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Resumo – Due to the multiphase characteristic of flow in the unsaturated zone, the determination of flow properties is especially complex, and difficulties in model calibration are common. A methodology for estimating the parameter values and associated uncertainty, based on first-order error analysis, was developed and applied to adjust Van Genuchten's and Brooks-Corey's moisture characteristic curves, using data from column infiltration and suction essays from a stormwater retyention-infiltration device. The conductivity relation, K(θ), was evaluated from the parametric equation developed by Van Genuchten from the Mualem integral form for the hydraulic conductivity. A gradual variation on the relative hydraulic conductivity values can be noticed, and this behaviour can be a limitation to the use of simplified soil water flow simulation models. The uncertainties due to input parameter error were quite small when compared to the data variation, suggesting that other sources of uncertainty, such as data error or uncertainty in the model itself, should be investigated.

Abstract – Due to the multiphase characteristic of flow in the unsaturated zone, the determination of flow properties is especially complex, and difficulties in model calibration are common. A methodology for estimating the parameter values and associated uncertainty, based on first-order error analysis, was developed and applied to adjust Van Genuchten's and Brooks-Corey's moisture characteristic curves, using data from column infiltration and suction essays from a stormwater retyention-infiltration device. The conductivity relation, K(θ), was evaluated from the parametric equation developed by Van Genuchten from the Mualem integral form for the hydraulic conductivity. A gradual variation on the relative hydraulic conductivity values can be noticed, and this behaviour can be a limitation to the use of simplified soil water flow simulation models. The uncertainties due to input parameter error were quite small when compared to the data variation, suggesting that other sources of uncertainty, such as data error or uncertainty in the model itself, should be investigated.
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INTRODUCTION

According to Barraud et al. (2002), stormwater infiltration is a drainage mode, which is more and more used in urban areas in France. The advantage of such a system is that it does not need any downstream drainage network. Consequently discharges and pollutant loads from stormwater outlets or combined sewer overflow structures are not increased as with usual stormwater pipe systems. However, given the characteristics of urban surfaces, it is important to assess the impact of stormwater infiltration systems on soil and groundwater. The main difficulties lye in the complexity of the system observed, in the existence of multidisciplinary approaches including hydrology, ecology, biology, chemistry and soil sciences, and also in the need of very long term monitoring to ensure representativeness of the results.

The use of numerical models to simulate subsurface water flow is receiving increasing attention, and more detailed and sophisticated models are being developed. Greater model sophistication implies greater data needs, both in terms of quality and quantity. Due to the multiphase characteristic of flow in the unsaturated zone, the determination of flow properties is especially complex and, consequently, difficulties in model calibration are strongly present for models dealing with flow in this part of the soil.

This paper deals with the determination of parameter values and associated uncertainty of soil characteristic and hydraulic conductivity parametric relationships for the soil from the Django-Reinhardt retention-infiltration basin, in order to allow numerical simulations of the subsurface flow and to give elements for a better understanding of this system. 

The Django-Reinhardt retention-infiltration basin was specifically rehabilitated for measurements and operational drainage issues, in a long-term (10 years) experiment, as part of the OTHU project (Experimental Observatory for Urban Hydrology). One of the key actions of the OTHU concerns the evaluation of the impact of an infiltration basin on soil and groundwater. This Project has been launched in Lyon (France), involving 11 Research Laboratories from 6 Universities and Engineering Schools in Lyon, with 4 additional Research Teams, associated to the Urban Community of Lyon and the Rhône-Mediterannée-Corse Water Agency (Barraud et al., 2002). This infiltration basin presents serious clogging problems. Numerical simulations are necessary to help understanding the clogging and infiltration processes involved. Bouwer’s model (Bouwer, 1969) was already applied to data from this system. It is a simplified model that represents the clogging process, under the assumption of a constant hydraulic conductivity value. It is necessary to verify if the model assumptions can be applied to the actual soil behaviour.
SITE DESCRIPTION 

The catchment is the industrial area of Chassieu, located in the eastern suburbs of Lyon. The total surface is 185 ha, with a rather flat topography (mean slope of 4 ‰) and an imperviousness of about 75 %. The groundwater level is deep (13 m from the bottom of the infiltration basin) so that the unsaturated zone is significant and should be of major interest in the pollutants “clearing up” process (Gautier, 1998).

