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INTRODUCTION

Current soil water models do not take into account the internal organization of the soil
medium and consequently ignore the physical interaction between the water film at the
surface of solids that form the soil structure and the structure itself. In this sense, current
models deal empirically with the physical soil properties, which are all generated from
this soil water and soil structure interaction. As a result, the thermodynamic state of the
soil water medium, which constitutes the local physical conditions of development for all
biological and geochemical processes within the soil medium, is still not well defined and
characterized. This situation limits modeling and coupling the different processes in the
soil medium since they all thermodynamically linked to the soil water cycle. The objective
of this article is to present a complete framework for characterizing and modeling the
internal soil organization and its hydrostructural properties resulting from interaction of its
structure with the soil water dynamics. The paper builds on the pedostructure concept,
which allowed the integration of the soil structure into equations of water equilibrium and
movement in soils. The paper completes the earlier framework by introducing notions
of soil-water thermodynamics that were developed in application to the concept of
the Structural Representative Elementary Volume (SREV). Simulation of drainage after
infiltration in the Yolo loam soil profile, as compared to measured moisture profile
using the measured soil characteristic parameters, showed a high degree of agreement.
This new modeling framework opens up new prospects in coupling agro-environmental
models with the soil medium, recognizing that the soil organization, hydro-structural, and
thermodynamic properties are the foundation for such coupling.

Keywords: soil water modeling, multi-scale soil water processes, pedostructure, hydrostructural soil properties,
soil hydrodynamics, soil water thermodynamics

into aggregates (Brewer, 1964), and the notion of pedostructure

Representing the structured medium of top soil, with special
attention to its hierarchy of scales, is imperative for understand-
ing and modeling the dynamics of water flow and storage in
the vadose zone. This is of importance in hydrology, agronomy,
and geochemistry, and in studies involving the environmental
fate of solutes at field, farm, and watershed scales. Single pore
representation of the soil water medium is very common in
agronomic models such as GRASIM (Mohtar et al., 1997) or
CropSyst (Stockle et al., 2003). The tendency in modeling water
flow and solute transport in structured soil is to distinguish two
domains, micro- and macro-pore, in an implicit soil horizon REV
(Representative Elementary Volume) of the soil medium (Othmer
et al., 1991; Chen et al., 1993; Gerke and van Genuchten, 1993;
Katterer et al., 2001; Logsdon, 2002; Simunek et al., 2003, 2008).
However, none of these models consider the soil medium as
a structured medium with aggregates, and thus, they are unable
to take into account the notion of primary peds, which rep-
resent the first level of organization of the primary particles

(Braudeau et al., 2004) which is constituted by their assembly.
Consequently, the swelling-shrinkage properties of the primary
peds within the soil structure that were quantified by Braudeau
and Bruand (1993), and also the resulting hydro-structural prop-
erties of the soil medium (Braudeau et al., 2004, 2005; Braudeau
and Mohtar, 2006), cannot be considered and modeled in the
current agro-environmental modeling.

Thus, as long as the hydro-structural behavior of soil orga-
nization and structure remain undefined, the modeling of the
numerous biophysical and chemical processes that take place
within the soil medium cannot be fully physically modeled. It is
why Braudeau and Mohtar (2009) introduced a new paradigm for
modeling soil water on the basis of two new concepts in soil sci-
ence: the pedostructure concept and the Structure Representative
Elementary Volume (SREV) concept. The latter allows transfor-
mation of the pedostructure organization into a thermodynamic
system consisting of two nested and complementary pore sub-
systems (micro and macro) that refer to the inside and outside
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of the primary ped media. These micro- and macro-pore sys-
tems are in a quasi-equilibrium state of water retention when slow
changes in water content (such as by evaporation or drainage)
occur, whatever the water content.

A computer model simulating the multi scale hydro-structural
functioning of the pedon, named Kamel®, was introduced by
Braudeau et al. (2009) based on the pedostructure concept only,
i.e., without integrating the recent advances in soil water ther-
modynamics following application of the SREV concept to the
pedostructure organization. The objective of the paper is to
present the complete theory behind Kamel® updated with the
recent thermodynamic development of its state equations of equi-
librium. Specifically, we will introduce (i) the basic principles
of the soil-water modeling framework represented by Kamel®,
including the pedostructure concept, the SREV concept, and the
new thermodynamics equations resulting from it; and (ii) the
implementation of equations into the computer model using
the Simile® software environment. Application of this frame-
work is presented followed by a discussion on the novelty of
this modeling framework and its potential applications to current
environmental issues.

