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ABSTRACT
Tension infiltrometers have become a popular instrument for field

determination of soil hydraulic properties. To develop and test differ-
ent models for parameter estimation based on tension inDltrometer
measurement, we obtained simultaneous measurements of transient
tension infiltration rate, soil water content, and tension using small
time domain reflectometry (TDR) probes and tensiometers installed
at fixed locations relative to the infiltrometer disk. Infiltration was
made with 10- and 20-cm-diam. disks under 1 and 5 cm of water
supply tensions. The soil is an Arlington fine sandy loam (coarse-
loamy, mixed, thermic Haplic Durixeralf). Wooding's steady-state
approximate solution for water flow from a surface circular pond was
used to estimate the saturated hydraulic conductivity (A'J and an
empirical parameter (ctG) used in Gardner's exponential hydraulic
conductivity function. These two parameters (i.e., K, and aG) were
then independently estimated using an integral form of the steady-
state Darcy-Buckingham flux law. A sorptivity method was also pro-
posed as an alternative to Wooding's steady-state approach. Calcu-
lated Ks and otG with the Darcy-Buckingham flux law method was in
good agreement with estimates using Wooding's steady-state approxi-
mation. The sorptivity method produced A', estimates that were statis-
tically similar to those obtained with Wooding's method. The K(h)
inferred from measured 0(h) underestimated the conductivity close
to saturation compared with estimates obtained from the infiltro-
meter measurements.

OBTAINING SOIL HYDRAULIC PROPERTIES representative
of field soil conditions is an important step in un-

derstanding the dynamic processes of water and solute
movement in the soil. Variables that are commonly used
to describe water flow in the soil include infiltration
rate, soil water content, and tension. Characteristics of
infiltration and the soil water content-tension relation-
ship are controlled by soil hydraulic properties such as
saturated hydraulic conductivity, sorptivity, and some
empirical parameters for describing these character-
istics.

Methods available for determining these hydraulic
parameters are often difficult to use and time consum-
ing. Tension infiltrometers (Ankeny et al., 1988; Perroux
and White, 1988) are useful instruments that offer a
simple and fast means of estimating soil hydraulic prop-
erties and structural characteristics based on infiltration
measurement at the soil surface, when combined with
appropriate theoretical principles or procedures. The
most widely used method for parameter estimation
based on tension infiltrometer measurement is to use the
approximate steady-state solution of water flow from a
surface circular source by Wooding (1968). Other meth-
ods include the determination of sorptivity and a macro-
scopic capillary length (White et al., 1992) and numerical
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inversion (Vogeler et al., 1996; Simunek and van Ge-
nuchten, 1996). While Wooding's method requires the
tension infiltration to reach the steady-state rate, other
methods need accurate measurements of transient infil-
tration rate for a preselected tension.

Experimentally, the recognition of steady-state flow
may be prone to subjective decisions and sometimes it
is limited by the amount of water available in the water
supply tube of a tension infiltrometer, such as in soils
with large water intake rates. For soils with fine textures
and small infiltration rates, infiltrometers with auto-
mated recording mechanisms, such as the one described
by Ankeny et al. (1988), may be required because of
the extended time needed to reach steady-state flow.
Besides the drastic differences in infiltration rate for
different types of soil, the size of the infiltrometer disk
and supply tension also affect the time needed to ap-
proach steady-state conditions. The use of automated
recording can also provide more detailed and accurate
measurement of the transient infiltration process, which
would enable the use of non-steady-state methods of
parameter estimation.

Attempts have been made to assess the accuracy of
soil hydraulic parameters estimated with tension infil-
trometer measurements using Wooding's approximate
solution. Estimated values of hydraulic conductivity for
saturated soils were found to be within 5 to =300%
of those found using numerical simulations or other
laboratory measurements (Reynolds and Elrick, 1991;
White and Perroux, 1989; Ankeny et al., 1991). Besides
the large variation in estimated conductivity using dif-
ferent methods, comparison of the steady-state infiltro-
meter method (or Wooding's approach) with direct field
measurements is not available in the literature and mer-
its investigation to further validate the technique for
estimating soil hydraulic properties.

