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Abstract

Accurate representation of the top soil matrix with special attention to the scales present isimportant
to the dynamics of water flow and to the fate of pollution at field, farm and watershed scales. Thisis
also important from an agronomic stand point since agriculture is the main source of pollution at a
time when many agronomic models still use empirical notions of soil hydraulic properties. The soil
dynamicsliterature describes soil hydraulic propertiesindependent from the hydro-structural dynamics
of the soil-water medium. This leads to an empirical approach to represent and estimate soil hydro-
structural properties such as shrinkage, water potential, field capacity, available water, hydraulic
conductivity, etc. This study presents the development of a functional model of water movement in
soil. It is based on a conceptual and functional model of structured soil-water medium in which the
hydro-structural equilibrium and kinetics are characterized by the shrinkage and swelling curves,
respectively. The shrinkage curve was used to represent and characterize the equilibrium state of the
soil water medium and the swelling curve was used to represent the dynamics of the medium as it
returns to equilibrium due to abrupt changesin moisture conditions. A computer model for the vadoze
zone water flow based on theinternal soil volume change and hierarchal organization is presented.

Introduction

Soil water models describe soil propertiesindependently from the aggregated organi zation of soilsand
their hydro-structural dynamic. Thisleadsto an empirical approach of representing and estimating the
physical properties currently used in these models, such as water potential, field capacity, available
water, air capacity, and hydraulic conductivity (Braudeau et al. 2005a). Additionaly, since the
characteristics of the soil organization are not defined, modeling the biophysical and chemical
possesses in the soil medium cannot be physically based on a specific soil organization and thus, to a
particular type of soil.

Braudeau et al. (2004a) presented a new conceptual and functional model of the soil-water
medium organization wheretheinternal structure of the soil horizon is made up of swelling aggregates
inahierarchy of sizes. Thisrepresentation led Braudeau and Mohtar (2004a) to define anew paradigm
for the soil-water interaction modeling and for the soil hydro-structural properties and parameter
characterization. The soil medium organization is represented by two nested Representative Structural
Volumes (RSVs), aRSV of the soil horizon and that of the soil fabric, namely, the pedostructure, for
which the state variables, organisational and functional, are presented in Table 1. Two new functions
of the soil fabric are introduced for characterizing these functional RSVs and their dynamic: the
shrinkage curve and the swelling curve. The shrinkage curve, S,C, is defined here as the curve
representing the soil fabric specific volume, V, in terms of its gravimetric water content, W, which
results from a standardized experiment where an unconfined and initially water saturated soil core
sample is drying at a constant temperature. Under these experimental conditions, the S,C can be
assumed to represent the solid-water-air equilibrium configurations (under atmospheric pressure) and
thus, define quantitatively the functional organization of the soil fabric. Consequently, the specific
organizational variables, such as specific volumes, pore-volumes, water and air contents, of primary
peds and of their assembly the pedostructure, are represented, at equilibrium, by a point (W®*,V®) of
the S,.C. These organizational variables at equilibrium are entirely calculaed from the S,.C
characteristic parameters (Table 1), depending on only one of the two variables V* or W™ since the
parametric equation of the S,C is known. From the same point of view, the swelling curve, S,C, is
understood as the increase of the specific volume of asoil fabric sample with time, V(t), when the dry
aggregated sample is gently immersed in water (Braudeau and Mohtar, 2006). Measurement of the
swelling curve provides the unique parameter of the swelling equation (A, Table 1), which is a
coefficient of time characteristic of the clay plasma of primary peds. We will use this swelling
property of the aggregated soil fabric to represent the dynamicsfor the soil fabric (or pedostructure) to
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reach the equilibrium configurations expressed by the SC. Thus, the characterization and
parameterization of the hydro-structural functions of the pedostructure is defined by the following
relations:

1. The shrinkage curve or the specific volume of the pedostructure as a function of its water content
V(W);

2. Theswelling curve of the pedostructure specific volume as a function of time V(t) during wetting
of adry soil sample put in contact with water;

3. The tensiometric curve or the interped water potential as a function of interped water content
hma(Wma);

4. The conductivity curve or the interped conductivity as a function of the interped water content
Kima (W)

Thetensiometric and conductivity curves arethe parametric variables of Darcy’ slaw extended
to the unsaturated soil medium that is described by the pedostructure model. Braudeau and Mohtar
(2004b) showed that the tensiometric curve is dependent on the macropore water content and that its
equation (Table 1) agrees with the osmotic aspect of the hydration pressure in water layers at the
surface of the primary peds. The S,C alows for distinguishing directly and precisely a macropore
space where water flows with no or weak structural volume change from this pore space, and a
micropore space (primary peds) where the movement of water is entirely related to the swelling
pressure, Ps.;, within the primary peds. Therefore, we will limit the Darcian water flow equation in
soil to the macropore space of which the transfer functions, k., and hy, are well determined and
expressed in terms of the macroporewater Wia (Eq. 1). Thetransfer equation iswritten such as

1 09 dW,
_dt =1V gﬁ 12 6y

e dZ og Ot
where the last term dW,,/dt represents the dynamics of the local water exchange between the internal
and external porosity of the primary peds. Thisterm is determined by the swelling equation given by
Braudeau and Mohtar (2006) and its parameter A (Table 1).

The overall objective of this article is to present a computer model of the soil water medium
that can be used in an integrated biophysical or crop system model. This soil module will be able to
represent the soil organizational characteristics and variables for each hydro-structural state and to
model the water flow in this organization (the vadoze zone) in response to external factors namely;
rain and extraction of water by roots.

