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Laboratory investigations of effective flow behavior
in unsaturated heterogeneous sands

D. Wildenschild! and K. H. Jensen

Department of Hydrodynamics and Water Resources, Technical University of Denmark, Lyngby

Abstract. Two-dimensional unsaturated flow and transport through heterogeneous sand
was investigated under controlled laboratory conditions. The unsaturated hydraulic
conductivity of five homogeneous sands and three heterogeneous systems composed of
these five sands was measured using a steady state flux controlled method. The
heterogeneous sand systems were established in a laboratory tank for three realizations of
random distributions of the homogeneous sands comprising a system of 207 grid cells. The
water flux was controlled at the upper boundary, while a suction was applied at the lower

boundary such that on the average a uniform pressure profile was established and gravity
flow applied. Solute breakthrough curves measured at discrete points in the tank using
time domain reflectometry, as well as dye tracer paths, showed that flow and transport
took place in a very tortuous pattern where several grid cells were completely bypassed.
The degree of tortuosity appeared to be dependent on the degree of saturation, as the
tortuosity increased with decreasing saturation. Despite the tortuous flow patterns, we
found that the effective unsaturated hydraulic conductivity as well as the retention curves
for the three realizations of the heterogeneous sand were quite similar, thus suggesting
that this type of heterogeneous flow system can be treated as an equivalent homogeneous

medium characterized by effective parameters.

1. Introduction

Field soils are inherently heterogeneous. Research in the
past couple of decades has shown that spatial variability in
hydraulic properties has a considerable influence on flow and
transport through porous media. Several theoretical [Zaslavsky
and Sinai, 1981a, b; Mualem, 1984; Yeh et al., 1985a, b, c;
Mantoglou and Gelhar, 1987a, b, c; Mantoglou, 1992] and ex-
perimental studies, both in the laboratory [e.g., Stauffer and
Dracos, 1986; Stephens and Heermann, 1988; Yeh and Harvey,
1990; Sassner et al., 1994; Destouni et al., 1994] as well as in the
field [e.g., Nielsen et al., 1973; Wierenga et al., 1986; Butters et
al., 1989; Hills et al., 1991; Jensen and Refsgaard, 1991a, b, c;
McCord et al., 1991a; Jensen and Mantoglou, 1992] have dem-
onstrated the significance of heterogeneity on both flow and
transport in unsaturated soils. For example, extensive field
experiments were carried out at the Las Cruces trench site
[Wierenga et al., 1986, 1991], to investigate the effects of spatial
variability on water flow and contaminant transport in unsat-
urated soils. As expected, a high level of spatial variability in
saturated hydraulic conductivity was reported for the site (a
standard deviation of 647 cm/d around a mean of 533 cm/d). In
subsequent modeling efforts, Wierenga et al. [1991] found that
simple deterministic models were able to adequately predict
the overall movement of the wetting front through the soil
during infiltration but that they gave poor predictions of point
values of the water content due the spatial variability of the
soil. Modeling efforts on the Las Cruces field experiments were
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also reported by other researchers. For instance, Polmann et al.
[1988, 1991] investigated the applicability of stochastic meth-
ods (using Mantoglou and Gelhar’s [1987a, b, c] theory) for
simulating large-scale unsaturated flow and transport observed
at the site. They confirmed the hypothesis of Mantoglou and
Gelhar [1987b, c] that large-scale effective hydraulic properties
exhibit hysteresis and anisotropy. Similar investigations were
carried out by Jensen and Refsgaard [1991a, b, c] and Jensen and
Mantoglou [1992], with the latter study concluding that simu-
lations based on a stochastic representation of spatial variabil-
ity provided better predictions of both the capillary tension and
the water content than a more traditional deterministic de-
scription.

Regardless of whether the soil behaves as an isotropic or
anisotropic medium or is subject to hysteresis the spatial vari-
ability of soil hydraulic properties and their variation with
saturation have to be considered in order to provide realistic
predictions of unsaturated flow and transport at the field scale.
Given the significant and often erratic variability of hydraulic
parameters in the field, it is impractical to deterministically
characterize the variability in complete detail. Furthermore,
the computational demand by a numerical model would be
enormous if the variability at all scales is to be considered. An
alternative approach, used by several of the above mentioned
investigators, is to treat the soil as an equivalent homogeneous
medium characterized by effective parameters so that the av-
erage flow behavior can be predicted. This approach transfers
the heterogeneity problem to the identification of effective
parameters.

