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ABSTRACT referred to a study by Harris and Morrow (1964), who
studied pendular rings in packs of relatively large uni-The rate dependence of unsaturated hydraulic characteristics was
form spheres, and found that some of the pores in theanalyzed using both steady state and transient flow analysis. One-step

and multistep outflow experiments, as well as quasi-static experiments drained sphere pack remained full, as these became
were performed on identical, disturbed samples of a sandy and a isolated from the bulk liquid before their air-entry pres-
loamy soil to evaluate the influence of flow rate on the calculated sure was attained. This bypassing of isolated liquid-filled
retention and unsaturated hydraulic conductivity curves. For the sandy pores explained the observed higher retained water con-
soil, a significant influence of the flow rate on both the retention and tent. An analogous explanation was suggested by David-
unsaturated hydraulic conductivity characteristic was observed. At a son et al. (1966) who investigated the dependence ofgiven matric potential, more water was retained with greater applied

the retention characteristic on the applied pressure in-pneumatic pressures. Matric potential differences of 10 to 15 cm (for
crement during wetting. They reported a noticeable de-given saturation) and water content differences of up to 7% (for given
pendence of the equilibrium water content on the sizepotential) could be observed between the slowest and the fastest

outflow experiments, predominantly at the beginning of drainage. of the applied pressure increment such that a higher
The hydraulic conductivity also increased with increasing flow rate water content was measured when small pressure incre-
for higher saturations, while a lower hydraulic conductivity was ob- ments were used during water absorption. The increase
served near residual saturation for the higher flow rates. We observed in water content was attributed to a reduction in the
a continuously increasing total water potential gradient in the sandy air volume entrapped during absorption if the soil was
soil as it drained, especially for high-pressure transient one-step exper- wetted at a slower rate. The authors concluded thatiments. This indicates a significant deviation from static equilibrium,

the changes in water content should be treated as anas obtained under static or steady-state conditions. For the finer tex-
immiscible displacement process, where the resistancetured soil, these flow-rate dependent regimes were not apparent. A
to movement and spatial configuration of both waternumber of physical processes can explain the observed phenomena.

Water entrapment and pore blockage play a significant role for the and air need not be single valued with respect to water
high flow rates, as well as lack of air continuity in the sample during content—a hypothesis stated previously by Nielsen et
the wettest stages of the experiment. al. (1962).

Later, Smiles et al. (1971) carried out desorption ex-
periments in a horizontal column of uniform soil and

The two basic soil hydraulic characteristics control- found that the relationship between the soil water matric
ling flow in unsaturated porous media are the reten- potential and the water content was nonunique through-

tion characteristic, u(h), and the unsaturated hydraulic out the column. Vachaud et al. (1972) continued the
conductivity characteristic, K(h). Commonly, these work of Smiles et al. (1971) to determine if this same
characteristics are measured under static equilibrium or phenomenon occurred in vertical drainage of a uniform
steady-state conditions and are subsequently applied to column of fine sand as well. They compared retention
both steady-state and transient flow analyses, thereby curves obtained under static and dynamic flow condi-
assuming that the retention characteristic is not affected tions and their results were consistent with those of
by nonequilibrium conditions. Thus, both equilibrium Smiles et al. (1971). In particular, Vachaud et al. (1972)
and steady-state measurements are routinely used to showed that a rate increase of matric potential with
analyze transient flow phenomena and vice versa. time reduced the volumetric outflow, thereby causing

However, a number of experiments presented in the deviations from the static retention characteristic.
sixties and early seventies suggested that these assump- The issues of rate dependence of soil hydraulic proper-
tions might not be entirely justifiable. When comparing ties have since been mostly disregarded. The unsaturated
drying water retention data obtained by equilibrium, hydraulic conductivity dependence on flow conditions in
steady state, and transient methods, Topp et al. (1967) particular has been the focus of few investigations, partly
found that more water was retained in a sand at a given because of the tedious nature of its measurement; how-
matric potential for the transient flow case than for the ever, recent experiments carried out by Wildenschild et
static equilibrium and steady-state cases. The authors al. (1997), Plagge et al. (1999), Hollenbeck and Jensen
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vestigate the influence of pore scale dead-end air fingers
on relative permeabilities for air sparging in soils, Clay-
ton (1999) found that the measured air permeabilities
decreased with increasing displacement rate. Clayton at-
tributed the displacement-rate dependent behavior to the
development and subsequent breakthrough of dead-end
air fingers. Most recently, Friedman (1999) concluded
that the influence of flow velocity on the solid–liquid–gas
contact angle could also explain the phenomena observed
by Topp et al. (1967).

