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Abstract

Soil management influences physical properties and mainly the soil hydraulic functions. Their measurement becomes one of
the research preferences in this branch of applied soil science. Tension disc and pressure ring infiltrometers have become very
popular devices for the in situ estimates of soil surface hydraulic properties. Their use for measuring solute—water transfer para-
meters of soils is now well established too. A number of publications testify that both devices have been extensively used all around
the world for different purposes. In this review, a short introduction is devoted to the background theory and some examples are
given to show how the theory can be used to determine hydraulic conductivity and sorptivity from measured cumulative
infiltration. The methods of analysis of cumulative infiltration are based either on quasi-analytical solutions of the flow equation
for homogeneous soil profile or on inverse parameter estimation techniques from the numerical solution of flow equation
whether the soil profile is homogeneous or not. The disc infiltrometer has also been shown as a suitable device for inferring
parameters describing the water-borne transport of chemicals through near saturated soils. Associated with conservative tracers,
it has been recognized as a promising tool for the determination of both hydraulic and solute transport properties as well as for
other parameters such as mobile/immobile water content fraction or exchange coefficient. An emphasis is put here on some
published studies performed in different soils and environmental conditions focusing on heterogeneous soil profiles (crusted
soils) or structured cultivated soils (aggregated soils), either when local water transport process is studied or when field spatial
variability is investigated. Some new research studies such as water—solute transfer in structured or swelling—shrinking soils and
multi-interactive solute transport are emerging. A number of challenges still remain unresolved for both theory and practice for
tension and pressure infiltrometers. They include questions on how to consider and characterize saturated—unsaturated
preferential flow or preferential transport process (including hydrodynamic instabilities) induced by biological activity (e.g.
capillary macropores, earthworm holes or root channels) by specific pedagogical conditions (e.g. cracking, crusting) and by soil
management practices (i.e. conservation tillage). © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In many applications dealing with environmental
sciences, the knowledge of soil hydraulic properties is
important: (i) to diagnose the hydrodynamic function-
ing of soils in relation to the natural and/or anthro-
pogenic constraints which are applied, and (ii) to
simulate the physical processes in order to establish
a prognosis on the order of magnitude of the hydraulic
fluxes able, for instance, to make water and nutrients
available for the plant rooting system, or to advect
chemicals leading to point or diffuse pollution of the
groundwater table. Physically based modeling of
coupled water and solute transport requires the knowl-
edge of soil properties that have to be estimated with
sufficient precision. On this way, the development of
in situ techniques to determine both the saturated and
unsaturated hydraulic properties of the soil surface has
received increasing attention in the recent years, in
particular to assess the role of preferential flow path-
ways in the soil management practices. Estimation of
field soil properties represents then a challenge for soil
scientists.

Infiltration-based methods are recognized as valu-
able tools to investigate hydraulic and transport soil
properties. In particular, two complementary methods
appear to be interesting in the study of saturated and
near saturated soil behavior. They are the confined
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one-dimensional pressure ring-infiltrometer and the
unconfined three-dimensional tension disc infiltrom-
eter methods. In addition to some theoretical devel-
opments, the operative assumptions are briefly
summarized for both steady-state and transient flow
infiltration conditions.

Compilation of some relevant results obtained with
such experimental devices are reviewed and discussed
here. They include estimates of sorptivity, hydraulic
conductivity and their relations with the capillary
pressure for either different homogeneous and layered
or heterogeneous soils under a variety of climatic and
soil use conditions. Also, some other soil properties
are presented, such as mean characteristic pore size
and fraction of mobile-immobile soil water content,
which allow the study of transport processes. The
limitations of these techniques are briefly discussed
and some further developments are suggested.

2. Basic design and operation
2.1. Tension disc infiltrometers

The home made system called TRIMS (triple ring
infiltrometers at multiple suction) consists of three sets

(Fig. 1) constructed out of Plexiglas following the
design of Perroux and White (1988). The base of each

Fig. 1. Disc infiltrometers S1, S2 and S3 of diameters 250, 80 and 48.5 mm, respectively.
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disc of diameter 250 mm (S1), 80 mm (S2), and
48.5 mm (S3) is covered by a nylon cloth of 20 um
mesh. A graduated reservoir tower provides the water
supply, and a bubble tower with a moveable air-entry
tube (C1) imposes the pressure head #,, of the water at
the cloth base. The pressure head A, is the difference of
heights h,—h,—h., where h, is constant and represents
the height of air-supply tube (C2) from the base of the
disc (Fig. 1), hy is adjustable and represents the
difference between the bottom of air tube (C1) and
the water level in the bubble tower which is kept
constant, and A, represents a correction term due to
capillary effect in the system. If h,<h;+h., then the
applied pressure h, is negative (i.e. h, below the
atmospheric pressure).

For measurements under tension, it is essential that
intimate hydraulic contact be maintained between the
soil surface and the source of water. This is generally
achieved by pouring at the surface a layer of sand
which should be made as thin as possible and ready to
accept emplacement of the disc infiltrometer which
has already been set at h,. Immediately after place-
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ment, excess contact sand outside the rim of the
infiltrometer has to be swept away to avoid any
horizontal wicks of sand lying across the soil surface.
For every imposed value h,, the cumulative infiltra-
tion, I(¢), is recorded either by noting the water level
drop in the reservoir tower (Fig. 1) or by using a
pressure transducer (i.e. Ankeny et al., 1988). More
details can be found in Vauclin and Chopart (1992).

2.2. Pressure ring infiltrometer

Typical pressure single-ring infiltrometer is illu-
strated in Fig. 2. Water is supplied to the soil surface
at a positive pressure head A, through a sealed top lid
either by a Mariotte bottle with a moveable air tube
allowing a wide range of h, (Fig. 2a) similar to the
Guelph Permeameter reservoir (Reynolds et al., 1985;
Reynolds and Elrick, 1990; Vauclin et al., 1994), or by
a small capillary tube also acting as a measuring
burette (Fig. 2b). This tube can be positioned either
horizontally to infiltrate water at a constant head, or
vertically to infiltrate water at a continuous falling
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Fig. 2. Schema of the pressure ring infiltrometer (98 mm in diameter) for constant head (a), and both constant head and falling head (b).
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head. Because of the positive heads used in the tests,
up thrust of the sealing lid of the device may occur.
The ring therefore has to be weighed down to prevent
the hydraulic force lifting the ring out of the soil. The
ring used in the tests reported here has a diameter of
98 mm and can be driven into the soil to a maximum
depth of 60 mm. More details dealing with the opera-
tional aspects are given in Vauclin et al. (1994), Elrick
et al. (1995) and Youngs et al. (1995) for configuration
(2a) and in Fallow et al. (1994) and Gérard-Marchant
et al. (1997) for configuration (2b). It should be noted
that constant head—falling-head ring infiltrometer
(Fig. 2b) is particularly appropriate for slowly perme-
able soils, landfill lining and capping porous materials.

3. Description of water flow from tension disc
infiltrometers

The following axisymmetric form of Richard’s
equation can be used to describe the flow of water
from a disc (Warrick, 1992):

w3 an(3 1) 2]

K(h) Oh

r or

where C(h)=d0/dh is the soil water capillary capacity

function [L™'], 0 being the volumetric water content

[L3L73], h the water pressure head [L], K(h) the

hydraulic conductivity function [LT™'], r and z are

radial and vertical coordinates [L], respectively. Note

that Eq. (1) assumes that the soil is isotropic, although
not necessarily homogeneous.

Assuming initial uniform soil water, pressure pat-

tern leads to

h(r,z,t) = hy,

Infiltration from a tension disc infiltrometer main-
tained at water pressure A, corresponds to the follow-
ing boundary conditions:

h(r,0,t) =hy, z=0, r<rg, 120 3)

where ry is the disc radius.
Beyond the rim of the disc no vertical flow is
assumed or imposed:

((%—1>:0, z=0, r>rg, t>0 @
0z

D

z>0, r>0, t<0 2)

Subsurface boundary conditions are assumed to be
located far enough from the supply source so that they
do not affect the infiltration process.