One possible, and elaborate, method for obtaining effective
parameters is to conduct large-scale field experiments and use
inverse techniques for parameter estimation. Another ap-
proach is to derive the effective parameters from simple sta-
tistical averages of the local properties or, alternatively, relate
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the effective parameters to the variability of the small-scale soil
parameters using stochastic theories in which the hydraulic
parameters are considered random functions. To fully assess
the usefulness of the various approaches field-scale experimen-
tation is required. A few studies that compare predictions of
the stochastic theories of Yeh et al. [1985a, b, c] and Mantoglou
and Gelhar [1987a, b, c] to field measurements [e.g., McCord et
al., 1991a, b; Jensen and Mantoglou, 1992] have been carried
out over the last decade. Unfortunately, field experiments are
difficult to carry out and always involve some uncertainty as-
sociated with the correct implementation of boundary condi-
tions, or the representativeness of spatial soil sampling
schemes (local hydraulic properties), among other factors. A
step toward validation of the concept of effective parameters is
to carry out controlled laboratory experiments, where bound-
ary conditions and the true distribution of soil types are known.

Yeh and Harvey [1990] tested the effective hydraulic conduc-
tivity concept in one dimension by performing vertical infiltra-
tion experiments on layered soil columns in the laboratory and,
subsequently, comparing measured hydraulic conductivities to
estimates obtained by simple statistical averages and by a sto-
chastic approach. A one-dimensional experiment restricts wa-
ter flow by not allowing water to follow pathways of least
resistance. Tests that more closely represent a field condition
require the use of more than one dimension. The aim of the
present study was to carry out detailed two-dimensional labo-
ratory experiments, where the soil configuration was controlled
and the hydraulic properties were measured in detail. Investi-
gating flow in two dimensions may still be a limitation relative
to having a complete three-dimensional experimental descrip-
tion of the unsaturated flow process. However, the errors in-
troduced by going from three-dimensional to far less cumber-
some two-dimensional experiments should be considerably less
detrimental to studies of soil heterogeneity than errors intro-
duced by forcing flow and transport to be restricted to only one
dimension. Thus the main objectives of the present study are to
(1) study flow processes in a two-dimensional heterogeneous
system and (2) establish quantitative data sets for testing nu-
merical models and theories, particularly the concept of effec-
tive parameters. In a subsequent paper [Wildenschild and
Jensen, this issue] the measured effective parameters are com-
pared with parameters based on different statistical represen-
tations of spatial variability, including a stochastic approach.
These statistical parameter estimates are subsequently incor-
porated in a numerical model and tested against transient
laboratory data.

2. Experimental Procedures
2.1. Flow

The study consisted of a series of infiltration experiments
conducted in a laboratory tank of dimensions of 100 X 110 X
8 cm® and packed with sand in known heterogeneous config-
urations (Figure 1). The tank was constructed of clear acrylic
plastic and sealed with rubber o-rings and lining. Prior to use,
one side of the tank was cut horizontally at the center so that
the top part could be removed to enable packing. A box with
a built-in porous plate was machined to fit accurately in the
bottom of the tank and used to control flow under suction. The
box consisted of a 3 cm high acrylic plastic water reservoir with
a 4 mm thick sintered bronze plate (air-entry pressure of ~140
cm) machined to fit on top, and thus the porous plate covered
the entire horizontal extent of the tank. The clear acrylic plas-

tic facilitated easy detection of entrapped air. The porous plate
was boiled in distilled water prior to its use to remove en-
trapped air and attached to the acrylic plastic reservoir while
submerged in water. Once assembled, the suction box was
lowered into the tank. The suction box contained two brass
ports and 8 mm ID rigid tubing to enable flushing of the
reservoir when in use and to provide an outlet for water during
the experiments. We experienced several problems with this
prototype plate design, particularly with air leaks along the
lining and because the relatively low air-entry pressure of the
plate was quite easily exceeded. In both cases, the entire tank
had to be emptied and repacked with sand after the problem
was solved.