Recent development and application of TDR has pro-
vided an accurate, rapid, in situ method of measuring
the volumetric soil water content. Theoretical principles
of measuring soil water content with TDR have been
thoroughly studied and discussed by Topp et al. (1980)
and Dalton (1992). Baker and Alhnaras (1990) de-
scribed an automated multiplexing system that can pro-
vide continuous measurement of soil water content at
many locations in the soil. Field determination of water
flow or the change in soil water content under two-
or three-dimensional flow regimes has been difficult
because of its highly dynamic nature. Using TDR,
Kachanoski et al. (1990) measured water redistribution
from a surface circular source and found no significant
difference by using either straight or curved wave
guides. More recently, Vogeler et al. (1996) obtained
simultaneous measurements of infiltration rate with a
tension infiltrometer, and water and solute content with
small TDR probes placed underneath the infiltrometer
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disk. The use of small TDR probes offers a means of
nondestructively measuring soil water content in a vicin-
ity that approximates point measurements. This is very
useful in characterizing water flow in a two- or three-
dimensional flow problem. Detailed discussions on the
sensitivity of small TDR probes to water content change
can be found in Peterson et al. (1995).

Soil water tension describes the energy status of soil
water and, when combined with water content, provides
the characteristic water retention relationship that is a
fundamental property for describing dynamic processes
of water and solute transport in the soil. The use of
tensiometers for measuring soil water tension is the most
popular technique in soil physics and irrigation research.
A detailed discussion of the theory and application of
tensiometers for field determination of soil water ten-
sion can be found in Cassel and Klute (1986). To depict
soil water status in two- or three-dimensional flow con-
ditions, tensiometers are needed that possess the follow-
ing properties: (i) they should provide an accurate ten-
sion measurement with a sensitivity preferably in the
range of ±1 mm of water tension; (ii) the response time
should be small in order to capture the dynamics of
water flow; (iii) the size of the buried porous section
needs to be small enough not to interfere with water
flow; and (iv) the tension range that can be measured
without breaking the tension should be reasonably large
so that soil water status during a complete infiltration
event (i.e., from initial dry soil to steady state near
saturation) can be adequately measured. Data collection
from tensiometers has been a time-consuming process
when they are read manually. Lowery et al. (1986) de-
scribed an automated electrical readout system that can
be used for taking tensiometer readings very efficiently.
The use of sensitive pressure transducers and multichan-
nel data logger systems has further enabled the frequent
and multilocational application of tensiometers.

Our goal was to provide a simple and accurate deter-
mination of soil hydraulic parameters based on tension
infiltrometer measurement. The overall objective of this
study was to compare soil hydraulic parameters esti-
mated from a different combination of measured vari-
ables including infiltration rate under different supply
tensions, and soil water contents and tensions during
the tension infiltration process. Combinations of infor-
mation include: (i) tension infiltration alone, the Wood-
ing's method; (ii) tension infiltration and soil water ten-
sion measurements, the Darcy-Buckingham flux law
method; (iii) tension infiltration and soil water content
data, the sorptivity method; and (iv) measured soil water
content and tension pairs, fitting the retention curve.

THEORY

Soil Water Retention and Hydraulic
Conductivity Functions

The relationship between water content and tension is a
fundamental hydraulic characteristic for any soil. Many other
hydraulic properties are derived from this basic relationship.
To relate the two basic soil hydraulic variables, van Genuchten
(1980) applied the following form:

= er + (e, - er) [1]
where Q(h) is the water content (L3 L~3) at tension h (L), 6r
and 0S are residual and saturated water content, respectively
(L3 L~3), and avo (L"1) and n (dimensionless) are fitted param-
eters that control the shape of the Q(h) curve. The rate of
water and solute transport in an unsaturated soil is greatly
affected by the hydraulic conductivity relationship, K(h)
(L T~') under a given soil moisture regime. Based on Mualem
(1976), van Genuchten (1980) used the following form to de-
scribe K(h ) as a function of water tension:

where Ks is the hydraulic conductivity of a saturated soil
(L T"1). This form is useful because the same sets of parame-
ters, i.e., avo and n, can be used to describe both the water
retention and the hydraulic conductivity functions for a
given soil.

