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INFLUENCE OF THE PRESSURE HEAD SEQUENCE ON THE
SoiL HyprauLic CoNDUCTIVITY DETERMINED
WITH TENSION INFILTROMETER

V. Bagarello, M. Castellini, M. lovino

ABSTRACT. An increasing and a decreasing sequence of pressure head, hy, values were applied with the tension infiltrometer
(T1) to determine the corresponding hydraulic conductivity, Kg. The pressure head sequence is expected to influence the Kg
results given the hysteretic nature of the hydraulic conductivity relationship. The objective of this study was to evaluate the
influence of the selected pressure head sequence on the hydraulic conductivity of a sandy loam soil measured by a
multipotential Tl experiment. Twenty experiments were carried out by applying hg values varying between -150 and +5 mm
(site A). The hg values ranged from -150 to -10 mm in another 20 spots (site B). Both wetting and drying values of Kg
corresponding to hy = -150, -75, and -30 mm were cal culated for each experiment using the measured steady-state flow rates.
At both sites, higher Kq results were obtained with the descending hg sequence than with the ascending one. The deviations
between the two sequences were more noticeable in site A (deviations by a factor ranging from 2.1 to 3.3, depending on hg)
than in site B (deviations by a factor ranging from 1.0 to 2.2), and the values decreased as hg increased. For most of the
considered type of site/pressure head combinations, the differences between the Kg results were statistically significant
(P = 0.05). Inall cases, the coefficients of variation of the Kq data obtained with the two sequences differed at most by a factor
of 1.2, suggesting that the applied hyg sequence did not affect appreciably the relative variability of the Kg results. It was
concluded that the dependence of the Kq estimates on both the pressure head sequence (ascending or descending) and the
highest value of hy used within a descending sequence experiment may be neglected for a rough hydraulic characterization
of the selected area. However, both factors should be maintained constant in order to obtain truly comparable Kq data from
different experiments.

Keywords. Hydraulic conductivity, Infiltrometers, Hysteresis.

ield measurement of the soil hydraulic conductivity

versus pressure head relationship is important for

characterizing many aspects of unsaturated soil wa-

ter flow such as rainfall infiltration and runoff, aqui-
fer recharge, migration of nutrients, pesticides and
contaminants through the soil profile, design and monitoring
of irrigation and drainage systems (Reynolds, 1993; Hillel,
1998). The hydraulic conductivity of near-saturated soil is
critically important since water and solute transport pro-
cesses occur at the highest rates in these soils. The relation
between hydraulic conductivity and pressure head depends
upon hysteresis, and is thus different in a wetting than in a
drying soil because, at a given pressure head, a drying soil
contains more water than a wetting one (Hillel, 1998). The
hysteresis effect is in general more pronounced in coarse-tex-
tured soils in the high pressure head (low suction) range,
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where pores may empty at an appreciably lower pressure
head than that at which they fill (Hillel, 1998).

The tension infiltrometer (TI) is widely used for measur-
ing the near-saturated hydraulic conductivity in the field
(Perroux and White, 1988). Other useful methods for
measuring the soil hydraulic conductivity in the field include
the instantaneous profile method and the unit gradient
drainage method (Reynolds, 1993). Important advantages of
these methods are that a large volume of soil is sampled and
the hydraulic conductivity can often be measured over a
reasonably large range of tensions (Reynolds, 1993). Howev-
er, these methods require considerable time, large quantities
of water, several trained field staff, and considerable
equipment (Reynolds, 1993). On the other hand, the TI
method is much simpler to use and it gives reliable values of
hydraulic conductivity to characterize relatively large areas
(Reynolds, 1993; Vandervaere et al., 1998). Therefore, the TI
method is potentially preferable to the instantaneous profile
method and the unit gradient drainage method, especially for
detailed sampling over large areas.

The most commonly applied approaches to determine the
soil hydraulic conductivity by the TI method use the
Wooding’s (1968) analytical solution for steady infiltration
from a circular source with the unsaturated hydraulic
conductivity given by the Gardner’s (1958) exponential
model. In particular, a sequence of hydraulic conductivity,
Ko, values corresponding to selected pressure heads, hy, can
be determined by a steady-state multipotential experiment,
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i.e. by measuring the steady flow rate, Q, for each pressure
head imposed on the soil surface (Ankeny et al., 1991;
Reynolds and Elrick, 1991; Logsdon and Jaynes, 1993).