THEORY

PEDON REPRESENTATION

Primary peds and pedostructure

Brewer (1964) introduced the concepts of peds, primary ped, and
the S-matrix. He defined a ped as “an individual natural soil
aggregate consisting of a cluster of primary particles and sep-
arated from adjoining peds by surfaces of weakness which are
recognizable as natural voids or by occurrence of cutans.” Primary
peds are the simplest peds occurring in a soil material. They are
not divided into smaller peds, but they may be packed together
to form compound peds of higher level of organization. The
S-matrix of a soil material “is the material within the simplest
(primary) peds, or composing apedal soil materials, in which the
pedological features occur; it consists of plasma, skeleton grains,
and voids that do not occur in pedological features other than
plasma separations.”

Braudeau et al. (2004) completed this morphological defini-
tion of primary peds with a hydro-functional definition based
on the determination of an air entry point in the clayey plasma
using the shrinkage curve that was continuously measured by the
apparatus detailed in Braudeau et al. (1999). They introduced the
term “pedostructure” which is the assembly of primary peds that
is represented by two nested and complementary pore systems
named as micropore and macropore corresponding respectively
to the intra and inter primary ped pore space. Furthermore,
Braudeau and Mohtar (2009) proposed the notion of “Structural
Representative Elementary Volume” (SREV) to introduce the
pedostructure concept in the systemic approach of the natural
organization of the “soil-plant-atmosphere” continuum. The new
paradigm generated enables characterization and modeling of the
hydrostructural properties of soil horizons as hydro-functional
elements of the pedon, itself representative of the soil mapping
unit as schematized on Figure 1.

According to this new paradigm a new system of descriptive
variables and characteristic parameters were defined for the two

distinct media of the pedostructure: micro and macro pore vol-
umes corresponding to the inside and outside of the primary
peds. The pedostructure variables are listed in Table 1: V,;, Vp, ..,
Wini> Bmis kmi> Vinas VPma> Wima> Bma> kma (nomenclature and
definitions are given in the text below).

Structural representative elementary volume (SREV) of the
pedostructure

Unlike REV, SREV is virtually delimited by an enclosure perme-
able to air, water, and solute fluxes, but not to the solid particles
that compose the structure and of which the mass (structural
mass, M) contained in the SREV stays constant. This description
defines any SREV as a volume V;, virtually sampled in the homo-
geneous medium that it represents, and such that its structural
mass, M;, and the relative organization of solids particles between
them remain unchanged with a change in water content. This
allows taking M; as reference to which all specific extensive vari-
ables of the SREV are reported; for example in Table 1, the total
water content (W = M,,/M;) and the pedostructural specific
volume (Vps = Vps /MS). We notice that this latter variable can-
not exist in the REV-based system of variables since the volume
itself of the REV is taken as reference for its extensive variables.
Moreover, not only the organizational variables are reported to
the structural mass M, but also the thermodynamic functions
that are specific of the considered SREV. For example, U is the
total internal energy, and G,,;, the total Gibbs free energy of water
in its liquid phase, both contained in the SREV of pedostruc-
ture considered and reported to the structural mass M; of this
SREV. These properties are called, respectively: (i) pedostruc-
tural (instead of specific) internal energy, and (ii) pedostructural
Gibbs free energy of the liquid water phase, counted positively
(Braudeau et al., 2014):

dU = TdS — PdV + UmiW i + ma@W 0 + ,um-,dK (1a)

and

awl = 6wmi +éwma = —Whnittmi — Winallma (1b)
where [S = §/Ms; V= V/Ms; 6wmi = Gymi/Ms; Gwmu =
Guwma/Ms; Wi = Myymi/Ms; Wina = Myma/M;] are the exten-

sive variables of the pedostructure divided by its structural mass
M;; related to the water components (micro and macro) of the
liquid phase, respectively: the pedostructural entropy, volume,
Gibbs free energy of the micro and macro liquid water phases and
pedostructural micro and macro water contents. The intensive
variables T, P, tywmi and fyma, and pgr, are respectively: the
absolute temperature, the pressure exerted on the considered
SREYV, the water chemical potential (<0) inside and outside of
primary peds, and the chemical potential of the air.