Five different, commercially available, homogeneous sands
were used in the experiments (the hydraulic characteristics of
the five sands are discussed later in this section). A statistically
uniform distribution of the different sands in the experimental
tank was assured by using a random number generator to
assign soil types to a predesigned two-dimensional grid. The
sizes of the individual heterogeneities in the two-dimensional
grid were cells of 5 X 10 X 8 cm? (height X length X width)
and 5 X 5 X 8 cm? (Figure 1). The particular system of
heterogeneities was purposely chosen to accommodate a dis-
tinctly heterogeneous two-dimensional flow field. Hence flow
was not restricted by extended hydraulic barriers in the tank,
such as would be the case in a layered system. Furthermore,
the system was designed to conform at least partially to the
assumptions of stochastic theory. Among these assumptions
was the demand that the scale of heterogeneity (correlation
length) was much smaller than the overall scale of the problem,
which implied that the size of the heterogeneities (the grid
cells) should be 1/10 or less of the extent of the flow flume [Yeh
et al., 1985a]. Considering these requirements the heterogene-
ities were chosen to be 10 cm long and 5 cm high. The smaller
(5 X 5 X 8 cm?) size cells were needed at the end of every
other layer (Figure 1) to allow a shift in the cell boundaries
horizontally, so that they were not located directly above each
other. Ideally, even smaller heterogeneities should have been
used to strictly conform to the stochastic theory of Mantoglou
and Gelhar [1987a, b, c]; a packing with such small cell units
was judged to be infeasible.

The tank was packed according to a given random distribu-
tion, with the first realization illustrated in Figure 1 and a
second realization in Figure 2. A set of spatulas of adjustable
width was used for separating the individual grid cells during
packing. Sand within each cell was compacted to approximate
the packing used when measuring the hydraulic properties of
the individual homogeneous sands (see the discussion of po-
rosities in section 3.1). Tensiometers and time domain reflec-
tometry (TDR) probes were installed during packing, and the
water level was raised several times to the level of packing to
avoid extremely high suctions on the tensiometer cups.

An array of 30 tensiometers and 12 TDR probes were placed
in a two-dimensional pattern on one side of the tank (Figure 1)
to measure capillary suction and water content, respectively.
The locations of the different tensiometers and TDR probes
are further shown in Figure 2. Tensiometers and TDR probes
were held in place by rubber stoppers. The tensiometers were
made of %2 bar, 0.65 cm diameter porous ceramic cups ob-
tained from Konigliche Porzellin Manufaktur Berlin, GmbH,
Germany, and cut to a length of 3 cm. Transducers with am-
plifiers were attached to the outlet end of the tensiometers and
connected to a computer for automatic monitoring. The TDR
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Figure 1. Laboratory setup for the two-dimensional tank experiment.

probes (waveguides) were constructed of pairs of parallel
stainless steel rods, 0.5 cm apart with a diameter of 0.16 cm and
7 cm long, placed in an acrylic casing. A Tektronix cable tester
(model 1502B), connected to a computer-controlled multi-
plexer, was used for scanning the 12 TDR probes. The TDR-
probes were calibrated against gravimetric water contents in
separate experiments, and a curve was established for each
individual probe. Three-parameter empirical relationships
were used for the calibration, rather than the commonly used
expression of Topp et al. [1980]. The water flux out of the tank
was measured automatically by a pulse flow meter, except at
very low flow rates when measurements were made manually.

Water was supplied to the top of the tank by means of a
peristaltic pump and distributed evenly over the entire bound-
ary by a rainmaking device consisting of an acrylic plastic
reservoir covering the entire surface of the tank with an array
of 115 hypodermic needles distributing the water (23 needles
in 5 offset rows). The suction at the lower boundary of the tank
was controlled by a system of transducers and vacuum and gear
pumps (Figure 1). The vacuum pump was used to supply the
necessary suction for establishing a uniform average pressure
profile in the tank. This pump was controlled by a transducer
that would switch the pump off and on as the required suction
demand in the reservoir underneath the porous plate was met

or not. A gear pump used for emptying the vacuum reservoir
was controlled by a set of two level switches placed in the
reservoir. The level switches would turn the gear pump on and
off in response to the fluctuating water level in the reservoir.
When the gear pump was activated to lower the excess pres-
sure in the reservoir, a magnetic valve (bleeder) was opened
automatically with the onset of the gear pump and closed again
when the pump stopped. The actual physical connection from
the devices providing the suction to the water reservoir under
the porous plate was established through a line of rigid Teflon
tubing going from the bottom of the tank, up through the sand
in one corner of the tank, and back down to the vacuum pump.
Ideally, the applied suction should be the same as the steady
state suction profile we tried to establish in the tank, thus
implying an iterative procedure. However, clogging of the po-
rous plate in certain cases forced us to use higher suctions
underneath the plate to guarantee sufficient suction in the soil
above the plate. We found later that the magnitude of the
applied suction was not critical to the creation of a steady state
flow regime in the tank. The applied flow rate was the control-
ling factor; as long as the imposed bottom suction was higher
than the level we were trying to establish for the tank as a
whole, it did not negatively influence the flow conditions in the
tank. Even when the imposed suction at the plate was much
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higher than the desired average in the tank, the suction within
the tank dropped to the average level before the location of the
first tensiometer 7.5 cm above the bottom plate.