Various techniques have been developed to infer
hydraulic properties from measurements of either
transient flow rates, g, [LTfl], or steady ones, ¢ooo,
that emanate from a disc set at the water pressure head
h,. Methods are based either on quasi-analytical solu-
tions of the flow equation for homogeneous soil
profile, or numerical solutions of Eq. (1) through
inverse parameter estimation techniques whether the
soil profile is homogeneous or not.

3.1. Steady-state flow

The steady-state flow theory and its applications
have been presented and discussed elsewhere (Perroux
and White, 1988; Smettem and Clothier, 1989; White
and Perroux, 1989; Clothier and Smettem, 1990;
Thony et al., 1991; Warrick, 1992; White et al.,
1992; Quadri et al., 1994; and many others). Let us
summarize here the main salient features.

Wooding’s (1968) equation which is at the heart of
most of these analyses approximates the steady infil-
tration rate, ¢,., from a disc as

4¢, 1

T rg

Goco = K, + (5)

where ¢, is the matrix flux potential defined by

0, ho
(ZSO:/ D(u)du:/ K(”)du> 0o > 0n, hy < hyo
0y I
(6)

In these equations, K, is the hydraulic conductivity
at the imposed pressure head h,, K,=K(h,), D(0) is
the capillary diffusivity [L*T~']. The subscript o
refers to the condition imposed at the supply surface
of the disc, and the subscript n denotes the antecedent
condition prevailing in the soil before the infiltration
takes place. The flow is then controlled by two soil
properties: the hydraulic conductivity K, which
accounts for the effect of gravity and that of the
sorptivity S,=S(h,) which represents, in an integral
sense, the soil’s capillarity. Eq. (5) can be solved for
K, and ¢, by using either multiple radii (at the same
value h,) or multiple head (for a given disc radius)
procedures.



R. Angulo-Jaramillo et al./Soil & Tillage Research 55 (2000) 1-29 5

3.1.1. Multiple disc approach

From measurement of steady-state infiltration
fluxes, goo0, €emanating from two discs of contrasting
radius, r, and r,, namely g; and g,, the simultaneous
solution of Eq. (5) gives (Smettem and Clothier, 1989;
Thony et al., 1991):

_qirt —qan

=T (7a)
r—n
and
T 41— q2
=——T = 7b
¢o 41/}”1—1/}’2 ( )

If g, and g, are derived from, respectively, n; and n,
replications of steady flow measurements, and if K,
and ¢, are assumed to be normally distributed over a
field, then their standard errors are (Scotter et al.,
1982):

Sk, = [(Slrl)z/”l + (Szrz)z/nz]l/Z "

o r—

o Tlsr?/m 5 m]
T4 1n—1/n

where s, and s, are the standard deviations of ¢; and
q», respectively.

Examples of applications can be found in Thony
et al. (1991), Vauclin and Chopart (1992) with n; and
n, varying from 3 to 5 for r;=125 mm and r,=40 mm.

An alternative approach consists in using three discs
of different radii (Thony et al., 1991) and to perform a
linear regression between measured values of ¢; and
1/r; (Eq. (5)), thus providing the intercept K, and the
slope 4¢o/m which straightforwardly gives ¢,. The
statistical analysis makes also possible the estimates
of the uncertainties associated with K, and ¢, values
thus obtained.

If an exponential soil water diffusivity, D(0), scaled
by sorptivity S, at h, is assumed (Reichardt et al.,
1972; Brutsaert, 1979; White, 1987), it is possible to
show that

bS,?

bo=7—
0o — 0,
where the envelope of the possible values of b is
delimited by the Dirac delta soil (b=0.5) and the

linear soil (bzi m). It is frequently assumed that
b~0.55 for a field soil (White and Sully, 1987). Then

(8b)

)

having measured (6,—0,), it is possible to deduce S,
from Eq. (9), ¢, being obtained by solving Eq. (5).
Final water content, 0,, is the mean value of measure-
ments made underneath each disc.

3.1.2. Multiple head approach

Ankeny et al. (1991) started with Eq. (5) and
measured infiltration rates at two pressure heads
and h, successively applied to the same disc. This
leads to two equations and four unknowns:

4

g =K +—¢,; (10a)
rq
4

@ =K +—0¢, (10b)
rq

where  K1=K(h)), K,=K(hy), ¢ =¢(h;) and

¢po=c¢(hy). By assuming a constant ratio A=K(h)/
¢(h) throughout the pressure range h; to &, (Philip,
1985, 1986) and deriving an approximate expression
for the difference (¢p;—¢,), Ankeny et al. (1991)
obtained three equations with three unknowns which
are simultaneously solved for the two conductivities
K, and K,, from which ¢; and ¢, may also be
calculated. Applying this procedure to sequential
pairs of measurements produces a piecewise K(h)
curve.

It should be noted that considering an exponential
relationship between K and & (Gardner, 1958):

K(h) = K¢ e™ (11

where Ky is the apparent field-saturated hydraulic
conductivity, and « is a constant, leads to the following
exact expression for (¢p1—¢»):

K —Ky  (h—m)(K —K>)

R (WA (12)

Rather than fitting infiltrometer measurements by a
piecewise relationship made at sequential head pres-
sures, Logsdon and Jaynes (1993) developed a non-
linear regression technique for fitting simultaneously
all the data. Introducing Eq. (11) into Eq. (6) trans-
forms Eq. (5) into

4
] K e (13)

=11
oo |: +O(?'U‘d

which was iteratively solved for o and K¢,. The number
of measurements (%,, ¢oo,) has to be greater than 2
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to avoid spurious regressions.Wooding’s solution,
Eq. (5), was extended to the case of small radii by
Weir (1987). In such cases, small radii correspond to
large capillary effects relative to the gravity ones.
Weir’s analytical approximation considers a dimen-
sionless radius (% arg) that depends on the soil para-
meter o (Eq. (11)). It has been shown that the Weir
approximation is more accurate than Wooding’s for
dimensionless radius less than 0.4.

3.2. Transient flow

Although the methods of analysis based on the
Wooding’s steady flow equation (5) have been widely
used and compared over the last decade (e.g. Hussen
and Warrick, 1993; Logsdon and Jaynes, 1993; Cook
and Broeren, 1994), several researchers oriented their
work on finding analytical solutions for transient flow
from disc infiltrometers. Turner and Parlange (1974),
Warrick and Lomen (1976), Warrick (1992), Haver-
kamp et al. (1994), Smettem et al. (1994) and Zhang
(1997) proposed different approaches to account for
the circular geometry of the source. Restrictions in the
use of Wooding’s equation, uncertainties about the
time at which steady infiltration flux is attained,
together with the fact that much useful information
is lost by ignoring the transient stage (Logsdon, 1997)
have strengthened the need for a transient three-direc-
tional infiltration equation for disc infiltrometers.
Analysis of transient flow means shorter experiments
and smaller sampled volumes of soil which is
obviously in better agreement with assumptions of
homogeneity and initial water content uniformity. The
most recent expressions (Warrick, 1992; Haverkamp
et al.,, 1994; Zhang, 1997) have in common the
following two-term form of the cumulative infiltration
equation:

I(t) = C1Vi + Cat (14)

but they differ by the expressions of the coefficients
C, and C,. The validity of Eq. (14) was discussed
in Vandervaere et al. (2000a). Warrick (1992) pro-
posed expressions of C; and C, for small times by
assuming a constant diffusivity. Zhang (1997) gave
empirical values for C; and C,. Haverkamp et al.
(1994), using previous works by Turner and Parlange
(1974) and Smettem et al. (1994), proposed the fol-
lowing physically based expressions valid for times

not approaching steady-state:
Ci =5 (15)

— 1 v 2
C2 Kn+3(2 ﬁ)(Ko Kn)+rd(90_0n)so (16)
where f§ is a parameter depending on the capillary
diffusivity function. It lies in the interval [0, 1], and y is
a constant approximately equal to 0.75.