For a given set of ordered pressure heads, a multipotential
experiment can be carried out by first setting either the
highest pressure head [increasing suctions; wet-to-dry
(WTD) sequence] or the lowest one [decreasing suctions;
dry-to-wet (DTW) sequence]. A WTD sequence is suggested
to save time (Ankeny et al., 1991; Ankeny, 1992). By
conducting the highest pressure head step first, the wetting
front advances as rapidly as possible and the unit gradient
assumption is more likely to be valid (Mohanty et al., 1994).
On the other hand, a DTW sequence is recommended in order
to avoid hysteresis effects due to drainage occurring close to
the disc while wetting continues at the infiltration front
(Reynolds and Elrick, 1991; Jarvis and Messing, 1995).

When a DTW sequence is applied, the initial soil water
content of the sampled soil volume is not uniform starting
from the second pressure head onwards, but a wetting process
occurs for all pressure heads. Therefore, all Kg values are
obtained under wetting. When a WTD sequence is applied,
a wetting process is established for the first pressure head.
Both drainage and wetting processes occur from the second
pressure head onwards. Therefore, the measured conductiv-
ity derives from a combination of different processes. Due to
hysteresis, a WTD sequence should provide higher Kg values
than a DTW one. Moreover, a higher sensitivity of the Ko
results to the selected pressure heads is expected with the
WTD sequence than with the DTW one. If the DTW
sequence is applied, the values of Kg corresponding to the
lowest pressure heads are independent of the highest pressure
head values used for the experiment. Hysteresis theory
suggests that, with a WTD sequence, the values of Ko
corresponding to the lowest pressure heads may vary with the
pressure heads established at the beginning of the experi-
ment. Only a few investigations have been carried out to
assess the effect of the pressure head sequence on the Ko
values determined with the TI, suggesting that, in practice,
hysteresis is considered to be a minor factor affecting the TI
results. Probably, the expected differences between the two
sequences are small and practically negligible because soil
wetting processes occur with both sequences.

Both appreciable (Logsdon et al., 1993; McKenzie et al.,
2001) and practically negligible (Bagarello et al., 2000;
Mecke et al., 2000) effects of the sequence used for a
multipotential T1 experiment on the measured conductivities
have been reported. In particular, for two experiments carried
out in a silt loam soil, steady infiltration rates obtained in the
-150 <hg < -30 mm range with a WTD sequence starting from
ponding were 1.05 to 1.93 times higher than the correspond-
ing ones determined by a DTW sequence and the differences
between the two approaches increased with the pressure head
(Logsdon et al., 1993). For an ascending-descending se-
quence of -120, -30, and -120 mm applied on a sandy loam
soil, low differences (< 20%) between the wetting and the
drying estimates of K_jo¢ (soil hydraulic conductivity
corresponding to a pressure head of -120 mm) were detected
(Bagarello et al., 2000). No differences between ascending
and descending measuring sequences were observed by
Mecke et al. (2000) in three soils with a high sand content.
Using one-dimensional experiments carried out by a labora-
tory Tl, McKenzie et al. (2001) concluded that the magnitude
of the hysteresis effect can be substantial also in soils having
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a high clay content (differences between Kq up to 60%). The
results summarized above suggest that hysteresis effects may
be substantial but they cannot be considered representative of
a wide range of conditions for different reasons including the
small number of experiments performed (Logsdon et al.,
1993), the low number of pressure heads included in the
analysis (Bagarello et al., 2000), the seemingly qualitative
assessment of the Kg sensitivity to the applied sequence
(Mecke et al., 2000), and the lack of field support to the
laboratory data (McKenzie et al., 2001). Therefore, further
investigations have to be carried out.

The objective of this investigation was to examine the
influence of the selected sequence of pressure heads on the
hydraulic conductivity determined by a multipotential
tension infiltrometer experiment in a relatively coarse-tex-
tured soil having an appreciable hysteretic behavior. Both the
order (ascending or descending) and the values of the
pressure heads used for the experiment were allowed to vary
in this study.

MATERIALS AND METHODS
FIELD SITE

A 150-m?2 flat area was used for this study at the Faculty
of Agriculture of the Palermo University. The study was
conducted on a soil (Typic Rhodoxeralf) having a relatively
high sand and gravel content. According to the USDA
classification (Gee and Or, 2002) the soil texture of the upper
300-mm layer was sandy loam (Bagarello and lovino, 2003).
The structure of the soil was quite stable, i.e. it varied
relatively little with time (Bagarello et al., 2000).

