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MEASUREMENT OF UNSATURATED SOIL HYDRAULIC
CONDUCTIVITIES USING A CERAMIC CUP TENSIOMETER

Dennis Timlin' and Yakov Pachepsky?

The objective of this study was to develop and evaluate a simple field
method to determine unsaturated hydraulic conductivities using mea-
surements of water flux into a tensiometer. The tensiometer consists of
a ceramic cup glued to one end of a piece of plastic tubing. A suction is
first applied to the inside of the tensiometer, which is closed to the at-
mosphere. The reduced pressure in the tensiometer causes water to flow
into the tensiometer from the soil. As the water flows into the ten-
siometer, the volume of air in the tensiometer decreases, and pressure
increases. The rate of water flow into the tensiometer, water flux, is cal-
culated from the measured pressures using a form of the ideal gas equa-
tion, PV = Constant, and its full differential, PdV/dt+VdP/dt = 0,
where P is the measured pressure, and V is volume. The water flux is ob-
tained from the change in volume with time, —dV/dt. The parameters
for the unsaturated conductivity equation are determined by using a
two-dimensional finite element soil model (2DSOIL) coupled with a
Marquardt-Levenberg algorithm to fit calculated fluxes to measured
ones. For comparison purposes, unsaturated hydraulic conductivities
were also determined for the same soil within 25-cm-diameter rings
from measured water contents and matric potentials during drainage for
two locations. Fitted and measured fluxes agreed well. Unsaturated hy-
draulic conductivities obtained from the tensiometer inflow data, how-
ever, were much less than unsaturated hydraulic conductivities measured
during drainage. We attributed the differences to anisotropy and scale ef-
fects although clogging of the tensiometer pores by fine soil material
could also be a contributing factor. The method is relatively quick, uses
inexpensive materials, provides consistent results and is not limited
greatly by the conductivity of the cup. (Soil Science 1998;163:625-635)
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ENSIOMETERS are uscd commonly to mea-
Tsure soil matric potential. The device is ro-
bust and precise. Soil physicises, hydrelogists, and
many other specialists in research and industry
have a grear deal of experience working with
rensiometers. In this paper we show that a shight
modificarion in tensiometer design and dawa pro-
cessing may expand the utility of tensiometers in
deternuing soit hydraulic properues.
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Tensiomerers are usually operated under the
assumpdion that water potentials inside and out-
side the ceramic cup are near equilibrium and wa-
ter Aux through rhe ceramic cup is negligble dur-
ing measurements. Suppose, however, thar the
pressure 15 perturbed from equilibrium such that
the pressures nside and outside the tensiometer
are no longer equal. Then water will ow through
the cerammie cup. The pressure inside the ten-
siometer can be nade less than atmoespheric pres-
sure by applving a vacuum. The pressure differ-
ence will then cause water o flow from the soil
into rhe tensiorneter. The capillary barvier in the
porous ceramic cup will seal the mterior of the
tensiometer from the atmosphere provided the
magnitude of the suction is not greater than the air
entry pressure of the ceramice cup. Because the
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tensiometer remains scaled during flow, dhe air
within the tensiometer, under sotheral condi-
tions, will obey the ideal gas law in the forny

PORI) = Pl (9) (0

Here P(0) and I7,(0) are pressure and volunie of
arr, respectively, in the tensiometer at the nical
tune when the vacuun has been increased, and
Py and I7(f) are pressure and volume of air o
the tensionierer at some time, £, after rhe vacnuim
has been increased. Since the volume of the ten-
stonieter tube 1s constant {and cqual to 17 (0), ten-
siometer inttally empey of water), the valunie of
air in the rensiometer (1 will be decreasing by
the volume of rhe roral amount of water I ()
that has flowed into the tensiometer:

V= 1 - D 9

Using this scheme, a series of measurements of
pressure within the tenstometer over time can also
provide values of the cumulative water accumula-
ton (V (1) in rthe ensiometer by monmtoring the

“ . . - -
pressure and caleulating dhe mir-filled volume:

POy (0)
(= V- Pﬁ)_— %y
The flux az any pointin dme, Lcan be caleudared
as
dV ()
Qo =—737" h