Except for rare occasions, where the soil is initially
at a high moisture content, the condition K,<K, is
fulfilled. Then, if an average value of 0.6 is taken for f3,
Eq. (14) simply reduces to

0.75
rd(90 - Qn)

The first term of the right-hand side of Eq. (17)
corresponds to the vertical capillary flow and dom-
inates the infiltration during its early stage. The second
term corresponds to the gravity-driven vertical flow
and the third one represents the lateral capillary flow
component. One important feature of Eq. (17) is the
fact that the difference between axisymmetric and
one-dimensional vertical infiltration (rg—o0), i.e.
the water moving laterally by capillary, is linear with
time. This was apparently ignored by Zhang (1997)
who assumed coefficient C, to depend only on K, and
not on S,. Eq. (17) appears as a three-dimensional
extension of the well-known one-dimensional Philip
(19570b) infiltration equation:

I(t) = So\/t + At (18)

The relative weights of the three terms of Eq. (17) play
a decisive role in quantifying the accuracy with which
S, and K, can be estimated (Vandervaere et al.,
2000b). For example, if the second term of the
right-hand side of Eq. (17) is negligible as compared
to the third one, this means that the infiltration process
is controlled only by capillarity and an accurate
estimation of K, is unlikely. Note that this kind of
limitation is not only inherent to transient flow ana-
lysis but also affects the accuracy of methods based on
steady-state flow analysis. Different methods to infer
S, and K, values from C; and C, are described in
Vandervaere et al. (2000b) depending on whether use
is made of either one or several disc radii and either
one or several h, values.

One method of analysis presented in White and
Sully (1987) makes use of both transient and steady-

I(t) = SoV't + & Kot + So’t (17)
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state flow regime. It consists in assuming that S, can be
estimated by neglecting both gravity and lateral diffu-
sion effects at the beginning of the axisymmetric
infiltration process. Cumulative infiltration is then
approximated by Philip’s (1957a) equation established
for one-dimensional horizontal infiltration:

(1) = Spr'/? (19)

Note that Eq. (19) is equivalent to Eq. (17), where the
two terms linear with time are omitted. Then, S, can be
determined as the slope of I vs. /¢ during a time
interval 7, as small as possible, over which Eq. (19) is
considered valid:

So = F\ﬁ)]r (20)

However, Eq. (20) must be carefully considered for
at least two reasons.

1. In the case of soils with important gravity flow
effects (i.e. sands), the term S,/ can rapidly be
dominated by the K, term in Eq. (17); on the other
hand, in the case of soils exhibiting large capillary
effects (i.e. clays), the term S/t can rapidly be
dominated by the S g lateral term in Eq. (17).
Thus, it is not sure that any experimental condition
exists at all, where Eq. (20) can be used with
reasonable confidence and precision. As a matter
of fact, the chosen time interval T is likely to
strongly influence the calculated S, values (Bon-
nell and Williams, 1986).

2. Tension disc infiltrometers are usually placed on a
layer of sand to ensure hydraulic contact between
the infiltrometer and the soil. The sand is normally
chosen for its high conductivity so that no impeding
effect modifies the steady-state infiltration flux.
However, the effects of this layer on the first
stages of infiltration can be important enough to
mask the portion of the infiltration curve desired
for analysis (Vandervaere et al., 1997, 2000a).

An alternative to the use of Eq. (20) is (White et al.,
1992):

So = ey

i dr/
imy —-~
=0 1a(vA)
The solution of Eq. (21) is guaranteed if Eq. (14) is
used with the following transformation (Vandervaere

et al., 1997, 2000a):

d/
d(v1)
which also allows C, to be determined.

After S, has been estimated, hydraulic conductivity
is calculated by subtraction, using either steady flow
through Egs. (5) and (9):

4b
Gooo nrg(0, — 0y)
or transient flow by combining Eqs. (5), (15) and (16):
3 752 ]
= C, — 0 24)
2—13[ " ra(0 — 0,)

Egs. (23) and (24) can provide accurate estimates of
K, only if K, is not too small as compared to ¢,., and
C,. This condition must be verified a posteriori.

=C,+2C1 (22)

K, = s (23)

K,

3.3. Inverse method

An alternative to direct estimates of soil hydraulic
properties is the use of inverse methods when in situ
conditions differ strongly from assumptions required
for the use of semi-analytical solutions of the flow
equation. This is the case of heterogeneous soil pro-
files, i.e. non-uniform water content distribution,
multi-layered system. The inverse procedure com-
bines the Levenberg—Marquardt (Marquardt, 1963)
non-linear parameter optimization method with a
numerical solution of the axisymmetric unsaturated
flow equation (Eq. (1)). Simunek and van Genuchten
(1996, 1997), Simunek et al. (1998) recently sug-
gested a numerical method to estimate hydraulic
properties from cumulative infiltration data from a
disc infiltrometer at several consecutive pressure
heads. Data required for a successful inversion, in
addition to the cumulative infiltration evolution with
time, include measurements of initial and final water
contents. Using numerical simulated data, they
showed that the method can provide information
not only on the hydraulic conductivity function as it
is usually the case when invoking quasi-analytical
methods, but also on the soil water retention curve.

The objective function to be minimized during the
parameter estimation process can be formulated using
either cumulative infiltration data only, or cumulative
infiltration data in combination with additional infor-
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mation such as the observed water content correspond-
ing to the initial supply pressure head or transient
pressure head, and/or water content measurements
within the soil profile. The objective function for
multiple measurement sets is defined as (Simunek
and van Genuchten, 1996):

s qm) = zm: (V/zj:wz:f[q;(fi) —q;(ti, b)]2>

AN

OF(b,ql,...

(25)

where m represents the different sets of measurements
(such as the cumulative infiltration data, or additional
information), n; the number of measurements in a
particular set, q;(ti) are the specific measurements
at time #; for the jth measurement set, b the vector of
optimized parameters, ¢;(#;,b) are the corresponding
model predictions for the parameter vector b, and v,
and w;; are weights associated with a particular mea-
surement set or point, respectively. The coefficients v;,
which minimize differences in weighting between
different data types because of different absolute
values and numbers of data involved, is given by
(Clausnitzer and Hopmans, 1995; Clausnitzer et al.,
1998; Simunek et al., 1998)

1

o 26
Vi njajz (26)

This defines the objective function as an average
weighted squared deviation normalized by measure-

ment variances a}.

4. Description of flow from ring infiltrometers

Basically the flow from a ring infiltrometer set at a
positive pressure head H is controlled by the saturated
hydraulic conductivity Ky, which accounts for the
gravity effect and by the matrix flux potential ¢,
which represents the capillary effect. From Eq. (6), ¢,
is defined as

0
o = / K (u) du @7)
hn

As for tension disc infiltrometer, various techniques
based on either transient or steady-state water flow
approaches have been used to infer soil hydraulic
properties from ponded ring infiltration tests.

4.1. Steady-state flow

It is possible to show (Reynolds and Elrick, 1990;
Elrick and Reynolds, 1992b) that the steady-state flow
rate out of a ring infiltrometer is given by

H ¢
o =K | 1 m 28
o f ( + nrdG) +7U’dG ( )
where
d
G =0316—+0.184 (29)
rd

is a shape parameter, and d is the depth of insertion of
the ring into the soil (Fig. 2).

The first term of the right-hand side of Eq. (28)
represents the gravitational effect, the second one
corresponds to the influence of the ponded head, H,
and the third term represents the contribution of the
capillarity to the soil water flow.

Applying successively to the same ring, two posi-
tive hydraulic heads H; and H, allows to solve simul-
taneously the resulting two equations (28) for K¢ and
¢m, from which it is also possible to calculate the
parameter o of Eq. (11) as

Kfs

o= (l"—m (30)

4.2. Transient flow

The early-time transient flow of water from pressure
infiltrometer with ponded head takes the form

[ = Syt'/? (31)

where Sy may be thought of as a “ponded”” sorptivity.
It incorporates the effects of both hydrostatic pressure
in the ring and unsaturated soil capillarity. It may be
expressed as (White and Sully, 1987):

d) 1/2
Sy = |2(0, — 6,) K H +7m (32)
It should be reminded that the validity of Eq. (31)
relies on the premise that the infiltration is not sig-
nificantly affected by gravity, that it is especially the
case for slowly permeable soils such as clay liners.
Fallow et al. (1994), Elrick et al. (1995) have pre-
sented results obtained by constant and falling head
conditions applied to a ring infiltrometer (Fig. 2).
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Recently Gérard-Marchant et al. (1997) have extended
the approach initially developed for rigid soils to
swelling materials.