A decrease in water content from water saturation induces a
water suction pressure, or water retention, h,,; and hy,,, in the
both complementary pore systems of the pedostructure SREV.
They are defined such as:

hmi =
hmu =

—/03, (Mwmi — Mwmisar) and

(1c)

_/31(4)/ (Mwma—HwmaSat)
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Geomorpho-

logical unit Horizons Pedostructure

Fissures, macro- Interpedal (macro-) Plasma (micro-)
biological porosity pore space pore space
+ + +
Pedostructure, Primary peds Primary particles
stones, roots ...

Primary ped

FIGURE 1 | Internal and external hydro-functional hierarchy of the soil organization (Braudeau and Mohtar, 2009).

Table 1 | Pedostructure state variables.

Functional levels Pedostructural Pedostructural Pedostructural Soil water  Hydraulic Non-saturating  Saturating
linked to the volumes pore volumes water contents  retention Conductivity water contents  water contents
pedostructure (dm3/kg) (dm3/kg) (kg/kg) (kPa) (dm/s) (kg/kg) (kg/kg)
Pedostructure SREV Vs Wps h Kps

Interpedal pore space VP ma Wna hma Kma Wt Wip

Primary peds VD Wi Pmi K Wre Ws

Primary particles Vs

Subscripts mi and ma, hor, fiss, and s; refer to micro and macro, horizon, fissures, and solids; ip, st, bs, and re, refer to the name of the corresponding shrinkage

phase of the shrinkage curve: interpedal, structural, basic, and residual.

where Uymisar and Lymasqr are the water chemical potential at
saturation.

Equations (1) determine the hydrostructural and thermody-
namic equilibrium states of any pedostructure SREV defined in
a soil medium and under the controlled variables: T, P, W, and
Wair- Braudeau et al. (2014) and Assi et al. (2014) could then show
the two following points: (i) Gy, Gimi> and Gy, stay constant
with any change in water content, and (ii) at each equilibrium
state depending of W, there is necessarily equality between the
water retention inside and outside of primary peds, such that:
hpmi = hywa = h at any value of W at equilibrium. They could
deduce then the physical equations of the pedostructural shrink-
age curve and the water retention curve that will be presented in
the next section.

This new approach leads to the following qualifications and
properties of the soil medium in each horizon of the pedon, con-
sidering that, at the global scale of the soil horizon, the pedostruc-
ture is only a component of the soil medium organization but
which imposes to the horizon its hydrostructural properties:

(1) The soil medium is physically described by its pedostruc-
tural state variables S, V, A, W,,;, and W,,, as functions

of the pedostructural water content W at equilibrium under
the intensive variables T, P, h,,i, hya, and (g These inten-
sive variables are assumed to have the same value within each
of the successive layers that have been discretized as horizon-
tal SREVs in the soil horizon (see next section) and named
SRELs (Table 1).

The homogeneity of the soil medium in a soil horizon can
be defined as the stability all over the horizon, of parameters
of the pedostructural state equations: S(W), V(W), A(W),
and h(W), as parametric functions of the variable W at T,
P, and p, constant. Practically, knowing that A/p?. =V —
w/ ,08, — V for the pedostrucure (V being the pedostruc-
tural volume of the solid phase), a soil horizon will be
considered structurally homogeneous in regard to its physical
properties with water if the three functions: the pedostruc-
tural entropy curve, S(W), shrinkage curve, V(W) and water
retention curve, h(W), keep their hydrostructural param-
eters constant everywhere in the medium of the horizon,
for given P and T. From the thermodynamic point of view,
and in contrary to the current vision of the soil charac-
terization, there is not only one soil moisture characteristic
curve [the water retention curve h(W)], but at least three soil
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moisture characteristic curves that are the equations of state
of the free energy equation at equilibrium depending on W:
S(W), V(W) and h(W) = hi(Wii) = hina(Wina).