The intdal volume (/{09 was the an filled vol-
ume of the copty rensiomicter, the mital pressure
{P(0)) was the pressure recorded inside the wen-
siometer inmediately after mtroducing a vacuum,

Suppose, we simulate the flow of sotl water to
the teasiometer using a mnnerical solution of the
Rachards cquaton for the soil sivrounding the
tensiometer cup. The dependence of the pressure
within die tensiometer, £{1), witly a correcrion
tor the pressure decrease through the wall of the
ceraniic cup, serves 4 a boundary conditon on
the cup-soil interface. The calculated cumalative
flux of warer o the renstometer Q) cmr be
found from these stolatons. This comulative
fusx will depend on the soil hyvdrauhe conductiv-
ity used i the simuladons. 1f dhe soil hydraulic
conductivity used in simulacions differs signifi-
candyv trom the actual one, the simulated  fux,
Q. wall ditier fron the actoal Bux Q) ealeu-
lated from the pressure according Eqe (3) and
{4). On the other hand, if the sol hvdeaulic con-
ductivity used 1 simulations s close to actual seil
hydranlic conducrivity, we should expect i rea-
sonable closeness berwveen Q0 and “Q(n" de-
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pendencies. To follows from this reasoning that
measurenments of the pressure inside the wn-
siometer after the pressure drop, along with val-
ues of measured water Aux o the tensioineter,
cart provide dara sutlicient to tind che soil hy-
draulic conductviry. Indeed, we can assume an
cquation relating the soil hydraulic conductiviey
1o the soil marne porential and set up an auto-
mated computer search tor the paramezer values
m this equation that will provide the *Q()" de-
pendence closest to the " Q) dependence.

The vse of 2 ceramic cup tensiomerer  mea-
sure soil hydraulic conductiviy was proposed as
long ago as 1937 by LA, Riachards {Richards
1937). Previous techniques used either a positive
pressure to move water out of the rensiometer
o the soil (Upchureh 1980} or both positive or
negative pressures (Havashi et al, 1997) to measure
the rate at whiclh water is lose from {or gained by}
the tensiometer. Both analysis methods oreated
the resistaniee of the ceramic cup as a resistance In
serics with the soil resistance. As a result, the con-
doctivity of the ceramic cup had to be less than
the conductivity of the sol,

The objective of this paper was o develop
and o rest (1) the above outlined rechnigue of ns-
myg the change i pressure uside 2 tensiomerer,
atter mtroducing a vacuum, o determine the
fox of warer Into a ensiomerer and (1) the fea-
sibihiey of nsing these fluxes to determine the un-
saturated soi) hvdraulic conducnviry vs, matric
potental dependency of 1 soil,

MATEIRIALS AND METHODS
Soil Propevties and Field Water Retention

Two 23-cm-diameter rings were ingtalled in
a freld, the sonl i which was a Rumferd loamy
sand  (Coarse-toamy siliceons thermic Typic
Normuadult). Two water-tilled tensiometers were
fitted with pressure transducers and installed at
7.2- and 13-co depths w cach ring, Two 30-cm-
long unie domain reflectomeny (TR} probes
were uwtled horizontally from o wench ar
depths of 7.5 and 15 e, The TR and pressure
mamsducers were monitored using 2 CR10 dara
logger (Campbell Saienufic, Logan, UT) and a
Fekrronix 150213 cable rester (Tekvronix Corp.,
Beaverton, ORI, A calibration for the soil dielec-
tric constant v, soil water content relanonship
from a previous study ac this site was used (Tim-
lin and Pachepsky 1996). The soil was ponded
wntil stexdy sate was reached and then covered
with plashic, Water content and matric potential
were recorded for 3 davs, The moisture retennon
curve was obtained from paired water content-
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matric potential measurciments during redistri-
buaon. Unsaturated hydraulic conductivities {K{)
were calculated from drainage data using the re-
distribution method of Green er al. (1986) and
were represented by the Campbell equarion
(Campbell 1974):

h,
i K {3, h=h,
}\(h) = { h (:))
K, fi=h,

K is the sawrated hydraulic conductiviry {cm
min ), k is the absolute value of matric potential
(cmy), fi, 15 the air entry potential {cm), and n 15 an
exponent,