Estimation of hydraulic parameters is obtained by
fitting the infiltration equation on the experimental
measured /(¢) data (e.g. by the single or double-ring
infiltrometer methods). The goodness of fit is used as a
criterion to justify the choice of the infiltration equa-
tion. For example, six different infiltration equations
in addition to Eq. (18) were analyzed by Haverkamp
et al. (1988) in terms of precision, choice of para-
meters with particular emphasis on their time-depen-
dence, and applicability for predictive use. Three and
four parameter-equations were developed and were
found to be more useful than two parameter-equations.
Estimated parameter confidence intervals using simu-
lated infiltration data were also studied by Clausnitzer
et al. (1998). Their results have shown that extending
the duration of data acquisition leads to estimate
parameters with higher degree of confidence to a more
precise estimate of that confidence, and to a better
defined minima in the objective function.

5. Some characteristic time and length scales

Water-source geometry, capillarity and gravity driv-
ing forces combine to dictate the pattern of water flux
entering the soil during multidimensional infiltration.
Two characteristic time scales and associated lengths
are classically used to describe such a water flow.

The first one (Philip, 1969), related to gravity

5o\’
tgrav = (I(o) (33)

indicates the time after which gravity dominates one-
dimensional vertical infiltration. The associated capil-
lary length scale (White and Sully, 1987; Warrick and
Broadbridge, 1992) is defined as

b,
K,

Substituting Egs. (6) and (9) into Eq. (34), and assuming
that K,< K, (soils at field capacity or dryer) leads to

bS?
(60 - en)Ko

Eq. (35) shows that A. is a macroscopic length scale

ho
Je = (Ko — Kn)’l/ K(h)dh =
h

n

(34)

Je = (35)

that represents the relative magnitude of the capillary
and gravity forces which prevail during the infiltration
process from a source maintained at 6, into a soil
initially at 6,. Additionally, when an exponential
relationship K(h) (Eq. (11)) is considered, it follows
from Eq. (34) that

1
fo =— (36)
o

Typical values of o can be found in Elrick and
Reynolds (1992b). They range from 1 for compacted
structures, i.e. clay materials, to 36 for coarse and
gravelly sands as well as for structured soils.

From Laplace capillary theory, a characteristic
mean pore radius 4, may be defined as
=Lt = e Bk (37)

pw8he  py8  bSo?
where ¢ is the surface tension (73 mN/m), p, the
density of water and g is the acceleration due to
gravity. This length scale defines mean characteristic
pore sizes that are hydraulically functioning at the
imposed water pressure head h,.

The second characteristic time scale is related to the
impact of the geometry of the water source. For
circular surfaces, Philip (1969) considered the time
fgcom after which the geometric effect dominates the
capillary forces of the soil in drawing water from the
source. It is defined as

2
fgeom = (rd(g(?go_ 9“)> (38)

Thus, from measurements of sorptivity and hydraulic
conductivity at different negative and positive water
pressure head along with the value of (0,—0,) it is
possible to deduce the relative roles played by capil-
larity, gravity and geometry on water flow and to infer
pore sizes hydraulically functioning at different values
of pressure head.

In Section 7 hereafter, results obtained in different
situations by these various approaches will be pre-
sented and briefly discussed.

6. Description of water and solute flow from a
tension disc infiltrometer

Two phenomena among others have led to reassess
the description and modeling of solute transport in
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unsaturated soils: (i) deeper penetration of surface-
applied chemicals in the field than it can be expected
by classical convection—dispersion approach; (ii)
laboratory soil column observations of asymmetry
and tailing of breakthrough curves in the case of
non-adsorption solutes. To account for these phenom-
ena, it is assumed that there are two distinct soil water
regions in the system (Coats and Smith, 1964; van
Genuchten and Wierenga, 1976; Gaudet et al., 1977):
one region designated as the mobile water region,
where solute transport takes place by convection
and diffusion, and another one, termed as immobile
region, where solute transfer occurs by diffusion only.
Then the total volumetric water content is

0 =0n + Oim (39)

where subscripts m and im refers to the mobile and
immobile fractions, respectively.

The corresponding one-dimensional two region
mobile—immobile water model under steady-state
water flow may be written as

OCr aC; »Cn OCpy
Op—— +0im——=0nDn——— —Goocip —— (40
m6t+m8t mmazz QIDaZ()
where solute concentrations in the mobile and immo-
bile phases are denoted as C,, and Cj,,, respectively,
and D,, is the dispersion coefficient in the mobile
phase [L*T'].
Solute exchange between the mobile and immobile
regions is described by
oC;
Oim—— = * Cn — Cinm 41
= ) @n
where o [T_l] is the mass-transfer rate parameter for
exchange between the two phases. The total solute
concentration, C*, in the soil is given by

0C* = 0,,Cry + 0 Cim (42)

During last years, disc infiltrometers have been pro-
posed as a means to infer some of the parameters
describing the water-borne transport of chemicals
through soils near saturation. Clothier et al. (1992)
described a method where a tension infiltrometer and
conservative tracer (bromide) were used to measure
the mobile soil water content, 6,,. Once the steady-
state regime of infiltration ¢q,., (Eq. (5)) was reached,
the disc was removed for refilling with a tracer solu-
tion at concentration C,. The disc was then immedi-

Solute at
concentration :,
Co \ i
Disc  |[&
S] : :
: Sampling
Contact < under the disk
sand 2
\I
0P 0000000000 HO
0QO0000000C00CTYO
0000000000 DOL 0
00O O00C00000C0
000 JA0 000038000
oooooﬁvvmgfoooo
SOIL Infittration front

Fig. 3. Schematic representation of the experimental set up for
water and solute disc infiltration.

ately replaced at the same location. After penetration
of the solution to a specified depth, soil cores were
rapidly taken underneath the disc (Fig. 3). Considering
that at the time of sampling, the immobile region
remained free of tracer, and that the solute concentra-
tion in the mobile phase reached the imposed con-
centration C, (which would be equivalent to consider
o« to be negligible at the sampling time), the mass
conservation equation (42) reduces to
C*

On =10 c (43)
where both C* and 6 can be measured from soil
samples, and C, is the known solute concentration
imposed by the disc.

Clothier et al. (1995) extended their single-tracer
methodology for the estimation of «". After having
removed the disc and taken samples for 0,, estimates
(Eq. (43)), the infiltration zone has been covered with
a plastic sheet to prevent evaporation and to allow
redistribution of soil solution. Two and 14 days later,
new cores were extracted from adjacent sectors within
the area where the disc had originally been set up. The
corresponding theoretical sampling variance of C” at
different times is expressed as

H_m e gim

5 [Cn() = CT" 44
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where C is the total concentration when r—4-00. The
decrease of solute concentration in the mobile phase,
Cn(D), as well as the concomitant increase in the
immobile phase, Cj,(f), are obtained as a function
of o by solving Eqs. (40) and (41) with the initial
conditions C,=C, and C;,=0. Comparing by fitting
the theoretical sampling variance, o%.(¢) (Eq. (44)),
with the measured sampling variance, Clothier et al.
(1995) gave an estimation of o". They found that o"
was time-dependent during the duration of the experi-
ment.

Another method to estimate 0,, and o~ was given by
Jaynes et al. (1995). Rather than using a single tracer,
they used a sequence of conservative anionic tracers,
each being infiltrated through separate tension infilt-
rometers set at a given pressure head h,, but for
varying periods of time. Assuming that the initial
tracer concentration in the soil is 0, and that at the
sampling time, dispersion is negligible, the integration
of Eq. (41) with C,=C, and o considered as a
constant coupled with Eq. (42) yields

c* o* Him
ln(l ‘E,) __ Himt—Hn(T) (45)

Plotting In(1—C"/C,) vs. application time ¢ for all of
the tracers should result in a straight line with the
intercept (t=0) giving 0;, and the slope, —o 10,
providing a constant transfer rate coefficient, o'.
Jaynes and Shao (1999) modified the method without
assuming C,,=C,. This led to an improvement in
parameter estimates, but still they were not as close
as the direct application of a numerical inversion of the
transport equation. They also tested the assumption of
neglecting D, through synthetic generated data.

