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STEADY-STATE INFILTRATION AS A FUNCTION OF
MEASUREMENT SCALE’

P. J. SHOUSE,2 T. R. ELLSWORTH:  AND J. A. JOBES’

analyses illustrated that the spatial struc-
ture estimate obtained from measurement
scale SLIla was inconsistent with that ob-
tained from measurement scale t+. Thus,
we conclude that the infiltrometer instru-
ment fundamentally alters the infiltration
process in such a way that measurements
are only meaningful in a relative sense.

Steady-state infiltration rates were
measured at three instrument scales within
a 4.0 x 4.0-m field plot. The three scales
were 4.0 X 4.0 m (scale SL, n = l), 1.0 X
1.0 m (scale SL14,  n = 16), and 0.25 X 0.25
m (scale SLIIB,  n = 256). After a 30-day
ponding period under a constant hydraulic
head, infiltration measurements were
made at each measurement scale. Even
though the entire area was sampled at each
instrument scale, the average infiltration
rate decreased with decreasing size of in-
filtrometer. The infiltration rate measure-
ments were adjusted assuming an “appar-
ent” stagnation zone of 4 cm along the
boundaries of each infiltrometer. This ad-
justment produced average infiltration
rates of 1.96 cm/h for each of the smaller
measurement scales. This value was in ex-
cellent agreement with the final value
measured at scale SL upon completion of
the experiment (1.97 cm/h). However, the
value for the “apparent” stagnation zone
was found to be valid only in an average
sense, because the correlation between the
adjusted average value of the SL,16  meas-
urements and the adjusted value of the
SL,4 measurements was not significant. The
256 measurements at scale SL,Ie were nei-
ther normal nor lognormally (natural log
(In)) distributed, although the latter pro-
vided a somewhat better representation.
Too few measurements were available to
determine the probability distribution for
scale SL,4. The regularized semivariogram
(range of 0.7 m) for scale SL,Ie was decon-
voluted to provide estimates of the point
semivariograms for both the actual and
adjusted measurement scales, leading to
spatial ranges of 0.21 and 0.30 m for ac-
tual and adjusted, respectively. With or
without adjustment, dispersion variance
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Saturated hydraulic conductivity measure-
ments using both permeameters and flowmeter
tests indicate that instrument type may influ-
ence the estimation of spatial correlation struc-
ture (Hess et al. 1992). In another study, Zobeck
et al. (1985) measured saturated hydraulic con-
ductivity using constant and falling head per-
meameter methods on three different cross-sec-
tional areas of “undisturbed” soil samples col-

During the past two decades, considerable re-
search has focused on characterizing the spatial
variability of hydraulic properties in natural po-
rous media (see reviews by Jury 1985 and Gelhar
et al. 1992). As a result, it has become apparent
that the measurement method used to quantify
a spatially variable soil property has significant
impact on the observed quantity. The implicit
heterogeneity present in the spatial region of
interest is represented explicitly via the meas-
urement device and methodology.

Sisson and Wierenga (1981) studied the spa-
tial variability of steady-state infiltration rates
using three different sizes of infiltrometers.
They observed that the underlying statistical
distribution changed as a function of measure-
ment scale. A similar observation with respect
to sorptivity was observed by Clothier and
White (1981). They found that the frequency
distribution changed with measurement scale,
and the variance decreased with increasing
scale. However, as noted by White (1988), vari-
ance has also been observed to increase with
measurement scale. Thus spatial variance struc-
ture is quite complex and does not necessarily
adhere to either the assumptions of ergodicity
and stationarity or the concept of representative
elementary volume.
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lected from two different soil types. Their results
suggest that the influence of measurement
methodology on spatial variability estimation
(mean and variance in their case) is soil-depend-
ent as well. Lauren et al. (1988) measured the
soil-saturated hydraulic conductivity using var-
ious size samples in situ and in the laboratory.
They concluded that the description of the cor-
relation scale was influenced by both sample
size and measurement method.

Clothier (1988) points out the cyclic and it-
erative interplay between theory and experi-
ment that leads to continuous refinement of
measurement devices and methods. The infil-
trometer is the most common device used to
characterize infiltration in situ, and general
guidelines for its use are provided by Bouwer
(1986). According to the general guidelines, an
infiltrometer should have appropriate size and a
constant head of water in order to minimize
lateral divergence of flow caused by gradients of
hydraulic pressure and edge effects. Also, an
infiltrometer should be inserted with minimum
soil disturbance. Our study was designed to ob-
serve the effects of infiltrometer size on steady-
state infiltration rate in a sandy loam soil. Our
secondary purpose was to qualitatively observe
the effect of insertion depth on infiltration rate.