The five homogeneous sands used in the experiments were
natural silica sands ranging from coarse (sand 3) to fine (sand
00) sand. Grain size distributions are shown in Figure 3. The
unsaturated hydraulic conductivity and water retention curves
of the five homogeneous sands were measured prior to the
two-dimensional flow experiments. The unsaturated hydraulic
conductivity was measured using the long-column method [Co-
rey, 1985; Klute, 1986]. This method is similar to the method
used for the tank experiments, except that a water table is used
as the lower boundary condition instead of a porous plate and
applied suction. Because of difficulties in controlling the flow
rate near saturation, the saturated hydraulic conductivities of
the five sands were measured in the long-column setup using a
traditional constant-head method. The measured (and param-
eterized) unsaturated hydraulic conductivity curves are shown
in Figure 4. Note that the saturated hydraulic conductivities of
the five sands are quite similar, almost within 1 order of mag-
nitude, while the conductivities at higher suctions vary consid-
erably. The retention curves of the homogeneous sands, shown
in Figure 5, were measured using the automated syringe pump
method as described by Wildenschild et al. [1997]. A minimum
of three replicate retention curves were determined for each of
the five sands, each time using a different sample, but packed
to the same porosities as the grid cells in the tank (evidenced
by comparing individual and average porosities (6,) in Table 1

and 2, respectively). Small variations were observed among the
replicates, but the fitted van Genuchten [1980] parameters
were almost identical for the replicates.

2.2. Tracer Transport

Tracer experiments were carried out in the heterogeneous
tank at different steady state flow rates using chloride (Cl™)
and a dye (Eosin B) as tracers. A 250 mL solution containing
10 g/l Eosin B and 25 g/L. C1™ was sprinkled on the soil surface
using a syringe. The application took ~1 min, during which the
rainmaking device was removed. Solute breakthrough was
measured as a flux average at the outlet and at 12 discrete
points in the tank using horizontally installed TDR probes.
The effluent (outlet) concentration was subject to some degree
of mixing in the water reservoir below the porous plate, which
had a volume of 1780 mL. Chloride concentrations were mea-
sured by ion-selective electrodes, while the dye tracer concen-
trations were determined by spectrophotometry. The dye
tracer was monitored using both video and photographic
equipment, enabling qualitative tracking of the transport pat-
terns in the tank. Photographic slides of the tracer movement
were scanned and converted to photo CD-ROM images and
processed using commercially available software (Corel Photo-
Paint from Corel Corporation, Canada).

The TDR probes were not calibrated to provide absolute
solute concentrations due to lack of information regarding the
maximum (peak) solute concentration passing the individual
probes. Instead, they were used to register solute transport
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Figure 3. Grain size distributions for the five homogeneous
sands.

arrival times and relative breakthrough curves (in addition to
water content measurements). Relative breakthrough curves
were obtained from the traces scanned by the cable tester
(Figure 6). These traces represent the soil electrical resistivity
or impedance (y axis) and the electrical pulse travel time
through the soil (x axis), the latter depending on the soil water
content and the probe length. The signals were digitized, and
the resistivities, scanned at the highest travel time values (250)
shown in Figure 6, were plotted as a function of measurement
time to obtain the relative breakthrough curves. Comparison
of the responses of the different probes can be done because
the water content is constant in time throughout the experi-
ment and the probes are almost identical in design and man-
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Figure 5. Comparison of the measured retention character-
istics of the five homogeneous sands and the three realizations
of heterogeneous sand systems.

ufacture. We also assume that the amplitude of the signal is not
seriously affected by the differences in water content of the
individual sands and thus justify making qualitative statements
as to some probe locations having greater solute concentra-
tions passing by (J. Wraith, personal communication, 1997).

3. Results and Discussion

Two types of quantitative results were obtained from the
tank experiments: (1) steady state profiles (corresponding val-
ues of suction, water content, and flow rate) from which effec-
tive unsaturated hydraulic conductivity and retention curves
could be derived and (2) data from transient events that were
used for testing of a deterministic two-dimensional model as
well as one-dimensional models based on effective hydraulic
parameters by Wildenschild and Jensen [this issue]. In addition,

0.1 1 suetion (cm) 44 100  the solute transport experiments provided qualitative as well as
1.00E+00 f 1 some quantitative information regarding the behavior of water
and solutes in heterogeneous systems.
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Figure 4. Comparison of the measured unsaturated hydrau-
lic conductivities of the five homogeneous sands and the three
realizations of heterogeneous sand systems.