L ABORATORY EXPERIMENTS

A preliminary laboratory investigation was carried out to
test the hysteresis of the unsaturated hydraulic properties of
the selected soil. To achieve this, four undisturbed soil cores
(50 mm in height x 80 mm in diameter) were collected at the
soil surface from the experimental site to evaluate the main
wetting and drying water retention functions under a range of
pressure head from -30 to -500 mm, by a hanging water
column apparatus (Burke et al., 1986). The apparatus
consisted of a sintered porous plate with an air entry value of
-2000 mm connected to a graduated burette that could move
vertically to provide different pressure heads to measure the
soil water retention curve. The soil cores were previously
air-dried and then progressively wetted on the porous plate.
After saturating the core, the pressure head was decreased to
the last pressure head value and the final soil water content
was determined by oven drying the core. The volume
adsorbed from the burette or drained into the burette was
recorded and used to calculate the volumetric water content
corresponding to each imposed pressure head value. Addi-
tional soil water content values for the main drying curve
were determined by the pressure plate apparatus (Dane and
Hopmans, 2002) in the pressure head range from -1 to -150 m
on laboratory repacked soil cores. In the high-suction range,
measurements of soil moisture retention made with disturbed
samples may be expected to reasonably approximate field
conditions (Hillel, 1998).

The van Genuchten’s (1980) model was assumed to
describe the water retention curve:

APPLIED ENGINEERING IN AGRICULTURE
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where & is the effective saturation, 6 (L3 L3) is the
volumetric soil water content, 65 (L3L3) and 6, (L3L3) are
the saturated and the residual water content, respectively, h
(L) is the pressure head, and « (L) and m are empirical
parameters. The hysteretic water retention curve was de-
scribed by assuming different parameter values for the main

drying (aqg, ng, 6, Gq) and wetting (o, N Gaw Gw) CUTVES
with the following assumptions (Kool and Parker, 1987):

Gd= Gw=0 (22)

Ng=ny=n (2b)

The Retention Curve (RETC) code (van Genuchten et al.,
1991) was used to fit equation 1 to the laboratory data.
According to Kool and Parker (1987), the parameters ¢, n,
A , and & for the main drying curve were first estimated by
the soil water content data determined with both the hanging
water column and the pressure plate apparatus. Then, the
parameters ay and &, for the main wetting curve were
estimated by fixing n and & at the values obtained for the
main drying curve and using the soil water content values
determined by the hanging water column apparatus.

Hysteresis was found to have an appreciable effect on the
measured water retention curve (see the Results and Discus-
sion section) and this suggested an hysteretic behavior of the
hydraulic conductivity function, too. Therefore, a field
investigation with the T1 method was carried out.

CHOOSING THE STRATEGY FOR CONDUCTING
THE FIELD EXPERIMENTS

Two approaches can be chosen to evaluate the effect of the
pressure head sequence on the soil hydraulic conductivity
determined in the field with the TI. The first approach
consists of applying different sequences (DTW or WTD) at
different sites. The second approach consists of applying both
sequences at a given site without interruption (dry-to-wet-to-
dry, DTWTD, experiment). Both approaches have advan-
tages and disadvantages.

By the first approach, the Ko (L T1) data obtained in
different sites (DTW-sequence-sites and WTD-sequence-
sites) have to be compared. This approach is consistent with
the usual practice of applying a single pressure head sequence
(DTW or WTD) in the field. Similar initial conditions can be
considered for the two types of experiment and this
potentially simplifies the comparison. However, the notice-
able spatial variability of soil hydraulic conductivity (War-
rick, 1998) is an additional factor determining differences
among sites (and, hence, between site types) and this can
substantially complicate the analysis of the experimental
data. The uncertainties due to spatial variability are reduced
with the second approach, given that both sequences are
applied at a given site. During the ascending portion of a
DTWTD experiment, soil wetting processes occur, whereas
during the descending portion of the experiment, wetting
occurs for the highest pressure head and both drainage and
wetting occur for the other pressure heads. Therefore, using
an ascending-descending sequence does not introduce a

Vol. 21(3): 383-391

modification of the soil water flow processes as compared to
the single-sequence experiments.