MATERIALS AND METHODS

The site chosen for the study was an experi-
mental plot that has been in use for approxi-
mately 30 years for salt tolerance studies at the
U.S. Salinity Laboratory in Riverside, CA. The
plot was 4.0 x 4.0 m in size and was surrounded
by concrete wall borders that extended 0.25 m
above the plot surface and 1.0 m below the
surface. The soil was Pachappa sandy loam
(mixed, thermic, Mollic Haploxeralf) and was
homogenous with respect to particle size distri-
bution to a depth of 2 m.

A neutron access tube was installed in the
center of the plot to a depth of 2.0 m. Tensiom-
eters, one at each of 10 depths (0.2 to 2.0 m,
every 0.2 m), were located at equi-spaced inter-
vals on the circumference of a 0.5-m diameter
circle around the access tube. A constant head
of water (0.1 m) was ponded on the plot surface
for 30 days immediately before the study. Daily
measurements of flow into the plot during this
30-day period as well as neutron probe and
tensiometer readings showed that steady-state
had been attained after approximately 10 days.

The steady-state flow rate into the entire 4.0 X
4.0-m plot was measured both before and after
the experiment with a float valve and calibrated
water flow meter.

Two infiltrometers were built using 16-gauge
galvanized steel. The dimensions of the first
were 1.0 x 1.0 x 0.3 m. The second was a four-
cell infiltrometer with outside dimensions of 1.0
x 0.25 x 0.30 m, giving the dimensions of each
cell as 0.25 X 0.25 X 0.30 m. A large plastic
barrel placed on a balance, provided the water
supply to the 1.0-m infiltrometer. A float valve
inside the infiltrometer was used to maintain a
constant head. The water level in the 0.25-m
infiltrometers was controlled using four mar-
riotte syphon tubes (Bouwer 1986) built using
2.0 m long, 0.062 m diameter plexiglass. Flow
rates were measured using a graduated scale
(cm) attached to the side of each syphon tube.
Infiltrometers were installed to a depth of 0.10
m using a vibrating hammer. Based on prelimi-
nary studies near the site, installation with the
vibrating hammer gave a much smoother and
more continuous force compared with the tra-
ditional method of raising and dropping a weight
(Bouwer 1986). A network of catwalks, which
spanned the experimental plot eliminating com-
paction by foot traffic, was used.

During the entire study period, a 0.1-m con-
stant head was maintained on the 4.0 x 4.0-m
plot. In order to determine the effect of install-
ing the infiltrometers on the steady-state flow
rate, infiltration was measured in 15-min  inter-
vals over an 8-h period. Infiltration rates did not
change after the first 15 min following installa-
tion of either infiltrometer, indicating that flow
rapidly resumed steady-state. Thus, after the
disturbance of driving infiltrometers into the
soil at each subplot, a l-h waiting period was
employed before monitoring the final flow rate.
The steady-state flow rate was then taken as the
average flow rate in the subsequent hour follow-
ing this waiting period. The first measurement
taken was with the 1.0-m infiltrometer placed
near the center of the plot. After measurements
were made, the infiltrometer was removed, leav-
ing an impression in the soil. This impression
provided a guide for the 0.25-m infiltrometer.
The installation and measurement methods
used with both infiltrometers were identical.
After the 16 0.25-m infiltrometer measurements
were made within a specified 1-m’  subplot, the
1.0-m infiltrometer was installed in a section
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adjacent to the preceding location and the entire
procedure repeated. This procedure was contin-
ued until the steady-state infiltration rate on
the 16 1.0 x 1.0-m subplots and the 256 0.25 X
0.25-m sub-subplots had been measured. As
noted above, after completion of all measure-
ments, the steady state infiltration rate into the
4.0 x 4.0-m  plot was again measured.