Measurenents of the Pressure in
and the Flux into Tensiometers

A tensiometer having a high-flow ceramic
cup (Soil Moisture Corp) with a 100-kPa ar en-
ry value was fitted with a rubber septun and a
pressure  transducer  (Omega Series PXI130,
Omega Engineering, Sunnford, CT) (Fig. 1),
Pressures were recorded using 2 CR10 data log-
ger (Campbell Scientific, Logan, UT) wired 1o the
pressurc transcducer. The dianeter of the ceramic
cup was 22 mm., The rensionicter was installed
inro a hole 11 the soil wirhin the ring made with
1 coring device with an inside diameter sinuilar o
the tensiometer outer diameter, and a slurry made
from soil rentoved front the hole was used to in-
sure a tight fie, The deprly av the center of the cup
was about 10 ecm. A water-filled tensiomcter was
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mstalled 10 cm from the flux measurement ten-
stometer to monitor so1l matric porential. This
tensiometer was placed in the same hole as the
7.5-ciu-decp rensiometer used during dramage
measuremncents bur installed at a 10-cin depth, The
15-cm-deep tensiometer used during redistribu-
tion muasurements was placed far enough away
{=15 cm) ro have negligible effect on the ten-
stometer inflow measurements.

The enstometer used for measurement of flux
was initially empry of all water. Air was partially
removed from nside the tensiometer by using a
syringe fitted with a hypodermic needle. After re-
moving the air, midal pressures (relatve t© atmos-
pheric pressures) were in the range of ~27 1o —22
kPa. Pressure measureiments were complete when
the pressure differental neared equilibrium. Accu-
mnlated water inside the tensiometer was recov-
ered using a tube attached to a syringe after pres-
sure measurements  were  complete. A single
measurement required less than 25 munutes to
complere. Duning this time, the tensiometer re-
mained shaded te avoid temperarure changes, Be-
cause the pressure ransducer gave pressure relative
o atmespheric pressure, the absolute pressure, P(r).
was calculated as Py = Pon) + P where P(m)
15 measured pressure and P is annospheric pres-
sure {assunted to be equal to approx. 100 kPa).

We carried our 15 trials at cach location fwith-
out moving the rensiometer) over a range of soll
water atric potenuals (—1.6 to —4.0 kPa). The
data were rejected it the recovered and caleulated

Data logger

ksure

transducer

Fig. 1. Schematic of tensiometer setup for measuring water flux into a tensiometer.
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volumes of water did not agree within a reasonable
tolerance {about 10%). In all cases, the discrepancy
was attributed to keakage that was repairable in the
tensiometer-transducer  connection. One
was discarded from Location 1 and five values
were discarded from Location 2.

value

Caleulation of Flnxe from Pressure Meastresents

The pressures (as a funcuon of dine, £} were
smeothed by fiting an equation of the form:

a+bt

By = ——
" ¢ i o

i)
The form of Eq. (6) was chosen because it pro-
vided a satisfactory fit to the type of curvature
seen m the pressure vs, time relationships we ob-
served. Tt is important ro reduce the noise in data
used for an objective function in an optimization
method because noise can lead to convergence
difficulries and nonunique parmmeters (Russo et
al. 1991y, The smoothed pressures (P(f) were
used ro caleulate V(¢ using Eq. (3). Time de-
pendene Huxes were caleulated using Eq. (4) and
these pressures. Inasmuch as V(1) is o function of
pressure, which is also a function of e, the de-
rivative 11 Eq. (4) was caleulated using the ¢hain
rule: dW/de = (d1V7/dP)(dP/dn:

PV, dp

PU 7

Q=

dP/7dtin Eq. (7) was cstimated as a simple differ-
ence of smoothed pressures (Eq. (63) and ume for
EWO SUCCCSSIVe ELNe Steps.