(3) Every pedostructural extensive (or organizational) variable of
a SREV, is hierarchically nested inside the SREV with respect
to the hierarchical organization of the medium represented
by the SREV. This allows us to define the descriptive variables
of the soil medium at its various functional levels, namely; the
pedon, horizon, pedostructure, primary peds, and primary
particles (Figure 1, Braudeau and Mohtar, 2009).

Discretization of the pedon according to the SREV concept
Simulation of the gravimetric water transfer and related pro-
cesses within and through the pedon requires discretization of
the medium into representative elementary layers. Assuming that
a soil horizon has homogenous hydro-structural properties, and
that it is a SREV of the corresponding horizon in the soil map-
ping unit, then each soil horizon can be discretized into thin
horizontal layers that have the physical properties (pedostructure
parameters) of the horizon considered, and that are at different
equilibrium states depending on the water content all over the
width of the pedon (Figure 2). These layers are called Structural
Representative Elementary Layers (SRELs). In general, fine layers
having a minimum thickness of 0.2 dm can be considered for the
simulation of water transfer in soils. Moreover, the pedon must
be wide enough so it can be representative of the soil with regards
to pedologic features such as fissures, stones, etc., that may be
observed at the pedon scale in the field.

Descriptive variables of an SREL include those of the
pedostructure plus other features such as roots, biogenic macro-
pores, stones, etc., whose volumes are related to the total
pedostructure mass of the layer (M. ). Table 2 presents the dif-
ferent hydro-functional subsystems of the pedon, like the SRELs,
of which variables and parameters should be defined with respect
to the SREV concept to be compatible with the other levels of
organization of the pedon. In particular, the mass of pedostruc-
ture included in the SREL is conveniently taken as reference rather
than the total mass of solids belonging to the layer. This allows us
to keep the variables and properties of the pedostructure as part of
the new SREL set of variables. For example, suppose that an SREL

Clayey

Primary ped
pore space

Primary s

Structure peds '”Stegg :?/D org

Representative p Pma :
Elementary

Layers (SRELs)

Sandy [H===

Pedon

Pedostructure

FIGURE 2 | Soil medium organization and discretization of the pedon
into SRELs.

in one soil horizon consists of a certain volume of pedostructure
and other organizational volumes like volumes of stones, roots,
biogenic macro-pores, etc., all these volumes, including also the
pedostructure volume, should be estimated as fractions of the
total volume of the SREL, while the pedostructure mass con-
tained in the SREL, M), should be used as mass of reference for
extensive variables of the SREL. Therefore, all SRELs of the hori-
zon should have the same characteristic parameters of the entire
horizon.

If that a = (VpS + Vﬁss) / Vhorizon 1s the volumetric proportion
of pedostructure and fissures due to shrinkage in the considered
horizon SREV, and VPS = Vips/Mps (dm3/kg), is the pedostruc-
ture specific volume measured in the laboratory on a soil sample
representing the pedostructure in this horizon’s SREV, then, the
pedostructure mass in the discretized layer volume Vj,y, SREL of
the horizon, will be:

MpsL = aVlayer/Vps (2)

where Mpg is all the pedostructure mass in the layer, Vi, is
the volume of the SREL, and V) is the specific volume of the
pedostructure. Accordingly, if we set b, the volumetric fraction
of stones in the horizon, ¢, the volumetric fraction of biologi-
cal voids, d, the proportion of roots, etc., therefore the specific
volume of a SREL of the horizon will be:

Vlayer = Vps + Vpﬁss/MpsL + Vstane/MpsL + Vpbio/MpsL

+Vmots/MpsL (33)

vlayer - Vps + vPﬁss + vstone + Wbio + Vroats (3b)

Setting:

(Vps + vpﬁss) = avlayeﬂ Vstone = bvlayQ ViP% = CVlayer; and

Vroots = dvlayer (3c)
defines coefficients a, b, ¢, d as parameters of a horizon at the
pedon scale that have to be determined by observations of soil
profiles in-situ; they are such that their sum is equal to 1. As well
as we have distinguished the poral volumes Vpg, and Vpy,, of
the layer, in addition to the poral volumes Vp,,; and Vp,,, of the
pedostructural volume Vs, we distinguish also the water con-
tents in these volumes, such as, respectively, W5, Wpip, and Wis.

