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Estimating hydraulic conductivity of crusted soils using disc
infiltrometers and minitensiometers
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Abstract

Although soil crusting has long been recognized as a crucial runoff factor in the Sahel, very few
field methods have been developed for the measurement of the crust hydraulic conductivity, which is
difficult to achieve because of the small thickness of most surface crusts. A field method, based on
the simultaneous use of disc infiltrometers and minitensiometers is proposed for determining the
crust hydraulic conductivity and sorptivity near saturation. On crusted soils, the classical analysis of
the steady state water flow was found to be inadequate. The proposed method is based on sorptivity
measurements performed at different water supply potentials and uses recent developments of
transient flow analysis. A minitensiometer, placed horizontally at the crust—subsoil interface, facili-
tated the analysis of the infiltration regime for the crust solely.

Results are shown for representative soil units of the East Central Super Site of the HAPEX-Sahel
cxperiment: fallow grasstands. milet fields and tiger bush. Non-crusted soils were also considered
and validated the transient method as demonstrated by comparison with Wooding's steady state
solution. This validation was obtained in the case of fallow grasslands soil but not for the millet
fields. In this latter case, the persistent effects of localized working of the soil to remove weeds
caused large variations in infiltration fluxes between the sampling points, which tended to dominate
over cffects of differences in applied potential. For the tiger bush crusted soils, the ratio of the
saturated hydraulic conductivity of the crust to that of the underlying soil ranges from 1/3 to 1/6.
depending on whether the crust is of a structural (ST) or sedimentation (SED) type. The method also
allows the estimation of a functional mean pore size, consistent with laboratory measurements, and
40% less for the crusts in comparison with the underlying soil.

The results obtained here will be used in hydrological models to predict the partition of rainfall
between infiltration and runoff.
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1. Introduction

To model the interactions between the continental biosphere and the atmosphere, esti-

mation of the water balance components requires knowledge of the hydraulic properties of -

the soil including the relationship between unsaturated hydraulic conductivity, K, and the
soil water pressure, h, or the soil volumetric water content, §.

Tension disc infiltrometers have become an increasingly popular device for in-situ
measurement of K close to natural saturation (Clothier and White, 1981; Perroux and
White, 1988; Thony et al., 1991; Mohanty et al., 1994), and papers which compare results
obtained from different data analysis methods recently appeared (Hussen and Warrick,
1993; Logsdon and Jaynes, 1993; Cook and Broeren, 1994). More convenient to perform
than internal drainage experiments, the methodology is an ideal tool for spatial variability
studies and, additionally, it provides estimates of physical variables such as capillary
sorptivity, and different characteristic time and length scales.

Based on properties of three-directional axisymmetric infiltration, most existing analy-
tical analysis methods for disc infiltrometer data require the attainment of steady state
flow, for which a simple two-term expression was found (Wooding, 1968). Assuming an
exponential relationship between X and / (Gardner, 1938):

K=K, exp(aH) (n

where K, is the saturated hydraulic conductivily and « is a shape factor related to a
functional pore size (Philip, 1987), Wooding showed that the unconfined steady state
flux density averaged over a source area of radius r can be approximated by:

49 (hy)

wr

qlh)=K(h)+ (2)
where /1, is the water pressure head at the surface (/1; = 0) and ® is the matric flux potential
defined by:

iy

B(hy)= J/ K(h)dh )
" o .
where the subscripts “‘{"”
respectively.

The hydraulic conductivity can thus be calculated, cither by using different source radii
(Scotter et al., 1982; Thony et al., 1991), or by using multiple supply potentials with the
same disc (Reynolds and Elrick, 1991; Ankeny et al., 1991). However, the restrictive
assumptions underlying Wooding’s solution, i.c. homogeneous and isotropic soil with a
uniform initial moisture content, may lead to unrealistic results including negative values
of K (Hussen and Warrick, 1993; Logsdon and Jaynes, 1993). .