With the introduction of new and faster techniques for
transient measurement of the hydraulic characteristics
such as the one-step (Kool et al., 1985) and multi-step
(van Dam et al., 1994; Eching et al., 1994) outflow meth-
ods, the question of the validity of these measurements
has since become increasingly important. As many re-
searchers now apply these faster techniques to deter-
mine the hydraulic characteristics of soils, it is important
to examine the influence of the boundary conditions on
the measurement results for these experiments. In many
cases, recorded data of cumulative outflow as a function
of time is combined with soil water matric potential
head measured with a tensiometer at a point inside
the sample (Eching et al., 1994) to facilitate inverse
estimation of the hydraulic parameters. If the water Fig. 1. Laboratory setup for outflow experiments.
content is dependent not only on the matric potential,
but is also influenced by outflow rate, it needs to be the drainage experiment. Two tensiometers were inserted 1.1
taken into consideration when estimating the soil hy- and 2.4 cm from the bottom. The ports were offset laterally
draulic properties. Outflow procedures are, however, to minimize disturbance of flow between the tensiometers and
not the only methods to be affected by this phenome- to the overall flow in the sample. The tensiometers were made

from 0.72-cm diam., 1-bar, high-flow tensiometer cups (Soilnon. For the traditional static methods such as the pres-
Moisture Corp. 652X03-BIM3), epoxyed to 1/4-inch diam.sure plate extraction method (Klute, 1986), soil water
acrylic tubing. A short piece of smaller diameter brass tubingretention may be a function of the rate of flow between
was used to support the connection of the tensiometer cupequilibrium points as well.
with the acrylic tubing. The tensiometers extend ≈2 cm intoAs improvements in measurement techniques, as well
the sample. Two 15-psi transducers (136PC15G2, Honeywell,as the implementation of dynamic measurement meth- Minneapolis, MN) were used to monitor the matric potential

ods, have become available, the aim of the present study head at the two locations. In addition, a 1-psi differential
was to continue the above referenced work. Using the transducer (26PCAFA1D, Honeywell, Minneapolis, MN) was
currently available improved measurement techniques, mounted to monitor the difference in matric potential between
we investigated the rate dependence of unsaturated hy- the two tensiometers, thus allowing computation of the hy-

draulic gradient. Two additional ports were added on oppositedraulic characteristics for two soils in short laboratory
sides of the cell to vent the sample with CO2 and allow fullcolumns. Thus, the objective of this study was to investi-
water saturation at the start of the outflow experiment.gate the influence of flow rate on soil hydraulic charac-

The bottom outlet was connected to a burette for measuringteristics using both a direct and an inverse estimation
the outflow as a function of time. The burette was mountedmethod for two soils with different pore size distribu-
such that outflow water drained at atmospheric pressure. Ations. The direct estimation is based on Darcy’s Law 1-psi transducer (136PC01G2, Honeywell, Minneapolis, MN)

(steady state), while the inverse estimation relies on was attached at the bottom of the burette to measure drained
numerical solution of Richards’ equation and as such is cumulative water volume. The upper boundary condition was
a transient approach. controlled using regulated pressurized N. The N was bubbled

through a distilled water reservoir before entering the pressure
cell to minimize evaporation loss in the cell. Two layers of 1.2-MATERIALS AND METHODS
micron, 0.1-mm thick nylon filters (Magna Nylon Membrane

Experimental Setup Filters, Micron Separations Inc., Westborough, MA) were
used as a porous membrane at the bottom of the sample. WeA diagram of the flow cell and associated gas and water
combined two nylon filters for a single porous membrane toflow controls is shown in Fig. 1. The samples were packed in
reduce possible leaks thereby maintaining a bubble pressurea pressure cell, 3.5-cm high and 7.62-cm diam. In addition to
of at least 700 cm during the outflow experiments. With athe top air inlet and the bottom water outlet, an extra outlet
saturated hydraulic conductivity of ≈7.0 3 1026 cm/s, the hy-at the bottom was used to flush air bubbles from underneath
draulic resistance of the thin nylon membrane was low com-the porous membrane. All connections consisted of quick dis-
pared with other commonly used porous membranes, therebyconnect fittings (Cole-Parmer, Delrin, 1/4-inch NPT, 06359-
minimizing water pressure differences across the porous mem-72) so that the cell could be detached for weighing. Weighing

allowed for determination of the sample water content during brane during drainage of the soil core. The experiments were
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Table 1. Bulk physical properties of the investigated soils. head gradients are most likely to occur. Also, the presence of
the tensiometers in the sample could cause some disturbanceSoil type Sand Silt Clay Bulk density
of the flow field. As mentioned earlier, we believe that the

% g/cm3
small size and the offsetting of the tensiometers justify the

Columbia 63.2 27.5 9.3 1.45 assumption of one dimensionality.
Lincoln 88.6 9.4 2.0 1.69 The unsaturated hydraulic conductivity was estimated di-

rectly from Darcy’s Law using various computational proce-
dures. The tensiometer pair provided the hydraulic gradientconducted for two soils of varying textural composition, a
in the center of the soil core as a function of drainage time,Lincoln sand obtained from the EPAs RS Kerr Environmental
and when combined with the outflow rate provided the unsatu-Research Laboratory in Ada, OK, and a Columbia fine sandy
rated hydraulic conductivity as a function of matric potentialloam collected along the Sacramento River near West Sacra-
head or volumetric water content. To account for water fluxmento, CA. Soil properties for both soils are listed in Table
density differences between the upper and lower parts of the1 (Liu et al., 1998). The Columbia and Lincoln soil were sieved
soil sample during outflow, we used the method of Wendroththrough 0.5- and 0.6-mm sieves, respectively, prior to packing.
et al. (1993) to estimate the unsaturated hydraulic conduc-Each sample was packed only once for each series of experi-
tivity.ments to minimize packing effects on the results. The soil was