M odel Description

Figure 1 shows a schematic representation of the soil horizon showing its four hierarchical structural
levels, namely, the horizon, the pedostruture, the primary peds and the primary particles (Braudeau et
a. 2004a). In thisrepresentation, we define two hierarchical RSV s(Representative Structural Volume,
indm® kg™) which are homogeneous in their specific state variables. The first RSV is that of the soil
horizon, Vi,,r which is large enough to include cracks or fissures that open to air when soil dries. It is
considered homogenous in the vertical direction with avertical porosity Vp, and density 1/Vy. This
RSV isdelimited by the upper and lower limits of the soil horizon. Thusits volume changeis limited
to the vertical dimension. The second RSV s that of the soil fabric inside the soil horizon RSV that
excludes the vertical porosity. This soil fabric RSV corresponds to the pedostructure where the
specific volume V and the functional aggregated organization are defined according to Braudeau et al.
(2004a,b). The pedostructure is composed of nested functional specific volumes defined based on the
shrinkage curve (Table 1). This RSV includes the primary peds (V) and the pore space created by
their assembly (Vpma). The primary peds are quantitatively defined by their air entry point which is
identified at point B on acontinuously measured shrinkage curve.

All the structural specific volumes for all RSV's are summarized in Table 1. All variables of
the nested RSVs are in reference to the mass of primary particles. This mass is homogeneously
distributed over the horizon RSV. In the absence of vertical porosity, Vi, =V, which takes place at
water contents larger than field capacity. It isimportant to note that the solid massis aconstant in the
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two RSVs once they are delimited, and that all their organizational variables are in reference to these
fixed masses.

Thus, this representation of the functional soil organisation in two nested RSV s allows usto relate the
structural variables between these two RSVs using simplistic geometrical relationships. From this
point of view, thein situ shrinkage curve, if measured, represents the equilibriumconfigurations of the
soil water medium for the entire range of water contents. As thisin situ shrinkage curve depends on
the external pressure on the soil, as well as on the overburden and hydrostatic pressure. The question
that arises is how these pressures act on the shrinkage and swelling curvesin situ, and if this can be
related to the shrinkage and swelling curves measured in the laboratory as characteristic functions of
the soil fabric. This problem is being investigated.

A conceptual schematic representation of the soil-water medium dynamicsis shown in Figure
2 (Braudeau et a. 2005b). The representation refersto a unit volume of the pedostructure in a
hydraulic state between W, and total saturation W, . All the variables of thisrepresentative volume are
“gravimetric” (water contents, specific volumes, and pore volumes) expressed in reference to the mass
of the primary particles which is considered constant for this unit volume. The clayey plasma of the
primary peds (light-gray and gray) defined as micro-porosity (Vp.;) and the inter-ped pore space (dark
gray and white) defined as the macro-porosity (Vpnms), are represented by two compartmentswhich are
in contact through atransitional zone at the surface of the primary peds (black line). The importance of
this transitional zone for the interped water potential determination was outlined by Braudeau and
Mohtar (2004b). Micro and macroscopic porosities are considered continuous within and between the
representative volumesin all directions. The residual water, w, which does not contribute to any
swelling, shrinkage, nor displacement of water, is represented by the center of the micro-porosity,
surrounded by the micro-porosity swelling water, Ws.

Sample simulations using the model isshownin Figure 3 (Martin et a. 2005). The figure

showsthe specific volume as afunction of water content during the wetting and swelling cycles, and
the hysteresis effect in the soil moisture characteristic curve.
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Table 1. Pedostructure RSV (Representative Structural VVolume) characterization inputs including
“ideal parameters’ issued from lab determination of the shrinkage curve (SC), swelling, potential and
conductivity curvesand calculationsat model initializing.

Symbol Description Source Unit
Vn Specific volume at point N (dry state) " dm*Kg? sol
Wp Water content at point D " Kg soil Kg™* water
W, Water content at point L (WC at saturation) " Kg soil Kg™* water
Wiy Water content at point M " Kg soil Kg™* water
Wy Water content at point N " Kg soil Kg™* water
Kbs Points N and M SC linear phase slope ! dm’Kg™ water
Kn SC shape parameters at point N " Kg soil Kg™* water
Volume of concern Specific Specificpore  Water Nonswelling Swelling Suction
volume volume content water water pressure
Pedostructure \% h
Interpedal porosity VPrma Wy Wip Nima
Primary peds Vi VPnmi Wire Wis A
Primary soil particles Vs
Kwm SC shape parameters at point M ! Kg soil Kg™ water
A Time coefficient, related to the half time charge Swelling curve st
Ema Potential energy of the solid phase resulting Potential curve JKg! soil
from the external surface charge of the primary
peds
o) Micropore water at the surface of the primary " Kg water Kg* soil
peds (empiric determination)
Keat Hydraulic conductivity at saturation Conductivity curve dmh
kma® Residual hydraulic conductivity at Wma=0 dmh?
a Hydraulic conductivity equation parameter kg kgt
Ms RSV soil mass Calculated at initialization Kg sol
Vb RSV specific volume at point D " dm®*Kg? sol
V, RSV volume at poi =a’ h,) " dm’
REV, point D (=a” Np)
Vs RSV soil volume " dm*Kg* sol

* RSV dimensions as defined according to medium 3D discretization
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Figur e 1. Schematic representation of the soil horizon hirarcheal representation pf the pedostructure,
conceptual model representation, and the computational unit.
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Figure 2. Functional model of the pedostructure, the RSV of the soil fabric. Arrows represent
the three types of controlled water flux. In the relationships, subscripts mi and marefer to as
micro and macro, and Vp to as pore volume; and mg is the mass of the structured solid phase

contained inthe RSV.
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Figure 3. Sample simulation results using the model. a
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