RESULTS AND DISCUSSION

Process description

The flow within the 4.0 x 4.0-m plot was at
steady-state 20 days before taking the infiltra-
tion rate measurements, and was determined to
be 2.0 cm/h. In addition, hydraulic gradient and
water content were constant, within experimen-
tal error, to a depth of 2.0 m during the entire
experiment. Infiltration measurements were
taken over a l0-day period. After completing the
infiltration experiment, we measured the flow
rate on the entire 4.0 x 4.0-m plot again and
determined it to be 1.97 cm/h. These conditions
satisfy a special case of the Richards’ Equation
for steady saturated flow (Sposito 1986),  at least
for the upper 1.0 m of the soil profile, the depth
of the concrete plot borders. In this spatial do-
main, the saturated hydraulic conductivity ten-
sor is appropriate, and the water flux density
vector, q(x,y,z)  is not a function of time. The
governing equation for spatially heterogenous
saturated medium is thus:

q = -K,.VH, (1)

where K, is the saturated hydraulic conductivity
tensor, and H is the total hydraulic head, as-
sumed to consist entirely of gravity and hydro-
static pressure for our experimental conditions.

Scale dependence of the mean infiltration rate

The methods used in this experiment provided
three scales of observation, SL = 4.0 x 4.0 m,
SL14 = 1.0 x 1.0 m, and SL,16 = 0.25 x 0.25 m.
Table 1 summarizes the average steady-state
infiltration rate, (R), measured at each scale.
The skewness and variance for SL,16 and SLII are
also given; a positive skewness implies the ex-
istence of extremely large values. The mean
infiltration rate for scale SL was 2.00 cm/h, being
the average of the before (2.04) and after (1.97)
steady-state measurements on the entire 4.0 X
4.0-m plot. The apparent mean infiltration rate
decreased with decreasing scale (Table 1).

TABLE 1

Statistics of the steady-state (<R>) infiltration rates at
each measurement scale

Measurement Mean Variance
scale (m) (cm/h) (lcm/hY)

Skewness

4.0 x 4.0 (SL) 2.00 nd nd
(n = 1)
1.0 x 1.0 (SL/4) 1.66 0.36 1.40
(n = 16)
0.25 x 0.25 0.91 0.37 3.68
(SL/16)
( n  = 256)

nd indicates insufficient data.

All three measurement scales encompassed
the same spatial domain, and care was taken to
ensure observations corresponded to steady
flow; hence, the decreasing mean infiltration
rate with decreasing measurement scale cannot
be explained by reason of lateral divergence of
flow below the 1.0-m deep concrete border. The
only experimental difference between the sev-
eral scales of observation was the number of
metal borders (infiltrometers) inserted into the
plot to measure the intake rate. Since the order
of measurement was 4.0 X 4.0 m, 1.0 X 1.0 m,
and 0.25 x 0.25 m, it is evident that mean water
flow decreases with an increasing number of
metal borders inserted into the plot. This was
not a permanent condition because the before
and after measurements at the 4.0 X 4.0-m scale
were practically the same.

We are quite confident that lateral divergence
of flow at the bottom of the 1.0-m concrete
border, if present, was unimportant with respect
to the measured infiltration rates. Evidence for
this assertion can be seen in Fig. 1, which is a
contour plot developed from the 256 SL,16 meas-
urements. For example, if, as a consequence of
lateral divergence of flow below the 1.0-m deep
concrete border, a significantly different gra-
dient was present near the plot edges relative to
the plot center between the soil surface and a
depth of 0.1 m, the depth of infiltrometer in-
stallation, then this should result in a greater
infiltration rate at the outer periphery of the
plot relative to the center. It is clear from Fig. 1
that no such trend was observed.

The results in Table 1 are consistent with the
findings of Sisson and Wierenga (1981), who
observed a decrease in mean infiltration rate
with decreasing measurement scale. The mag-
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nitude of the reductions in their study were
much less than in our case. We think their
observations can be attributed to experimental
design. Sisson and Wierenga also used three
measurement scales in their study, but the per-
centage of the total plot sampled at each scale
varied between 80% at the largest scale to 3%
at the smallest. In contrast, 100% of the 4.0 x
4.0-m plot area was sampled at each scale in our
study. Therefore, the mean value at each scale
is measured over the same physical area. An
“ideal” infiltrometer would measure the mean
infiltration rate within the confines of the in-
strument without altering the actual mean infil-
tration rate (where “actual” implies the rate that
would occur in the absence of the infiltrometer).
Since this was not the case, we conclude that
the measurement method employed in this study
significantly altered the infiltration process dur-
ing the measurement period. The impact ap-
pears to be temporary given the final infiltration
rate on the entire plot.

