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Abstract

Soil hydraulic properties are necesstystudy thetransfer of water and solutBrough the vadose zoneut

often cannot be measured because of practical matkrial constraints.The facus of thiswork is the
hydrodynamiccharacterization wsitu ofthe Loukkosbasin soils, located in the North of Morocco, by analyzing
the soil water retention and hydraulic conductivity functions of unsaturated soils. TheoStughyric transfer
requires, in the first place, knowing the hydrodynamic parametelrs, d,  Jof theKinsaturated zone and to
establish characteristic curvi&s(h) andd  (rdflécting the evolution of the hydraulic conductivitg) and

water retentior{ dv@rsus pressur@). As a first step, we have used tension disc infiltrometer ededowith a
transient axisymmetric infiltration method of Haverkamp et al. (1994) to determine the hydraulic conductivity.
This procedure reduces the timetb& measurements, thus allowing ¢baracterizea large area and to make
several measurements. elmeasurements of infiltration were carried alutring in thedry season the month
July 2013, on two sites Rme | and Mérisa in the
respectively: sand and cligam. In a second step, we used the cunudatifiltration| (t) measured, associated
with a Levenberg Marquardt algorithm to estimate the hydrodynamic pararefers d U ,). Erperim&ntal

and simulation results of this study indicated ittt tension infiltrometeris suitable forthe hydrodynamic
characterizationf the soils Loukkos basinThe valie ofR*>>0.8 and RMSE=0.043 are highest.

Keywords soil, hydrodynamic parameters, infiltration, modeling.

1. Introduction

Interest in the ursurated yadose) zone hancreased in recent years, because of growing evidence and public
concern that the quality of the subsurface environment is being adversely affected by industrial, municipal anc
agricultural activities. In soil science, reliable application of computetefsao fieldscale flow and transport
problems demands a commensurate effort in quantifyingge laumber of model parametefs increasingly
more complicated flow and transport models are being developed, the accuracy of numerical simulation depenc
upon the accuracy with which various model parameters are estimated. Knowledge of the unsaturated soi
hydraulic properties is especially important when numerical models are used to simulate variably saturatec
water flow and contaminant transport. Accurateasurement of these hydraulic properties is confounded by
the extreme spatial heterogeneity of the subsurface environment. The hydraulic properties frequently also shoy
significant variations in time because of cultivation or other agricultural activitfegkswell phenomena of
fine-textured soil, the effect of particle dispersion and soil crusting, and changes in the concentration and ionic
composition of the soil solution {4]. Suchsimulation requires information about the soil water reterdignh )
and unsaturated hydraulic conductivigh), functionsinvolving the water contertf, the hydraulicconductivity
K, and the soilvater pressure headh. A large number of analytical soil water retention dnalraulic
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conductivity functions have been pased, among the most used, we can cite the models of Bluoky

(1964) B] and Van Genuchten (19808]] Because of their simplicity and ease of use, these models have
become very popular in numerical studies of unsaturated flow. These relationships involve hydrodynamic
parameter§ ¢ (W, nthat cKaracterize the porous medium. Among the hydrodgnaanameters, there are

only two parameterks andd; which are physically measured while the others cahaaneasured directly, by
against influence the shape of the relationgh{b) andd (However, the irsitu measuremespresents some
difficulties related mainly to the spatial variability of scale paramefgush as the saturated hydraulic
conductivity Ks), and the soil heterogeneityAccurate in situ measurement of the unsaturated hydraulic
conductivity has remained especially cumbersome and-donsuming. Thus, cheaper and more expedient
methods for estimating the hydraulic properties are needed if we are to implement improved practices for
managing water and chemicals in the unsaturated zone.

Tension disc infiltrometer hasecome a very pagar device for the in situ estimates of soil surface hydraulic
properties T]. Their use for measuring soluteater transfer parameters of salre now well established too.

The disc has been used extensively in characterizing in situ soil hydveaerties as well as in various other
applications in soil science research. Jearre Vandervaerel995) B] was hardly the first who highlighted

the advantages of implementation disc infiltrometers.This method hathe benefits of beingimpleto do,
inexpensive, and fast. This permits building an experimental database the cumulative infiltration and as well a
water contentf and hydraulic conductivitieK. This study reviews the application of disc infiltrometer in soil
science, the analysis ofdghiata, and models describing water flow from the disc.