Quadri et al. (1994) reported experiments con-
ducted in a sand-filled box (200200 %300 mm3) with
a i-disc infiltrometer (r4=60 mm) placed on the soil
surface at one corner of the box. They also numeri-
cally solved Eq. (1) together with the axially sym-
metric classical convection—dispersion equation:

00C 10 oC 10 0 ocC
o " ror (D9’E> “rar O Ty, (DQ 8_z>
0

T o2 (¢:C) (46)
where g, and ¢, are the radial and vertical components
of the soil water flux. Model results and observations
of cumulative infiltration, soil water content and solute

(bromide) profiles from removal of the disc and its
replacement were found in very good agreement. They
also showed that little disturbance results after refill-
ing with a tracer solution. This has confirmed the
feasibility of the method to estimate chemical trans-
port properties of soil.

Only few attempts have been made to develop a
methodology for parameter identification of reactive
solute transport (Angulo-Jaramillo et al., 1995; Clo-
thier et al., 1996). The method described by Angulo-
Jaramillo et al. (1995) has demonstrated that the
tension disc infiltrometer filled both with a tracer
(C1I™) and an adsorbing ion (K™ is a suitable one
for estimating the water and solute transport properties
of aggregated soils. By comparing the concentration
profiles of a reactive and a conservative solute, Clo-
thier et al. (1996) were able to measure the retardation
factor of the reactive solute, and then to infer its
adsorption isotherm. Although very promising the
method relies on severe assumptions not fully eval-
uated, and has to be yet tested in field conditions.

7. Some case studies results

It is beyond the scope of this paper to present an
exhaustive compilation of the results obtained with the
basic experimental devices described above. An
emphasis is put here on some studies performed in
different soil and environmental conditions. Table 1
summarizes the most relevant issues dealing with the
use of tension disc and pressure ring infiltrometers as
well as the corresponding references. It clearly shows
that both devices, and specially the former one, have
been extensively used all around the world for differ-
ent purposes. Table 1 shows also a great diversity in
methods of data analysis depending on the objectives
of the studies and on the users as well. In the follow-
ing, some results are discussed in more detail to
exemplify the main methods that have been previously
exposed.

7.1. Crusted soil: transient flow and inverse analysis

In the case of heterogeneous soil profiles presenting
a fine layering organization, the steady-state water
flow analysis based on Eq. (5), which assumes homo-
geneity and isotropy is generally found to be inade-



Table 1

Summary of some relevant results obtained by tension disc and pressure ring infiltrometer

Site, soil, surface cover

Aims of the study

Solute

Nb disc and size

Method of analysis

Reference

Disc infiltrometer
Montpellier — France, loam,
fallow land

Las Marismas — Spain, heavy
cracked clay

Ivory coast, sandy clay with
gravers

Maize and cotton plots with two
treatments: direct sowing vs.
ploughing before sowing

Fallow ploughed 2 weeks
before experiments

Australia, red earth, wheat and
lupin

Direct drilled vs. conventional
tillage

Stubble retained vs. stubble
burnt
NSW — Australia, sandy loam,
loam, silty clay loam, wheat

New Zealand, Nicollet clay loam

New Zealand, Waukegan silt loam

New Zealand, Kokotan loam

Comparison of hydrodynamic ~ No
properties of two contrasting
soils

Comparison of the effect of No
three agricultural practices on

soil surface hydraulic

properties

Comparison of different No
agricultural practices

Studying the effect of water
repellency on hydraulic
properties

Hydraulic characterization No
through the growing season,
comparison between two

tillage treatments

Comparison between three No
calculation techniques and a
regression method on the

steady flux

Two discs (rq=40,
97.5 mm)

Two discs (rg=40,
97.5 mm)

Two discs S1 and S2

Ponded rings (r4=50,
118 mm)

One disc (rg=100 mm)

One disc (rg3=100 mm)

One disc (rg=38 mm)

One disc (rg=115 mm)

Two discs (rg=38,
115 mm)

Steady flow equation (7)

Steady flow equations (5), (9) and
(19) and initial infiltration analysis
1(v/1)

Steady flow and two disc analysis
(Eq. (7))

Steady flow analysis and initial
infiltration analysis 1(+/7) (Eqs.
(5), (9) and (19))

Steady flow and initial infiltration
analysis 1(+/7) (Egs. (5), (9) and
19)

Steady flow and one disc, multiple
head and non-linear regression
(Eq. (13))

Steady flow and initial infiltration
analysis 1(+/7) (Egs. (5), (9) and
19)

Steady flow analysis (Eq. (7))

Thony et al. (1991)

Vauclin and Chopart (1992)

Chan and Heenan (1993)

Murphy et al. (1993)

Logsdon and Jaynes (1993)

4!
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Waingawa — New Zealand,
Kokatan silty loam, plowed

New Zealand, Manawatu fine
sandy loam

TX — USA, clay of highly
structured soil

New Zealand, Manawatu fine
sandy loam

Ringelbah — France, loam with
high organic matter content

La Cote Saint André — France,
Gravely sandy loam bare soil
recently plowed

IA — USA, fine loamy,
montmorillonite and fine silt

HAPEX-Sahel — Niger, sand,
Fallow grassland

HAPEX-Sahel — Niger, sand,
Millet crops

HAPEX-Sahel — Niger, sandy-
clay loam, sedimentary and
structural crusts

Coria del Rio — Spain, sandy

loam, maize at emergence and
harvest

La Céte Saint André — France,
Gravely sandy loam, maize at
emergence and harvest

Comparison between three
calculation techniques

Evaluation of a water and
solute transport model
Contribution of the macropore
flow to infiltration of water
and dye transport

Variation of hydraulic
properties and mobile water
content with the hydraulic
regime, influence of the solute
invasion mode

Preferential flow and solute
transfer on mid-mountain
catchments

Variation of mobile water
fraction near saturation in a
structured soil

Spatial variability of
unsaturated hydraulic
parameters within a tilled field
at different times

Validation of the transient flow
analysis compared to the
steady flow methods

Estimate of hydraulic
properties of crusted soils

Temporal variation of
hydraulic properties of two
cultivated soils

No

KBr

No

KBr

KCl

No

KCl

One disc (rg3=102 mm)

One disc (rg=102 mm)

Two discs (rq4=50,
102 mm)
1-disc (rg=60 mm)

One disc (rg=125 mm)

One disc (rg=97.5 mm)

One disc S1

One disc S1

One disc (rg=38 mm) at
ponded and tension heads

Two discs S1 and S2
Two discs S1 and S2
One side S1 and

minitensiometer

Two discs S1 and S2

Steady flow and one disc multiple
head (Eq. (10))

Steady flow and initial infiltration
analysis 1(1/7) (Egs. (5), (9) and
19)

Steady flow and two disc analysis
(Eq. (7))

One disc and numerical model
inversion of Eqgs. (1) and (46)
Steady flow and multiple head
analysis (Eq. (10))

Steady flow and multiple head
(Eq. (10)) with Weir approach for
small radii and single tracer
method (Eq. (43))

Transient flow (Eq. (17)) and
single tracer method (Eq. (43))

Transient flow equation (17) and
single tracer method (Eq. (43))

Steady flow and one disc, multiple
head and non-linear regression
(Eq. (13))

Steady flow and two discs (Eq.
Q)]

Steady flow and two discs analysis
(Eq. (7)) and multiple head
analysis (Eq. (10))

Transient flow analysis (Eq. (17))

Steady state flow and two discs
analysis (Eq. (7)) and single tracer
method (Eq. (43))

Cook and Broeren (1994)

Quadri et al. (1994)

Lin and MclInnes (1995)

Clothier et al. (1995)

Gaudet et al. (1995)
Angulo-Jaramillo et al.
(1996)

Logsdon and Jaynes (1996)

Vandervaere et al. (1997)

Angulo-Jaramillo et al.
(1997)
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Table 1 (Continued)