A DTWTD experiment is longer than a single-sequence
one, but both experiments are relatively short (a few hours
long) and start with a high value of the imposed pressure
head, independently of the order of the applied pressure
heads (in general, -150 mm < hgy < 0). Therefore, appreciable
differences in soil structure due to the choice of different Tl
application procedures (single- or double-sequence) should
not be expected.

In general, uniformity of the initial soil water content, 4
(L3L-3), at the start of a descending order experiment is more
likely to occur for the WTD approach than the DTWTD one
given that, with this last approach, 4 is certainly non-uniform
due to previous wetting at lower pressure heads. We did not
find in the literature any evaluation of the possible implica-
tions of this difference on the TI results. Therefore, the
sensitivity of steady flow rate to initial non-uniformity of 4
was checked by numerical simulation of Tl experiments
before choosing the experimental approach to be applied in
the field. Numerical simulation was carried out by the
HYDRUS-2D model (Simunek et al., 1999) using a grid of
50 x 50 nodes on a 500- x 500-mm flow domain (Bagarello
et al., 2003). The van Genuchten-Mualem model (van
Genuchten, 1980) was assumed to describe the hydraulic
properties of the soil selected for the field investigation
(lovino, 1998). The radius of the porous disk was set equal to
120 mm. Two experiments (Experiments 1 and 2) were
simulated. While Experiment 1 had four pressure heads (hg =
-150, -75, -30, and -10 mm, 1 h for each pressure head) in
ascending order, Experiment 2 was conducted only at a single
pressure head (-10 mm) for a duration of 1 h. The same initial
conditions were considered for both experiments (uniform
soil water content, 4 = 0.20 m3 m-3). Steady flow rate at hg
= -10 mm was higher for Experiment 2 (2.71 x 107 m3 s)
than for Experiment 1 (2.38 x 107 m3 s1). This result was
expected from a qualitative point of view since capillarity
effects were reduced at the start of the last pressure head in
Experiment 1. The steady flow rate at hg = -10 mm
determined by Experiment 1 was approximately 12% lower
than the corresponding value obtained with Experiment 2.
Therefore, the difference between steady flow rates was low
and probably negligible in practice. Results showed that
non-uniformity in soil initial water content at the beginning
of the descending part in DTWTD experiment had no
significant effect on measuring flow rates.

On the basis of this analysis, the potential disadvantages
of the DTWTD experiment (additional soil structure alter-
ation, non-uniformity of the initial soil water content)
appeared of relatively little importance compared to the
advantage of practically removing the confounding effect of
spatial variability from the Kq results. Therefore, DTWTD
experiments were carried out in this investigation.

FIELD EXPERIMENTS

Tension infiltrometer experiments were conducted at
randomly selected locations by using an instrument manufac-
tured by Soil Measurement System (Tucson, Ariz.) consist-
ing of separate water supply and base-plate units. At each
location, the soil surface was carefully leveled and smoothed
before each experiment and attempts were made to prevent
infiltration surface smearing. A level was used to assure that
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the disc and the reservoir base were always at the same height
(zero relative distance, fig. 1a), so that the head between the
bubbling outlet at the bottom of the water supply tube and the
disc membrane was constant. A retaining ring with a radius
of 120 mm (fig. 1b) and a nylon guard cloth having an air
entry value of -160 mm were placed on the soil surface. To
avoid formation of artificial pores due to ineffective contact
with the soil surface, the nylon cloth guard was previously
wetted and carefully spread on the soil surface. A contact
layer having a thickness of 10 mm was prepared by using dry
Spheriglass no. 2227 glass spheres (Potter Ballotini GmbH,
Kirchheimbolanden, Germany). Pressure heads imposed at
the infiltrometer membrane were corrected to account for the
thickness of the contact material layer (Reynolds and
Zebchuck, 1996).

A total of 40 TI experiments were conducted in the
summer months of 2000 and 2002. Two DTWTD pressure
head sequences differing by the highest value of hy were
considered to also evaluate the effect of the highest pressure
head imposed with the instrument on the Kg data obtained
within a descending pressure head sequence. In particular,
the following hy values were imposed in sequence without
interruption in 20 sites (sites A): -150, -75, -30, +5, -30, -75,
-150 mm. The positive pressure head (+5 mm) at the soil
surface resulted from the sum of the pressure head estab-
lished on the infiltrometer membrane (-5 mm) and the contact
material layer thickness (10 mm) (Reynolds and Zebchuck,
1996). A small positive pressure head was used instead of hg
= 0 to be reasonably sure that field-saturated conditions were
established with the highest pressure head of the sequence
(Logsdon et al., 1993). The following hg values were

imposed in the other 20 spots (site B): -150, -75, -30, -10, -30,
-75, and -150 mm.