Among the specific volumes in equations (3) only (Vps + Vpﬁss>
is directly dependent on the pedostructural water content Wy,
according to the pedostructural shrinkage curve Vps(Wps).

HYDRO-THERMODYNAMIC EQUILIBRIUM OF THE PEDOSTRUCTURE
The pedostructural water retention curve

Braudeau et al. (2014) derived the expressions of the pedostruc-
ture water retention inside and outside of primary peds (h,,; and
hma) from Equations (1) stated above. The pedostructure water
retention / at equilibrium, such that h = h,,;; = hyy, is deter-
mined by the constant (stable) repartition of the surface charges
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Table 2 | List of the hydro-functional subsystems of a pedon SREYV, their internal components, and the corresponding parameters.

SREVs of concern Internal components

Morphological parameter

Functional parameters

Pedon -Surface layer Syy. Lz Bottom conditions
-Horizons Surface conditions

Surface layer -Pedostructure, clodes Hsurf Ksatsurt, Vsurtsat: @surfs Dsurf, Csurf, Qsurf
-Macro inter aggregate space

Horizons -Succession of SRELS Hhor, Depth SREL parameters

SRELs Pedostructure Vps, macropore Hisat, Sxy -Field saturated hydraulic conductivity Ksat

volumes (Vppjo, Vpsiss. - - .) and solid

elements (Vstones, Vioots)

-Volumetric % of components a, b, ¢, d ...in the horizon
-Pedostructure parameters

Parameters are explained in the text.

of the solids particles between inside and outside of primary peds
(Eji and E,;;) when the water content is changing:

(4)
(5)

Hppi = P?vEmi (1/ Wi — 1/ Wiisat)
Hona = 02 Ema 1/ Wina — 1/ Winasar)

where pS, is the specific density of water; E,,;; and E,,, are the total
potential energies (positive) relative to a fixed number of the sur-
face charges of the solid particles (clays) inside of primary peds
(for E,;;) and outside at their surface in the interpedal macropore
space (for Epg). Epyi and Eyy,, are in joules/kg of solids equal to the
corresponding Gibbs free energies G,,; and G, developed in the
water phase surrounding the clay particles of the pedostructure.
Both parameters W5, and Wi,sae are, respectively, the micro
and the macro water content of the pedostructure at saturation,
when Ws = Wpssar. Thus, neglecting for Kamel the contribution
hip of the saturation interpedal water content W;, which appear
in certain soils weakly structured (Braudeau et al., 2014), param-
eters of the soil (pedostructure) water retention curve are E,y;,
EmasWisar» and Wiasa.

Pedostructural micro and macro water contents at equilibrium

The equality of hy,,; and h,,, (Equations 4, 5) at each value
of W) is the condition for a reversible and slow change in
water content that can be considered as a suit of hydro struc-
tural equilibrium states function of W),. Braudeau et al. (2014)
derived the unique solution of equality of Equations (4, 5), the
couple [Wf,,qa(W); Wemqi(W)], the equations of which are given
below:

Considering that:
E=Epq+ Epi (6)
and
A = Eyna/Winasat — Emi/ Winisar = constant (7)
Wi is the positive solution of the quadratic equation:
AWpa® — (E + AWps) Wina + EpaWps = 0 (8)

leading to:
eq 1 = 1 2 = 2 -
Wina = E (Wps +E/A) + E (Wps + E/A) - 4WpsEmu/A 9)
then
1 _
Wil = Wy, — Wyl = 3 (Wps — E/A)

—%\2/ (Wps + E/A)’ — 4WpEpa/A  (10)
Equations (9) and (10) give values of W;fi and Wy at equilibrium
for each value of W. That means that, when they are reported in
Equations (4, 5) of hy,;; and hy,,, these last have exactly the same
value h. Figure 3 shows, as example, a measured soil water reten-
tion curve by tensiometer with the fitted curve h(W,;) and the
corresponding curves of micro and macro pedostructural water
contents at equilibrium.