Tiverse Method 1o Selve for
Unsaturated Hydraulic Conductivities,

The purpose of the data analysis was to obtan
values for water flux inte the ensiometer and
soil matric potential along the outside wali of the
tensiometer from the pressures measured inside
the tensiomerer. These fluxes and boundary pres-
sures were used as input for an inverse method ro
optinuze the unsaturated hvdraulic conductiviry
vs. matric potential relationship.

We used a two-dimensional finite clement
representation of the Rachards equanon, 2DSOIL
(Tuudin et al. 1996; Simanek et al. 1994} coupled
with a2 modified Marquardt-Levenberg algorithm
fvan Genuchren 1981) to minimize the suin of
squared differences between the caleulated and
measured fluxes of water moving from the soil
into the tensiometer. The grid and the Aow do-
main used for the problen: serup are shown in Fig.
2. The model was configured o simulate radial
flow. The outer boundary of the flow domain wis
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Fig. 2. Grid used in the numerical simulations by
20SOIL. The ceramic cup is cutlined by the bold lines.

set at @ radius of 5 e {rom the center of the ten-
siometer. This value was based on preliminary
flow simulanons that showed littde change in ma-
wric potentials beyond 5 e from the center of the
LeISIOIMCLCT.

The objective function was the x7 statistic
(Press et al. 1994);

LS [Qu- Q)
X = 2 T ()

where Q) and (:2(1) are measured and calculared
fluxcs at tme 1, respectively, and 57 are the esti-
mated varfances of the dat points. We did not
have independent estinates of variances 7, and
estimated them from the dependence of the dif-
ferences berween acwal and smoothed flux val-
ues on tme. This dependence derived from data
of all measurements was:
—_— 036 _

2=

[
(.056 + \;’T', (W
!

where #.is the ume of thie last measutement. When
s from Eq. (9) was used in Eqg. (8), the squared
residuals of the first and the last measurements had
weights of approximiately 0.1 and 1.9, respectively,

The model wsed 1in the inverse method
{2DSOIL) required the nme-dependent values of
soil marric potential ar the ourside wall of the
tensiometer as boundary values. The matric po-
tential outside the tensiometer wall was caleu-
lated from the pressure inside the rensiometer
and the conductviry of the ceramic cup. The
Darcy How equation was rearranged to solve for
soil macric potential:
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Qi

By K

= P() + (10)
Here P(f),, is the soil matric potential, P(f} is the
pressure inside the tensiometer, Q(f) is flux, A and
K, are the area and conductivity of the ten-
siometer cup, respectively, and [ s the thickness of
the cup wall. The values for A, K, and !/ were ob-
tained from specification tables for the ceramic
cups given by Soil Moisture Corp (Santa Barbara,
CA) and were assumed to be constant, It is as-
sumed here that the pressure potential on the out-
side of the cup is the same as at the soil-cup in-
terface and that the pressure drop through the cup
wall is linear. The measured soil matric potential
measured by the water filled tensiometer placed
10 cm from the Hux measurement tensiometer
was used as the initial soil matric potential and the
matric potential at the outer boundary.

0.35

UNSATURATED CONDUCTIVITIES USING A TENSIOMETER

629

The soil moisture retention curve measured
during drainage from 8¢h) pairs was used to rep-
resent the dependency of water content on scil
matric potential. The following cquation (van
Genuchten 1980) was used;

BS_er

B=0+ T ey

(11)
Here 6_is the residual water content, 8 is the sat-
urated water content, k (cm) the absolute value
of marric potential, and @ {cm™}, r, and m are
parameters.

RESULTS

The measured soil water retention curves, the
parameters for van Genuchten’s equation {Eq.
(113}, and the predicted water retention curves
are shown in Fig. 3. Generally, the moisture re-

0.30

Water content, 6 (cm®cm™)

o Measured
Equation [11]

Parameters of Eq. [11]
n=3.35
a=0.029 cm’
6=0.14 e’ o

8,20.33 cm’cm

0 5

10 15 20 25

Soil matric potential (kPa)

Location 2

Water content, & (cm*cm™)

0.10

n=2.44

a=0.038 cm’
6,70.12 cm® em®
8,=0.30 cm* em?

Fig. 3. The measured scil moisture retention curves for the two locations and the curves fit to Eg. (7).