The soil sample was divided into three compartments aspacked in the pressure cell in small increments and the cell
outlined in Fig. 2. The first (top) compartment (l1) extendedtapped between each successive addition. Initial experiments
between the surface of the soil sample and the center betweenwith the Columbia soil showed some settling after a few wet-
the two tensiometers, and was represented by the matric po-ting and drying cycles; therefore, the Columbia soil sample
tential head measured in the first (top) tensiometer, h1. Thewas vibrated for ≈1/2 hour after packing to obtain a well-
second compartment (l2) extended from the center betweensettled sample.
the two tensiometers to the center between the lower tensiom-Three different types of outflow experiments were per-
eter and the bottom of the soil sample. This second compart-formed. First, for the one-step experiments a single high pneu-
ment was represented by the matric potential head measuredmatic pressure was imposed on the soil sample to induce
with the second (lower) tensiometer, h2. The third compart-outflow. Second, multistep outflow experiments were carried
ment (l3) was defined by the bottom of the soil sample andout using identical procedures as for the one-step experiments
the center between the lower tensiometer and the bottom ofexcept that a varying number of smaller pressure increments
the sample. The matric potential head between the bottom ofwere applied instead of one large pressure step. Between each
the sample and the lower tensiometer was assumed to besuccessively increasing pressure increment, time was allowed
linearly distributed. Thus, this compartment was representedfor the sample to equilibrate or for outflow to cease. In addi-
by the weighted mean of the matric potential head within thetion to the gas pressure induced outflow scenarios, a syringe
compartment h3 5 hbottom 2 (hbottom 2 h2)/4. For each compart-pump procedure (Wildenschild et al., 1997) was used in a third
ment, the water content at each time step was calculated fromseries of experiments in which the soil sample was drained at
the representative matric potential head values (i.e., u1, u2,a constant low flow rate, simulating quasi-static conditions at
and u3).any time during the drainage experiment. A drainage rate of

For direct estimation of K(u) or K(h), the fluxes between0.5 ml/hr was used for the syringe pump measurements in
the compartments were computed in two ways: either (1) fromboth soils.
the top to the bottom, or (2) from the bottom to the top.All experiments were started at an initial condition of

hbottom ≈ 22 cm. Prior to each drainage experiment, the soil 1. During the drainage experiments, the flux between com-
samples were resaturated using the same procedure every time partments 1 and 2 (q12) was computed from water storage
(including the use of CO2 to dissolve trapped air) to maintain changes between measurement times using u1, while the
identical initial saturation values between the different drain- fluxes between compartments 2 and 3 (q23) were com-
age experiments. Otherwise, observed differences could be puted from time rate of water storage changes using u1
attributed to varying initial conditions. The standard devia- and u2. Subsequently, K12(h) and K23(h) or K12(u) and
tions of the initial sample weights representing variations of K23(u) were estimated, assuming the Darcy equation to
initial saturation were 0.962 g for six replicates of the Columbia be valid, while substituting the representative matric po-
soil and 0.732 g for 10 replicates of the Lincoln soil, represent-
ing water content variations of 0.0075 and 0.0050 cm3 cm23

for the Lincoln soil and the Columbia soil, respectively.

Direct Estimation Using Darcy’s Law

The retention characteristics for the soils were established
from the average of the two tensiometer readings and the
measured cumulative outflow volumes. The cumulative out-
flow was converted to sample average water content using
soil porosity and assuming initial fully saturated conditions.
At the conclusion of each experiment, the sample was weighed
to determine final water content values, from which initial
water content values were verified. This approach may intro-
duce potential errors, since the measurements were carried
out during transient conditions, thereby leading to possible
depth variations in matric potential head, while a single core
averaged water content was estimated from the cumulative
outflow data. This could be of particular concern for the fast, Fig. 2. Compartments and flux boundaries for the calculated hydrau-

lic conductivities.one-step experiments where depth dependent matric potential
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Table 2. Inversely estimated parameters for the Lincoln soil. (1.) estimated parameters: (a, n, Ks, ur), (2.) estimated parameters: (a, n,
Ks, ur, l).

Date SSQ ur a n Ks (cm/h) l R2

Onestep 0–250 mbar

0611a 0.049 0.097 0.019 4.803 2.883 0.993
0611b 0.041 0.110 0.019 7.240 1.934 20.282 0.996

Onestep 0–125 mbar

0531a 0.020 0.077 0.020 4.730 2.019 0.999
0531b 0.013 0.075 0.020 4.476 2.324 0.637 0.999

Multistep 0–50–100 mbar

0520a 0.051 0.041 0.023 3.104 0.911 0.998
0520b 0.029 0.095 0.022 5.882 0.363 20.788 0.997

Multistep 0–25–35–62–80–100 mbar

0524a 0.014 0.050 0.021 3.749 0.588 0.999
0524b 0.010 0.072 0.021 4.420 0.413 20.104 0.999

Syringe pump (0.5 ml/h)

0607b 0.008 0.043 0.022 3.402 1.349 20.087 0.998

tential head values (h1 and h2 for q12, and h2 and h3 for weighted least squares approach. The objective function was
defined as the average weighted squared deviation normalizedq23). Finally, K3 values were calculated directly from the

bottom compartment drainage rate and matric poten- by the measurement variances of particular measurement sets.
For additional details about inverse modeling, its applicationtial gradients.