The catchment is drained by a separate stormwater system. Its outlet is a basin structure named Django Reinhardt. This basin structure extends over 2 ha and comprises two compartments: i) a storage and settling basin and ii) an infiltration basin, of about 1 ha each as shown on figure 1. The volumes of the two compartments are respectively 70000 m3 and 61000 m3. The runoff water flows successively through: i) the storage and settling basin, ii) a flow control device, iii) an outlet pipe equipped with a non return valve and iv) the infiltration basin. The storage and settling basin is also equipped with an overflow structure in case of exceptional storm events.
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Figure 1 - Description of the Django Reinhardt basin structure

The Django Reinhardt basin is located over quaternary fluvial and glacial deposits of the St Laurent de Mure-Decines-Chassieu corridor (direction SE-NW). The aquifer material, laid on an impervious substratum of crystalline formations (tertiary mollassic sands), has an approximate local thickness of 30-35 m, a permeability of about 7-9(10-3 m/s (BURGEAP, 1995), a transmissivity of 0.0075-0.075 m²/s and a groundwater natural resources of 110000 m3d-1 on average. It is composed mainly by coarse material: 30 % of pebbles (diameter d > 20 mm), 45 % of gravels (20 mm > d > 2 mm), 20 % of coarse sand (2 mm > d > 0.2 mm) and, 5 % of fine sand (0.20 mm > d > 0.08 mm). Samples taken every meter show that the proportions of each category are about the same all along the depth gradient until - 26 m. The grain size characteristics (d10, d30 and d60 deciles) do not show any particular structure in relation to the depth. This means that there is a rather good homogeneity of sediments at the metric scale. The alluvial deposits, coarse and very permeable, contain highly mineralisated groundwater (about 950 µS.cm-1) with relatively high concentrations of sulphate (130 mg/L), nitrate (30 mg/L) and chloride (60 mg/L). There are no significant amounts of organic and metallic micropolluants. The main physico-chemical soil characteristics are: pH (8.2), humidity (5.4 %), field capacity (22.6 %), saturation capacity (27.3 %), organic matter content (1.75 %), organic carbon (4.66 mg C/g dry soil), carbonate (22.7 %), TKN (0.59 mg N/g dry soil), Cation Exchange Capacity (2.75 10-5 mol/g).

The monitoring of the whole system (figure 2) includes the measurement of climatic conditions, inflow to the storage and settling basin, settling process and efficiency, inflow to the infiltration basin, transfers of water and pollutants through the unsaturated soil layers and into the groundwater, impacts of these transfers on groundwater quality.
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Figure 2 - Measurement instruments installed on site

METHODOLOGY FOR ESTIMATION OF PARAMETER VALUES AND ASSOCIATED UNCERTAINTY

Hydraulic and transport properties of the unsaturated zone are commonly determined by imposing rather restrictive initial and boundary conditions, so that the governing equations can be inverted by analytical or semi-analytical methods. An alternative and more flexible approach is to employ parameter estimation techniques to solve the inverse problem. Parametric relationships are supposed to be applicable to the system, and the coefficients are determined by means of an optimisation algorithm that extremises some objective function. A major advantage is that experimental conditions can be selected on the basis of convenience and expediency, rather than by a need to simplify the mathematics of the direct inversion process. Also, if information concerning parameter uncertainty and effects or model accuracy is desired, it can be easily obtained from the parameter estimation analysis. However, the ability to determine the specific form of the constitutive properties of the system is sacrificed, and some model formulation which is presumed to hold to a sufficient degree of approximation must be assumed. Consequently, the problem of parameter identification arises, which involves performing the estimation analyses for many possible models, and selecting from those models the most accurate or precise one in terms of some objective criterion (Kool et al., 1987).

The moisture characteristic curve, also known as the water retention characteristic, or capillary pressure-saturation curve, describes the soil's ability to store and release water. It is defined as the relationship between the soil water content θ and the moisture (or matric) potential ψ. The hydraulic conductivity is a measure of the ability of the soil to transmit water and depends upon both the properties of the soil and the fluid. It is called saturated hydraulic conductivity for water contents at or above the saturation point (ψ(0), and it is referred to as the unsaturated hydraulic conductivity for water contents below saturation (ψ<0) (Rawls et al., 1993). Both the moisture characteristic curve, ψ(θ), and the hydraulic conductivity as a function of volumetric soil water content, K(θ), are highly non-linear functions. Also, both vary with soil properties such as texture, porosity and bulk density. 