An alternative approach for K(h) was used by Gardner
(1958), using an exponential expression:

K(h) = Ks exp(-aG/z) [3]
where aG (L~') is an empirical fitting parameter. This is also
a very useful relationship because at steady state Richards'
water flow equation can be linearized. Subscripts VG and G
for the fitting parameter a are used in Eq. [2] and [3], respec-
tively, to distinguish the two different forms of hydraulic con-
ductivity functions.

Tension Infiltration Models
Wooding's Method

Water flow from a tension infiltrometer disk is a three-
dimensional flow system. Temporal changes in soil water con-
tent can be described with Richards' equation using initial
and boundary conditions defined for geometric and hydraulic
parameters specific to the infiltrometer. Because there is no
exact analytical solution to such a transient three-dimensional
water flow equation subject to the initial and boundary condi-
tions of a tension infiltrometer, numerical inversion has been
used to solve for transport parameters based on known flow
variables such as transient water content or infiltration rate.
Under steady state, Wooding (1968) solved for the infiltration
rate from a shallow circular pond of radius ra (L) based on
Gardner's exponential hydraulic conductivity function, i.e. Eq.
[3], and found the following approximate solution:

q(h0) = Kll + exp(-aG [4]

where q(h0) is the steady-state water flux density (L T"1) under
a given supply tension ha (L). Because the only unknowns in
this equation are Ks and ac, they can be solved by making
measurements at a fixed disk radius with multiple supply ten-
sions or at a fixed tension with disks having variable radii.
Detailed procedures of solving the equation for Ks and aG can
be found in Hussen and Warrick (1993).

Darcy-Buckingham Flux Law Method
Because the supply tension is fixed and uniform across the

infiltrometer disk during an infiltration event, water flow from
a tension infiltrometer can be approximated as a one-dimen-
sional vertical flow system in regions next to the soil surface
and directly under the infiltrometer disk. If we know the water
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tension at a given depth (not too far from the surface), such
as z\ (L) shown in Fig. 1, we can write the steady-state Darcy-
Buckingham flux law as

tent increase for small times

[5]
where h} (L) is the water tension at depth z\. Rearranging Eq.
[5] and integrating with respect to h (from ha to hi) and z
(from 0 to Zi), we have

q(ha)
dh [6]

Substituting in Eq. [3] for K(h) and solving for q(h0), we
obtained the following form:

/-i, \q(h0) = (hi - h0^— ———— • —— —
( exp(«G ~ 1

,exp(-aG

[7]
Equation [7] has a similar form to the Wooding's approximate
solution, i.e. Eq. [4], where the unknowns Ks and aG can be
solved for by making measurements at a fixed disk radius with
multiple supply tensions.

Sorpthity Method
Because the determination of steady-state flow rate can be

subjective and limited by experimental conditions, methods
using early-time infiltration data to estimate soil hydraulic
properties become attractive. The following procedures are
based on early-time infiltration data and water content in-
crease during an infiltration event.

The first step is to solve for the soil sorptivity S0 (L T~1/2)
under supply tension h0 from the transient tension infiltration
data using an approximate infiltration equation by Warrick
(1992):

q(ha,f) = + DeSJr0 for small times [8]
where q(hmt) is the transient infiltration rate (L T"1) under
supply tension h0, t is time (T), and Dc is a fitting parameter
(L T~1/2) that is a constant for a given set of ha and r0. Both
S0 and De are fitted with a nonlinear best-fit program.