5 10 15 20 25
Soil matric potential (kPa)
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lease curves show a sharp decrease 1n water con-
tent, with matric potential between saturation
and a matric potenual of 5 kPPa (50 ¢m tension)
(Fig. 3). The soil in Location 2 shows a larger de-
crease in water content berween saturation and 5
kPa martric potential than the soil in Lecation 1.
The value of the residual water content (8) was
high (0.14 and 0012 cm? em1™?) because we mea-
surcd B-h pairs for only a limited range of martric
potentials in the wet range during drainage.
Calculated curnulative flux of water into the
rensiemeter and volume of warer collected from
the tensiometer agreed well (Table 1). This sug-
gosts that the pressure-volume relationship (Eqs.
{(2) and (3)) cstimates water influx into the ten-
siometer carrectly, Values of mean flux asa func-
tion of the inatric porential of the soil surround-
ing the tensiometer at the starting time of the
nicasurement are shown i Fig. 4 for both loca-
tions. Each data point represents a scparate neca-
sureinent. The data in this figure suggest that the
rate of movement of water into a tensiometer
was affected by the marric potental of the seil
surrounding the tensiometer. The cumulative
fluxes were generally higher m Location 2 than
in Locaton | for the same soil matric potentials.
The measured  pressures within the  ten-
siometers as a function of time for two represen-
tative toals are shown in Fig. 5. These pressures
ranged from 26 kPa when suction was applicd
to —11 kPa {relative to armospheric) when the
pressure and fluxes were nearing cquilibrium. Al-
though the pressures appeared simooth, there was
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cnough noise to result in appreciable variadon in
the fluxes calculated using Eq. (4) and taw pres-
sutes (Fig. 3). The use of smoothed pressures in
Eq. (7) resulted in a pressure-flux relationship
with little noise. The differences in the flux vs.
rime dependencies for two trials shown n Fig. 5
are caused by differences in inital condinons and
the soil properties at the two sites. The water flux
into the tensiometer is seen o decrease more
rapidly in Fig. 51, Figure 4 shows thar at Location
2, the mean fluxes were higher than ar Locaton
1 for the smme marric porential.

We did not encounter any problenis wirh
convergence during the optimizations using the
smoothed data. Overall, the paramerers for Eaq.
{3) for rhe dara from the different trials were not
very different from cach other {Table 2. The
residual roor mean square errors for the differ-
ences between measured and calculared fluxes
were low, indicating a geod fit to the flux dara
(Table 2). We calculated unsaturated conductiv-
1ty values for cach set of tensiomerer inflow mea-
surenients using the parameters given in Table 2
for the range of marric porentials that were mea-
sured during drainage. This gave a scparate K(b)
curve tor cach wial. In Fig. 6, we show the aver-
age of the predicted conductivitics as weil as the
error bars that represent one standard deviation.
The uniformity of the optimized parameters at
Location | was less than at Location 2.

The magnitudes of the oprimized conductiv-
itics were up to two orders of magnitude lower
rhan the conductivinies measured during drainage

TABLE 1

Measuired and calculated fid volume of water in the tensjometers, so1l matric

potential, and nitial pressure i the tengiometer for the field wrials

Locaton 1

Cumulative volume Soil marric

Initial pressure

Location 2

Cumulative volume

Soil matric tnitial pressure

Measured Calculated potential  intensiometer  Neasured Caleulated potential in tensionieter
ml. nL kPa kPa mL mL ki kPa
a.0 6.2 —3.5 =294 6.3 6.3 =29 =29.3
1.0 3.4 —i —22.6 7.0 35 34 —299
5.0 2.3 =23 =201 6.9 6.2 —4.0 —30.2
4.3 4.4 —-2.9 —22.4 3.5 5.4 -2 -20.3
6.5 0.4 4.0 —=30.0 6.8 7.1 —-2.0 =30.1
3a 3.9 —3.7 —24.2 6.7 0.8 1.6 —30.0
5.0 a0 -35 —25.5 6.3 6.0 -1.9 —-29.2
73 6.7 =3.0 —24,1 5.6 3.9 —2A4 —239
2.2 2.1 =37 =216 6.1 3.9 =25 —300.5
5.6 5.0 —33 =242 5.8 3.9 -2.4 —29.2
7.0 LAY =21 — 3.3
4.0 3.8 -4 - 227
4.9 2.0 26 —24.9
7.2 L -2.3

—26.4
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Soil matric potential (kPa)

Fig. 4. Soil matric potential and mean flux of water
intc the tensicmeter for individual trials and the two
locations.