Numerous attempts have been made to formulate mathematical relations capable of describing these curves. A great problem for most of these equations is to determine the value of their parameters. According to Mishra et al. (1989), one common approach is to take static θ(ψ) measurements and fit them to the desired soil water retention model. 

Frequently used expressions are those developed by Brooks and Corey (1964, 1966) and Van Genuchten (1980). Once the retention function is estimated, the conductivity relation, K(θ), can be evaluated from the respective parametric equations if the saturated conductivity, Ks, is known. 

Another approach to model calibration is to conduct a dynamic flow experiment (i.e., infiltration, redistribution and/or drainage event), and use the observed water content, pressure head and/or boundary flux data to invert the governing initial-boundary value problem.

According to Kool et al. (1987), many parameter estimation problems can be formulated as a weighted least-squares minimisation problem, that can be reduced to the ordinary least-squares (OLS) estimator, as shown on equation 1:
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where: 
the objective function O(p) is a function of the model parameters p, p = {p1 , ... , pm}T; 


o = {o1 ,  ... , on}T is the observation vector; 


ô(p) = {o1(p), ... , on(p) }T represents the predicted response for a given parameter vector p; 
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When observation errors are normally distributed, are uncorrelated and have a constant variance, the OLS estimates possess optimal properties; when the normality assumption alone is violated, OLS can still be used with good results (Beck and Arnold, 1977; Bard, 1974). 

Information concerning uncertainty in the parameter estimates obtained by solving equation 1, i.e., in fitting the selected parametric model to θ(ψ) data, is contained in the parameter covariance matrix, defined by:
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The elements of C are the individual parameter variances, Var[pi], and the covariances, Cov[pi , pj], which are computed during the non-linear estimation of  eq \O(p) from θ(ψ) data. For non-linear regression problems, a first-order approximation to the covariance matrix, C, is given by (Beck and Arnold, 1977), as shown on equation 3:
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where H is the Hessian, or matrix of second derivatives of the objective function with respect to the parameters, estimated as H = JTJ, where J is the parameter sensitivity matrix (Jacobian matrix), and S2 is the estimated variance of the residual at the solution (O( eq \O(p))), given by
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with no being the number of observations, and mp the number of unknown parameters. 

Using first-order error analysis and assuming small perturbations around the mean values, parameter uncertainties due to input parameter error for a quantity,  f , which depends on the parameter vector, p, can be estimated based on (Mishra et al., 1989; Mishra and Parker, 1989), as shown on equation 5:
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(5)

Thus, the expected value (first moment) is the same as that obtained with the estimated parameters, whereas the variance (second moment) depends on the variance-covariance relation of the input parameters as well as the sensitivity of the process to these parameters.

The covariance of two random variables, Y1 and Y2 , where both are functions of the parameter vector, p, can be obtained in a similar manner as shown on equation 6:
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(6)

These expressions, i.e., equation 5 for the variance and equation 6 for the covariance, are used to estimate parameter uncertainties due to input parameter error. Defining the standard deviation (s) as the square root of Var[f], a confidence interval for the quantity f can be obtained as shown on equation 7:
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where P denotes probability, 
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is given by the Student's distribution,  a is the significance level, mp is the number of parameters and no is the number of observed values.

COLUMN INFILTRATION AND SUCTION ESSAYS 

Column infiltration and suction essays were performed by Alimi-Ichola (2000) in a study of the geotechnical and hydrodynamic characteristics of the soil from the Django-Reinhardt basin. 

Infiltration tests were carried out in a column having 225 mm in length, composed with thin cylinders of 15 mm of height and 52 mm of diameter. The soil was hydrated at desired water content, sieved less than 2 mm and compression apparatus is used to get a desired bulk density in each cylinder. During the make up of the column, three saturated filter papers were put between two cylinders. Then, the column is wrapped in polyethylene film and stocked to wait 10 or 15 days that the equilibrium between soil and filter paper occurs. The column was installed as shown in figure 3.

The infiltration is conducted at constant water head supply ho. Cumulative infiltration-time curves are determined from the variation of water level in Mariote burette. Every hour, each cylinder of the column and the middle filter paper disc are weighted to obtain the water moisture change. These results are used to determine the moisture and the suction profile in the column.