The perimeter Loukkobasin, situated in the North of Morocco, is considered the highest area for agricultural
activity in Morocco.This study area was chosaacording to the final result which was published in the report

of theRegionalDirection of Agriculture Developmer[®, 10 concerning the Loukkos area, the problem of
pollution isa majordct or causing damage to groundwater. Tha
pesticides iragricultural affect the area negatively.

The purpose of this article is thestimation of soilhydraulic propertieq ¢ < d, 9 of twid typical
agricultural soil textures (sandy and clayam) the Loukkos basin sailklentification of these parameters can

be done by minimizing an objective function representing the quadratic deviation between simulated and
measured values by using the Levenbdyquadt optimization algorithm I1]. This study describes the
method of hydraulic characterizationsitu for Loukkosbasin soils by analyzing the sailater retention and
hydraulic conductivity functions of unsaturated soil. These hydraulic propergekey parameters in any
guantitative description of water flow into and through the unsaturated zone soil. The method uses the dis
infiltrometer associated with the parametric models of Van Genushtetrem and Brook€orey to predict the
hydrodynamic pemeters ¢ s W, dJfrom Bbserved cumulative infiltration and soil water retention data.
We are giving a detailed discussion of the analytical expressions used for quantifying the soil water retentior
and hydraulic conductivityA brief review is also given of the nonlinear leaguares parameters optimization
method used for estimating the unknown coefficients in the hydraulic models.

2. Study Site

Loukkos basin, which covers more than 2.560 %ris located in NorttWest of Morocco between regions
Tangerois and Gharb and is bounded by Attentic Ocean tdhe West Figure 1). This areaenefits
considerable water resourcesgasundwatei n t he areas of tishoharadamnzed by an d
diversityof cultures. A pdological study of the areas studied show that of soils Rmel have an essentially sandy
texture and M'risa soils are generally established by clays and1@nTables 1and2 present the graimize

and texture of the soils studied.

3. Materials and methods

3.1. Thediscinfiltrometer and its application

The discinfiltrometer Figure 2) [13, 14] because of its relative ease of use, is one of the most popular device
for characterizing in situ saturated and unsaturated surface soil hydraulic propéitiediows to characterize

a large area and to make several measurements. In this part, mtsbduction is devoted to the background
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theory and some examples are given to show how the theory can be

and sorpvity from measured cumulative infiltration.
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used to determine hydraulic conductivit

wr

o ’ Study sites

Source: Carte géomorphologique 1/100.00& du maroc: Larache. Google Earth, 2010.

Figure 1: The Loukkos basin zone

Table 1 Grainsize and texture of the soil Rmel.

Depth (cm) 0-30 30-50 50-100
GreatSand(%) 19.8 19.8 25.1
Fine Sand(%) 71.6 72.7 69.9
Total Sand (%) 91.4 92.9 95.0
Loam (%) 2.0 1.5 1.0
Clay (%) 5.5 5.5 6.5
Silt - Clay(%) 7.5 7.0 7.5
Total (%) 98.9 99.9 100.5
Texture class Sandy
Table2Gransi ze and texture of the soil MOri sa.
Depth (cm) 0-20 60-80 150180
GreatSand(%) 0 0 0.9
Fine Sand(%) 1.20 1.00 4.20
Total Sand (%) 1.20 1.00 5.10
Loam(%) 45.50 42.80 38.00
Clay (%) 54.50 57.80 56.60
Silt - Clay(%) 100 100.6 94.6
Total (%) 101.20 101.6 99.7
Texture class Loamy-Clay

The method of analysis of cumulative infiltration is based on epraaiyticalsolutions of the flow equatioior

a homogeneous soil profil&he disc infiltrometer comprises of a nylon mesh supply membrane, a water
reservoir and a bubbling tower. The bubbling tower is connected to the reservoir and controls the potentia
applied tothe membrane. It can be used to supply poterttacmCh,C0 cm.For each experimentve fixed a
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value of the pressuta=h,-h; (heightof watercolumn) and, during infiltration, we note tligferenceof the
water in the tank to calculate the cumulatiméltration | (t). After the experiment was completed, we took
immediately samples from the soil under the disc to determine the water content associated with the impose

suctionhg,.
Moveable air

— / entry tube
U

I

Rfsefv°if‘\\\\\\\\\\\\\\\~;
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Figure 2: Design of thediscinfiltrometer.