During the HAPEX-Sahel experiment (Goutorbe et al., 1994), the main difficulty in
using steady state infiltrometer methods was the presence of surface crusts which play a
major role in the hydrology of the Sahelian zone as shown by many authors (Hoogmoed
and Stroosnijder, 1984; Casenave and Valentin, 1989; Casenave and Valentin, 19931.).
Indeed, the partition between infiltration and runoff at the surface of a crusted soil depends
on the hydrodynamic properties of both the crust and the underlying soil. While many

and ““f*" refer to initial and boundary supply pressure conditions,
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attempts at quantifying the effect of a surface crust on one-dimensional infiltration have
been reported (Hillel and Gardner, 1969, 1970; Ahuja, 1974; Smiles et al., 1982; Parlange
et al., 1984), to our knowledge field experiments under axisymmetric flow conditions have
not been performed on crusted soils. We found that classical methods of analysis applied

. to infiltration tests fail for crusted soils, leading to unrealistic values of K and & in almost

all cases. Indeed, stezﬁy state infiltration into a crusted soil involves a complex combina-
tion of the hydrodynamic properties of both layers. While it is only the crust properties
which play a role at early stages, the hydraulic conductivity of the crust—soil system tends
to that of the subsoil at long times. Therefore, to estimate the conductivity of the crust, we
developed a specific methodology using a minitensiometer placed at the crust-subsoil
interface with transient flow analysis of infiltration into the crust only. The main motiva-
tion for this study is in the fact that knowledge of the hydraulic properties of both the crust
and the subsoil allows the infiltration of rainfall under any conditions of intensity and
duration to be modelled.

2. Theory

The proposed method is based on sorptivity determinations obtained by analyzing
transient flow from disc infiltrometer experiments performed at different water supply
potentials, /i;. For each test, matric flux potential is calculated from the corresponding
sorptivity value and hydraulic conductivity is obtained by differentiating the matric flux
potential with respect to hy.

2.1. Transient flow and sorptivity

While one-dimensional soil infiltration is well described analytically, there were, until
recently, -few theoretical works on three-dimensional unconfined infiltration for a disc

source. Turner and Parlange (1974) calculated an approximate analytical solution for

the lateral movement at the periphery of a one-dimensional water flow. Warrick and
Lomen (1976) proposed an expression for the matric flux potential as a function of time
valid for a disc source and a ‘o-soil’, that is, described by Eq. (1). Cumulative infiltration
as a function of time in axisymmetric conditions can also be predicted by numerical
models (c.g. Warrick, 1992; Quadri et al., 1994) which require the complete soil hydro-
dynamic description. Their use with the objective to determine the soil’s hydraulic con-
ductivity through inverse procedures is thus complicated by the number of parameters o
be estimated and subsequent problems dealing with possible non-uniqueness of the
solution.

However, restrictions in the use of Wooding's equation, uncertaintics about the
time at which steady infiltration flux is attained, together with the fact that much
usetul information is lost by ignoring the transient stage have strengthened the need
for a transient three-directional infiltration equation for disc infiltrometers. Two
expressions were recently proposed for this purpose (Warrick, 1992; Haverkamp
ct al;, 1994), having in common that the supplementary term introduced by considering
unconfined edge flow is lincar with time. Then, the expression of Philip (1957) for
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one-dimensional infiltrated depth, /14

Lg=SVi+At 4)
where ¢ is time, S is the capillary sorptivity, and A is a constant (LT™), is modified into:
Ly=SVi+(A+B) (5)

where I4 is the cumulative three-directional infiltrated depth and B is a constant expressed
by (Haverkamp et al., 1994):

PO L
r(fr—6;)
where v is a dimensionless constant and 6; and ; are initial and final volumetric water
content, respectively. Sorptivity can be determined from either non-linear fitting of Eq. (4)
or Eq. (5) to field data (Bristow and Savage, 1987) or, as suggested by Smiles and Knight
(1976), as the intercept of the regression of I/v/f against /1, using one of the following
expressions:

]ld

(6)

Hos+AVr (72)
7
b _siavn Vi (7b)
7 ( Wi

for one- and three-dimensional cases, respectively.

To ensure the hydraulic contact between the disc infiltrometer and the soil, it is s often
necessary to place a fine layer of sand at the soil surface. Because of this layer, methods
using cumulative data, including that of Smiles and Knight, are compromised. This is
particularly the case for low permeability soils, due to the relatively large amount of water
stored at early time in the sand. Indeed, taking this effect into account modifies’ Eq 5)
into:

Ly=Iy+S\/(t~1to)+(A+B)r—1) S®
where [ and 1y are, respectively, the depth of water and the time necessary to wet the sand
layer in equilibrium with 4. Then, Eq. (7) becomes:

Ba_To g [ gyt

VAR Vi
When I, is large compared with S, A, and B, that is when the soil has low conductivity and
sorptivity, the relationship between I34/v/f and /7 is far from linear due to the effect of the
first term in the right-hand side of Eq. (9).