For most experiments, two reservoirs were connected to
a single porous disc to facilitate refilling procedures (fig. 1c).
The mean duration of the experiment for a given pressure
head varied between a minimum of 20.1 min for hg = +5 mm
and a maximum of 60 min for hp = -150 mm (wetting
sequence). A wetted zone appeared at the soil surface during
the experiment (fig. 1d). Water level readings were collected
visually at 0.25- to 5-min intervals. Apparent steady state
infiltration rates were calculated from the slope of the linear
portion of the cumulative infiltration versus time plot
(Bagarello et al., 1999). Soil hydraulic conductivity, Kg,
corresponding to each imposed pressure head, hp, was
calculated by using Wooding’s (1968) analysis for uncon-
fined steady-state infiltration from a disc into homogeneous,
isotropic, uniformly unsaturated soil. In particular, the
method of Ankeny et al. (1991) was applied to determine the
values of Kq corresponding to pressure heads of -150, -75,
and -30 mm. Two estimates of Ko were obtained for each
intermediate hy value of the applied sequence. In this case the
best estimate of Ko was obtained as the arithmetic average of
the available estimates (Ankeny et al., 1991). For the
experiments carried out in site A, a pressure head equal to
zero was used in the calculation of the Kq value correspond-
ing to a pressure head of -30 mm (K_3g) instead of the real
value (hg = +5 mm). This procedure of analysis of the data has
also been applied by other authors since it greatly simplifies
the calculations and it does not affect appreciably the Ko
results (Reynolds et al., 1995). For the data used in this
investigation, the application of the One-Ponding-Depth

Figure 1. Field tension infiltrometer procedure: (a) leveling procedure; (b) retaining ring details; (c) connection of two reservoirsto a single porous

disc; (d) wetted zone at the soil surface during the experiment.
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approach (Reynolds and Elrick, 1990) confirmed that using
hg = 0 instead of hy = +5 mm had a negligible effect on the
field-saturated hydraulic conductivity estimates (differences
between Ko results < 6%). Averaging the available estimates
of K_3g (one obtained by considering hg =-75 and -30 mm and
the other deduced by using hg = -30 mm and 0) contributed
to further reduce the expected low error in the K.gp
predictions.

STATISTICAL ANALYSIS

The statistical frequency distributions for the Kg data
obtained in the field were log-normal, which is common for
this soil property (Warrick, 1998). Therefore, all statistical
tests of the Kg results were carried out using the natural logs

of the data. Also, the means (Ko) and the associated

coefficients of variation (CV) were calculated using the
appropriate “log-normal” equations (Lee et al., 1985). In the
data statistical analysis, a probability level P = 0.05 was
assumed.

REsuULTS AND DiscussioN
L ABORATORY EXPERIMENTS

For each soil core, the main wetting and drying water
retention curves determined in the pressure head range -500
< h <-30 mm differed appreciably (fig. 2). In particular, the
mean values of the soil water content measured during drying
(6y) were 1.16 to 1.22 times higher than the corresponding
values obtained by wetting (&), depending on the applied
pressure head. Application of a two-tailed, paired t-test
showed that, for a given pressure head, the difference
between the two data sets was statistically significant. The
following parameters of the hysteretic water retention curve
were obtained by fitting equation 1 to the mean &, and & data
obtained for each pressure head: a = 0.1397 cml; o4 =
0.0830 cm™L; n=1.2819; &, = 0.4561 m3 m3; 4 = 0.5150
m3 m3; 4 =0.09 m3 m3. The measured boundary

0.60
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o Drying

0.55 -
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0.45 -

0.40

o (m*md
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Figure 2. Measured volumetric soil water content (0) vs. pressure head (h)
valuesfor the main wetting (open squares) and drying (open circles) water
retention curves. Theerror barsindicate =1 standard deviation. Fitted

van Genuchten’s (1980) relationships, equation 1, are also plotted (solid
lines).
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hysteretic loop was not closed at saturation and the difference
between the estimated values of 64 and &, was remarkable
(0.06 m3m-3). The theoretically invoked assumption that the
hysteretic retention curve should exhibit closure at h = 0
(Haverkamp et al., 2002) has often been contradicted in field
soils due to entrapped air (Kaluarachchi and Parker, 1987).
Differences between &, and &y up to 0.086 were reported
for an undisturbed loam soil by Kool and Parker (1987). In
our case, air was perhaps entrapped in the soil cores during
wetting and it was removed as the cores were completely
saturated before starting with the main drying curve deter-
mination. The o/ oy ratio was equal to 1.7. This value was
close to the ratio suggested by Kool and Parker (1987) to
estimate the hysteretic water retention function parameters
when specific data are not available (aw/ag = 2).