2. Alternatively, using the drainage rate from the bottom for estimation of soil hydraulic properties and the definition
of the objective function, refer to Simunek et al. (1998), andcompartment, q3, K3(h) was estimated from the Darcy

equation, using h2 and hbottom to estimate the representa- Hopmans and Simunek (1999). For these experiments, the
objective function contained matric potential head readingstive matric potential head gradient. Subsequently, K32(h)

values and K21(h) values were calculated from fluxes for the two tensiometers and cumulative outflow data mea-
sured as a function of time. The expressions of van Genuchtenbetween compartments 2 and 3 (q32) and compartments

1 and 2 (q21). These fluxes were estimated from q3, after (1980) were used to parameterize the hydraulic functions
subtraction of the time rate of soil water storage changes
of the representative compartments (obtained from time Se 5

(u 2 ur)
us 2 ur

5 [1 1 (a|c|)n]2m

changes of u1, u2, and u3), and using the appropriate matric
potential gradients.

K 5 KsSl
e[1 2 (1 2 S1/m

e )m]2 [1]
To simplify the direct estimation results, we will only pres-

where Se is effective saturation, us, ur and u are full, residualent data using a selection of experiments and conductivity
and actual water contents, a, n and l are constants, m 5 1 2estimations for each soil. For the Lincoln soil these experi-
1/n, c is matric potential, and K and Ks are unsaturated andments are one-step (0–250 mbar and 0–125 mbar), multistep
saturated hydraulic conductivities. The parameters optimized(0–50–100 mbar and 0–25–35–62–80–100 mbar) and the quasi-
were either (a, n, Ks, ur) or (a, n, Ks, ur, l) where l is thestatic experiment. For the Columbia soil, we are presenting
exponent in Mualem’s (1976) equation. The exponent is com-estimated data for one-step (0–500 mbar), multistep (0–250–
monly fixed at a value of 0.5, however, the fit to the data500 mbar and 0–125–250–375–500 mbar), and the quasi-static
was improved if the l parameter was optimized as well. Theexperiment. In addition, we have chosen only to present data
saturated water contents (us) were fixed at 0.37 and 0.45 cm3

for the middle (K23 and K32) and lower part (K3) of the sample.
cm23 for the Lincoln and Columbia soils, respectively. TheThis was done partly for simplicity, but also because the esti-
unsaturated hydraulic conductivity was not fixed at its mea-mates from the upper part (K12 and K21) were affected by the
sured value in the optimizations because the inverse solutionslarge gradients present towards the end of the experiments.
converged readily without Ks data. The variation in optimizedFor the multistep experiments in particular, this meant that
Ks values (Table 2 and 3) is less than an order of magnitude,the curves were discontinuous between individual pressure
and as such could not be improved with a laboratory Ks mea-steps. Also, the estimates from the middle part of the sample
surement, which usually has an estimation error of similar(K23 and K32) provide a more correct basis for comparison
magnitude. Also, we were interested in investigating dynamicwith the estimates based on the drainage rate (K3), as opposed
phenomena, so including Ks data measured at steady-stateto the estimates from the upper part of the sample (K12 and
conditions might confuse the issue.K21).

Optimized parameters as well as squared residual (R2) andUnfortunately, it was not possible to estimate the hydraulic
sum of squared residual (SSQ) values for the different optimi-conductivity from the syringe pump experiments because the
zations are listed in Table 2 and Table 3 for the Lincoln andvery small hydraulic gradients prevented accurate K esti-
Columbia soil, respectively. As seen in Table 2, the sum ofmation.
squared residuals generally decreases with decreasing flow
rate. For the Columbia soil in particular (Table 3), the SSQInverse Estimation Based on Richards’ Equation values are significantly reduced when the exponent is allowed
to vary (Case 2). For the Lincoln soil (Table 2) we observeThe unsaturated hydraulic properties were inversely esti-
an increase in the a values with decreasing flow rate, whilemated using HYDRUS-1D (Simunek et al., 1998), which nu-
the optimized n values are less sensitive to the flow rate. Themerically solves Richards’ equation in one dimension using a
increase in n values is not seen for the Columbia soil. TheseGalerkin-type linear finite element scheme. Minimization is

accomplished using the Levenberg-Marquardt nonlinear inversely obtained results reflect the trends observed for the
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Table 3. Inversely estimated parameters for the Columbia soil. (1.) estimated parameters: (a, n, Ks, ur), (2.) estimated parameters: (a,
n, Ks, ur, l).