The influence of the sand layer is usually neglected in steady state situations and it is
generally assumed that it has no effect on the final flux value. Eq. (8) shows that this
influence should be taken into account for transient flow analysis, especially when a large
amount of sand is applied to overcome surface roughness. Rather than analyzing cumu-
lative infiltration data, a way to circumvent the need for /, is to differentiate the cumulative
infiltration with respect to the square root of time. Performing this differentiation on

+A+B)—2 ©)
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Eq. (5) yields:
ALy 3l
~ ——=54+2(A+B)Vt
NN (A+B)Vi (10)
and for Eq. (8), the re§u]t is:
Al ol
=5 +2 A+B 11
NN ( )\f (1

The difference between Eqs. (9) and (11) is that the latter one is not influenced by /, and
the correction due to fy quickly becomes small as time increases.

Sorptivity, initially introduced as the variable driving horizontal absorption, is com-
monly considered to control the early stages of vertical infiltration as well, when the effect
of gravity is minor. S depends on both initial and boundary conditions. Although its exact
analytical expression is not known, many approximations have been proposed (Elrick and
Robin, 1981 present a review of these). White and Sully (1987) showed that S is related to
the matric flux potential through the expression:

IJS‘(hi,h,-)
B —0)
where b is a parameter depending on the shape of diffusivity and having a value in the
range 1/2 = b = w/4. A reasonable intermediate value of 0.55 can be taken for most field
(Smettem and Clothier, 1989) and theoretical (Warrick and Broadbridge, 1992) situations.

No dependence of the b parameter on A was considered in our study.

®(hr)= (12)

2.2. From sorptivity to conductivity

Following Smiles and Harvey (1973), White and Perroux (1989) proposed to estimate
conductivity values from sorptivity measurements performed at different supply
water potentials. Indeed, Eq. (3) shows that K can be deduced by differentiation of &
against i

ae -

m-l\ -K; . fl3)
where K is negligible as compared with Ky in most field situations. Combination of
Egs. (12) and (13) enables deducing K from two or more § values. To use, simultaneously.
the entire set of (P, /1) data obtained for cach test by Eq. (12), an analytical form of the
$(N1y) function is required. It is convenient {o keep the exponential form of Eq. (1) for its
ease of integration, which gives:

K :
& ()= —exp(ah) (14)
[24

Parlange (1972) claims that e should not be considered as a constant over the whole range
of ir. Thus, it is simply assumed here that variations of & with /1 are small within the range
of potentials covered by the suction disc infiltrometer (typically between 0 and 150 mm of
water). Morcover, it must be assumed that the decrease in « for & — h;, which is very
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likely, has little effect on the total area covered by ® between /i; and /. This assumption is
justified if the K(h) function is concave upwards.

Eq. (14), which can be fitted to the experimental values for an estimation of K and ¢,
has the advantage to provide, through the o parameter, an effective pore size (\,;) from
simple capillarity theory (Philip, 1987):

>\m='— (15)
(24

where ¢ is surface tension, p is water density, and g is acceleration due to gravity.
Knowledge of sorptivity and conductivity enables estimation of #,,,, the time after
which gravitational forces dominate capillary effects (Philip, 1969):

S 2
torav = (E) (16)

For ¢ < t,uy, Eq. (4) can be reduced to its first term:
Iy=SVi a7

This provides yet another sorptivity estimate, Sy, by knowing the installation depth of the
minitensiometer, Z,, and the time, t,, at which it is reached by infiltrating water. Assuming
a ‘Green and Ampt’ behavior, the integral defining S:

0, 5 .
S= jo ) (18)

where z is depth and 6, is the volumetric water content of the crust at ¢,, becomes:
_Zi(6,-6)

va
As the infiltration is pursued long after ¢, 8, is not ne’cessarily equal to §; measured at the

end of the experiment. Indeed, the water content of the crust may still increase after ¢, and
the gradient of # behind the wetting front might be significant. Consequently, 6, has to be

Sy (19)

calculated {rom the cumulative infiltration /, at the instant ¢, subtracting the amount of

water stored into the contact layer (estimated by knowing the volume and the porosity of
the sand) and the amount of water corresponding to the edge effect (estimated by -lateral
wetting front measurements at r; and assuming a parabolic profile into the soil around the
disc).