Parameters are from van Genuchten [1980]. The individual param-
eters were obtained by fitting van Genuchtens’s expression indepen-
dently to 6 — i (pressure cell) and K — ¢ (long column) data. 6, and
6, are saturated (porosity) and residual water contents.
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Table 2. The Number of Grid Cells Occupied by the
Individual Sand Types and the Effective Porosities
for the Three Realizations

Number of Grid Cells

Realization 1  Realization 2  Realization 3

Sand 00 38 40 46
Sand 0 46 49 39
Sand 1 44 37 45
Sand 2 40 38 37
Sand 3 39 43 40
Average calculated 0.37 0.37 0.37
porosity
Average measured 0.39 0.39 0.38
porosity

Calculated porosities are derived using weighted averages. Mea-
sured average porosity is obtained from the measured amount of each
type of sand that was packed into the tank.

3.1.

The effective unsaturated hydraulic conductivity and reten-
tion characteristics were measured at consecutive states of
steady water flow using the unit mean gradient approach of
Yeh [1989] and Yeh and Harvey [1990]. A uniform, “average”
pressure profile was established in the vertical direction by
applying suction at the bottom and a constant flux at the top.
At steady state conditions the flow is then driven by gravity
only, and, consequently, the effective unsaturated hydraulic
conductivity corresponds to the applied flux. Consecutive
points of the effective hydraulic conductivity-capillary suction
curve were obtained by incrementally changing the incoming
flux, awaiting steady state, and plotting the measured flux at
the outlet against the averaged value of the 30 tensiometer
measurements. Analogously, effective retention characteristics
were established from simultaneously measured values of suc-
tion (30 tensiometers) and water content (12 TDR probes).
Both sets of data were subsequently averaged to give one point
of the effective retention curve.

The measured retention and conductivity curves for both the
individual homogeneous sand types and for the heterogeneous
systems were parameterized using the expressions of van Ge-
nuchten [1980]:

Flow

_ 1
ERRCTR IR

where S, is effective saturation, S, = (0 — 6,)/(6, — 6,), 0
is the water content, 6, and 0, are the water contents at full and
residual saturation, respectively, ¢ is capillary suction, and «
and n are empirical parameters and

s, b>0 (1)

K=KS[1-@1-58")") 2

where K is the saturated hydraulic conductivity, m = 1 —
1/n, and vy is a fitting parameter commonly fixed at 0.5. Values
for a and n obtained by independently fitting these expressions
to the measured retention (syringe pump method) as well as
the measured hydraulic conductivity (long column) data of the
five homogeneous sands are shown in Table 1. Also listed in
the table are the parametric values for the average retention
and hydraulic conductivity curves that are obtained by arith-
metically averaging the water contents and the hydraulic con-
ductivities, respectively, of the 5 individual curves at each suc-
tion. Directly averaging the parameters would lead to very

different parameter sets due to the nonlinear nature of the
water retention and hydraulic conductivity curves. Noticeable
differences are present between the o and n values obtained
using the two sets of data in Table 1, indicating that the pa-
rameters obtained from retention curves are not necessarily
representative of the unsaturated hydraulic conductivity rela-
tionships.

Infiltration experiments were carried out for three different
distributions of the five sand types. The number of grid cells
occupied by the individual sand types and the average poros-
ities of the three realizations are listed in Table 2. Note that
average porosities calculated as weighted averages of the po-
rosities of the individual sands compare well to the values
derived from the measured amounts of sand built into each
realization. The experiments were designed to ensure that a
uniform average pressure profile was present over the entire
vertical extent of the tank. The tensiometer readings at the 30
different locations showed some variation in suction between
the finer and coarser sand cells. Yeh and Harvey [1990] found
similar variations in their experiments. An example of the
discrete readings and their vertical and total averages and
standard deviations is shown in Table 3 for one steady state
flow situation. Table 4 shows the statistics of the vertical aver-
ages for all steady state experiments of realization number
three. Despite some variation in suction among individual
cells, averaging the tensiometer readings in either the horizon-
tal or, especially, the vertical direction produced very similar
results (Table 3). Thus average suction values for the hetero-
geneous tank were computed as arithmetic averages of the 30
tensiometers. These averages were assumed to be representa-
tive of the equivalent homogeneous system. The same unit
mean gradient approach was also used by Yeh [1989] and Yeh
and Harvey [1990].