Date SSQ ur a n Ks (cm/h) l R2

Multistep 0–250–500 mbar

0528a 0.045 0.040 0.010 1.634 1.050 0.995
0528b 0.001 0.186 0.007 3.655 0.140 21.118 0.999

Onestep 0–500 mbar

0531a 0.039 0.036 0.010 1.604 1.005 0.993
0531b 0.012 0.187 0.007 3.582 0.143 21.147 0.998

Multistep 0–125–250–375–500 mbar

0604a 0.029 0.041 0.011 1.561 1.128 0.999
0604b 0.008 0.186 0.010 2.830 0.187 21.095 0.999

other estimation methods, which are discussed in the fol- the inversely estimated curves for the two soils. Gener-
lowing. ally, the hydraulic conductivities computed using the

two different estimation approaches (top down, K23 or
bottom up, K32) are very similar, thereby corroboratingRESULTS AND DISCUSSION
the K estimation methods. As mentioned previously,

Soil Water Retention Characteristics only data for the bottom (K3) and middle (K23 and K32)
compartments are presented. In Figures 5a and 5b, weFig. 3 shows the estimated average retention data
note a slight underestimation of the hydraulic conductiv-obtained using both the direct (symbols) and inverse
ity, relative to the optimized conductivity curves, forestimation (lines) approaches. We only present optimi-
the fast experiments, however, the data for the slowerzation data for the cases where l was optimized. Fig. 3a–d
experiments (Fig. 5c and 5d) matched the optimizedpresent the estimated retention data for each individual
curves. A similar underestimation was determined forexperiment, while Fig. 3e and 3f compare all directly
the Columbia soil (Fig. 6a–6c).estimated data (Fig. 3e) and optimized curves (Fig. 3f),

The estimated unsaturated hydraulic conductivityrespectively. It is evident from both Fig. 3e and 3f that
data for the different outflow experiments for the Lin-soil water retention for the Lincoln soil is influenced by
coln soil are compared in Fig. 5e (direct, K3) and 5fthe drainage rate, regardless of the estimation method.
(inverse). The inversely estimated curves show an in-In general, soil water retention increases as the number
crease in hydraulic conductivity with increasing flowof pressure steps decreases, with the largest retention
rate at high saturations. At high saturations at the startand residual water content for the single step experi-
of the outflow experiments, differences in optimizedment (0–250 mbar), and the lowest retention and resid-
hydraulic conductivity curves between the slow and fastual water content for the quasi-static syringe pump and
outflow experiments are approximately one order oflow-pressure multi-step outflow experiments. The dif-
magnitude, with the highest conductivity values for theferences were ≈7% by volume for a given matric poten-
faster experiments (0–250 and 0–125, Fig. 5f). This trendtial in the early stages of the experiment. As we progress
is not so clearly apparent from comparison of the directfrom the highest (0–250 mbar) to the lowest (quasi-
estimates (Figure 5e), because of lack of data pointsstatic) flow rate, we also note a decrease in the measured
at high saturations for the fast outflow experiments;air-entry value of ≈15 cm. Similar trends can be observed
however, we would expect a similar behavior. As thein the inversely estimated curves, suggesting that the
sample water content decreases, this trend reverses withdirectly estimated (measured) curves are representative
the highest unsaturated conductivity values (both opti-of the average behavior of the sample. In contrast, no
mized and directly computed) for the low flow-rate ex-apparent rate dependence was observed for the fine
periments. Similar trends were not observed for thetextured Columbia soil (Fig. 4a–e). Generally, our mea-
Columbia soil (Fig. 6d and 6e) for which almost identicalsured curves for both the Lincoln and Columbia soil
curves were obtained for the different drainage ratescompare favorably with the curves measured by Chen
for both the inversely and directly computed estimates.et al. (1999).

Physical Processes Controlling OutflowUnsaturated Hydraulic Conductivity
A number of different physical processes might con-The directly and inversely estimated unsaturated hy-

tribute to the rate-dependent results observed in ourdraulic conductivities are shown in Fig. 5 and 6 for the
experiments. We suggest the following processes or aLincoln and Columbia soil, respectively. Fig. 5a–d and
combination thereof, which systematically can explainFig. 6a–c show a selection of the estimated unsaturated
the observed phenomena.conductivity data for each individual experiment for the

Lincoln and Columbia soils, respectively. Fig. 5e and 1. Entrapment of water. This is a plausible mecha-
nism at high flow rates. We hypothesize that water6d compare the directly estimated conductivity data as

estimated using the bottom compartment drainage rates entrapment occurs through hydraulic isolation of
water-filled pores by draining surrounding pores.and matric potential gradients (K3) for the Lincoln and

Columbia soil, respectively. Fig. 5f and 6e present all The larger the drainage rate, the less opportunity
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Fig. 3. Directly and inversely estimated retention curves for the Lincoln soil as a function of applied pressure (a) 0–250 mbar, (b) 0–125 mbar,
(c) 0–50–100 mbar, (d) 0–25–35–62–80–100 mbar, (e) directly estimated curves for all experiments, (f) inversely estimated curves for all
the experiments.

