,
H denotes the mean suction, B is the mean 8, / represents
the integral scale, and £2 = af;/af: where a-é is the variance
of B. The calculated means and variances of the parameter
values for the layered sand are listed in Table 4. It should be
noted that (5) was derived using an exponential covariance
function for both In K, and B parameters, which does not
represent the spatial correlation structure of the layered
sand. However, Yeh et al. [1985a] showed that the head
variance is independent of the form of covariance function
(see Yeh et al., 19854, Figure 2) as the value of B/ becomes
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TABLE 3. Exponential Model Parameters for the Sands
In K, B, cm™! r?

Drying, coarse 8.666 (0.969) 1.184 (0.0802) 0.940

Drying, medium 1.781 (0.411) 0.4716 (0.024) 0.985

Wetting, coarse 11.21 (1.65) 2.206 (0.212) 0.948

Wetting, medium 1.202 (0.570) 0.5225 (0.417) 0.969

Drying, layered 7.512 (0.544) 0.9293 (0.038) 0.990

Wetting, layered 1.480 (1.116) 0.8675 (0.116) 0.949

. 9 . .
Standard errors in parentheses; r<, square of correlation coefficient.

greater than 1. Inasmuch as the value of B! of the layered
sand is much greater than 1 (10 for wetting, and 6 for drying),
in the following comparison between the theory and the
data, the effect of the covariance function was assumed
negligible. That is, the layered sand was assumed to possess
an exponential covariance function, and the correlation
length was assumed to be half the thickness of the layer in
the column.

Because Figures 9 and 10 show that a unit mean gradient
exists at the portion of the sand columns where the tensiom-
eters were installed, the means and variances of the ob-
served suction values were estimated from suction readings
obtained from all the tensiometers. The theoretical suction
vaniance as a function of mean suction for the layered sand
is plotted with the estimated means and variances of the
suction values from the experimental data in Figure 11. The
theoretical head variance curve agrees very well with the
wetting data. It exhibits the same trend as the wetting and
drying data, regardless of the exponential covariance as-
sumption. Furthermore, as illustrated in Figure 11, the
suction variance is greater in the case of wetting than that in
the drying. This result also agrees with that of Mantoglou
and Gelhar [1987b].

Effective Hydraulic Conductivity

Direct averaging approach. 1t is not clear that the hy-
drologic properties of individual homogeneous soils within a
large-scale heterogeneous soil are additive, i.e., whether or
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Fig. 9. Comparisons of the simulated and observed suction
profiles under two different steady-state flow (drying) in the layered
sand column, (a) ¢ = 0.0257 cm/sec and (b) g = 0.0193 cm/sec.

not the properties of the whole represent some kind of a
mean of the properties of its component parts. Arguments
have been made that additivity is not possible under tran-
sient flow conditions [Philip, 1980] or that it is not realistic
since it does not address the stochastic nature of heteroge-
neous soils [Yeh er al. 1985¢]. In spite of these arguments, a
direct averaging approach [Mualem, 1984; Yeh et al., 1985¢]
may still prove to be of some use in estimating effective
parameters such as hydraulic conductivity. By direct aver-
aging, we mean averaging the hydraulic conductivity values
of the homogeneous coarse and medium sand columns at a
fixed suction value and repeating the process for a number of
different suctions over the range of interest. This procedure
results in an effective K(y) function. Three types of means
for direct averaging were used, namely: arithmetic mean,
geometric mean, and harmonic mean.

These mean curves are plotted with the layer curves in
Figures 12 and 13. The geometric mean closely approximates
the experimental data, especially the drying experimental
data.

To see if the effective curve can be approximated by
averaging the parameters in (1) directly, the arithmetic,
geometric, and harmonic means of the coarse and medium
sand parameters (K, n, and a) were calculated. These mean
parameter values along with K, n, and a values of the
coarse, medium, and layered sands are listed in Table 5.
Although not conclusive the arithmetic mean closely approx-
imates the drying layered sand parameter values while none
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Fig. 10. Comparisons of the simulated and observed suction
profiles under two different steady-state flow (wetting) in the layered
sand column, (a) ¢ = 0.0065 cm/sec and (b) ¢ = 0.0010 cm/sec.
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TABLE 4. Stochastic Values for the Layered Sand
Parameter Wetting Drying
of 25.03 11.852
o} 0.7089 0.1270
B 1.3645 0.8279
F 6.2049 5.2240
l 7.5cm 7.5cm

of the means based on wetting parameters can be considered
a close match.

Formula based on the stochastic results. The expression
for the effective unsaturated hydraulic conductivity perpen-
dicular to the layer derived from the stochastic approach of
Yeh et al. [1985a, b, ] is given by [Yeh, 1989b]

K. (H) =K, exp (—BH) (6)

for perfectly correlated In K and B8; where K, is the effective
unsaturated hydraulic conductivity, H is the mean suction,
and
. of
K,=exp | F———— 7
2(1 + B)

and

o (H¢* — 2HE) — 20 }(HE — DIIE
T 21+ BOH ®

where K, represents the effective conductivity at H = 0, 8
denotes the effective B parameter, and F is the expected
value of In K;.