In conclusion, the soil had a clearly hysteretic behavior.
Therefore, an appreciable sensitivity of the hydraulic
conductivity to the physical process occurring in the soil
(wetting or drying) was expected for this soil (Hillel, 1998).

FIELD EXPERIMENTS

For both sites (A and B), higher values of Kg were
generally obtained within the drying sequence (hydraulic
conductivity denoted by the symbol Kgg) than within the
wetting one (Kow) (fig. 3). In particular, for the spots where
ponding conditions were established during the experiment
(site A), the mean values of Kg ¢ corresponding to hy = -150,
-75, and -30 mm were 3.28, 2.89, and 2.05 times higher than
the corresponding mean values of Kg,y (table 1). For the spots
where unsaturated conditions were maintained for all the
experiment (site B), the mean values of Ko g corresponding
to hg = -150, -75, and -30 mm were higher than the
corresponding mean values of Kg by a factor of 2.21, 1.80,
and 1.03, respectively. According to a two-tailed, paired

t-test, the differences between Ko,d and Ko,w were statisti-
cally significant for the imposed pressure heads of -150 and
-75 mm at both site types and for hy = -30 mm at site A only
(table 1). Within the considered type of site/pressure head
combinations, the coefficients of variation of the Ko g4 and
Kow data differed at the most by a factor of 1.20 (table 1).

Therefore, the order of the pressure heads imposed on the
soil surface for a Tl experiment affected the measured
hydraulic conductivity. In particular, higher results were
obtained with a descending sequence of hg values than with
an ascending one, as it was expected in a hysteretic soil
(Hillel, 1998). Independently of the highest pressure head
used for the experiment, the discrepancies between the two
sequences decreased as the imposed pressure head increased.
Higher discrepancies between Ko g and Ko,y were detected
when ponding conditions were established at a phase of the
experiment than when unsaturated conditions were main-
tained for the whole experiment. The applied sequence
(increasing or decreasing) did not substantially affect the
relative variability of the individual Kg data. According to
these results, the low differences between the wetting and the
drying estimates of the hydraulic conductivity detected by
Bagarello et al. (2000) for the same soil used in this
investigation were probably due to the fact that the maximum
value of hy applied on the soil surface was relatively low
(-30 mm).
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Figure 3. Comparison of hydraulic conductivity estimates obtained, at different pressure head values (hp) within the wetting sequence (Ko w) and the
drying sequence (Ko g) in site A (solid diamonds) and in site B (open diamonds). a) hg = -150 mm; b) hg = -75 mm; c) hg =-30 mm.

The mean values of Ko obtained within the wetting produced values of Ko,d that were higher than the site B by
sequence in site A were between 1.06 and 1.12 times higher 5 factor ranging between 1.58 and 2.23. The discrepancies
than the corresponding values obtained in site B, depending  petween the two sets of data were statistically significant
on the imposed pressure head, and the differences between  according to a two-tailed t-test and they increased with the
the two data sets were not statistically significant according applied pressure head (table 1). Therefore, the starting point
to a two-tailed t-test (table 1). On the other hand, site A

Table 1. Geometric mean (EO ) and associated coefficient of variation (CV) of the hydraulic conductivity estimates obtained at different pressure
heads (hp) during the wetting (K,) and thedrying (K¢ q) sequencein sitesA and B.

hg =-150 (mm) hg =-75 (mm) hg =-30 (mm)
Site Ko,w Ko,d Ko,w Ko,d Ko,w Ko,d
A Ko mmh ™) 1.720allAlb] 5.640bA 4.303aA 12.435bA 11.704aA 23.941bA
CV (%) 52.0 49.6 50.6 56.4 50.5 60.6
B Ko (mmh ™Y 1.618aA 3.570bB 3.883aA 6.992bB 10.425aA 10.714aB
CV (%) 67.8 73.4 73.4 87.7 77.0 81.2

[e]' For given hg, values in a row followed by the same lower case letter are not statistically different at the probability level P = 0.05 according to a two—tailed

paired t-test.
[b] For given variable, values in a column followed by the same capital letter are not statistically different at the probability level P = 0.05 according to a

two—tailed t—test.
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of the descending sequence had a noticeable effect on the
measured conductivity. In particular, higher Kg results were
obtained as the highest pressure head of the sequence
increased. For a given variable (Ko or Kg g) and an imposed
pressure head, the CV of the individual measurements
obtained in site B was between 1.30 and 1.56 times higher
than the corresponding CV obtained in site A (table 1).