It follows from the smaller scales of observa-
tion that even though the mean flow direction
was vertical, water movement at the local scale
was apparently 3-dimensional. Recent research
attempting to define “effective permeabilities”
in heterogenous media may provide a theoretical
explanation of the observations (Rubin and
Gomez-Hernandez 1990; Durlofsky 1992). For
example, Durlofsky (1992) generated 2-D ran-
dom conductivity fields and used numerical flow
simulations to calculate “effective block perme-
abilities” defined relative to the simulation
boundary conditions, variance, and spatial cor-
relation scale of conductivities, and the spatial
domain represented by the block. He showed
that the “effective block permeability” for a
heterogenous media is not necessarily a simple
arithmetic average of the fine scale permeabili-
ties within the block of interest. Imposing no-
flow boundaries for these “spatial blocks,” sim-
ilar to that created by inserting an infiltrometer
into the soil, would further alter the block
permeability values. We are not aware of these
types of numerical simulations in 3-D, which
would be appropriate for our experimental con-
ditions. However, our observations of a decreas-
ing mean infiltration rate with decreasing scale
of observation may partially be a consequence
of this implicit scaling of block permeabilities
associated with different scale infiltrometers.

An explanation that is consistent with the

variation in the mean infiltration rate as a func-
tion of scale is that, in a statistical sense, there
is a “stagnation zone” associated with the border
of each infiltrometer. The effective width of the
stagnation zone is independent of infiltrometer
scale and will be denoted by w (cm). Since the
steady-state water flux, Q (cm3/h),  entering each
infiltrometer is known, the following formulas
give the “adjusted” estimate of the infiltration
rate (R,) (cm/h), accounting for a hypothesized
stagnation zone. In these formulas, Qi is the
arithmetic average water flux associated with
the indicated (it”) scale, given in Table 1.

(R,) = F where ALI
L/4

= 4’(L/4 - 2~)’ (2a)

(&) = e where ALlI

=  167L/16 - 20)’ (2b)

Assuming an w of 4.0 cm gives a mean infil-
tration rate for the 4.0 x 4.0-m area of 1.96 cm/
h for SL,4  and a value of 1.96 cm/h for &I,,+
These values are in excellent agreement with
the measured final infiltration rate of 1.97 cm/
h for the same area. Since the concrete border
had been in place for over 30 years, no edge
effect was assumed for the plot borders. We
would emphasize that the assumed value of 4.0
cm for w is only valid for the mean of the entire
plot and does not hold for individual infiltro-
meters. To illustrate this concept, the adjusted
mean value of the infiltration rate for the 0.25
m infiltrometers within each 1.0-m block was
computed and compared with the adjusted meas-
ured value of the infiltration rate for the corre-
sponding 1.0-m infiltrometer. The correlation
coefficient for this comparison was 0.01, sug-
gesting that the reduction in the infiltration rate
associated with an individual infiltrometer is
quite variable and that the “average” value of
this reduction within the entire plot corresponds
to a stagnation zone of 4.0 cm.

Based on these calculations, the infiltrome-
ters altered the flow process, on average, in a
manner analogous to assuming an apparent
stagnation zone adjacent to each infiltrometer
edge. However, the impact of inserting an infil-
trometer appears to be highly variable for an
individual infiltrometer and spatial location,
and may even result in an increased infiltration
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rate. An additional indication of the variability
in the effective stagnation zone is evident in the
coefficient of variation (CV) for the adjusted
values for scale SL14 (CV = 0.36) and the adjusted
mean of the 0.25-m infiltrometers within each
1.0-m block (CV = 0.21).

Spatial variability of observed infiltration rates

The observed spatial variability of the steady-
state infiltration is graphically illustrated in
Figs. 1 (scale S& and 2 (scale S&. The cu-
mulative frequency distribution is given in Fig.
3. Figure 4 gives the cumulative frequency dis-
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FIG. 1. Spatial distribution of 1.0 x 1.0-m infiltra-
tion measurements.