As a first step, wearry outinfiltration experiments on two sites Rmel and M'risa in the basin Loukkos, whose
soils have different texturesespectively: sand and ckdgam, in the dry season during the month July 2013.
The disc diameter of the infiltrometer used is 20 tire;experiments were performed in different locatiwith

various suctiongy,, while remaining in the agricultural parcel of 16. At this level, we have not performed
measures with suctions beyofZD cm As this constraint is linked the type of infiltrometer used. Testing has
been completed once the infiltration flow begins to stabilize. The duration of the experiment is on average 12
min and does not exceed 30 minutes depending on the regime desinedal@efor each test, applying a
suctionhy and calculating the cumulative infiltratidn(cm), well as the water contewf and the hydraulic
conductivity Ko,. Certainhydrodynamic parameters of the soil were also measured independently using direct
method standard laboratory on samples of sbible 3 summarizes the results for the initial water contgént
(m?m?), porosityP(n/m®) and bulk density 4 (kg/nT). The value ofnitial water content, very small, indicates

the soil is very dry initially. The value of porosity gives prior idea about the estimated value of the saturated
water contentf.

Table 3 Measured value of initial water contafit porosityP and bulk density 4 of the studied soils.

Rmel area Méri sa
14 [10°kg/nT] 1.4937 1.5409
P [nf/m] 0.4211 0.4118
d [m*m’] 0.0229 0.1854

3.2.Principle of numeri@al methods

Soil hydraulic properties measured in the field are important parameters describing water and solute transpo
dynamics. There are sevemabdek of determining the hydraulic conductiviky (m/s) from the cumulative
infiltration measurements [156]L We choose amonghe recenmodels available, the Haverkamp et al. (1994)

[17] model whichis developed using previous findings of others redeas,is simple and is based on
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parameters with sound physical meanirfigs: shortto medium timesthe Haverkampnodel can le expressed
as:

|(t) =S(q, gt +At (1)
The expression of the infiltration flux densityz% is straightforward from Eq. (1):
S
=——= A 2
2t
2
with - A=—95 2" By 3
@%- 9 3

if K(h)<<K(ho). d; (m*/n?) the initial water content and, (m*m’) water content of each imposed suctigno
is a constant equal to 0.7B.is a parameter between 0 and 1, depends on the soil type and pdiefaral
infiltration. The big advantage of this method is that g#slaot require the estimated flefvsteadystate ands
lesstime consuming. By contrast, it provides only an interval of valuds @h), betweerK,,for b = @ndKax
for b =.1vandervaer€1995) B] proposes to use the medifr= 0in #he calculation oK (hy), which will be
affected by the uncertainty factor 81.4. On the othehand, thecodficientsS ,( ¢) @hdA can be estimated
through linear fitting technique for thellowing differential equation

=s 2Alt 4
u\f @

We calculated the derivative of the cumulative infiltratiofcm) versus the square root of timét_ by the
following formula:

Di | : .
=l | En 1 5
ok Je o e ©

Where n is the number of data points.

. DI .
For the linear graph betweegw versus «/t_ , S and A equal to the intercept anldalf of the slope,

respetively. Hydraulic conductivityKyand theiruncertaintyp K arethen calculatedy:

K =55 A 57, ©

3 em 25 g
2-bg r(g -1

On the other hand, for fitting of experimental data for the water coditeri{nth and the hydraulic conductivity
K (m/s) we use the following models:

()

V Combined model of Van Genuchten (198Qjalem (1976)(VGM)[6, 18]