In all cases, linear regression between In(Kgq) and
In(Kow) was statistically significant, with coefficients of
determinations, r2 , ranging between 0.330 and 0.846
(table 2). In general, the values of the intercept decreased and
both the slopes of the regression line and the associated
coefficients of determination increased as the imposed
pressure head increased from -150 to -30 mm (table 2). In
most cases, the intercept was significantly different from zero
and the slope was not different from unity (table 2). The
increase of the coefficient of determination of the regression
between Ko 4 and Ko w with hy, which was observed in both
types of site, could be indicative of a relatively poor quality
of the Kq results corresponding to the lowest values of hg. In
particular, Ko data characterized by a low representativeness
and reproducibility may be obtained for low pressure heads
because the hydraulic contact between the infiltrometer
membrane and the infiltration surface can be particularly
precarious in this case (Close et al., 1998). However, the
increase of r2 (table 2) was associated with a decrease of the

differences between Ko,d and Kow (table 1). Moreover, a
lower correlation between the Koq and Ko, data was
obtained in site A than in B. Therefore, a more likely
interpretation was that the observed trend between r2 and hg
was a consequence of the hysteretic behavior of the tested
soil.

A relatively low difference between Kod and Kow
suggests that the hysteresis phenomena have a relatively
small effect on the conductivity measurements. In this case,
the factors determining the soil’s ability to transmit water
(conductive portion of the soil cross sectional area, tortuos-
ity) should not vary appreciably with the sequence of
pressure heads used for the experiment. As a result, a
relatively high correlation between Ko g and Koy is expected.
On the other hand, appreciable hysteresis phenomena are

responsible for large differences between Ko,d and Ko,w. In
this case, the factors determining the soil’s ability to transmit
water vary with the considered sequence and values of Kg
obtained with different sequences may be poorly correlated.

Table 2. Parameters of the linear regression between the
In-transformed Ko data obtained with the drying (Ko 4, dependent
variable) and wetting (Ko, independent variable) sequences.

Pressure Head Coefficient of

Site (mm) Intercept Slope Determination
-150 1.4091 0.592cl 0.381le]
A -75 1.5971a 0.6330d] 0.330Lel
-30 1.219l 0.7950d] 0.460Lel
-150 0.898ll 0.778ld] 0.5311el
B -75 0.648le] 0.9560] 0.6911e]
-30 0.122[0] 0.95910d] 0.846lel

[ significantly different from zero (P = 0.05).

[b] Not significantly different from zero (P = 0.05).
[l significantly different from one (P = 0.05).

[d Not significantly different from one (P = 0.05).
[l significantly greater than zero (P = 0.05).
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Larger pores are activated as the maximum pressure head
imposed within a sequence increases. Consequently, the
probability that factors determining the soil’s ability to
transmit water differ between the wetting and the drying
sequence increases with the highest value of hy considered.
In other words, an increase of the maximum pressure head
imposed on the soil surface is expected to yield a larger
difference and a lower correlation between the Kg g and Ko,y
data sets corresponding to a given pressure head.

In general, the mean values of Kg obtained by varying the
pressure head order and the highest pressure head imposed on
the soil surface differed by a factor ranging approximately
between 1.0 and 3.0. Given that the investigation was
conducted in a relatively coarse-textured soil, this level of
discrepancies should be reasonably indicative to some extent
of a maximum sensitivity of the Kg estimates to the TI
application procedure. The DTW part of the DTWTD
experiment suggested that the two sites (A and B) had a
similar ability to transmit water but this ability was lower
than the one detected by the WTD part of the DTWTD
experiment. By this last approach (descending sequence), a
larger ability to transmit water was detected for site A than
for site B and the conclusion was that the two sites did not
have similar conductivity characteristics.