O

0 100 200 300 400
DISTANCE (cm)

FIG. 2. Spatial distribution of 0.25 X 0.25-m infil-
tration measurements.
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FIG. 3. Cumulative frequency distribution of meas-
ured infiltration rates at two instrument scales (0 1.0
X 1.0-m infiltrometer, A 0.25 X 0.25-m infiltrometer).
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F I G. 4. Cumulative frequency distribution of ln-
transformed infiltration rates at two instrument scales
(0 1.0 X 1.0-m infiltrometer, A 0.25 X 0.25-m infiltro-
meter).

tribution for the In-transform of the measured
infiltration rates. The 16 measurements at scale
SL14 provide only a qualitative estimate of the
associated probability distribution. However,
the 256 observations at scale .‘$/I6 provide a
sufficient data set for determining the probabil-
ity distribution. It is evident from these two
figures that the lognormal distribution provides
a better description of the underlying distribu-
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tion. This feature was also observed by Vieira et
al. (1981) and Sisson and Wierenga (1981). As-
suming the infiltration measurements represent
realizations of a second-order stationary random
function (Journel and Huijbregts 1978) allows
us to use additional tools for characterizing the
spatial structure.

The measurements at each scale actually rep-
resent the mean infiltration rate within the re-
gion associated with each infiltrometer. Hence,
the measured values are called the regularization
of the point infiltration rate over this area. The
observation that the frequency distribution of
the regularized variables at one scale is lognor-
mally distributed does not imply that this is true
at any other scale. As pointed out by Journel
and Huijbregts (1978), a linear combination of
lognormal variables cannot follow a lognormal
distribution, although in practice this is some-
times assumed. If one uses the In-transform of
the regularized data to compute a semivario-
gram, this assumption of permanence of lognor-
mality is required in calculating a point semi-
variogram. Therefore, we chose to work directly
with the untransformed infiltration data.

A nonlinear least-squares regression was used
to fit the parameters, sill (b), and length scale
(x) of an exponential semivariogram model
(r,(h)  = b(1) - exp(-lhl/X)) to the experimen-
tal regularized variogram, Y~~,,~,  of unadjusted

infiltration rates at the $,x scale. This gave the
parameters b = 0.374 (cm/h)’  and X = 14.7 cm.
The point semivariogram, r(h), also assumed to
be an exponential model, was estimated from
the experimental model by deconvolution using
the Cauchy-Gauss method and numerical inte-
gration as outlined by Journel and Huijbregts
(1978). This gave parameter estimates of b =
1.68 (cm/h)*  and X = 7.0 cm for the point semi-
variogram (r(h)) and illustrates the influence of
regularization on the observed quantity, i.e., re-
ducing the a priori variance (sill) and increasing
the correlation length scale. The prediction of

Ys L,16 based on this point semivariogram model

can be calculated from the following equation
(Journel and Huijbregts 1978).

r.(h) = Y(v,u~) - ?&,v) (3)

Figure 5a illustrates the theoretical point
semivariogram, the calculated experimental
semivariogram at scale SL,16, and the associated
prediction of the regularized semivariogram
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FI G. 5a. Semivariograms of the unadjusted 0.25 X
0.25-m infiltrometer measurements.

F I G. 5b. Semivariograms of the adjusted 0.25 X
0.25-m infiltrometer measurements.

from Eq. (3). As stated above, the actual meas-
ured infiltration values, assuming the absence
of a stagnation zone, were used in these calcu-
lations. However, since the adjusted values differ
only by a constant multiplier (OIL/X  = 625/289),
it follows that the adjusted regularized experi-
mental semivariogram should scale as the square
of aLj1,.+ which thus has a corresponding sill of
approximately 4.68 X 0.374 = 1.75 (cm/h)“. Us-
ing the assumption of a 4-cm stagnation zone
and associated measurement scale of 0.17 x 0.17
m, the estimated point semivariogram obtained
for the adjusted infiltration rate values by de-
convoluting Eq. (3) is r(h) = 3.9 ( - exp(-|h|/
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10.0)) (Fig. 5b). The point semivariogram, ob-
served experimental, and theoretical regularized
semivariograms, assuming the existence of a 4-
cm stagnation zone, are given in Fig. 5b. The
effective range of the exponential model, defined
as the value of h at which r(h)  achieves 95% of
its maximum value, is approximately 3X. This
leads to a range of 0.21 and 0.30 m for the
unadjusted and adjusted infiltration rate values,
respectively.