Nevertheless, the uncertainty in f; is the main source of poor accuracy on S, estimates
and values calculated by Eq. (19) do not provide good estimates of & by Eq. (12).
However, their comparison with values obtained from Eq. (11) allows any systematic
bias to be checked, as well as revealing the potential for water blockage at the crust—
subsoil interface. ,

Due to the usual difficulties in field measurements of sorptivity, little use was made of
the White and Perroux (WP) method. Here, an entire set of S estimates is used to fit a single
relationship between @ and hy, but because of the need for a same initial water content for
all measurements, tests must be performed at different locations. Consequently, spatial
variability of § (Talsma, 1969; Sharma et al., 1980) may require a large number of
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replications to obtain reliable estimates. Indeed, the slope of the $(k,) relationship must be
estimated with enough accuracy for the differentiation operation to be performed (see
Eq. (13)). The scatter in the ®(h;) dataset may be important as a result of the use of squared
sorptivity values.

These difficulties may explain why most of the authors have used classical steady state
methods when they are applicable. It seems that only Cook and Broeren (1994) compared
conductivities obtained in-situ from steady state methods with those obtained from the WP
method. Thus, it appeared suitable to perform a comparison between WP and steady state
approaches on non-crusted soils before applying the former one to crusted soils.

2.3. Error analysis

Logarithmic differentiation of Eq. (12) yields:

de db _dS df; df;
— =4+
® b S 6 6 )
The standard error due to the use of the approximate value of 0.55 for the parameter b is
difficult to estimate. The theoretical range 1/2 =< b = w/4 corresponds to a maximum error
and not to a standard deviation. A value of 0.1 for the relative error of b was arbitrarily
taken in this study. For each test, the error on S determination, as the intercept of the line
corresponding to Eq. (11), is given by the regression analysis. The errors made on 6
estimations (wet and dry weighing of samples, bulk density estimation) were found to
be negligible as compared with the previous errors.
The log,.® values are plotted against /iy to determine the parameters K and « by fitting
the linearized form of Eq. (14):

(20)

K .
log,,@:log,,(-—‘) +ahy 2nh
[+3

For the sake of simplicity, we put:
K ;
B=log, (—1) ) (22)

Because cach point was obtained at a single spot, the errors on K, and e due to scatter of
the data account for spatial variability of soil propertics, causing a location error. The
lincar regression analysis gives standard deviation crrors, Ac and A, on the slope o and
the intercept 8, respectively.

Definc the following bounds:

ot =a+Aa h 23)
o =a—Ax (24
B =B+48 =29
B~ =B-AB (26)
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According to Eq. (22), K| is simply calculated by: .
Ki=cexpB Q7

It should be noted that the errors made on the intercept 8 and the slope « cannot be
considered as independent. Indeed, if the slope is overestimated for example, the intercept
is very likely to be overestimated also (since /; values are in the negative domain of the
abscissa axis). Consequently, the location error made on K estimates is maximized by the
product operation between o and 3. There is no analytical expression for the error of the
product of variables affected by non-independent errors. Thus, only the following bounds
can be obtained:

KS =a® expB* (28)

K =a expB~ (29)

The location error on K is log-normally distributed and characterized by a factor fdefined

(30)

with:
K: =Ks/f‘<“KssKs+ =fK, 3

3. Materials and methods

Millet crops and fallow grasslands covers are found, on sandy soils, all over the East