(Fig. 6). However, slopes of the measured and op-
timized log{l{) vs. Log(l) curves were similar
only at Location 2 (Table 2). The optimized un-
saturated hydraulic conductivities from the ten-
siometer inflow measurements for the two loca-
vons were similar, whereas the field-measured
conductivities showed larger differences when
compared with each other (Table 2),

= Suction measured
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DISCUSSION

The tensiometer inflow nicthod we have
proposed here gave consistent results over a range
of initial conditions and trials. The oprimized pa-
rameters were tarly uniform over the trials
within a location. The relative 'flux vs. matric po-
tennal’ relanionships for the two locations were
also similar to the differences measured by
drainage. As a resuit we have confidence that the
dara we obtained reflected the hydraulic proper-
ties of the locations where the measurements
were takern.

It is difficule to explain why the magnitude of
the optimized conductivities should be so nuch
less than that we measured during drainage. We
can only conjecture reasons for the differences in
magnitude of conductiviry values. We tried to ac-
counr for poor contact between the tensiometer
wall and the soil by decreasing the pressure drop
between the inner wall of the tensiomerer and the
soil. The results, however, were not very differenr
from the results obuined without considering
poor contact. We believe that it s unlikely that
poor contact with the tensiomerer wall 15 2 major
contributor to the differences seen here, We used
a slurry of the resident soil to ensure a tghr fit
around the tensiometer, and the thickness of this
slurry was much less than 1 nun. Furthermore, we
conjecture that small soil particles wall be drawn to
the tensiometer walls along with rhe water and fill
m small gaps during nflux of water. When we re-

inside the tensiometer
®  Flux calculated from pressure without smoothing pressure

- - Fluxes frem pressures smoothed using Eq[6) and [7]

14 - -0.6

-16 - -0.5
S 18 - 0.4
=
L 20 - - -0.3
=]
@
g .22 - -0.2
o

24 - -0.1

J Locaticn 1
‘26 — T T T T 00

0 5 1015 20 25 30
Time {min)

-14 - — -2.5 o
b . w,=-1.9kPa o c

-16 | 20
£

-18 - L
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*
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26 ., 0.0 w
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Fig. 5. Pressures measured inside the tensiometer, and fluxes calculated from raw and smoothed pressures. The
data are from two of the trials with different initial soil matric potentials, = —3.5 kPa (a) and = —1.9 kPa (b).
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TABLE 2
Parameters for Eq. (7) fit by the optimization method for each trial
Location 1 Location 2
K " hy x° (Eq.(8) K n h, x* (Eq. (8))

ot mun! cm cm® min™! cm min~! cm cm® min~?
5.47¢-02 3.68 5.5 0.326 4.65¢-02 3.05 7.5 (1.090
2.20¢-01 3.49 2.4 0.088 4.43¢-02 3.55 7.7 0.192
3.76¢-02 3.22 7.2 0.235 1.63e-01 3.63 5.0 0.254
4.5%¢-02 3.89 4.0 0.039 8.51e-02 2.96 43 0.042
1.22¢-02 2.94 10.2 0.177 3.35¢-03 2,96 12.2 0.220
6.39¢-02 393 4.5 0.253 1.40e-01 3.60 52 0.136
7.12¢-02 3.96 6.1 0.148 1.64de-01 3.11 4.6 0.085
1.99¢-01 2,66 2.4 0.104 5.31¢-02 3.43 7.2 0.037
1.70¢-01 3.35 4.4 0.151 9.683e-03 3.407 10.8 0.107
4.31c-01 3.61 3.5 0.092 8.30e-02 3.27 6.3 0.042
8.58¢-02 3.67 5.4 0.039 6.40c-03 3.01 13.8 0.056
4.58e-02 3.01 6.5 0.067