exists for all pores to drain concurrently. It may to be more prevalent in coarse soils with large
head gradients.occur throughout the soil sample and will increase

water retention, but will decrease unsaturated hy- 2. Pore water blockage. When applying a sudden
large pressure step to a near-saturated or saturateddraulic conductivity, as the mobile portion of the

soil water is decreased. The highest flow rates oc- soil sample, the large matric potential head gradi-
ents near the porous membrane result in fastercur for one-step experiments and for coarse-tex-

tured soils, and hence water entrapment is likely drainage of the pores at the bottom of the sample
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Fig. 4. Directly and inversely estimated retention curves for the Columbia soil as a function of applied pressure (a) 0–500 mbar, (b) 0–250–500
mbar, (c) 0–125–250–375–500 mbar, (d) directly estimated curves for all experiments, (e) inversely estimated curves for all the experiments.

than in the overlying soil, thereby isolating the to replace the draining water at the bottom of the
sample, hence it can only occur if there is macro-conductive flow paths and impeding further drain-

age and equilibration of the soil. Consequently, the scopic air continuity across the whole sample (air
entry value of soil must be exceeded).sample’s unsaturated hydraulic conductivity will

be reduced. Pore blockage is likely to occur for 3. Air entrapment. This mechanism was discussed by
Schultze et al. (1999) who used a two-fluid numeri-materials with a uniform pore size distribution (like

the Lincoln sand). It is assumed that air is available cal code to model their results, thereby accounting
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Fig. 5. Directly and inversely estimated unsaturated hydraulic conductivity curves for the Lincoln soil as a function of applied pressure (a) 0–250
mbar, (b) 0–125 mbar, (c) 0–50–100 mbar, (d) 0–25–35–62–80–100 mbar (only the curves for the middle and bottom compartments are shown),
(e) directly estimated curves for all experiments for the bottom part of the sample (K3), (f) inversely estimated curves for all experiments.

for spatial and temporal changes in air pressure in a slight expansion of entrapped gas, instead of air
replacing draining water. As pointed out by Schultzethe sample. When a soil core is drained either by

increasing the gas phase pressure or by decreasing et al. (1999), air entrapment can increase water
retention. Air entrapment is more likely if air per-the water phase pressure, it is generally assumed

that air is available to replace the draining water; meability is low at high water saturation. As a
result, soil water retention will be nonunique, andhowever, for a sample holder that is open to air

only at the top of the soil sample, this assumption is determined by the rate of pressure step changes.
Also, as was demonstrated by Schultze et al.of air phase continuity throughout the sample is

not necessarily valid. According to Corey and (1999), the trapped air will effectively decrease
cumulative drainage and drainage rate, and resultBrooks (1999), initial drainage for such or similar

conditions will occur as a result of depression of in reduced unsaturated hydraulic conductivity val-
ues at near saturation. Regarding the use of eitherinterfaces at the sample holder boundaries or by
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Fig. 6. Directly and inversely estimated unsaturated hydraulic conductivity curves for the Columbia soil as a function of applied pressure (a)
0–500 mbar, (b) 0–250–500 mbar, (c) 0–125–250–375–500 mbar, (d) directly estimated curves for all experiments for the bottom part of the
sample (K3), (e) inversely estimated curves for all experiments. (Only the curves for the middle and bottom compartments are shown).

air phase pressure or water phase suction to induce while the soil in the pressure cell (with porous
membrane) is saturated as occurs when the airoutflow, Eching and Hopmans (1993) measured

retention curves using both suction and air pres- entry value of the soil is not exceeded prior to
applying the first pressure step. The lack of conti-sure experiments and found relatively small differ-

ences between the two approaches; however, we nuity in the gas phase will cause piston-type flow,
with drainage occurring from the top, rather thanacknowledge that there are additional complexities

regarding the suction vs. pressure issue for instance the bottom (Hopmans et al., 1992). This process
is mostly effective if the soil has a distinct air entryas discussed by Chahal and Young (1965) and

Peck (1960). value. It will increase unsaturated K near satura-
tion, however, it is not clear how it will affect water4. Air-entry value effect. This phenomenon is present

when dynamic flow experiments are carried out retention. Also, according to Corey and Brooks
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(1999), matric potentials cannot be measured for for the Lincoln soil experiments with large pressure
increments (one or two steps) where early drainage mostsaturations above ≈85%, because of the general

disconnection of the gas phase at these high satura- likely did not conform to Richards type of flow, which
assumes that the nonwetting or air phase is continuoustions. Consequently, one would expect nonunique

soil water retention curves, controlled by imposed throughout the soil sample (Hopmans et al., 1992). Also,
Schultze et al. (1999) stated that the air phase is discon-boundary conditions and pore connectivity charac-

teristics. tinuous during drainage until a significant amount of
water has left the pore system and an emergence point5. Dynamic contact angle effect. Friedman (1999) hy-

pothesized that the advancing or receding solid– saturation is reached, at which point the gas permeabil-
ity jumps to a finite value.liquid–gas contact angle in a capillary tube is de-

pendent on the velocity of the propagating or The influence of flow rate on the retention character-
istic was not apparent for the finer textured Columbiawithdrawing liquid–gas interface. Hence, in dy-