The second step is to solve for Ks from a relationship devel-
oped by Youngs (1987) using 50 and the measured water con-

___I I F
tensiometer

soil surface

Fig. 1. Schematic of water flow under a tension infiltrometer disk
next to the soil surface. q(h = h,,} is the steady-state water flux
density when the supply tension (h) equals //„; r0 is the radius of
the infiltrometer disk. The tensiometer measures a steady-state
water tension of hl at depth z\ in the soil.

= 342.25
o-2(00 -

[9]

where -r\ is water viscosity (M L"1 T"1, assuming isothermal),
p is the density of water (M L~3), g is the gravitational accelera-
tion (L T^2), u is the surface tension of water (M T~2), and
90 and 6; are the final and initial water contents, respectively
(L3 L~3), at the supply surface.

The final step is to solve for c*G from White and Sully (1987)
using the estimated 50 and K5 values:

(Op ~ 60*.
=

b « 0.55 [10]

MATERIALS AND METHODS
The Soil

A field experiment was conducted to obtain simultaneous
measurements of transient tension infiltration rate, soil water
content, and tension. The soil is an Arlington fine sandy loam
(coarse-loamy, mixed, thermic Haplic Durixeralf) with an Ap
horizon for the surface 10 cm. Within this depth, the particle-
size distribution consists of 63.5% sand, 29.7% silt, and 6.8%
clay. From soil core measurements, the residual and saturated
soil water contents were 0.077 ± 0.006 and 0.371 ± 0.014 cm3

cm~3, respectively. Soil bulk density within this depth was
1.53 ± 0.03 g cm"3. Since no definable structure can be ob-
served, the soil is considered massive (R.C. Graham, 1997,
personal communication).

Tension Infiltrometer Measurements
Water infiltration was measured with a tension infiltrometer

(Soil Measurement Systems, Tucson, AZ) that had the infiltra-
tion disk attached to the water supply reservoir and tension
control tubes via a flexible tubing. This design was considered
advantageous since the disk alone is much lighter than the
conventional design of attaching a disk to the bottom of reser-
voir tubes; this design would therefore reduce the chance of
compacting the soil under the infiltration surface. A level was
used to assure that the disk and infiltrometer base were at
the same level or with a zero relative distance, so that the
head between the bubbling outlet at the bottom of the water
supply tube and the disk membrane was constant. We used a
21X datalogger (Campbell Scientific, Logan, UT) and two
pressure transducers (MICRO SWITCH, Honeywell, Fort
Washington, PA) to measure and record transient infiltration
rate in a setup similar to that described by Ankeny et al.
(1988). A layer of about 1 mm of no. 60 silica sand (diameter
= 250 (xm; Ks = 283 m d"1; water entry = 22 cm) was used
between the disk membrane and the smoothed soil surface to
improve hydraulic contact. The measurements were made with
combinations of two disk diameters (10 and 20 cm) and two
supply tensions (1 and 5 cm). Sufficient time (a48 h) was
given for the soil to hydraulically equilibrate between mea-
surements, so that a similar initial condition was obtained for
each measurement.

TDR and Tensiometer Measurements
To measure soil water content and tension, TDR probes

and tensiometers were installed prior to the infiltrometer mea-
surements. As shown in Fig. 2, two 10-cm three-rod probes
(TDR #1 and #2, rod diameter = 1.6 mm, spacing between
rods = 10 mm) were installed horizontally at 2.5-cm depth
and at opposite directions for the radial distance of 0 to 10
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TDR #4

20cm

TDR #3

Z = 2.5cm: Z = 5.0cm:
TDR #1, TDR #2 TDR #3, TDR #4
TEN # 1, TEN #2 TEN #3, TEN #4

Fig. 2. Location of time domain reflectometry (TDR) probes and
tensiometers (TEN) relative to the location of tension infiltrometer
measurements; z = depth from the soil surface.