Central Super Site of the HAPEX-Sahel experiment, except on the plateaus. Thus, they
represent the main soil feature to be considered in the study of the biosphere—atmosphere
interactions and their hydrodynamic characterization is essential for modeling purposes
(Braud et al., 1997). Millet and fallow soils are subject to crusting (Casenave and Valentin,
1989). In non-crusted areas, soil can be considered to be vertically homogencous. .
The tiger bush, covering lateritic plateaus is characterized by a sandy-loamy-clay soil
with a small hydraulic conductivity, producing high values of runoff, increased by the
existence of large crust-covered areas separating vegetative strips. During the rainy scason
(June—September 1993), two types of crust, structural (ST} and sedimentation (SED),
were selected for their spatial representativity and their case of identification. The former
can be found downslope of the vegetative strips and are formed by the sieving effect of
raindrop impacts which concentrate fine particles at the basis of the structure with sand on
top. Gravels are frequently included at the surface (type ST3, following the classification
proposed by Valentin and Bresson, 1992). SED crusts, abundant in zones of accumulation
of water, are found upslope of the vegetative strips and are formed by sedimentation of
particles in small pools after rainfall events. Detailed description and analysis of Sahelian
soil crusting is given in Casenave and Valentin (1989) and Valentin and Bresson (1992).
Infiltration tests were also performed on the underlying soil to estimate difference in
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Fig. 1. Fallow grassland: dise intilirometer D1 deft and soil water pressure monitaring (here at two depths) with
the pressure transducers (middier connected 1o the alimentation and the voltmeter (rights,

conductivity between crust and subsoil. For the tiger bush tests, initial volumetric water

©content was always lower than 5%, with an average of 1.9%.

Infiltration tests were carried out during two consecutive summers (1992 and 1993) with
disc infiltrometers of 125 (D1 and 40 mm (D2) radius (Thony et al., 1991; Vauclin and
Chopart, 1992). To monitor the time evolution of the soil water pressure, a minitensi-
ometer (20 mny Iength, 2.2 pun diameter) connected Lo a pressure transducer (Data Instru-
ments. Lexington, MA_USA) through a capillary tubing (1.45 mm internal diameter), was
inserted horizontally under the dise at a depth ranging [rom [ em for crusted soils to 5 em
for sandy non-crusted soils. An overall view of the equipment is presented in Fig. 1.

In the millet fields and Fallow sites (85% sand) infiltration tests were performed untif a
steady state flow condition was attained. While tests on millet plots were done between the
plants, tests on fallow plots were carried out after removing about | em of soil and cutting
the above-ground vegelative cover while leaving the roots in place. The multi-radii
method was used with iy = = 10,40, 70, and 100 mm ol water, with three replications
for both discs, representing together a total of 48 tests. For each test, measurement of
initial and final water content. performed by taking disturbed gravimetric samples, allowed
determination ol corresponding sorptivity and matric flux potential values (Eq. (12)) and
comparison of steady state and transient analyses results. The single-radius multiple-
potential method (Reynolds and Elrick, 1991: Ankeny et al.. 1991), was also used for
comparison.

In the tiger bush, the minitensiometer was installed only under the’ large’ disc
infiltrometer (D1) because of a lower relative disturbance of soil. Moreover, the sorptivity
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Fig. 2. Schematic implementation outline of the minitensiometer.

estimation with the small disc infiltrometer (D2), is quite inaccurate as the first term at
right-hand side in Eq. (5) becomes relatively small as the radius decreases (see Eq. (6)).
Thus, the sorptivity estimations used for this study were all obtained with D1. Because of
the fragility of the crusts, the minitensiometer cannot be installed in dry conditions without
the risk of significant soil disturbance (detachment, fracture, or cracking). Consequently, it
was necessary to drill a hole into the soil, while injecting by small incremeuts a (otal of
about 1 cm® of water with a syringe. Installation of the tensiometer into this hole and
infiltration test were performed 24 h later when the soil has dried. The porous cup was
inserted at about | cm depth (its exact depth was measured after the test), at about mid-
distance between the center and the edge of the disc (Fig. 2). Fig. 3 shows the mini-
tensiometer under a SED crust after an infiliration test.

A ring of the same radius as the disc infiltrometer was placed on the soil surface and
sand was placed in it and leveled. The quantity of sand was measured to estimate [ in
Eq. (8) and 1y in Eq. (1 1). The disc infiltrometer was then placed on this bed of sand and the
cumulative infiltration was monitored. During infiltration, the tensiometer response to the
arrival of the vertical wetting front, defined by the maximum of 8//dr, facilitates restricting
the analysis to the stage corresponding to the crust only. At that moment (1) the
progression of the lateral wetting front at the surface was also measured to estimate the
ratio, Ildllld'

In order to quantify the deficit of moisture in the subsoil due to the crust impeding
effect, infiltration tests were continued after ¢, until the tensiometer showed an approxi-
mately constant soil water pressure. At the end of every test, disturbed soil samples were
taken at two depths and also around the disc for determination of final gravimetric water
content. Two sampling operations were systematically performed, with about 30 s intcr-
val, so that the effect of the delay of sm1plin after the removal of the disc could be
estimated (a decrease of about 0.01 g ¢~ was found).