Site, soil, surface cover Aims of the study Solute Nb disc and size Method of analysis Reference
USA, loam Spatial variability of the Cl™ One disc (r4=38 mm) NA Casey et al. (1997)
mobile water content and the
solute exchange coefficient of
a field soil
Evaluation of correlation Organic
between field properties tracers
USA, Arlington fine sandy loam Influence of disc radii upon the No Four radii (r4=27.5, 50, Steady flow and multiple head Wang et al. (1988)
estimate of hydraulic 75, 100 mm) analysis (Eq. (10)) with Weir
conductivity approach for small radii
USA, Sparta sand Three radii (rg=32, 43.5,
172.5 mm)
IA — USA, silty loam and fine Scaling unsaturated hydraulic =~ No One disc (rg=38 mm) at  Steady flow and multiple head Shouse and Mohanty
loam, maize under no-tillage conductivity and spatial ponded and tension heads  analysis (Eq. (10)) (1998)
management variability of different soil
types and field positions
Ring infiltrometer
Montpellier — France, loam, bare  Spatial variability of soil No Ring r3=50 mm Steady state flow (Eq. (28)) and Vauclin et al. (1994)
soil surface hydraulic properties (constant head) transient flow (Eq. (31)) analysis
France, liner materials, compacted Hydraulic characterization of No Ring r4=50 mm Constant/falling head analysis of ~ Gérard-Marchant et al.

silt, sand—bentonite mixture

slowly permeable and swelling
porous materials

(constant head and
falling head)

transient flow, swelling is taken
into account

(1997)
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Fig. 4. Schematic representation of the experimental set-up used for measuring hydraulic properties of crusted soils (from Vandervaere et al.,

1997).

quate. As shown by several authors (Hussen and
Warrick, 1993; Logsdon and Jaynes, 1993), it may
lead to unrealistic results including negative values of
hydraulic conductivity. To overcome these difficulties
a new field method has been recently proposed (Van-
dervaere, 1995). It is based on the simultaneous use of
a disc infiltrometer and minitensiometer (Fig. 4), the
transient water flow being analyzed by the three-
dimensional infiltration approach (Eq. (17)) developed
by Haverkamp et al. (1994) and Smettem et al. (1995).
Vandervaere et al. (1997) presented comparative
results obtained on different soil units of the East
Central super site of the HAPEX-Sahel experiment
(Goutorbe et al., 1994; Cuenca et al., 1997). In parti-
cular, the sandy-loamy-clayed soil of the lateritic
plateau is characterized by the existence of large
crust-covered areas of low hydraulic conductivity.
The emphasis was put on two types of crust: structural
(ST) and sedimentation (SED) crusts. The former are
found downstream the vegetation stripes. They are
formed by the sieving effect of raindrop impacts which
concentrate fine particles at the bottom of the struc-
ture, while sand lies up above. SED crusts, abundant in
zones of accumulation of water, are encountered
upstream the vegetation stripes. They are formed by
sedimentation of particles in small pools following the
rain events (Casenave and Valentin, 1989; Valentin

and Bresson, 1992). Infiltration tests (using discs S1
and S2, see Fig. 1) were carried out on ST and SED
crust-types as well as on underlying soil (SUB) in
order to estimate the contrast of conductivity between
crust and subsoil. A minitensiometer (20 mm length,
2.2 mm in diameter) connected to a pressure transdu-
cer through a capillary tube (1.45 mm inner diameter)
was inserted horizontally under the disc at a depth
ranging from 1 cm for crusted soil to 5 cm for soils
without crust (see Fig. 4). To ensure a good hydraulic
contact between the disc and the soil, a sand layer was
placed on the soil surface. Cumulative infiltration and
the tensiometer response were monitored until the
tensiometer showed an approximately constant water
pressure. Before and at the end of each infiltration test,
disturbed soil cores were taken for determination of
initial and final gravimetric water contents, which
were converted into volumetric ones through dry bulk
density measured on undisturbed samples. Influence
of the contact-sand layer is taken into account through
the transient flow analysis (Egs. (14) and (22)).

As an example, Fig. 5 shows the results of a typical
infiltration test carried out on a ST crust with the disc
S1, set at a pressure head h,=—10 mm of water.
Measured cumulative infiltration (Fig. 5a) and the
corresponding derivative with square root of time
(Fig. 5b) are used to calculate sorptivity values using
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Fig. 5. Application of a tension disc infiltrometer and minitensi-
ometer to crusted soils (tiger bush in Sahelian region, Niger) at
ho=—10 mm of water pressure head: (a) measured cumulative
infiltration depth, 7, and pressure head, 4; (b) infiltration flux and
rate of pressure change; (c) sorptivity estimate by Eq. (21) (from
Vandervaere et al., 1997).

Eq. (22). The time of the wetting front arrival at 1 cm
depth, corresponding to the maximum of dA/d¢, can be
identified at ;=300 s. The subsequent readings being
not considered in the regression analysis for Eq. (22).
Fig. 6 presents the relationship between hydraulic
conductivity and the soil water pressure head for
the two crust-types, i.e. ST and DEC, and the subsoil
(SUB) as well. As it can be seen, saturated hydraulic
conductivity decreases in the crust from a factor of 3-6
as compared with the subsoils.

Another set of cumulative infiltration data were also
used to test the numerical inversion of Simunek and
van Genuchten (1997) (Eq. (25)) and to obtain soil
hydraulic properties of a two-layered system invol-
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B I
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1 lst—

(® _DEC |

Hydraulic Conductivity (mm/s)

— i,—————"‘" [ L
: . 0
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Fig. 6. Hydraulic conductivity measured by disc infiltrometer for
different surface crust-types (ST=structural, DEC=sedimentary)
and for the subsoil (SUB) (from Vandervaere, 1995).

ving a surface crust and the subsoil. First, infiltration
on subsoil was analyzed to obtain the soil hydraulic
characteristics (Simunek et al., 1998). This informa-
tion was subsequently used to estimate the hydraulic
properties of the surface crust by analyzing infiltration
into the two-layered system — crust and subsoil —
with the assumption that the hydraulic characteristics
of the subsoil are known from the previous analysis,
thus leading to estimates of the hydraulic parameters
of the surface crust. The results indicate that hydraulic
parameters of the subsoil are in good agreement with
those obtained by parameter estimation and Wood-
ing’s (1968) analytical method (Simunek et al., 1998).
In that case, saturated hydraulic conductivity of the
surface crust was found to be two orders of magnitude
lower than for the subsoil. Parameter estimation tech-
niques provide an attractive alternative to the more
traditional time consuming infiltration experiments
which often are also limited to a relative narrow range
in water content.

7.2. Structured soils and preferential flow: use of
chemical tracers

For structured soils, the capillary macropores play
an important role in water transmission near satura-
tion. Although they represent a small part of the
porosity, they induce preferential flow paths, allowing
fast transfer of an important fraction of the flow
(Bouma and Wosten, 1979; Luxmoore, 1981; Beven
and Germann, 1982). As pointed out by Chen and
Wagenet (1992), identification of the representative
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elementary volume for macroporous or structured
soils is important because field observations of soil
properties should be based on this volume. Few meth-
ods are available for direct determination of both
unsaturated hydraulic characteristics and solute trans-
port properties of aggregated soils with fragile struc-
ture. For field studies, the tension disc infiltrometer
associated with conservative tracers has been recog-
nized as a useful tool to the determination of both
hydraulic and solute transport properties (Clothier
et al., 1992, 1995, 1996; Gaudet et al., 1995; Jaynes
et al., 1995; Angulo-Jaramillo et al., 1996, 1997;
Casey et al., 1997, 1998; Jaynes and Shao, 1999).
We report here as an example, the results dealing with
infiltration tests performed with solutions of '*0 and
CI™ as tracers.

7.2.1. '30 tracer experiment

Infiltration test was conducted on a loamy soil with
high content of organic matter. The disc S1 (Fig. 1)
was chosen to characterize in the same volume the soil
hydrodynamic properties and mobile water content
near saturation. The mobile water content was
obtained following the procedure described by Clo-
thier et al. (1992) by using an %0 (5"%0=53.04%0)
enriched water solution as a tracer. Experiment was
performed right upon the undisturbed soil surface at
the imposed pressure head h,=—30 mm of water
(Fig. 7a). After penetration of the 'O enriched solu-
tion to a specified depth, the disc was removed and the
contact sand was rapidly scraped from underneath the
disc; 75 soil samples of 30x30 mm? of area by 5 mm
in depth were rapidly collected in an uniformly dis-
tributed pattern beneath the disc (Gaudet et al., 1995).
Samples allowed determination of both total gravi-
metric water content (w) and 80 concentration
(Fig. 7b), from which mobile water content can be
straightforwardly estimated through Eq. (43), where
C"=8"30—58'%0,, The initial concentration of the soil
solution was 8'®0,=—9.11%o. Transient three-dimen-
sional analysis of cumulative infiltration (Eq. (14))
was used to estimate both hydraulic conductivity and
sorptivity, from which 1,=519 um was calculated by
Eq. (37).