cm from the center of the infiltrometer disk. A pair of tensiom-
eters (TEN #1 and #2, 2 cm long and 1-cm o.d., pore
diameter = 2.2 u,m, Coors Porcelain Co., Golden, CO) were
also installed horizontally at 2.5-cm depth at an average radial
distance of 5 cm from the center of the infiltrometer disk.
Because of radial symmetry and to avoid interference with
the TDR readings, the tensiometers were placed in line with
the center of the infiltrometer disk and in a direction perpen-
dicular to the TDR probes. To observe water content and
tension change at a larger distance away from the source, we
installed another set of probes (TDR #3 and #4) and tensiome-
ters (TEN #3 and #4) at 5-cm depth and at an average radial
distance of 15 cm from the center of the infiltrometer disk.
The TDR probes were installed by excavating 3-cm-wide
trenches to 2.5- and 5-cm depths and inserting the probes into
the undisturbed soil from the end of the little trenches. The
tensiometers were installed in a similar fashion except that
we used a drill (diameter = 9.5 mm) to create a cavity at the
end of the little trenches where the tensiometers were inserted.
The trenches were backfilled to conditions similar to the origi-
nal soil and left for 24 h to attain hydraulic equilibrium before
initiating the first infiltration experiment.

We used a 1502 B Tektronix cable tester (Tektronix, Bea-
verton, OR) with a Campbell SDM1502 communication inter-
face and a SDMX50 multiplexer to read the four TDR probes
with a CR10 datalogger (Campbell Scientific). The TDR setup
was calibrated in the laboratory against gravimetric water
content measurements using field soil packed to an average
bulk density of 1.53 g cm"3 and under five volumetric moisture
contents. Because the salinity of the soil was very low (<0.5 dS
m"1), we assumed that laboratory calibration with deionized
water can be used to represent field conditions.

The tensiometers were measured with pressure transducers
and the 21X datalogger that was also used for the infiltrometer
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r = 5 cm; z = 2.5 cm
r = 15 cm; z = 5cm

300

200

100

200 400 600

0.35

•r
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Time (min)
Fig. 3. Infiltration flux from a 10-cm-diam. infiltrometer disk under

5-cm supply tension (A,,), and measured soil water potential and
water content at fixed locations relative to the center of the disk;
r = pond radius and z = depth from the soil surface.

recording. Deaired water was used to fill the tensiometers and
thick-wall Tyflon tubing (diam. = 1 mm) that connected the
tensiometer porous cups to the pressure transducers. The
transducers were calibrated in the laboratory with water ma-
nometers prior to field use.

RESULTS AND DISCUSSION
Measured Infiltration, Water Content,

and Tension
With the 10-cm-diam. disk under 5-cm supply tension,

the measured infiltration rate decreased drastically from
an initial 314.3 cm d"1 to a quasi-steady-state rate of
97.2 cm d"1 in <2 h (Fig. 3). Initial soil water tension
was =250 cm of water at either 2.5- or 5-cm depth.
Corresponding initial soil water content was about 0.14
cm3 cm"3. Tensiometers and TDR probes at 2.5-cm
depth responded promptly to the infiltration event, with
measured tension and water content approaching 15 cm
and 0.22 cm3 cm~3, respectively. Tensiometers and TDR
probes at 5 cm exhibited a considerable delay in re-
sponding to infiltration because of increased radial dis-
tances from the water source or the infiltrometer disk,
compared with sensors at the 2.5-cm depth.

After water redistribution and drainage (>48 h), we
started another infiltration event with the same disk (10
cm in diameter) but reduced supply tension to 1 cm
(Fig. 4). Initial soil water tension reached 500 cm at the
2.5-cm depth with an initial water content of about 0.105
cm3 cm"3. Measured infiltration rate decreased from an
initial maximum of 428.6 cm d"1 to a final 128.6 cm d"1.
Both the initial and final infiltration rates are larger
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than the previous measurements, i.e., with 5-cm supply
tension. This was caused by the reduced supply tension
and higher initial soil water tension, hence larger tension
gradient or driving force. Water flow reached a quasi-
steady state with the tension approaching 17.3 and 51.7
cm at 2.5- and 5-cm depths. Water content at 2.5 cm
reached about 0.23 cm3 cm~3 before starting to decrease
due to drainage.