Figure 7 shows the standard deviations as a function of the
average suction of the 30 tensiometers for each steady-state
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Figure 6. TDR signals (x and y values scanned with the

cable tester) as a function of time. Readings at pulse travel
times of 250 were used for establishing the relative solute
breakthrough curves.
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Table 3. Example of 30 Tensiometer Readings at Steady
State Flow Conditions With Vertical and Total Averages

X, Xy X5 X4 Xs
z, cm
82.5 -9.3 =79 -9.0 —11.6 =7.7
67.5 —11.6 -9.6 -10.5 -11.9 —8.6
52.5 =59 —15.7 —-13.7 —-11.7 -12.3
375 -9.1 -9.7 -7.8 =7.0 -13.9
22.5 -8.2 —-13.3 —-10.8 —-11.9 -9.5
7.5 —13.9 =95 -9.2 -9.9 —8.5
Avg. -9.7 -10.9 —-10.2 -10.7 -10.1
s.d. 2.8 2.9 2.0 2.0 2.4
Avg. Overall
-10.3
2.4
Flow, Barrier Suction,
L/min cm
Avg. 0.57 -11.8
s.d. 0.03 0.8

Flow and barrier suction moments are temporal within the particu-
lar steady state step, whereas pressure moments are first temporally
then spatially averaged vertically or overall.

flow situation. There is a notable increase in the standard
deviation as the suction increases, a trend that was also re-
ported by Yeh and Harvey [1990] and suggested, on the basis of
theoretical findings, by Yeh et al. [1985a, b, ¢] and Mantoglou
and Gelhar [1987a, b, c]. This saturation-dependent standard
deviation is not surprising as differences in unsaturated hy-

STD (cm)

0 ; 1
0 10 20 30
average suction (cm)

Figure 7. Standard deviation as a function of average suction
for the 30 tensiometers used in the tank experiment, realiza-
tion number 3.

draulic conductivity of the five homogeneous sands increase
with increasing suction (Figure 4). The variability in hydraulic
conductivity causes water to follow increasingly tortuous flow
paths with increasing suction (decreasing saturation). This ob-
servation also agrees with investigations of the dependence of
the hydraulic anisotropy of stratified soils on saturation [Ste-
phens and Heermann, 1988; McCord et al., 1991a, b]. Even

Table 4. Vertical and Total Averages for All the Steady State Measurements of Tank

Experiment Number Three

Vertical Average of Column of ¢y Measurements
at Horizontal Position X

Average of 0,
X X X3 X4 Xs 30 Tensiometers m/s
Sept. 11 Avg. =71 —-8.2 —6.3 —6.7 —10.6 =79 1.58E-04
s.d. 1.6 32 2.6 2.6 6.4 3.9
Sept. 12 Avg. —-8.2 —-8.9 =71 —7.4 —10.9 —8.6 1.58E-04
s.d. 2.1 31 22 2.0 6.3 3.7
Sept. 13 Avg. -9.7 —-10.9 —10.2 —10.7 —10.1 -10.3 1.08E-04
s.d. 2.8 2.9 2.0 2.0 24 2.4
Sept. 14 Avg. —10.2 —11.1 —10.6 —-11.9 —10.2 —10.7 9.18E-05
s.d. 4.6 35 24 33 25 33
Sept. 15 Avg. —11.3 —12.0 —-11.9 —13.5 —11.4 —-11.9 7.61E-05
s.d. 4.8 3.7 24 4.0 2.1 35
Sept. 16 Avg. —14.4 —13.8 —14.2 —15.8 —13.7 —14.5 4.58E-05
s.d. 5.9 3.8 32 4.6 19 4.0
Sept. 17 Avg. —-13.9 —12.2 —12.5 —13.6 —12.8 —13.2 3.79E-05
s.d. 6.1 3.6 3.0 4.8 1.9 4.0
Sept. 18 Avg. —18.7 —17.4 —18.1 —19.5 —-17.7 —18.4 1.78E-05
s.d. 8.5 4.4 4.5 6.2 22 5.4
Sept. 21 Avg. —-17.5 —21.2 —21.5 —22.1 —20.7 —20.7 5.80E-06
s.d. 5.3 7.3 6.6 6.6 5.4 6.0
Sept. 22 Avg. —21.0 —23.0 —23.0 —24.6 —23.1 —23.1 2.50E-06
s.d. 9.5 7.7 6.5 7.5 5.4 7.1
Sept. 26 Avg. —26.5 —26.0 —24.9 —26.6 —253 —26.1 1.28E-06
s.d. 13.3 8.7 7.2 8.2 5.0 8.5
Sept. 27 Avg. —27.2 —28.3 —27.4 —29.4 —27.6 —28.2 4.30E-07
s.d. 13.6 9.1 7.7 8.8 6.2 9.0
Oct. 2 Avg. —12.6 —12.3 —12.4 —13.6 —11.6 —12.5 4.53E-05
s.d. 6.0 2.8 2.9 4.6 1.9 3.9
Oct. 3 Avg. —18.4 —-16.9 —18.2 —19.5 —-17.2 —18.2 1.62E-05
s.d. 8.4 4.7 4.4 5.4 3.6 5.4