namic experiments, the static contact angle has to soil (Fig. 4a–e) using different applied pressures; how-
ever, we hypothesize that a similar behavior might havebe replaced with a dynamic contact angle. Al-

though in concept possible, Friedman agrees that occurred if much higher gas pressures had been applied
to drain the Columbia soil than used in the reportedsuch explanation is probably for fluids with low

interfacial tensions such as NAPL water. For drain- experiments. Chen et al. (1999) showed that the air
permeability is higher for the Columbia soil than foring soil samples, a reduction of the contact angle

in the range between 0 and 308 has a limited influ- the Lincoln soil, at the same degree of saturation. There-
fore, some of the above processes, which are controlledence on the matric potential, as increasing flow

velocities would decrease that contact angle to a by the low air permeability and the lack of air phase
continuity of the Lincoln soil, might not be of impor-minimum value of zero. Hence, the contact angle
tance for the Columbia soil. Another reason for theeffect will be small in any case for draining soils.
relatively small deviations among the retention curvesMoreover, although the contact angle effect can
for the Columbia soil, could be the small matric potentialexplain the increasing water retention with increas-
gradients present later in the experiment (i.e., at lowering flow velocities, it can not explain the increasing
saturations). Fig. 7 and 8 illustrate matric potential gra-unsaturated hydraulic conductivity with increasing
dients as estimated directly from the two tensiometerswater velocities.
for the Lincoln and Columbia soils, respectively. As
seen from Fig. 8, the directly estimated matric potentialObserved Phenomena in the Context
gradients in the Columbia soil (solid lines) are large atof the Suggested Processes
first following an applied pressure increment, but

We suggest that the marked effect on the curves for quickly drop to ≈21.0, as is expected if hydraulic equilib-
the Lincoln soil can be attributed to three or four of rium is attained. The periodic return of the matric poten-
the above stated mechanisms. The first mechanism is tial gradients to near zero for the Columbia soil is the
caused by disconnection of flow paths at higher flow result of the total soil water potential approaching static
rates, so that water is being trapped in dead-end pore conditions after each of the applied pressure increments;
space, Process 1. For the low-pressure outflow experi- however, the return to static equilibrium after each ap-
ments, water in individual pores remains connected to plied pressure increment does not always occur for the
the bulk water, thereby allowing water to drain as the sandy soil, especially not for the high-pressure single
water potential decreases during multi-step outflow ex- step experiments as illustrated in Fig. 7. The continu-
periments. A similar explanation has been suggested ously increasing matric potential gradient (solid lines)
earlier by Smiles et al. (1971) and Topp et al. (1967). is indicative of a soil water regime not tending towards

In addition to water entrapment, we believe that Proc- static equilibrium. Our proposed mechanism, Process 2,
esses 2, 3 and 4 contribute to the measured rate-depen- can explain this phenomenon. After a large pressure
dent soil hydraulic characteristics. Initial drainage of the increment is applied, the bottom section of the sandy
lower part of the sample (Process 2) was observed in soil is drained, thereby emptying the largest, highly con-
one-step outflow experiments using x-ray computer as- ductive pores. For a soil with a narrow pore size distribu-
sisted tomography (CT) by Hopmans et al. (1992) and tion (Lincoln soil), drainage of the largest pores prevents
we are currently observing similar patterns in prelimi- continued drainage and equilibration of the soil above

the initially drained portion, and effectively results innary x-ray CT experiments of the Lincoln soil. This
mechanism is enhanced for soils with a narrow pore- the increasing total water potential gradients with prog-

ressing drainage as observed in Fig. 7. For the two slowersize distribution, and hence is expected to be more pro-
nounced for the sandy Lincoln soil. Similarly, the air- outflow experiments (0–50–100 mbar and 0–25–35–62–

80–100 mbar), a similar behavior as for the finer tex-entry value effect (Process 4) is likely to influence our
results, since the air entry value of the Lincoln soil is tured soil is observed, and the gradients return to unity,

shortly after the pressure step is applied.≈220 cm; that is, drainage occurs only if matric potential
head values are smaller than 220 cm; however, the In general, the numerical model simulated total ma-

tric potential heads similar to what was observed, eveninitial condition of the soil was only ≈22 cm, so that
the first pressure increment was applied when the Lin- for the fast outflow experiments (compare solid with

dashed lines in Fig. 7 and 8). Extended forward model-coln soil was still saturated. This is particularly critical
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Fig. 7. Matric potential gradients measured and optimized between the two tensiometers in the Lincoln soil.

ing of the 0–250 mbar experiment for the Lincoln soil ties for the faster experiments (Fig. 5e and 5f). Similar
results were found by Plagge et al. (1999) and Schultzeshowed that static equilibrium is not approached until

2000 hours or ≈83 days have passed (see inset of Fig. et al. (1999), and we believe that the main cause of these
increased conductivities derives from our proposed7). Generally, when performing retention curve mea-

surements on sandy materials it is assumed that these Process 4. If the air pressure is suddenly increased (or
the water pressure decreased as in the case of the experi-can be done relatively fast, whereas the more clayey

materials require time-consuming experiments; how- ments of Plagge et al. (1999) and Schultze et al. (1999)
without first exceeding the air entry value of the soil,ever, our results indicated otherwise.