Gravimetric water contents were converted into volumetric values through dry bulk
density (py) measured from undisturbed samples collected at the end of the season, fol-
lowing the method proposed by Fies and Zimmer (1982). Due to the impossibility to take
undisturbed samples of ST crusts, a value of 1.7 g cm™ was calculated by assuming a
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Fig, X, Tiger bush, sedimentation crust: the inserted micro-tensiometer after removing half of the infiltrated rone
at the end of @ test. Note the sand contact Tayer partially unremoved (right).

specific density of 2.65 for the solids and assuming that measured saturated gravimetric
waler content represents 85% of porosity (this percentage was obtained from other crust
types). However, this is a minor uncertainty compared with other sources of error.

In the tiger bush, 59 infiltration tests were performed with the dise D1, including 20 on
ST crusts, 23 on SED crusts, and 16 on the underlying soil.

4. Results and discussion
4.1 Homogenceons soils: fallow and millet

For the fallow grasstand. sorptivity and matric- flux potential estimates obtained by Egs.
(1) and (12), respectively. are shown in Fig. 4, together with the $(h) curve obtained by
{itting L. (1) to the data. Its derivative (K(n) is plotted against results from steady state
methods in Fig, 5, which shows the good agreement between all the methods for the
fallow. Both multi-radii and multi-potential experiments exhibit a shift in conductivity
near saturation. This change of the general slope, at about =20 mim, is characteristic of a

" change in functional pore size. The e values, about 10 m ! for # < —20 mm and 40 m™'

for it > — 20 mm, corresponds to pore radii of 80 and 330 gm, respectively. We attribute
the shift to larger functional pore size to the influence of grass roots. This shift does not
appear with the transient method result, which uses a single exponential function for the
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Fig. 6. Millet fields: (0 sorptivity and (b) matric fux potential, as a function of water potential.

whole domain. However, it is remarkable that the ‘transient’ «, 22 m™' corresponds to a
good mean value and that X, is almost unchanged (Fig. 5).

For the millet cover, the transicnt method was found to be inadequate due to the high
spatial variability of S. Indeed, the effects of localized working of the soil act to increase
the infiltration flux only for part of the tests. Peugeot ct al. (1997) found that these effects
may persist up to 80 mm of rainfall. The slope of & versus  (Fig. 6(b)) cannot be estimated
with reasonable accuracy, since the effects of spatial variability dominate those of supply
potentials. In such a case, the differentiation operation becomes hazardous and thus, it is
unrealistic to expect a correct estimation of conductivity. Consequently, the transient
method should not be applied in the case of a high ficld heterogeneity, unless a very
large number of tests is performed.

4.2, Crusted soils: tiger bush

4.2.1. Infiltration
Fig. 7 shows, for a typical infiltration test carried out at ;= — 10 mm of water on a ST
crust, measured cumulative infiltration and soil water pressure as a function of time

s e i
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(Fig. 7()), the corresponding derivatives with time (Fig. 7(b)) and the sorptivity value
obtained by using Eq. (11) (Fig. 7(c)). The early decrease in / is explained by the initial
non-equilibrium of the tensiometer with its soil environment. Indeed, as soon as the porous
cup is in contact with the dry soil (that is, a few minutes before the infiltration test begins),
the water pressure decreases sharply to reach equilibrium with the low soil water potential.
To avoid loosing the hydraulic contact between the porous surface and the soil, the
infiltration test should be performed as quickly as possible after installing the tensiometer.
It can be noted that the final value of /i does not correspond to the pressure applied,
because of the well-known moisture deficit of the subsoil due to the impeding effect of the
crust (Aboujaoudé et al., 1991; Touma, 1992). The measured value of } is an intermediate
value between the water pressures in the crust and the subsoil which are not necessaril
equal. The wetting front arrival can be identified at 7, =300 s (maximum of 9h/ds, as sec);
in Fig. 7(b)). Thus, the cumulative infiltration data after 300 s are not considered in the
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regression analysis of Eq. (11) to estimate sorplivity. The ohvious carly influcnce of the
sand layer is revealed by the first point of Fig. 7(c) which falls far away from the lincar
behavior of the plotted data.