It can be considered acceptable for many practical
purposes to have an uncertainty in the soil hydraulic
conductivity estimates (at least, the saturated ones) by a
factor of two or three (Elrick and Reynolds, 1992; Reynolds
and Zebchuk, 1996; Elrick et al., 2002). Therefore, the
discrepancies observed in this investigation between differ-
ent application procedures of a multipotential TI experiment
could be considered negligible, suggesting that both the
pressure head sequence and the highest value of hg were
minor factors affecting the measured hydraulic conductivity
of the study area. However, the investigation also showed that
the choice of the application procedure of the Tl method had
practical implications on the detection of the relative
conductivity characteristics of the two sites.

According to these results, it is suggested that a rough
hydraulic characterization of the study area does not need to
take into account the sensitivity of the Ko measurements to
both the pressure head sequence and the highest value of hy
used for a WTD experiment. However, these two factors have
to be considered to obtain truly comparable data from
different experiments and, therefore, to reduce uncertainties
in comparative studies.

SUMMARY AND CONCLUSIONS

Both an increasing (DTW) and a decreasing (WTD)
sequence of pressure heads can be used for a multipotential
tension infiltrometer (T1) experiment. Soil wetting processes
occur with a DTW sequence. Both drainage and wetting
processes occur with a WTD sequence. Due to soil’s
hysteresis, the sequence of pressure heads can influence the
measured soil hydraulic conductivity.

The focus of this study was the dependence of the soil
hydraulic conductivity measurements on the pressure heads
imposed on the soil surface with a multipotential TI
experiment in a sandy loam soil. This soil was selected based
on a preliminary laboratory result that highlighted the
hysteretic behaviour. In particular, the main drying volumet-
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ric soil water content was 1.16 to 1.22 times higher than the
main wetting one, depending on the pressure head, for
pressure heads ranging from -500 to -30 mm.

Forty dry-to-wet-to-dry experiments were carried out in
randomly selected sites. The imposed pressure heads, hg,
varied between -150 mm and +5 mm in 20 spots (site A). The
hg values ranged from -150 to -10 mm in another 20 spots
(site B). Apparent steady-state infiltration rates were used to
determine both the wetting and the drying soil hydraulic
conductivity, Ko, corresponding to hg values of -150, -75, and
-30 mm.

In both sites, higher values of Ko were obtained in
descending order of hy values than the ascending one, as it
was expected in a hysteretic soil.

The discrepancies between the two sequences decreased
as the imposed pressure head increased. In particular, the
mean values of Ky obtained in site A with the drying sequence
were 2.1 to 3.3 times higher than the corresponding results
obtained under wetting conditions. For site B, these discrep-
ancies were in the range of 1.0 to 2.2. Within the considered
type of site/pressure head combinations, the coefficients of
variation of the hydraulic conductivity data obtained with the
two sequences differed at the most by a factor of 1.2,
suggesting that the applied sequence did not substantially
affect the relative variability of the individual Kg measure-
ments. Data obtained by an ascending pressure head
sequence suggested that the two groups of sites had similar
conductivity characteristics (mean values of hydraulic
conductivity differing by a factor of approximately 1.1).
However, site A was found to have a larger mean conductiv-
ity than site B (by a factor ranging between 1.6 and 2.2,
depending on hg) when data obtained by a descending
sequence were compared.

McKenzie et al. (2001) concluded that significant errors
of interpretation may occur if measurements made on
desorption and adsorption curves are considered comparable.
This conclusion was confirmed and extended in this field
investigation since an appreciable effect of the highest
pressure head of a WTD sequence on the measured
conductivity was also detected.

In practice, the sensitivity of the Ko measurements to both
the pressure head sequence and the highest value of hy used
for a WTD experiment may be considered negligible in the
selected area if the order of magnitude of the soil hydraulic
conductivity has to be evaluated. However, these two factors
have to be considered to obtain truly comparable data from
different experiments and, therefore, to reduce uncertainties
in comparative studies.

An implication of this investigation is that the multipoten-
tial Tl experiment may be considered as a versatile method
for obtaining data representative of specific hydrological
processes. For example, a DTW sequence may be applied to
deduce hydraulic conductivity data suitable for interpreting
or simulating rain infiltration processes. A WTD sequence
starting from hy = 0 may be used if the process of interest is
drainage of an initially saturated soil. Due to the physical
characteristics of the selected soil, the results of this
investigation might be indicative of the maximum sensitivity
of the Kq estimates to the TI application procedure. However,
this last conclusion should be supported by additional
experimental investigations.
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