The TDR and tensiometers responded to surface infil-
tration more rapidly when the size of the infiltrometer
disk was increased from a diameter of 10 to 20 cm. With
supply tension set at 5 cm, the infiltration rate decreased
from an initial 469.1 to 57.1 cm d"1 in 50 min (Fig. 5).
Measured initial soil water tensions were 350 and 275
cm at 2.5- and 5-cm depths, respectively. Corresponding
water contents were 0.085 and 0.110 cm3 cm~3. The final
soil water tension reached 56.1 and 80.9 cm at 2.5- and
5-cm depths, respectively. Final water content averaged
about 0.25 and 0.16 cm3 cm'3.

Reducing supply tension to 1 cm, the infiltration rate
started with an initial maximum of 329.1 cm d"1 and
reached a quasi-steady-state rate of 80.4 cm d"1 in about
45 min (Fig. 6). Final soil water tension reached about
10 and 36 cm at 2.5- and 5-cm depths where the water
content was about 0.29 and 0.18 cm3 cm"3, respectively.

Estimated Parameters
Using Wooding's method, estimated Ks ranged from

22.3 to 35.2 cm d"1 and <xc from 0.0540 to 0.0856 cm'1,
and both parameters had small variations between mea-
surements (Table 1). With the same sets of steady-state

600

a. 400

15 200

Disk Diameter = 10 cm
ho = 1 cm

r - 5 cm; z = 2.5 cm
r = 15 cm; z- 5 cm

600

400

200

infiltration rate or q(h0) as used in the Wooding's solu-
tion and direct tensiometer measurements at 2.5-cm
depth for the 20-cm disk, we found Ks = 34.2 cm d"1

and aG = 0.1407 cm"1 using the Darcy-Buckingham flux
law method. Both of these estimates are in reasonable
agreement with estimates using Wooding's method.
While Wooding's approximate solution can be used to
estimate soil Ks and aG with the measurement of steady-
state infiltration rate, the Darcy-Buckingham flux law
method appears to be useful if tension measurements
at two fixed locations are available. Use of the Darcy-
Buckingham flux law method requires the soil water
tension gradient measurement made close to soil surface
and near the center of the infiltrometer disk, approxi-
mating one-dimensional water flow. Because the total
steady-state infiltration flux from a tension infiltrometer
disk (three-dimensional) is greater than one-dimen-
sional flow (Smettem et al., 1994), a tension gradient at
large distances from the disk may not be used in applying
the Darcy-Buckingham flux law method for parame-
ter estimation.

Using early-time infiltration data and soil water con-
tent increase, the sorptivity method provided Ks esti-
mates ranging from 16.5 to 76.2 cm d"1 and aG from
0.0200 to 0.0430 cirr1 (Table 1). The two parameters
were found to be quite variable between different disk
radii or tensions used for the infiltrometer measure-
ments. The variation may be caused by the assumption
used in the development of the sorptivity method, i.e.,
a single-term infiltration equation. A statistical mean
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r=10-20cm; z=5cm
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Fig. 4. Measured filtration flux with a 10-cm-diam. disk under 1-cm

supply tension (/!„), soil water tension, and water content at fixed
locations relative to the center of the infiltrometer disk; r - pond
radius and z = depth from the soil surface.

•r
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r=0-10cm;z=2.5cm
r=10-20cm; z=5cm
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Fig. 5. Infiltration flux from a 20-cm-diam. disk under 5-cm supply
tension (A0), and measured soil water tension and water content
at fixed locations relative to the center of the infiltrometer disk;
r = pond radius and z = depth from the soil surface.



WANG ET AL.: TENSION INFILTROMETERS, TDK, AND TENSIOMETERS 323

Table 1. Estimated soil hydraulic parameters with Wooding's steady-state approximate solution, an integral form of steady-state Darcy-
Buckingham flux law, and a transient-state sorptivity methodf.

Method

Wooding

Mean ± SE
Darcy-Buckingham
Sorptivity

Mean ± SE

Supply
tension

1,5
1,5
1
5

1,5
1
1
5
5

Disk
diam.