Similar graphs corresponding to another infiltration test carried out at ;= — 100 mm of
water (Fig. 8) show a smoother response of the tensiometer, decr casing the accuracy of the
t, cstimate (about 750 ), both smaller flux and sorptivity, and a longer sand influence
(about 25 s as seen in Fig. 8(c)): The inaccuracy on ¢ has obviously a large influence on
the precision of Sy estimates (see Eq. (19)). but its effect on S is small.

Measurements o! lateral wetting front advance, both al t; and at the end of infiltration.
showed an accentuated anisotropy of the wetling zone since the ratio of the lateral to
the vertical front was found to be about 3.5 for ST and 2.6 for SED. This is probably one
of the reasons why classical steady state methods lead to negative values of K for
Jayered soils. It should be noted that our method avoided the effect of soil anisotropy
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Fig. 9. Tiger bush: infiltration test rejected for sorptivity determination (Eq. (11)).

since only the intercept and not the slope of Eq. (11) is being analyzed. However, the
method is flexible enough to account for anisotropy through the parameter B in Egs. (5)
and (11). .

When infiltration data are plotted according to Eq. (11), the linearity is essential for
sorptivity determination. Correlation coefficients higher than to 0.95 were commonly
obtained, but in 35% of the cases, a curved behavior led to rejection of the results for &
calculations. We suspect that the reason for which some of the experiments do not exhibit
good linearity is related to the excessively large amount of sand required for situations
with high surface roughness. Indeed, when a thick layer of sand is present between the disc
and the soil, it is difficult to determine the number of early readings which should be
rejected for sorptivity determination. As a matter of fact, the transition moment from
infiltration into the sand layer to infiltration into the soil, is then difficult to see because
of overlap between the two phenomena. This is illustrated in Fig. 9 which corresponds to a
rejected test. -

No significant difference was found between results for soil underlying ST crusts and
soil underlying SED crusts. Fig. 10 presents the log,.® versus Ay data for the three cate-
gories, ST, SED, and subsoil (SUB). The correct lincarity which appears, despite the
important scatter due to the use of squared S values, validates the choice of the exponential

form (Eqs. (1) and (14)). Values of the different hydraulic parameters are summarized in

Table 1. As shown in Peugeot et al. (1997), the X, values obtained here for the Crusts are
quite consistent with the results of Casenave and Valentin (1992) who measured, in
initially wet conditions and on the same crust types, critical values of rainfall intensity
below which runoff does not occur.

Tuble 1

Tiger bush: hydraulic parameters for structural (ST) and sedimentation (SED) crusts and for the subsoil (SUB)

pofgem™  fremiem™ Koimms™ S (mms™) & mm?’) A (gm)  fpn ()

ST 1.7 0.31 8.5¢~4 0.18 0014 105 13

SED 1.47 0.35 52e~4 0.15 0.015 1S 22
SUB 1.56 0.34 28e-2 0.27 0.023 175 25

e

e
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4.2.2. Error analysis ‘ ‘ o
4'}:1210?;,1;0' dS/S: given by the regression analysis (Eq. (11)) [?crlm’mcd l.or euch.m!l!lru:
tion test, varies between 0.013 and 0.28 with a mean value of (‘)‘()56. This error is of the
same order of magnitude as the error due to the use of the approximale value of 0.55 for tht
parameter b, Finally, Eq. (20) gives a mean relative error of al.muE.ZO% for the matric flux
potential estimates, The corresponding error bars arc shown in Iig. 10. y
Parameters of the location error analysis on K, estimates (Eqs. (22)_—(31)) are summm:
ized in Table 2 for ST, SED. and SUB. The location crror l"uclor_. rungm% frorfl 1.6 %o lb
shows that spatial variability has the larger effect on the ur}Cs:rlumty .of K, csumat.es. Th}a
means that, to improve the giobal accuracy of the method, it is more xfnpc?rtant to lncrea.\?e
the number of replications, than to perform a more acc.:urate S determination for each' le}s\f.
Taking into account location error and error of & estimates, 1he. gl'obal error made 12 .
determination is log-normally distributed with a standard deviation of a factor =+ 2.