Using (7) and (8), (6) can also be rewritten as
of

K.H)=K, exp | - ——
AH)=Keexp | = 208D

of(H?E? — 2HE) — 20 5(HE — 1)/E
21+ BHH

9

where K, = exp (F — BH), representing the geometric mean
of K-y curves of different soils. The exponent represents the
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Fig. 11. Comparisons of observed and calculated suction vari-
ances in the layered sand column during wetting and drying exper-
iments.

1277

LIS B SN B Sl e M B SR S S S S S B M B B B B S S S

T

10~ Drying Case

Loaiiangs 1 1)

TrTTTTY

107

Lyl
T

------- Arithmetic N

HYDRAULIC CONDUCTIVITY (CM/SEC)

10 4 - -~ Geometric E
3 — — Harmonic E
3 G000 Data o
1 Best Fit r

10 -4g *xx*xx Stochastic L
B \ [

10 T T Ty

10 15 20 25
MEAN SUCTION (CM)

Fig. 12. Comparisons of measured hydraulic conductivity as a
function of suction during drying experiments and those from direct
averaging and the stochastic results.

effect of variations in In K and 8 on the effective hydraulic
conductivity.

The experimental values for the variables in (6)—~8) are
listed in Table 4. Comparisons of the measured unsaturated
hydraulic conductivity curve of the layered sand and the
unsaturated hydraulic conductivity curve resulting from
(6)-(8) are plotted in Figures 12 and 13. Stochastic results
agree with the geometric-mean curves, indicating the effect
of variations in In K; and 8 on effective hydraulic unsatura-
ted conductivity is not significant for this layered sand
column at the range of suctions examined. Again, the
agreement with the drying data is satisfactory but for the
wetting curve, the results are less favorable.

SUMMARY AND CONCLUSIONS

In this study the unsaturated hydraulic conductivity of
coarse, medium, and layered sands was measured. The
usefulness of various averaging techniques in estimating the
effective hydraulic conductivity of unsaturated layered
sands based on the knowledge of the hydraulic conductivity
of individual layers was examined. The theoretical expres-
sions derived by Yeh er al. [1985a, b, c] for suction variance,
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Fig. 13. Comparisons of measured hydraulic conductivity as a
function of suction during wetting experiments and those from direct
averaging and the stochastic results.
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TABLE 5. Van Genuchten Model Parameters and Various
Means of the Parameters
K,, cm/sec n a,cm”!
Drying
Coarse 0.1126 9.30 0.091
Medium 0.0905 4.72 0.074
Layered 0.1014 7.015 0.0781
Arithmetic mean 0.1016 7.010 0.0825
Geometric mean 0.1009 6.625 0.0821
Harmonic mean 0.1003 6.262 0.0816
Wetting
Coarse 0.1126 10.16 0.143
Medium 0.0905 4.27 0.0913
Layered 0.1014 4,288 0.149
Arithmetic mean 0.1016 7.215 0.1172

and effective hydraulic conductivity were tested. The suc-
tion variance calculated from (5) agrees with the experimen-
tal data.

The effective hydraulic conductivity of the layered sand
column was measured by employing a unit mean gradient
approach suggested by Yeh [1989f]. Using the measured
hydraulic conductivity-suction relationships of medium and
coarse sands, different direct averaging techniques were
adopted to derive the effective hydraulic conductivity of the
layered sand. Results show that the geometric mean of the
conductivity values at each suction fits the experimental
layered data better than the arithmetic and harmonic means,
but none of these averages provides a good estimate of the
wetting hydraulic conductivity data of the layered sand.

Arithmetic means of K, a, and n parameter values of
medium and coarse sands agree with these parameter values
of the drying hydraulic conductivity curve of the layered
sand. This technique, however, does not provide a satisfac-
tory result for the wetting curve.

The curve for effective hydraulic conductivity calculated
from the stochastic formula fit the experimental drying data
fairly well. Calculated conductivities are within one order of
magnitude of the experimental data in the range of suctions
measured in the column (5 to 20 cm). The calculated Ke
curves for the drying data, while underestimating the mea-
sured K, values, matched the slope of the experimental In
K-y curve very well.

Overall, the experimental data support the stochastic
results of Yeh et al. [1985a, b, c]. In general, the stochastic
expressions reflect the trend of the experimental data. Al-
though the theoretical curves did not closely fit the wetting
effective hydraulic conductivity data, the stochastic ap-
proach holds promise as a useful technique in assessing
large-scale unsaturated flow and transport. Clearly, addi-
tional laboratory and field measurements on more complex
soils are called for to better assess the applicability of the
stochastic approach.
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