éq ah)- g & n g
2=y B g no ®)
tgmy= g h =0
V Model Brooks & Corey (1964)(BC)[5] :
o h;-
_ ag- g ¢
(;qs_ gE
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Where,d ¥ is the soilwatercontent,d (m*/m°) is the soil saturated water contedit(m/n?) is the soil
residual water contertt, (cm)is pressure heatll ( 1s/a sthle parameter inversely proportional to mean pore
diametern (-) andm (-) are the shape parameters of soil water characteristit;1/n, O<m<1l K (m/s)is the
hydraulic conductivityKs (m/s)is the saturated hydraulic conductivity(-) is the shap@arameter
Initial and boundary conditions fditting are a constant suoti hy on the soil surface under disc infiltrometer
and a profile of the initial water conteuft

h=h, for z=0 and t>0 (20

d=, tbr z @nde=0

We haveto usea nonlinear leastquares optimization approach to estimate the unknown hydrodynamic
parameterg o , d U o) fram, obskrved retention and conductivity dat@imstudy. The best fit parameters
arebased on minimizing the objective function which expeedhe discrepancies between the simulated and
observed values, using the LevenbBtgrquardt algathm [11]. The objective function can heritten as:

min F =3 W g7,..(0) -q(h. ) g WawIngg.( Inik(h d°

Wheren is the number oflifferent measurementg pressurd;: dnesis the measured water content at the suction
h, KnesiS the measured hydraulic conductivity for the water cordgntd;; andKy, arethe model simulation for
the vector of optimized parameterp = {,, & d U, J. w ,is th€ weightassociated with a particular
measurement setV is the weight thatrisures that proportional weight is given to the two different types of
data; that is, it coects for the difference inumber of data points and for the effect of having different units for
dandK [19, 20, 2%

n
_'a'WiQmes(h )

W= r:zl 12
éWi|r‘|K mes(h i)|
i=1

4. Goodness of fit
The maximumilikelihood leads to optimized parameters for a selected model without questioning the adequacy
of the given model. Different criteria may be used to characterize the goodness of fit. The most popular criteric

are given belovi22]:
n 2
RMSE= %(_alp; - Mi) (13)
1=

(@) Root mean squarror (RMSE):

(b) Determination coefficient (:

n 2
a(mi-Py)
Rzzlj% (14)
na o0
a%/li-M 8

Where,P, andM; are the predicted and measured values of'tmeeasured data, respectivelyl is the mean
of measured values.
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(c) Have been calculated the correlation matrix specifying the degree of correlation between estimated
parameters. The correlation coefficientsgbsolute value) must be less than the critical value[@35

5. Resultsand discussion

5.1 Cumulative infiration

Figures 3 (a) and 3 (b)illustrates the cumulative infiltration(cm) measured versus time the different suctions

hy for the both locations Rmel and M'risa. There have been increasing infiltration flows where the guction
increases. Thigcrease in flow is due to the implementation of the pore sized increasingly large, progressively
as the soil approaches saturation. The cumulative infiltration is becoming quickly more constant (steady state) ¢

the M'risa site than at the Rmel site. Alis showshat clay loam soils become saturated more rapidly than
sandy soils.

125 1.50 -
h=0cm (a) Rmel area *  h=0cm (b) M'risa area
h=-2cm o h=-4¢m
10.0 h=—4cm o * Lo | B h=-8m
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_ . A Z . .
g -l“‘i 0.75 - ..'_.- ._.w
1 -..l‘. - . “".:
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Fig. 3: Measured cumulative infiltratiohversus the time with various suctidms(a) Rmelandb) M6 r i s a

During the infiltration tests, we calculate the derivative of the cumulative infiltrafiom) versus time to obtain
the flux densityg=dl/dt. Infiltration flow curvesq (cm/s)obtained are illustrated ihefigures 4 (a)and4 (b).

1.5x10°
(a) Rmel area (b) M'risa area h=0Ocm
= * h=0cm h=-4¢m
4.0x102 4" + h=-Zem *  h=-8cm
’ - ::;Lm i h=-12cm
- —oem 1.0x10% = *  h=-16cm
E "~ h=-12¢m .
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I3 F e £
----- S
h“ ..... o
2.0x107 N T L, "
Bt TYU 5.0x10°4 %
_:.‘:.\.__.4 _“.\m e,
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TEOE 0 . e e \ ----.....::1:::::::::&
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Figure 4: Plot of infiltration rate at eacbuctionh: (a) Rmelandb)Mér i sa ar eas.
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We can see the transitional aspect of the infiltration. The cumulative infiltration and infiltration flux are treated
by the equations (1) and (2). Theoretically, for the timeD ,  caMdEfor the tim¢ Y B, ,quNekeK is the
constant hydraulic conductivity which is dependent on the sulgioandition on the surface (e.qg. if the suction

hs=0 thenK a ¥ From the M'risa site, weeethatthereis a disturbancen the measurememt the beginning of
infiltration that was due to the influence of contact sand and the soil texture. The infiltrakate@reases and
quickly remainasnor e constant in the Mérisa soil than in ¢ttt
texture the water infiltrates. We conclude that Rme
soil. This has an influence on the values of the water content and the hydraulic conductivity of the soil.