5.94¢-02 3.24 6.5 0.057

B.75¢-02 3.57 5.4 0.031

Overallt

1.36e-02 135 8.6 1.72¢-02 3.23 9.4

Pararneter for drinage data

5.91e-02 2.40 10.6 9.10e-02 3.10 13.8

tParmneters for Eq. (7) fit to K {h} pairs predicted using parameters from individual erials,

moved the tensiometer we noticed strong, cohe-
sion between the soil and the tensiometer cup. Of
course this layer may also have reduced the con-
ductivity ac the cup-soil interface.

The conductvity of the ceramic cup may also
change over ume. This problem is probably com-

mon to all one-step methods that use a porous ce-
ramic plate. The conductivity of the ceramic ma-
terial should probably be measured before and af-
ter experiments with soil. We used a pressure
boundary conditon between the tensiometer wall
and the seil, and, thus, the conductivity of the ce-

¢ Unsaturated conducivity from drainage

o Mean unsaturated conductivity from
tensiometer fluxes

—

Location 1

107
10¢

Hydraulic conductivity {cm min")

Eq. 4] fitted {o data from drainage
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106 |
1 10

Matric potential (kPa)

Fig. 6. Unsaturated hydraulic conductivities calculated from drainage data and from the tensicmeter inflow data.
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ramic cup was riot 4 strongly limiting factor in the
simulations. Differences in cup  conductivity
would be manifested as differences in boundary
pressures. I the actual cup conductivity is lower
than the specified value, the boundary pressure
used in the simulations will be less. Numerical
sunulations showed that changes in cup conduc-
tivity of as much as one order of magnitude did
not result in differences in optimized conductivi-
ties as high as two orders of magnitude.

We considered crrors caused by the presence
of vapor pressure in the tensiometer. There will
be some water vapor n the teusiometer because
the ceramic cup is saturated with water. The Gibbs
equation shows that the vapor pressure increases
as the total pressure on the liquid water increases
{Castellan 1983, p. 270). The increase is propor-
tional to the ratio of the molar volume of the lig-
uid to the molar volume of the vapor. Siuce the
molar volume of the liquid water 15 very much
less than the molar volume of the vapor water,
the rate of increase of vapor pressure with total
pressure will be small. The differences in water
vapor pressure between any two successive pres-
sure measurements will be also small, and there
will be negligible condensation under isothermal
conditions. The magnitude of the vapor pressure
is approximately 1.4 kPa at 20°C compared with
the total air pressure in the tensiometer of about
60 to 100 kPa. As a result, the effect of vapor pres-
sure on the measurernents and volume calcula-
tions will not be significant.

Another possible reason for the differences
could be the effect of the difterent scales of mea-
surements. The redistribution data was on the
scale of the 25-cm-dia. infiltration ring. The scale
of the conductivity measurements by the single
tensiometer was within a radius of ahout 5 cm.
Rovey {1994) has shown that the saturated hy-
draulic conductivity mcreases exponentially with
the radius of the mcasurciment area, Elilers (1976)
compared unsaturated conductivities  from  a
drainage-based ficld method and 5.4-cm-diame-
ter cores. The conductivities from the ficld
method were greater than from the core method
near saturation. The differences, however, were
not as large in our case. The differences in scale,
however, were greater for our study.

Anisotropy may alse be a contributing factor
as the dramnage flux was 1 a vertical plane while
the water flux into the tensiometer was in a hor-
1zontal plane. Paige and Hillel {1993) compared
conductivities obtained from a drainage method,
sonl cores, and a Guelph Permeameter. The un-
saturated conductivities from the Guelpb Perme-
ameter were two to three orders of magnitude
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less than the wvalues obtained using the other
methods. The differences were attributed o
anisotropy inasmuch as the horizontal fluxes are
dominant in the Guelph Permeamcter.

Errors in unsaturated hydraulic conductivi-
ties from the drainage method may be as high as
one order of magnitude (Flihler et al. 1976). Kim
et al. (1992) reported conductivities obtained
from a one-step method to be lower than con-
ductivities obtained using drainage and evapora-
tion. The one-step method used suction applied
at the bottom of the plate.