Vertical average is measured at five different x locations indicated in Figure 1.
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Figure 8. Solute tracer images corresponding to displace-
ment of 0.05 pore volumes. ga) g, =4510"m/s (t = 18
min) and (b) g, = 1.6 107> m/s (+ = 48 min).

though the individual soil types in our heterogeneous setup are
isotropic, the results indicate that a large-scale saturation de-
pendent anisotropy may result because of increased lateral
flow through high-conductivity zones around the low-
conductivity grid cells.

Steady state values of suctions for the three realizations,
arithmetically averaged as explained above, are plotted against
flow rate measurements to obtain the effective unsaturated
hydraulic conductivity relationships in Figure 4 and against
arithmetically averaged water contents to obtain the effective
retention characteristics in Figure 5. Even though the mean
values of the suction varied only within a relatively narrow
range, the effective hydraulic conductivity spanned 3 orders of
magnitude. Because of difficulties controlling the flow rate

close to full saturation, no measurements were made at very
small suction heads for the tank experiments. The effective
measurements are, in both figures, compared to functions rep-
resenting the individual homogeneous sands. The plots in Fig-
ures 4 and 5 suggest that effective unsaturated hydraulic con-
ductivity and retention functions, if defined as described above,
can be identified for our heterogeneous system at least for the
investigated flow regime since the measurements form rela-
tively coherent, well-defined curves. Moreover, the unsatur-
ated hydraulic conductivity and retention characteristics for
the three realizations having similar statistical properties agree
quite well. Even though coherent effective relationships can be
derived on the basis of simple averaging of the steady state
measurements, this does not necessarily imply that these rela-
tionships can be used for prediction of large-scale nonsteady
flow processes.

The heterogeneous configuration of the experimental tanks
composed of sand blocks having locally very different hydraulic
properties promoted far less lateral flow than would be ex-
pected for layered sloping systems, including those exhibiting a
capillary barrier effect. Because of bypassing of water around
the local low-conductivity grid cells, effective conductivities at
a particular suction are much higher than the conductivities of
the finer sands in the wet range and of the conductivities of the
coarser sands at the higher suctions (Figure 4). Observed ef-
fective retention functions obtained for the three tank exper-
iments are similarly compared to the individual curves in Fig-
ure 5. The measured effective retention values appear to be
more influenced by the coarser sands than intuitively expected;
that is relatively low water contents are observed at the lower
suctions. This trait is more pronounced at low water contents,
as the differences in conductivity between the individual sands
increase as the water content decreases. Unfortunately, no
measurements were obtained in the wet range to confirm this
hypothesis. Entrapped air may also be a contributing factor at
low suctions.

3.2. Tracer Transport

We will limit discussion of the tracer experiments to results
of the third realization, since the best data set was obtained in
this experiment. The distribution of sands in this experiment is
shown in Figure 2. Two experiments were carried out at steady
flow rates of 4.5 107> m/s and 1.6 10> m/s. Digitized images
obtained from photos of the dye tracer are shown in Figures 8a
and 8b and Figures 9a and 9b. The flow patterns are clearly
very tortuous, with a large part of the tank being completely
bypassed by the tracer. In accordance with the shapes of the
unsaturated hydraulic conductivity curves of the individual
sands, the effect of heterogeneity is much more noticeable at
the lower flow rate (higher suction) (Figures 8a and 9b). Dye
tracer movement at the lower flow rate was found to be re-
stricted to grid cells having relatively fine material and closely
followed the grid cell boundaries because of higher conductiv-
ities of these cells at the lower flow rate. At the higher flow rate
(Figure 8a and 9a) dye tracer movement was much more uni-
form with solute spreading more resembling a classic solute
displacement front. Similar results were obtained for the tracer
experiments in the two other sand configurations.