5.2 Estimation of hydrodynamic parareiet

In this part, we combine the experimental data of the water codtand hydraulic conductivit)k with the

values calculated by the Levenberg Marquardt algorithm of optimization to determine the hydrodynamic
parameters. Thus, we minimize the objective function; it reflects the squared of the difference between the
calculated and measured values, amaiive process starting from the initial values of the parameters until
stopping criterion of the objective function which is of the ordef. This determines the desired parameters
(dsdUy. n, K

5.2.1 Retention curves d (h)

At the end of each &, we take a sample of the soil immediately below the disc to measure the final water
content in order to reconstitute a part of the experimental point forldmstions. To minimize the error
associated with the experiment, several tests were perfolvhaeover, the measurement points of water
content d we raealgarithin the Legedberg Barquaydt based on the model of Van Genuchten
Mualem (Eq8). Table 4shows the values of the hydrodynamic paramétegis,, d Ufitted.n )

Table 4. Fitted soil hydraulic parameters fdret retention curves plotted iigfire 5.

Rmel area M6ri sa ar ea
Parameters Initial | Fitted | Standard Erro R? Initial Fitted | Standard Erroff R?
d, [m¥m’ | 0.045| 0.078 0.0676 0.070 | 0.24 0.3025
d,[m¥m’ | 0.43 | 0.335 0.0075 006 | 048 | 0.447 0.0094 0.83
U [ 1/]0.145| 0.104 0.0122 ' 0.005 | 0.110 0.0803 '
n[-] 2.68 | 3.01 0.7645 1.09 1.89 1.4106

Table 5presents one of the calculated correlation matrices which give an idea about the correlation between thi
adjusted parametergVe get closer tdandmarkstl, more a better linear correlation is obtained between the
estimated parameters. While a value dfidicates no correlation. A strong correlation between the parameters
indicates that these cannot be identified in a unique way. Generally, we have a relatively good correlatior
between the parameters estimated.

Table 5. Correlation matrix between the &l parameters.

Rmel area
Parametery  d, d. U n
d 1 -0.48 -0.10 -0.63
(o8 -0.48 1 0.89 0.94
U -0.10 0.89 1 0.71
n -0.63 0.94 0.71 1

TheFigures Ha) and5(b) summarizes the results fiting for both M'risa and Rmel siteg¥/e note that, on the
retention curved (,hlhe experimental points of the water content of the area Rmel are well described by Van
GenuchtesMualem modelwith a coefficient of R°=0.96 compared to M'risa are4=R.83.
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Figure 5: Measured and fitted vier retention curved ( :lfla@) Rmelandb)Mér i sa ar eas.

The experimental points cover only the area of the curve that is pronounced for some kaR@ ot ® 0.c m
This constraint is related to the type of infiltrometer that we used. We skgur@ 5, there is a considerable
variation of water content with the suctibiin the Rmel soil than in the M'risa soil. This is explained by the fact
that sandy soils are highly permeable to water and therefore have a very low capacity to hold watedcmmp
clay-loam soils.

5.2.2 Determinatiomf hydraulic conductivity K
Measurements of the width and depth of thetting front are given intable 6. These measures give
aninitial idea on the influence of soil texture and the behavior of the hydraulic conductivity in the soil.

Table 6. wetting front measured.

Rmel area MOri sa
Width (cm) Min 34 26
Max 40 30
Min 14 4
Depth (M) ™ jax 22 6

Hydraulic conductivity is a characteristic of the soil which cannot be measured directly as the retention curve
(quaststatic property). It is a function related to the movement of water during the infiltration. |RVi&atathe

values of hydraulic conductivity K, fromthe equatiorf6) and their uncertainties by equatiorY) (
canincludepairs(S; A) Todetermingheparameters S and A, we do a linear regression of calculated values of

the derivative of the cumulative infiltratiol%. During the regression, the first points are removed, which are
t

not located on the line that is due to the influence of the contact #did.fitting, the coefficientSandA are

determined witts equal to the intercept adequal to half of the slope. If the data set is not linear, Eq. (1) must

be considered inappropriate, and it would be likely that fitted values of the coeffiiantsA would have no

physical meaning-igure 6 shows an example of this regression.