e
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Table 2

Tiger bush: parameters of the location error analysis (Egs. ( 22)—(31)) for structural (ST) and sedimentation (SED)
crusts and for the subsoil (SUB)

ST SED ) SUB

B* ~2.66 ~325 —205

' —3.12 ~3.76 ~2.56

a® (mm™) 0.017 0.019 0.023
a” (mm™) 0.010 0.010 0.015
Kt (mms™) 1.2 -3 73e-4 2.9¢ -3
K7 (mms™) 4.60—4 2de ~4 Lle-3
f 1.61 1.75 1.61

Mohanty et al. (1994) carried out a spatial analysis of hydraulic conductivity measured
using disc infiltrometers and obtained coefficients of variation for K, between 75% and
125%. Thus, the error that we obtain here for K, can be considered reasonable.

4.2.3. Characteristic length and time scales
The characteristic mean pore size A, (see Table 1), calculated by Eq. (15), with a
precision of 30% (see Table 2), shows a decrease of 40% between subsoil and crust.
These values were compared with results obtained by the mercury porosimetry technique
(Fies, 1992a) on samples collected at the same place where the infiltration tests were
performed. Fies showed that the porosity is bi-modal: one domain, characteristic of the
clay fraction, has a pore size ranging from 107> to 10~ pm. The sccond domain, with
values ranging from | pm to a maximum value of 40 um for ST and SED crusts and 100 pm
for the subsoil, characterizes the. coarse fraction (Fies, 1992b). Our field values of A,
(110 pm for ST and SED, 175 pm for SUB, Table 1) appear markedly superior to
laboratory measured maximum pore radius, which is in agreement with general findings
reported by White and Sully (1987). Not surprisingly, our results illustrate the predomi-
nant hydraulic role of the coarse porosity on infiltration. _
Estimation of .y, (Table 1) by Eq. (16) shows that gravity effects can be neglected
during at least | h of infiltration into a crust, which makes possible the use of Eq. (19) to
obtain a second sorptivity estimate, S;. S values, obtained by Eq. (11), are plotted against
Sy in Fig. 11, for tests providing the two estimates without any ambiguity. As no
consistent underestimation appears in S| compared with § values, no water blockage
effect is shown at the crust-soil interface. Indeed, such a phenomena would have
entailed a delay in the tensiometer response to the weltting front arrival and thus
decrease S, values. Therefore, it seems that ST and SED crusts can be effectively
seen, from a hydrodynamic point of view, simply as impeding layers, by having a
lower hydraulic conductivity than the subsoil.
Crust conductivity values obtained by this method were used in a soil—vegetation—
atmosphere—transfer model (Braud et al., 1997) and led to improve the prediction of the
"soil water content as compared with measurements performed during the HAPEX-Sahel
experiment. Resulfs presented here for the tiger bush will be used to compute cumulative
infiltration to predict pointwise runoff amounts for natural rainfall conditions and compare
them with measured values obtained by Peugeot et al. (1997).
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5. Conclusions

Faced with the inability of classical tension disc .inlillromclr?/ .melho-ds, bnse;l on th:l
analysis of steady state regime of infiltration, to proyldc conduclxvxll)‘/ csumz‘\le.:s of crus :‘r
soils, a new method has been developed. using lrfmsncnl ﬂo?v .zmulysr.s‘und ml.nlzlensmn'\:-i :n
implemented below the crust. Saturated hydruu!u: cond}xcl{vny. obtained \\{ntl z;, precbx..(:“

“of a factor 2. decreased in the crust from three-fold to six-fold compared wx; h the su s nd.
The effective pore size was found to be significantly reduced by the cj‘ru.s'l 10rmz'l:l%r1]cdfor
consistent with porosimetry measurements. The fn?lhod would be .purl}m‘llar .y sv;u]al fe for
sandy crusts, for which the decrease in conductlvxty must be more acc‘ut::mtec. al;n !
recommended to use the method where crusts either ‘huvc a high surface roug fnl. ;
(because of the need for a thick layer of sand) or are lhmnvj‘r 'lh:m.l ‘cm (because omltll\%
difficulty of placing the minitensiometer at the crust—su.bsml 1nlC|'l'tu,c)."More gc.mid‘ R_".'
the method could be used for any case of layered soils, l.hL'! extra cHo.rt re(}L'urc o
minitensiometers installation being largely offset by avoiding the steady state fle

requirement.
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