Spatial distribution of the mobile water content and
the relative concentration C'/C, (Fig. 7b) was studied
through geostatistical analysis. Experimental normal-
ized semi-variogram of total and mobile water content

30
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Fig. 7. Preferential flow pattern as shown by a '%0 tracer
experiment: (a) measured infiltration data (circles) and fitted Eqs.
(14)-(16); (b) kriged relative concentration of 80 measured
underneath the disc (rg=125 mm); (c) normalized semi-variogram
of total water content, mobile water content, and 80 concentration
in the soil solution (from Gaudet et al., 1995).

as well as of relative '®0 concentration (Fig. 7¢c) have
been calculated as (Mufioz-Pardo et al., 1990):

| N()
() = ——— ) —z2(x + D) 47
1) = 55y 2 ) = 2l + ) 7

i=1
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Table 2
Statistics of the soil water content and '®0 concentration measured beneath a tension disc infiltrometer (r¢=125 mm) after 250 min of
infiltration®
Number of Mean S.D. Coefficient of
observations variation (%)
Total soil water content by mass, w (g/g) 75 0.266 0.040 14.9
Mobile water content by mass, wy, 75 0.188 0.042 22.2
Mobile water fraction, f=w/w 75 0.707 0.144 16.1
Soil solute concentration, C*=5"%0 (%o) 75 34.84 7.06 20.3

* From Gaudet et al. (1995).

where N(I) is the number of pairs of values (z(x;),
z(x;+1)) obtained at location x; and separated by a
vector [/, and o? are the experimental variances of the
variables of interest. Results presented in Fig. 7c show
that both water content and '®0 concentration have the
same spatial structure characterized by a range of
60 mm smaller than the radius of the disc
(r4=125 mm). This means that the whole variability
at short distance is completely held within the disc
size. At this scale, the large dispersion of soil water
content, w, observed in Table 2 (with CV ranging from
15 to 22%) is an indicator of the existence of pre-
ferential flow pathways. This is also confirmed by the
map of kriged values of the relative concentration of
80 in the soil solution (Fig. 7b).

These results have been found to be in close agree-
ment with those obtained by Lin and Mclnnes (1995)
who used dye solution flowing from a tension disc
infiltrometer. Additionally, it is worthwhile to note
(Table 2) that only 70% of the total water content is
mobile at the imposed water pressure head
ho=-—30 mm.

7.2.2. Cl” tracer experiment

Infiltration tests were conducted with the tension
disc infiltrometer S1 filled with KCI solution in order
to determine the fraction of mobile water of a recently
plowed structured sandy-loam soil with a stone con-
tent of 40% (Angulo-Jaramillo et al., 1996). The
applied water pressure heads h, were chosen at
—100, —60, —30 and 0 mm, and measurements were
duplicated for each value of /,. The cumulative water
infiltration was recorded until apparent steady-state
flow was reached. After that, water was quickly
replaced by a solution of KCl, 0.1 M. After penetra-
tion of a certain depth of the solution, the disc was

removed and soil samples of about 30 g of dry soil
were rapidly scrapped right underneath the disc (see
Fig. 3) in order to determine both the total water
content (0,) and the chloride concentration (C").
Fig. 8 depicts the measured distribution of both
volumetric water content and relative concentration
(C"/C,,) underneath the disc at different supply water
pressure heads. While the small values of the coeffi-
cient of variation of 0, (ranging from 4 to 8%) reflect
the good uniformity of wetting by the disc, measure-
ments of C/C,, show a large heterogeneity in the
solute entry into the soil with CVs values ranging from
41 to 84%. This indicates the existence of preferential
pathways of applied solute when the hydraulic regime
is established. Summary of hydrodynamic character-
istics of the soil as a function of 4, are shown in Fig. 9.
The strong non-linearity of both K, (Fig. 9a) and S,
(Fig. 9b) with water pressure head shows a switch
around #,=—30 mm between a capillary dominated to
a gravity dominated flow. At least a bimodal behavior
of the soil may be expected. At water pressure close to
zero the flow is controlled by the macroporosity. The
soil has high values of hydraulic conductivity, sorp-
tivity and mean functional pore size 1,=970 pm (Eq.
(37)). When water pressure decreases, the water flow
becomes controlled by the mesoporosity and all the
variables decrease gradually, and some of them such
as K, drastically. It is worthwhile to point out that
some other results (Sauer et al., 1990; Ankeny et al.,
1991; Clothier et al., 1995; Jarvis and Messing, 1995)
have also suggested the existence of a break-point on
the K,(h,) relationship located between —60 and
—25 mm of water pressure head.

The dependence of the mobile water content frac-
tion, f=0,,/0,=C*/C, calculated by Eq. (43), on 4, is
presented in Fig. 9d. Angulo-Jaramillo et al. (1996)
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water pressure heads (from Angulo-Jaramillo et al., 1996).

have suggested to approximate the data by the follow-
ing hyperbolic s-shaped curve:

f(lm) _fm 1

= 48
Mt L il T (%)

where f,,, represents the mobile water fraction in the
microporosity or in the soil matrix hydraulically active
at water pressure heads smaller than —60 mm, fy; is
the value of the mobile water fraction of the soil
including both micro- and macroporosity for
ho>—30 mm, fi,, fum, Ay, a and ¢ are fitting parameters
(with c=1—2/a and 0<c<1). The parameter 1" can be
interpreted as a mean effective pore size that discri-
minates capillary-dominated to gravity-dominated
flow for given initial and boundary conditions
(Fig. 9d). The proposed relationship (Eq. (48)) or

its equivalent f(A0K,/S,%) provides a continuous
dynamic change of the mobile water content ratio
from the microporosity to the macroporosity.

7.3. Temporal variability of soil hydraulic properties

While it is usually considered in most of the water
and solute models that soil surface characteristics are
time constant, it is well known that in fact they
undergo temporal changes induced for instance by
irrigation and tillage practices, rain and wind weath-
ering, biological activity which can drastically modify
the soil structure (Chan and Heenan, 1993; Kutilek
et al., 1993; Messing and Jarvis, 1993; Murphy et al.,
1993; Somaratne and Smettem, 1993; Logsdon and
Jaynes, 1996; Heddadj and Gascuel-Odoux, 1999).
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We give here an example of application of tension disc
infiltrometers to quantify temporal changes in hydro-
dynamic properties of two soils: a sandy soil located in
Coria del Rio (Spain) and the stony sandy loam soil of
La Cote Saint André (France) (Angulo-Jaramillo et al.,
1997). Both soils were cropped with maize and under-
went conventional tillage and different irrigation prac-
tices, namely furrow irrigation and gun irrigation,
respectively. The mobile water content was also deter-
mined by the tension infiltrometer S1 (Fig. 1) filled
with a chloride tracer. Measurements were made at
two dates: (i) at emergence stage (period 1), before the
irrigation period, and (ii) at the end of the growing
season (period 2), after irrigation stopped. The corre-

sponding results are presented in Fig. 10 for the two
sites and the two periods. The sandy soil under furrow
irrigation (Site A) shows drastic reduction of both K|,
and S, (Fig. 10a and b) between period 1 and 2. It may
be explained by the soil compaction since the bulk
density varied from 1.36 to 1.55 Mg m™>. At satura-
tion, the characteristic pore size 4., of Site A decreases
dramatically between the two periods (Fig. 10c). This
might be explained by some fraction of the smaller
pores becoming isolated when the seedbed settled,
following the surface crust formation under furrow
irrigation (Le Bissonnais et al., 1989).