10
20

10,20
10,20

20
10
20
10
20

K,
cmd '

29.7
35.2
35.1
22.3

30.6 ± 3.04
34.2
67.8
16.5
52.2
76.2

53.2 ± 13.2

«G •

cm '
0.0700
0.0856
0.0851
0.0540

0.0737 ± 0.0075
0.1407
0.0405
0.0200
0.0356
0.0430

0.0348 ± 0.0052

s.

_
-
-
-

-
19.10
15.49
16.33
20.47

»,

- cm A m ————

-
-
-

-
30.00
19.16
11.12

4.26 x 10"

R1

_
-
-
-

-
0.827
0.984
0.914
0.943

e,, - e,

-
-
-
-

0.12
0.16
0.10
0.13

t K, = hydraulic conductivity of saturated soil; ct(. is a fitting parameter used in Gardner's hydraulic conductivity function; S,, = soil sorptivity under
supply tension A,; De = a fitting parameter; R2 = coefficient of determination for 50; 0,, and 0, are the final and initial water contents, respectively, under
an infiltrometer disk.

comparison (with a f-statistic for two population means
with small sample sizes), however, indicated that the
estimated Ks values were not significantly different (at
the P = 0.05 level) from estimates using Wooding's
method. Estimated aG values were smaller than that
from Wooding's method. The sorptivity method is ge-
nerically different from Wooding's approach, using dif-
ferent parts of the experimental information, i.e.,
steady-state flow rate for Wooding's method vs. early-
time transient infiltration rate and water content in-
crease for the sorptivity approach. The required water
content increase in the sorptivity method can be easily
determined by taking soil samples prior to and right
after the tension infiltration measurements rather than
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Fig. 6. Measured filtration flux with a 20-cm-diam. disk under 1-cm
supply tension (A,,), and soil water tension and water content at
fixed locations relative to the center of the infiltrometer disk; r =
pond radius and z = depth from the soil surface.

taking continuous measurements with TDR. While
Wooding's steady-state method appears to work reason-
ably well, the Darcy-Buckingham flux law and sorptivity
procedures could produce similar results (comparable
to their large spatial variability in the field, Wierenga et
al., 1991), and may be used as alternatives to Wooding's
approach. The sorptivity method may become more use-
ful in fine-textured soils where steady-state infiltration
is difficult to reach.

Using measured soil water content and tension pairs,
the parameters needed in the water retention function
Eq. [1] were determined using a nonlinear regression
with the residual and saturated soil water content as
fixed values determined from the soil core measure-
ments. As shown in Fig. 7, fitted parameters are n =
1.3731 and avo = 0.3571 cm"1. These two parameters
can be converted to the single parameter aG because we
can equate Eq. [2] and [3] using the relative conductivity

1000

~ 100
o

I 10

Fitted with measured a, c:
n=1.8990, a VG=0.0273 (cm'')

Fitted with measured 9 - I
. n=1.3731,ave=0.3571(cm-1)

0.05 0.15 0.25 0.35 0.45

Water Content (cm3 cm'3)
Fig. 7. Fitted water retention functions (avc) using van Genuchten

(1980) and measured water content (0) and tension (h) data (sym-
bols), where residual soil water content (Or) = 0.077 cm3 cm ' and
saturated water content (Os) = 0.371 cm3 cm"3.
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Fig. 8. Comparison of relative hydraulic conductivity functions by

Gardner (1958) and van Genuchten (1980) using parameters esti-
mated from infiltrome ter measurements, where K, = K(h )/£,. Sym-
bols are fitted to the predetermined conductivity functions to obtain
comparative parameters used in either Gardner (1958) or van Ge-
nuchten (1980).