Given the point semivariogram, it is straight-
forward to calculate the expected variance of
measurements of any arbitrary shape taken from
within any arbitrary finite region. Specifically,
the dispersion variance, D2 (v,V), gives the ex-
pected variance of measurements associated
with areas of size v taken within a region of size
V. This variance is given by the following for-
mula.

DYu,v)  = T(V,v,  - Y(VP) (4)

Table 2 provides a summary of the observed
dispersion variance and that calculated from Eq.
(4), with and without assuming a 4-cm stagna-
tion zone, for various combinations of v and V.
As noted in the table, the observed experimental
variance on the SL,16  measurements within re-
gions of V = 0.50 x 0.50 m* is 0.235 (cm/h)’ and
is lognormally distributed, n = 64 (the variance
of the adjusted infiltration rates scales as before:
0.235 x 4.67). The theoretical expectation of
this variance computed from Eq. (4) is
D2(0.25,0.50)0.25  = 0.233. The corresponding var-
iance for the adjusted infiltration rate values is
D2(0.17,0.50)0.17  = 1.19 compared with 1.10, the
experimental variance for the adjusted infiltra-

TABLE 2

Dispersion variance analysis, giving observed and
theoretical variance of measurements of size v taken

within a region of size V

v (m)
Observed Theoretical
variance variance
(lcm/hY) ([cm/h]‘)

0.25 0.50 0.235 0.233
0.25 1.00 0.322 0.331
1.00 4.00 0.360” 0.040
0.17 0.50 1.100 1.190b
0.17 1.00 1.510 1.560b
1.00 4.00 0.503” 0.180b

’ Calculated from the 16 SL/~ measurements.
b Expected variance assuming existence of stagna-

tion zone.

tion rates. With these variances being lognor-
mally distributed, neither theoretical value is
significantly different from those observed
experimentally. F o r  D2(0.25,1.00)o.25  a n d
D2(0.17,1.00)0.17,  the theoretical and observed
dispersion variances are also in close agreement.

Of more significance are the values of D’(1.00,
4.00)0.25  and D’(1.00,  4.00)0.17,  which are 0.04 and
0.18 (cm/h)‘, respectively. As given in Table 2,
the 1 X l-m infiltrometer variance of 0.360
(0.503, adjusted) is significantly different from
the predicted values based on the spatial struc-
ture estimate for the &II6  measurements. Hence,
not only is the mean infiltration estimate biased
depending on measurement scale, but the un-
derlying spatial structure/variability is biased as
well by the presence of the infiltrometer.

CONCLUSIONS

The reason why the mean infiltration rate for
a 4.0 x 4.0-m area decreased with decreasing
scale of measurement is not clear. One possible
explanation is that infiltration is fundamentally
a three-dimensional process, and inserting an
infiltrometer into the soil disrupts the process
near the infiltrometer edges. Infiltrometers ap-
parently impact a significantly larger spatial
region than that represented by the volume oc-
cupied by the device itself (i.e., the 4-cm average
stagnation zone). Tentative supporting evidence
for this conclusion was found by examining
steady-state infiltration on an adjacent plot (the
field site used for this study was subsequently
employed in a solute transport experiment in
which the plot was destructively sampled). On
this one plot, steady-state infiltration was meas-
ured after installing the infiltrometer to a depth
of 0.05 m. Upon conclusion of this reading, the
infiltrometer was “vibrated” to a depth of 0.10
m; the intake rate was then measured and the
infiltrometer installed to a depth of 0.125 m. For
this single 1.0 x 1.0-m infiltrometer, the effec-
tive stagnation zone associated with each depth
is illustrated in Fig. 6. Because of the lack of
replication, this only serves as a qualitative es-
timate of the influence of installation depth.

This study suggests that further experimental
and theoretical research is required to fully un-
derstand the impact infiltrometers  have on the
infiltration process. For example, work similar
to that of Durlofsky (1992) in two dimensions,
a three-dimensional numerical simulation of
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FIG. 6. Effect of infiltrometer installation depth on
measured infiltration rate and associated stagnation
zone.

steady-state water infiltration into a “soil” with
spatially correlated random hydraulic conduc-
tivity under imposed “no-flow” borders corre-
sponding to the infiltrometer within a larger
simulation region, may help explain the obser-
vations and, perhaps, lead to improved measure-
ment methods.
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