Suction essays were performed by the saturating vapour method and the filter paper method. The cores have their volume and weight known and they are left in contact with the saturating vapour of a supersaturated salt solution. The cores, together with the filter papers, are hermetically wrapped in bags to avoid any exterior contact. Equilibrium conditions are met after 15 days. The equilibrium suction values are obtained from the solution saturating vapour pressures and the filter paper calibration curve. The determination of the cores moisture content allows the outline of the retention curve.

 
[image: image12.wmf]1. Water level

2. Constant head water supply

3. Supply valve 

4. Flexible tubing

5. Air escape valve

7. Porous plate

8. Filter paper disc

9. Soil element compacted

10. Threaded rod

6. Uper end section

11. Lower end section

12. Outflow valve

1

2

3

4

5

6

7

8

9

10

11

12

in plexiglas rings

Key

Interlocking of the plexiglass  

Cylinder elements

Three filter paper discs  

 Watmann n°42

Compacted soil

(Mariotte bottle)


Figure 3 - Diagram of apparatus for obtaining the moisture and the effective pressure profiles.
DETERMINATION OF SOIL MOISTURE PARAMETRIC RELATIONSHIPS

Adjustment of soil moisture characteristic curves

To face the problem of parameter identification, the estimation analyses were performed for different models. The two most popular models for the moisture characteristic curve are those proposed by Brooks and Corey (1964, 1966) and Van Genuchten (1980). According to Fayer and Simmons (1995), the main reasons for the dominance of these equations in current model applications is that they are simple, have a minimum number of parameters that allow for easy description, can be readily combined with conductivity models and easily fit water retention data in the wet region, where most flow occurs.

Brooks-Corey’s and Van Genuchten’s moisture characteristic curves were fitted to soil water content (θ) and matric potential (ψ) measurements from column infiltration and suction essays from the study of the geotechnical and hydrodynamic characteristics of the soil from the Django-Reinhardt infiltration basin (Alimi-Ichola, 2000). 

The Brooks-Corey equation can be written as shown on equation 8 :
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(8)

where:
Se
=
effective saturation;


θ
=
volumetric water content;


θr
=
residual volumetric water content, considered to be confined to small pores which do not form a continuous network;


θs
=
saturated volumetric water content, or maximum wetness;


ψ
=
matric potential;


Pb
=
air-entry pressure, or bubbling pressure: approximately the minimum suction in the drainage cycle at which a continuous nonwetting phase (air) exists in a porous medium;


λ
=
pore size distribution index.

The parameters θr, θs, Pb and λ have to be determined from available data. The saturated volumetric water content, θs, can be related to the porosity of the soil and, consequently, can measured in laboratory, but the other three parameters have to be fitted to the data.

A major problem of the Brooks-Corey model is that it presents a discontinuity on its first derivative, at the air-entry pressure. This discontinuity can cause numerical instabilities during simulations of water movement in the soil using a numerical model, depending on the robustness of the algorithm used to solve Richards' equation. Besides that, Milly (1987) found that the presence of the air-entry pressure is a source of discrepancies with field measured characteristics, and Michiels et al. (1989) state that the presence of a well-defined air-entry pressure is not always obvious in all soils.

The Van Genuchten equation is described by equation 9:
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where
α
is a scaling parameter and n is a curvature parameter. 

As for the Brooks-Corey equation, the saturated volumetric water content, θs, can be measured in laboratory, but the other three parameters (θr, α and n) have to be fitted to the data. It has continuous derivatives for the whole of the water retention curve, avoiding the problems of numerical instabilities and discrepancies with measured data commented for Brooks-Corey equation. 

The initial values necessary for the estimation of the parameters of the Van Genuchten equation were obtained from a previous fit performed by Alimi-Ichola (2000), who adopted a modified Van Genuchten’s equation, where m is rather another parameter to be adjusted, instead of a function of n. A major drawback of this methodology is that it does not ensure continuity for the derivatives of the water retention curve.

In some optimisations, particularly for the bottom soil layers, there is insufficient information for calculating θr. Consequently, values of little or even no physical meaning could be obtained (either θr bigger than 20% or negative values). In order to avoid this problem, a physically meaningful value of θr was chosen, for all parametric relationships, based on results of previous optimisations. Values between 0,85% (from Alimi-Ichola’s fit) and 5% were tested, always in conjunction with the saturated moisture content value obtained from Alimi-Ichola (θs = 28,8%), while the other parameters (α and n for Van Genuchten's equation, Pb and λ for Brooks-Corey's equation) were determined by the optimisation routine. 