K, = K(h)/Ks as a common factor. The value of «G
(equivalent to n = 1.3731 and avo = 0.3571 cm"1) is
2.0100 cm"1. As shown in Fig. 8, it was obtained by
fitting the K,(h) function from Eq. [2] with n - 1.3731
and ctvo = 0.3571 cm"1 to the K,(h) function from Eq.
[3] or exp(-aG/i). Similarly, we fitted the K,(h) function
of Eq. [3] with «G = 0.0737 cm"1 to Eq. [2] and found
n = 1.8990 and aVG = 0.0273 cm"1. This provided us a
set of parameters (6r, 6S, n, and aVG) for describing the
water retention curve based on Wooding's or the Darcy-
Buckingham flux law method, independent of the direct
soil water content and tension pair measurements (Fig.
7). The difference between the two fitted retention
curves is large near saturation. This is caused by the
large departure in predicted KT(h) near saturation (Fig.
8) using the two different methods of parameter estima-
tion or measurements. The Wooding's method of using
Gardner's exponential K(h) model (Eq. [3]) estimated
larger KT(h) values, for h < 100 cm, than fitting the
measured soil water content and tension pairs using
van Genuchten's water retention model (Eq. [2]). Using
laboratory retention data, we fitted the retention curve
with van Genuchten (1980) and obtained a separate
estimate of K(h) as a comparison with the field direct
measurement (Fig. 9). The fitted K(h) was overesti-
mated compared with the measured values for h < 100
cm. The overestimation would be even larger when com-
pared with Wooding's method of using Gardner's expo-
nential K(h) model. In theory, the water retention and
hydraulic conductivity functions should be coherent for
a given soil so that the parameters fitted to water reten-
tion, after conversion, should be able to describe the
hydraulic conductivity function as well. However, this

van Genuchten (1980)
n=1.2234, aVG=0.0093 (crn1)

0.0
100

Water Tension (cm)
Fig. 9. Comparison of relative hydraulic conductivity between mea-

sured and predicted values using parameters fitted with van Ge-
nuchten (1980) to water retention data, where K, = K(h )IKS and
saturated hydraulic conductivity Ks = 69 cm d"1.

study indicates a disagreement or conflict between the
two basic hydraulic functions. Since both models have
been independently tested and used successfully in
many studies, the incoherence may be attributed to the
difference in methodology used to obtain parameters
for the two functions. It is also possible that preferential
flow through macropores might have invalidated the
two models to a different degree, as indicated by Cloth-
ier and Smettem (1990). The discrepancy from this study
may also be attributed to the timing of water content
and tension pair measurements, which represented the
imbibition part of the water retention curve. Intermit-
tent drying between each infiltration event would create
hysteresis that tends to fall within an envelope of drying
and wetting cycles, adding to the scattering in the mea-
sured water content and tension pairs.

CONCLUSIONS
The use of small TDK probes and tensiometers during

field tension infiltrometer experiments provided simul-
taneous measurements of soil water content, tension,
and transient infiltration rate under preselected supply
tensions. Based on these measurements, soil saturated
hydraulic conductivity (/Q and parameters (n, avo, and
«G) used in water retention and hydraulic conductivity
functions were estimated using Wooding's approximate
solution, an integral form of the steady-state Darcy-
Buckingham flux law, a sorptivity method, and by fitting
the retention curve with measured water content and
tension pairs. The Darcy-Buckingham flux law method
provided a Ks and aG estimate similar to estimates made
with Wooding's method. Using early-time transient in-
filtration rate, the sorptivity method also produced Ks
estimates that were statistically (at the P = 0.05 level)
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similar to values obtained with Wooding's method. The
estimated hydraulic conductivity function K(h) using
the infiltrometer methods (i.e., Wooding's, Darcy-
Buckingham flux law, or the sorptivity method) overpre-
dicted the unsaturated conductivity near saturation (h <
100 cm), compared with predictions using parameters
derived from fitted water retention function. Discrep-
ancy in K(h) using either the infiltrometer measure-
ments or parameters converted from water retention
data was attributed to the difference in the models (i.e.,
Eq. [2] vs. Eq. [3]), in the methodology used to obtain
parameters used in the two models, and possibly to
preferential flow through macropores.
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