At low saturations, we observed low unsaturated hy- thereby providing air passage into the soil, water will
drain from the sample relatively fast and the unsaturateddraulic conductivities for the fast outflow experiments

for the Lincoln soil, Fig. 5e and Fig. 5f. We suggest that hydraulic conductivity will be overestimated. However,
at the later stages of drainage, the water entrapmentthis is due to water being either trapped (Process 1) or

blocked from the main water body (Process 2), thereby effect and pore blockage becomes the controlling factor
in the hydraulic conductivity estimation, and a crossoverbecoming immobile and effectively not contributing to

flow. We hypothesize that this water becomes entrapped of the curves in Fig. 5e and 5f is observed. Apparently,
this crossover occurs at a lower saturation in the in-and immobile in the early stages of the experiment when

relatively high flow rates prevail, particularly in those
experiments where large one-step pressure steps were
used to induce outflow. In Fig. 9, the cumulative outflow
volumes are plotted as a function of time for the Lincoln
soil, showing that the maximum flow rates occur initially
when the first pressure increment is applied. We assume
that these maximum flow rates occur near the nylon
membrane at the bottom of the sample. Specifically, the
0–250 and 0–125 drainage experiments induce these high
flow rates in the first few minutes of the experiment
(see inset of Fig. 9). The initially trapped or blocked
water will remain trapped as the soil continues to drain
because it is disconnected from the flowing water phase.
Another possible reason for the negligible effect of the
outflow rate on the hydraulic characteristics of the Co-
lumbia soil is its dominance of smaller pores following
our proposed Process 1. Single water-filled pores are
less likely to be isolated from the main flow path in
the Columbia soil, compared with the coarser textured
Lincoln soil. Fig. 8. Matric potential gradients measured and optimized between

the two tensiometers in the Columbia soil.At high saturations, we observed higher conductivi-
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Fig. 9. Cumulative outflow rates as a function of time for the Lincoln soil. Early time data is shown in inset.

versely estimated curves (between water contents of ess 2) water, thereby affecting soil water retention. All
of these phenomena are mostly prevalent in the coarse0.10–0.15 cm3 cm23), while the directly estimated curves

show a crossover point at a water content of ≈0.20 cm3 textured soil and for the high flow rates. As the soil
desaturates, Process 4 is no longer a factor, however, itcm23. The inversely estimated data is based on the as-

sumption of Richards flow and air phase continuity, is the entrapped and blocked water that controls the
hydraulic properties, thereby reducing the unsaturatedwhich could be the cause of this difference between the

direct and indirect unsaturated hydraulic conductivity hydraulic conductivity in the lower water content range.
Our explanations can be applied to results presentedcalculations.

The crossover of the hydraulic conductivity curves is by others. For example, both Plagge et al. (1999) and
Schultze et al. (1999) found increased hydraulic conduc-not observed for the finer textured Columbia soil in

Figure 6e, likely due to its more poorly defined air-entry tivities with increasing flow rates that can be explained
from Process 4. Also, the results of Topp et al. (1967)value (Process 4), wider pore-size distribution (Process 1

and 2), and higher air permeability (Process 3). Also, can be explained using the air entrapment argument
(Process 4), as their drainage experiments were initiatedthe measurements of the finer-textured Columbia soil

do not show the continuously increasing nonequilibrium at full saturation while the soil’s air entry value was
≈235 cm. In the experiments of Smiles et al. (1971), airgradients as measured for the Lincoln soil (compare

Fig. 7 and 8), and therefore the hydraulic characteristics access was secured at any time because the sample
holder included ventilation holes. However, their exper-of this soil are less likely to be dependent on flow rate.

The lower initial flow rates and their smaller variation iments confirm Process 1 to be effective. Water reten-
tion is highest closest to the water inlet (largest fluxes)among the Columbia experiments are illustrated in Fig.

10 (note that the inset is plotted on the same scale for and for experiments with the largest head gradients
(Fig. 4 and 6). The results of Smiles et al. (1971) werethe two soils).
confirmed by Vachaud et al. (1972), who showed that
the largest deviations from the static water retentionCONCLUSIONS curve occur when large head gradients are applied

In conclusion, we believe that the rate-dependent (Process 1 and 2).
phenomena observed for the coarse Lincoln soil in these Based on our investigation it is critical to consider
experiments are a consequence of a combination of flow the method by which the hydraulic properties for unsat-
processes, and are a result of differences in pore size urated soils are determined, thus keeping in mind the
distribution and pore connectivity between the two soils. purpose of the characterization. For the coarse textured
Process 4 mainly affects the unsaturated hydraulic con- Lincoln soil we have shown that the use of hydraulic
ductivity curve at high water contents, while the accom- parameters obtained under relatively high outflow con-

ditions may not accurately represent slow flow phenom-panying high flow rates trap (Process 1) and block (Proc-
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Fig. 10. Cumulative outflow rates as a function of time for the Columbia soil. Early time data is shown in insert.
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