The initial values necessary for the estimation of the parameters of the Brooks-Corey's relationship were obtained from the relations presented by Lenhard et al. (1989) developed for converting parameters of Van Genuchten's retention function to equivalent parameters of Brooks-Corey's relationship. They equated the differential fluid capacities, (Se/(ψ, at Se=0.5, leading to equation 10:
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where m is related to the Van Genuchten parameter, n, by m = 1 - 1/n. 

Table 1 summarises the most important results obtained for the adjustment of the soil retention curves. 

Table 1 - Adjustment of the soil retention curves - Noteworthy results

	Description
	Fitted relationship
	Adopted Parameter values

	Fit performed by Alimi-Ichola (2000) to a Modified Van Genuchten’s equation

(Initial values for the Van Genuchten’s equation fit)
	
[image: image16.wmf]0

 

 

 

if

1

 

=

 

Se

0

 

<

 

 

if

 

|)

|

(

 

+

 

1

1

 

 

=

 

 

-

 

 

-

 

 

=

 

Se

m

n

r

s

r

³

ú

û

ù

ê

ë

é

y

y

y

a

q

q

q

q


	θr = 0,85 %

θs = 28,8%

α  = 0,0012 cm-1             R2 = 0,942

n = 0,8636

m = 1,97

	Fit performed to Van Genuchten’s equation with θr = 0,85%

Initial values: Alimi-Ichola (2000)
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	θr = 0,85 %

θs = 28,8%

α  = 0,0151 cm-1             R2 = 0,964

n = 1,4134

	Fit performed to Van Genuchten’s equation with θr = 5%

Initial values: Alimi-Ichola (2000)
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	θr = 5,0 %

θs = 28,8%

α  = 0,0155 cm-1             R2 = 0,964

n = 1,5372

	Brooks-Corey’s equation with values fitted by Lenhard et al. (1989) relationships (eq. 10)

applied to Van Genuchten’s fit with θr = 0,85% 

(Initial values for the Brooks-Corey’s equation fit)
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	θr = 0,85 %

θs = 28,8%                      R2 = 0,785

Pb = -42,438 cm

λ = 0,46

	Fit performed to BrooksCorey eq

Initial values: Lenhard et al.(1989)
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	θr = 0,85 %

θs = 28,8%         

Pb = -24,420 cm             R2 = 0,949

λ = 0,27


All fitted relationships present similar values for the coefficient of determination (R2), which varied from 0,942 to 0,964. Brooks-Corey’s relationship using the relations presented by Lenhard et al. (1989) provided a worse fit (R2 = 0,785), but it was only used to obtain the initial values for the adjust of the Brooks-Corey's relationship.  

Figure 4 shows these adjustments, together with the measured data, for the whole fitted range (Figure 4.a), and also giving detail for some ranges where there is a bigger concentration of observed (θ,ψ) values: the matric tension values close to -40 cm (Figure 4.b) and to -500 cm (Figure 4.c). 
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Figure 4 – Measured data at different times and fitted retention curves

Van Genuchten’s curve fitted according to the proposed methodology with residual moisture content of 0,85% (θr = 0,85%) was selected to describe the water retention curve of the soil of the Django-Reinhardt retention-infiltration basin due to the following reasons:

· Van Genuchten’s is the only fitted relationship that presents continuous derivatives for the whole range of the water retention curve;

· a close look at the graphics shows that the Van Genuchten’s curves fitted according to the proposed methodology present a better fit to the clusters of data observed for matric tension values close to -40 and to -500 cm;

· there was no significant difference, at the fitted range, for the adjusted curves for different θr values. The selection of θr = 0,85% was made because this value is consistent with the theoretical soil characteristics. 

Figure 5 shows the adopted retention curve. The confidence intervals obtained from the uncertainty due to input parameter error determined for a probability of occurrence of  95% (i.e., significance level a=0.05) are shown as dashed lines. The small range of these intervals is a consequence of the low covariance values obtained for the parameters, suggesting that the variability in the data can not be explained by parameter error. Other sources of uncertainty, such as data error (due to measurement error or to spatial variability) or uncertainty in the model itself, should be investigated.