A strong non-linearity in the hydraulic conductivity
was found for the soil of Site B, with no significant
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change in this behavior during the growing season
(Fig. 10d and e). The differences of K, values between
the two periods of measurements are much less impor-
tant than at Site A. Nevertheless, some reduction in K,
is observed. The sorptivity values of the second period
are also lower than during the first one (Fig. 10e). The
decrease of both K, and S, are significant, and more
important for 4,>—30 mm. There was no significant
change in the bulk density, i.e. 1.22-1.20 Mg m*
between the two periods, respectively. The values of
the mean pore radius (/,,) are presented in Fig. 10f.
During period 1, functional pores have small radii
(0.07-0.13 mm) for h,<—60 mm, indicating that the
flux is controlled by the aggregates of the finer frac-
tion. For —60<h,<0 mm, A, increases gradually
(0.43-0.65 mm) following an increase in the conduc-
tivity and the sorptivity. The coarse material at this site
appears responsible for the important network of
preferential flow paths in period 1. During period 2,
the variation in A, at site B was less significant than
thatatsite A. Nevertheless, 4, increases for 1,<—60 mm
and decreases for h,>—30 mm. This result probably
comes from a homogenization of the functioning
pores around a mean value of 0.31 mm. It appears
that during period 2 there is a lack of interconnected
small pores, creating both lower K, and S, for pressure
heads —100<h,<—30 mm, and leading to higher
values of 4, in period 2. Secondly, it seems that there
is either a reduction in the macroporosity at the
coarse—fine interface material in agreement with the
reduction of K, and an isolation of a fraction of the
small pores in agreement with the reduction of S,.
Thus the coarse material of the soil surface at Site B
appears to form a rigid skeleton, yet with a macro-
porosity that facilitates rapid water transmission into
the soil. During this phase, the fine fraction changes its
structural pattern from a well-interconnected micro-
porous network at emergence (period 1) to a poorly
interconnected one at harvest time (period 2). These
changes in the porous network were also partially
corroborated by the increase of the mobile water
content during the growing season (Fig. 11), as dis-
cussed by Angulo-Jaramillo et al. (1997).

7.4. Spatial variability of hydraulic conductivity

Due to the inherent variability of soil hydraulic
properties, a pure deterministic approach is very ques-

tionable for describing the unsaturated behavior of
fields (for agricultural or engineering purposes) or
watersheds (for hydrologic or environmental studies).
This implies that both a statistical description of the
parameters governing soil transfer characteristics, and
stochastic models of unsaturated flow should be con-
sidered (Nielsen et al., 1973; Sharma et al., 1980; Yeh
et al., 1985a,b,c; Mantoglou and Gelhar, 1987; White
and Sully, 1992; Kutilek et al., 1993; Kutilek and
Nielsen, 1994). The empirical exponential relation-
ship K(h) (Eq. (11)) has been extensively used in
deterministic models. A great advantage of this repre-
sentation is that only one parameter, the so-called
“alpha parameter” is required to describe the unsa-
turated hydraulic behavior of the soil, while the satu-
rated hydraulic conductivity, Ky, is used as a scale
factor for the near-saturated condition as shown by
Shouse and Mohanty (1998). As pointed out by White
etal. (1992),a = )Lgl (see Eq. (36)) is a measure of the
capillary forces relative to the gravity ones, and it is
related to the internal pore geometry of the soil. If
many field studies have shown that Ky may be con-
sidered as log-normally distributed, the statistical
distribution of « is generally less known.

Due to their portability, disc and ring infiltrometers
are valuable tools to investigate both Ky and « sta-
tistical distributions. Analysis of positive water pres-
sure head infiltration from ring infiltrometer, namely
Guelph Pressure Infiltrometer (Reynolds and Elrick,
1990; Elrick and Reynolds, 1992a,b), gives directly
estimates of Ky, and o.. On a bare agricultural soil of the
Domaine of Lavalette near Montpellier (south of
France), 32 infiltration measurements were made at
each node of an 4 mx8 m grid for three hydraulic
heads 60, 160 and 255 mm (Vauclin et al., 1994). K,
and ¢, values were obtained by using the two head
simultaneous equation procedure (Eq. (28)) applied to
the steady-state flow rates. The o values were calcu-
lated by Eq. (30). The resulting cumulative probability
distributions of Ky and o (Fig. 12) exhibit a systematic
departure from the normal distribution, whereas
departures for the log-normal are much smaller and
less systematic. On the basis of Student’s #-test, and on
the analysis of third and four moments of the distribu-
tions (Vauclin et al., 1982; Vauclin et al., 1983), the
normal distribution was rejected (at the 95% level),
whereas the log-normal one appeared more acceptable
for both Ky and «.. White and Sully (1992) presented
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results which indicate that also Ky, and o are better
described by a log-normal distribution.

Large nugget effect of semi-variograms (Fig. 13)
corresponds to the spatial variability that occurs
within distances shorter than the sampling intervals
(4 mx8 m)and to experimental uncertainties. It appears
that the o values fluctuate more at small distances than
K. This might be due to greater influence of capillary
macropores on o as compared to K. A sill greater than

unity was observed for the normalized semi-vario-
grams after 25 m for Ky, and about 20 m for o. Field
results presented here do not of course guarantee that
the distributions of both Ky, and o are log-normal.
Goodness of fit tests need several hundreds of obser-
vations to really decide on the appropriate distribution
function, not always easily obtainable in the field.
However, the results suggest that both Ky, and « are
better described by the log-normal distribution than a
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normal one. Because K, and « are related to the same
pore geometry and both present a spatial structure, it is
not surprising that their correlation exhibits some spatial
persistence as well, as it can be seen from the cross
covariances shown in Fig. 13. The results reinforce the
need to consider partial correlation in field-scale hydro-
logic models asithas been suggested but notexplored by
Tiejte and Richter (1992), or more recently investigated

by Shouse and Mohanty (1998). Itis also noticed that the
unknown field saturated hydraulic conductivity (and
the unknown ) is the sum of the estimated value Kj
(i.e. o) and the error due to the approximate nature of
the estimation. Since this error does not necessarily
follow the same probability distribution function as
the real value, various probability functions of Ky (i.e.
of o) could be obtained even for the same data set
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when K is evaluated by different approximations. In
such case, log-normal distribution of K¢ or o would be
just one possible deviation from the normal distribu-
tion (Nielsen et al., 1996).

8. Concluding remarks

Unsaturated hydraulic properties are key inputs in
understanding and modeling the dynamic processes of
water and solute movement in the vadose zone. Meth-
ods available for obtaining these parameters are often
difficult to use and time consuming. This non-exhaus-
tive review has shown that tension disc and pressure
ring infiltrometers are useful instruments that offer a
simple and fast means of estimating soil hydraulic
properties and structural characteristics based on
infiltration measurements at the soil surface when
combined with appropriate theoretical principles or
procedures briefly summarized in the paper. These
include the measurement of both initial and final soil
water content, and the infiltration rate at the early
infiltration stage, the steady infiltration rates either at
two or more locations, or at two or more supply water
pressure heads, with an assumed K(h) form with
continuous or piecewise parameters. Other methods
include accurate measurements of transient multidi-
mensional infiltration rate and numerical inversion of
the flow equation. It has also been shown that such
techniques are suitable to estimate preferential flow

parameters in the field as well as those related to solute
transport.

However, there are no panaceas in soil physics, and
tension disc and ring infiltrometer, as well, also have
limitations; most of them being associated with the
simplifying assumptions of the analysis used to infer
soil hydraulic properties from water and solute flow
measurements. In addition, other problems are either
inherent in the measurement procedures themselves or
arise from difficult soils, such as hydrophobic, swel-
ling materials. When measurements are made at sup-
ply water pressure heads close to zero, discs must be
well leveled, otherwise the pressure will vary across
the supply surface. Furthermore, the weight of the
infiltrometer may induce collapse of the soil leading to
negative values of hydraulic conductivity. While ana-
lysis of flow requires the knowledge of the volumetric
soil water content in equilibrium with the imposed
water pressure head, errors can arise in sampling those
values because of the small sampling depth required
and the fact that the dry bulk density should be known.
It may be mentioned that the use of small time domain
reflectometry probes may solve this problem, as it has
been recently shown by Vogeler et al. (1996) or Wang
et al. (1998).

Despite these limitations, it is thought that tension
disc and ring infiltrometers are very suitable techni-
ques for determining in situ soil hydraulic properties
and particularly surface soils which are very complex
materials.
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