The calculated values of hydraulic conductivitywere adjusted based on Brooks & Corey (Eg. 9) models.

Table 7 and figures (7 and 8) summarize the results of the fittinenerally, the resutif themodel

is very closeto the observed values of the hydrautionductivity with a best value’R0 . 90 o f MOT i s e

R?=0.90 of Rmel area. Ifigures 7 and 8, it is observed that the hydraulic conductivity takes significant values

in the Rmel soil. In additionKs parameter has a totally different value in both soils. Tliarly
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indicateshatthe sandy soils are very permeable to water andlotay soils have high water retention as
compared to sandy soils. These results show that the flow of water in sdsdy gery important and this may
amplify the transport of agrochemicals contaminants in the soil and pollute the groundwater.

0.8 -
Rmel area = Measured
fitted -
n
< h=-6cm
"o 067 R=10cm
I
o
k<
= 04-
z R*=0.93
0.2 1 - . 12
$=0.191 % 0.010 (cm.s""?)
A=8.5%10"+3.21x10"
0.0 T T T T T T v T T T \/
0 5 10 25 30

15t1/2 (81/2)20
Figure 6: Example of fitting linear regression of the experimental tatd | / fdr &@rt infiltration test.

Table 7. FittedKs andd for the hydraulic condttivity curvesK ( @lotted in fgures 7 and 8.

Rmel area M6ri sa ar ea
Parameters Fitted Standard Error| R? Fitted Standard Error| R?
K [m/s] 1.13x10" 3.4471x10 0.63 1.97x10° 1.1319x10 0.90
d -] 6.11 1.6567 ' 3.43 0.5427 '
Curve K(0) — Rmel area
1.0E-4 4 _ )
* Experimental data T
Fitted
8.0E-5 R?=0.63
£
ZG‘UE-S—
4.0E-5 B |
171
2.0E-54 =
0.20 ' 0.l25 B(I:n?'/ma) 0.!3:0 ' 0.35

Figure 7: Measured and fitted hydraulic conductivity curke¢ tbi)the Rmel area.

A comparative study was carried out by comparing our results with another study done by2&a28] for
other types of sandy soils located in the Mnasra arealaiteehadusedthe scalingmethod. The parametens

andd; are calculated using the principle of similarity between the retention curves and grain size. The paramete

d is deductedrom n by the concept of capillary sorptivity and infiltration capaciiyandKs are linked to the

water dynamics, their optimization based on the adjustment of the equation of Green and Ampt and some
measures of infiltration positive chargéh. The results achieved represent an average of measurements taken

[26]. Table 8 summarizes the parameters estimated from both studies. The agreement of the rggités is
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good, especially fon , andd;, since they are linked to the soil textureeTdifference noted in the value 6§
can be explained by measurement errors in the determination of parg®eatdiscarried out for both soils.

Curve K(0) - M'risa area
e Experimental data b

2.0x10° Fitted ol

. R*=0.90

£

X

1.0x10° 1

0.0 T T T T g T
0.2 0.3 0.4 0.5
a(m*/m?)
Figure 8: Measured and fitted hydraulic conductivity cure¢ éytheMdr i s.a ar e a
Table 8 Comparison of estimated parameters with another study
Soil texture Comparison
Rmel area | Mnasra area| Estimated parametery Rmel area Mnasra area
Sand (%) 91.4 88 d, [m¥m?] 0.078 0
Loam (%) 2.0 9 d; [m¥m? 0.335 0.4
Clay (%) 55 3 U [/ ¢cm] 0.104 0.036
n[-] 3.01 2.42
K [m/s] 1.13x10° 8.7x10°
d -l 6.11 6.58

Figure 9 presents a comparison of the measured water content and those fitted by the model of Van Genuchter
Mualem using adjusted parameters, shows that these values are close to those observed. The graph tt

represented foll ows /08 9. iwith the excegignrofeadew points. | i near d

Figure 9: Comparison of thétted watercontentwith that of measurement.
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