Determination of the hydraulic conductivity curve 

Various models were developed to represent the hydraulic conductivity of unsaturated soils. Alexander and Skaggs (1986) examined fourteen different methods to predict the unsaturated hydraulic conductivity from the soil water characteristics. Only the most important equations necessary to explain concepts and models presented in following sections are described next.

Burdine (1953) introduced a parallel tube model, by integrating the conductivity of water filled pores within each size interval over all pores present in the soil. According to Alexander and Skaggs (1986), this model forms the basis for many of the present methods for calculating hydraulic conductivity. 

Mualem (1976) introduced a modified form of Burdine's equation, including the effects of connecting pores, and Van Genuchten (1980) applied the Mualem integral form for the hydraulic conductivity to his characteristic curve (equation 9) to express the conductivity as shown on equation 11:
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Figure 5 – Measured data at different times and adopted retention curve
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where:
K
= 
hydraulic conductivity;


Kr
= 
relative hydraulic conductivity;


Ks
=
saturated hydraulic conductivity.

The conductivity relation, K(θ), was evaluated from the parametric equation developed by Van Genuchten (1980) from the Mualem integral form for the hydraulic conductivity (equation 11). 

Figure 6 shows the relative hydraulic conductivity values (Kr), computed with residual moisture content values of θr = 0,85% and of θr = 5%. Computed values using θr = 0,85%  are smaller than those with θr = 5%, for the range of matric tensions from -140 cm to zero; the maximum difference between Kr values for these curves is 13%. Flow simulations with these two curves can help to confirm the selection of θr = 0,85% or to adopt θr = 5%.

It can be noticed a gradual variation on matric tension values as function of relative hydraulic conductivity for both curves. This behaviour can be a limitation to the use of simplified soil water flow simulation models, such as Bouwer’s model (Bouwer, 1969), that adopts a constant value for the matric potential, representing a rapid variation of hydraulic conductivity as function of interstitial pressure. This model was already applied to data from this system (Deschesne, 2002) in order to represent the clogging process. It is necessary to investigate if the simplifications adopted by this model bring significant differences to the simulation results, when compared with the actual soil behaviour.
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Figure 6 – Relative hydraulic conductivity computed values

CONCLUSIONS

The problem of determination of parameter values and associated uncertainty of soil characteristic parametric relationships for the for the soil from a stormwater infiltration device (the Django-Reinhardt retention-infiltration basin) from the OTHU project (Experimental Observatory for Urban Hydrology), was tackled by the combined use of data from physical analysis of soil cores and adjustment of soil characteristic parametric relationships, through optimisation of objective functions applied to the available θ(ψ) data.

A methodology for estimating the parameter values and associated uncertainty, based on first-order error analysis, was developed to be able to be applied to different soil moisture parametric curves. This methodology was applied to adjust Van Genuchten's and Brooks-Corey's moisture characteristic curves, using data from column infiltration and suction essays and adopting different values for the residual volumetric water content.

All fitted relationships produced similar results. Van Genuchten’s curve with residual moisture content of 0,85% (θr = 0,85%) was selected to describe the water retention curve of the soil of the Django-Reinhardt retention-infiltration basin because it presents continuous derivatives for the whole range of the water retention curve and it provided a better fit to the clusters of data observed for matric tension values close to -40 and to -500 cm. The selection of θr = 0,85% was made because this value is consistent with the theoretical soil characteristics. The uncertainties due to input parameter error were quite small when compared to the data variation, suggesting that other sources of uncertainty, such as data error (due to measurement inaccuracies or to spatial variability) or uncertainty in the model itself, should be investigated.

The conductivity relation, K(θ), was evaluated from the parametric equation developed by Van Genuchten (1980) from the Mualem integral form for the hydraulic conductivity, computed with residual moisture content values of θr = 0,85% and of θr = 5%. It can be noticed a gradual variation on the matric tension values as function of relative hydraulic conductivity for both curves. This behaviour can be a limitation to the use of simplified soil water flow simulation models, such as Bouwer’s model, that adopts a constant value for the matric potential, representing a rapid variation of hydraulic conductivity as function of interstitial pressure. As this model was already applied to data from this system (Deschesne, 2002), it is necessary to investigate if the simplifications adopted by this model bring significant differences to the simulation results.
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