TDR response curves for the two flow rates of the third
realization are shown in Figures 10 and 11. The response
curves are plotted on a relative timescale ¢’ = t/t,,.., where
traver 18 travel time from the top of the tank to the position of
the TDR probe in question, i.e., distance to the probe divided
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by the average measured pore water velocity (vay, = Gave/
0.v.). The figures further illustrate the presence of tortuous
flow paths caused by differences in the conductivities of the
individual grid cells in the heterogeneous tank. Actually, sev-
eral TDR probes were completely bypassed and did not re-
spond at all. Figures 10 and 11 show that breakthrough (on the
t/t i aver SCale) occur somewhat earlier at the lower flow rate
(Figure 11) than at the higher rate (Figure 10) for the three
TDR probes (number 4, 8, and 12) located near the bottom of
the tank. This finding is in accordance with the dye tracer
images (Figures 8b and 9b) and is a consequence of the more
tortuous/preferential flow path observed at the lower flow rate
(lower saturation). At the lower saturation, flow and transport
is confined to a much smaller part of the soil matrix resulting
in relatively higher velocities and faster breakthrough. The
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Figure 9. Solute tracer images corresponding to displace-
ment of 0.08 pore volumes. (a) ¢, = 4.5 107> m/s (¢t = 25
min) and (b) g, = 1.6 107> m/s (+ = 72 min).
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Figure 10. TDR response for solute tracer experiment 3.1
(g, = 4.5 10~° m/s). Response curves for probes that did not
respond to the solute tracer application (i.e., were bypassed)
are omitted for clarity.

effect of the differences in saturation/flow rate (the increas-
ingly tortuous/preferential flow path) evidently increases with
distance traveled. Accordingly, the breakthrough in probes 9
and 10, located higher in the tank, are comparable for the two
different flow rates.

Flux-average breakthrough curves measured at the outlet of
the tank at the two different flow rates are shown in Figures 12
and 13 for chloride and Eosin B, respectively. Concentrations
are plotted as relative values

C - Cmin

= Cmax - Cmin

based on the background concentration, C,;,, and the peak
concentration, C .., with pore volumes calculated using arith-
metic averages of the local water contents. The pore volume
scale is used here to allow a comparison of curves measured at
different flow rates. The effluent was analyzed for both chlo-
ride and Eosin B, since it was uncertain whether the dye tracer
would adsorb to the sand. Apparently, this was not the case as
both tracers behaved similarly. Displacement of one pore vol-
ume took ~5.6 hours and 15.6 hours for the high and low flow
rates, respectively. Evidently, flow and transport did not follow
the traditional convection-dispersion transport formulation
since initial breakthrough occurred already at ~0.1 pore vol-
ume. The somewhat earlier breakthrough at the low flow rate,
as compared to the higher rate, was also reflected in the TDR
traces. The heterogeneity and associated preferential flow pro-
cess also causes tailing in the effluent. Notice that tailing, as
expected, is somewhat more pronounced at the lower flow rate
(the curves cross at ~0.35 pore volumes). Fast breakthrough
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Figure 11. TDR response for solute tracer experiment 3.2
(g> = 1.6 107> m/s). Response curves for probes that did not
respond to the solute tracer application (i.e., were bypassed)
are omitted for clarity.

and tailing are characteristics of preferential flow phenomena
and are attributed to flow in areas of relatively high conduc-
tivity and to diffusion and entrapment in dead-end or poorly
accessible pore space. These flow processes clearly dominate
flow and transport for the heterogeneous soil matrix investi-
gated in our study.
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Figure 12. Chloride breakthrough curves for the two exper-
iments.
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Figure 13. Eosin B breakthrough curves for the two experi-
ments.

4. Conclusions

The concept of effective parameters has been investigated in
a two-dimensional tank experiment carried out under con-
trolled laboratory conditions. Effective unsaturated hydraulic
characteristics were measured as a function of average suction
for three realizations of a random distribution of five homo-
geneous sands. Effective values were derived from arithmetic
averages of the local suction and water content measurements
(retention) and, in the case of the unsaturated hydraulic con-
ductivity, from arithmetically averaged measured suctions and
the measured average steady state flow rate. Despite a very
tortuous flow pattern, similar effective unsaturated hydraulic
conductivity and retention curves were obtained for the three
realizations. As defined in this study, representative effective
unsaturated hydraulic properties seem to exist for the hetero-
geneous soil configuration and flow conditions investigated.
Standard deviations of the average suctions measured in the
tank were shown to increase with increasing average suction,
indicating a higher degree of heterogeneity of the hydraulic
properties at lower saturations. Similarly, solute and dye tracer
experiments showed that the tortuosity of flow and transport
paths were dependent on the degree of saturation. A more
erratic, tortuous transport pattern and earlier breakthrough
because of increased preferential flow, was observed at the
lower flow rate. The experiments also showed that the effects
of the saturation-dependent variability (i.e., increased prefer-
ential flow and transport) became more pronounced with the
distance traveled, a fact that may have serious implications
when large-scale predictions are to be made.
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