There may be other reasons for the differ-
ences—for example, flow characteristics under
high gradients—that wait for further research.
Little 15 known about water flow between the
porous ceratnic tensiometer cup and the soil.

The tensiometer inflow method is similar to
one-step methods (Parker et al. 1985; van Dain et
al. 1994). The difference is that one-step methods
require measurement of two variables, flux and
pressure. In the inethod proposed here, only pres-
sure is measured. The use of a ceramic cup ten-
stometer Is an extension that has been investi-
gated by Upchurch (1980) and Hayashi et al.
{1997). As with our method, the pressure drop
and botl pressure and flux dynamies are mea-
sured. Both Upchurch (198() and Hayashi et al.
{1997) reported that their tensiometer methods
were sensitive to the conductivity of the cup and
that the cup conductivity limited the higher
range of conductivities that could be measured.
These limitations were causcd, in part, by the as-
sumptions of their mumerical analysis, although
the conductivity of the cup can place an uppet
limit on the resultant flux. In the methods re-
ported, the resistance of the seil and the cup were
placed in series and, therefore, it was necessary to
require that the conduoctivity of the cup be
higher than the conductivity of the soil.

The 1method described in this paper does not
assume that the cup conductivity is greater than
the soil hydraulic conductivity, We separated the
cup conductivity from the soil conductivity by
calcularing a pressure drop through the cup wall
and vsing the resultant pressure on the outside wall
of the rensiometer as a boundary condition for the
two-dimensional model. This involved assump-
tions that have their own limitations, and further
work is needed to cvaluate them. A method that
mngorporates some of the analytical approaches of
Upchurch {1980) and Hayasbi et al. {1997) with
the approach outlined here may be promising.

The proposed method has several advantages
because it can be used in-sitn and it does not re-
quire soil sampling or direct measurements of the
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Huxes. Rapid flux measurements can be made
at diffcrent water contents. We used the nmea-
sured ‘matric potential — water content’ relation-
ship (0(h)) to cstimarte k(h). It may be useful to
try the method and optaimize for the 8(h) as well
as K{h). We anticipate that the method will not
be very successful and that the chances of ob-
talning nonunique parameters are greater,

Our objective 1n testing this methed was w
sce if such measurements with a tensiometer
were feasible. We conclude that this methed s
feasthle, but we cannot say with certainty that we
are measuring the sane hydraulic conductivities
measured by other techniques currencly used. If
there 1s a strong scale effect because unsaturared
conductivitics on the scale of the tensiometer are
much smaller than those from other instrurnens,
then this instrument and rechnique would be
very viluable as a model to study the hydraulic
characteristics of soil and water flow near plant
roors.

SUNMMARY

We have proposed a method thar utilizes a
commonly used tensiomieter to determine the
unsaturated hydeaulic conductivity-matric po-
tential dependency of soil. We measured flux of
water from soil to a ccramic cup tensiometer hy
monitoring pressures inside the tensiometer af-
rer applving a vacuum. We coupled a two-di-
mensional radial fow model and a Marquardt-
Levenberg optimization routine to obtain the
parameters of the Kth) relanionship by minimiz-
mg the differences between optimized and
measured fluxes. The cumulative Aux calculated
from pressure measurements was sirnilar to the
volume of water recovered from inside the ten-
siometer after a rrial, suggestung the method
used to obtain flux from pressure measurements
was sound. The optimized parameters for 24
erials (flux measurements) in two locations were
uniform within a location. The K(li} relation-
ship was determined by applying the fitted pa-
rameters from each trial w a range of matric
potentals and calculating mean values of con-
ductivity over all of the trials for cach atric
potential. We compured K(h) from tensiometer
inflow dara to K(h) obrained from drainage
data. The slopes of the log transformed, opu-
mized K(hj were similar to the ones obtaned
from drainage data bur the optimized values of
conductivitics were one to two orders of ag-
nitude less. The differences may be attributable
to scale effects or anisotropy, and further re-
search 1s required.

TIMLIN AND PACHEPRSKY
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