Physical equations and parameters of the pedostructure
hydrostructural equilibrium

According to the new developments in thermodynamics of the
soil medium presented here above, the pedostructure shrinkage
curve already modeled in Kamel using equations developed by
Braudeau et al. (2004) were updated with the thermodynamic
equations of WSZ and Wp,. This update of the shrinkage curve
is described in Supplementary Material, Appendix 2. A recapit-
ulation of the whole equations and parameters describing the
hydrostructural equilibrium states of the pedostructure in terms
of its water content W, is presented in Table 3.

SOIL WATER DYNAMICS AT THE PEDOSTRUCTURE SCALE

The Richards equation for the pedostructure medium

There are two types of water movement that are considered in
the pedostructure and correlatively in the SRELs of the soil pro-
file: (1) alocal micro-macro transport corresponding to the water
exchange between both pore systems, inside and outside of pri-
mary peds of the pedostructure, and (2) a transport through
the pedostructure and between SRELs that involves only the
interpedal water, W,,,. The transfer equations are presented by
Braudeau and Mohtar (2009); Braudeau et al. (2009):
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A Pedostructure water retention curve
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FIGURE 3 | (A) Example of measured soil water retention curve using a
tensiometer (h(WW)) fitted by the theoretical water retention curve at
equilibrium (h = hps = hpy); and (B), the corresponding curves W;Z(W)

B W,,, and W, characteristic curves
0.2
£ o016 w—— Wma
o
5; Wma*
§E 042 Wi
© i
§ 008 Wini
2
0.04
0 -
0.00 0.10 0.20 0.30

Water content W (kg/kg)

and Wf;ﬁ(W) at equilibrium of suction pressures, calculated from
Equations (9, 10), and Wy, and W, from Equations (A2b) and the
sum (A2c, A2d).

Table 3 | State variables, equations, and parameters of the pedostructure.

State Equation Equation Number Parameters
variables
Pedostructural Water Contents
Wps Ws = Wind + Wl + Wip = Wi + Wy
Ws Wos = Wi + W3]
Weat Weat = W:ZSat + Wfic/?Sat + VV/'pSat W;ZSat; W:?Sat; VVipSaz
Pedostructure Water Contents at Equilibrium
wed W2l = (1/2) (Wps — E/A) Equation (10) E/A Ema/A
~(1/2) (Wys + E/A? = 4E ma/ AWps
wed Wi = (1/2) (Wps + E/A) Equation (9)
+1/2)\/ W + E/A2 — 4E ma/ AWps
Wip Wip = (1/k)In[1 + exp (kp(Wps — W())] Equation (A.2) Wy kg
Pedostructure Water Retention
he9(Wps) hEUW) = i (Wi o) + hip(Wip) Widsae: Winisar: Ema:
hEW) = ow Emijmal1/ Wit e = 1/ Wot masar) Equations (4) and (5) Enmis Wi Wipsat
+0uEma (1/0W + Wip) = 1/IV3 + Wipsar))
Pedostructure Shrinkage
Vs Vs = Vg + KosW + Kt w7 + Kip Wi Equation (A6) Vigs: Kbsi Kst: Kip
Wl wgl = WS - wf
wia! wrgl = W2T— (1/7kn) In[1+ exp (ky (Wl — Winin)) ] Equation (A7) kn; Wiy
Whin = W,i? (WN)
wl wgl = Wk Equation (A4)
AW,pa/dt = pgvps 9 [kima( — dhypa/dz +1)]/0z expressed in dm of water height (equivalent to a pressure in kPa),
z in dm and ky,,; in dm/s. The water pressures h,,; and hy,, are
—kmi(hmi = Hina) (1) 4etermined by Equations (4, 5) in terms of W,,,; and W,,, out of
J equilibrium; equation and parameters for ky,,(W,,,) and k,,,; are
an given here after.
dwmi/dt = ki (himi — hma) (12)

where z is the depth (upwardly positive); h,,; and hy,, are the
water retention (positive values) inside and outside primary peds

Pedostructural hydraulic conductivity equation
The hydraulic conductivity ky,, in Equation (11) is exclu-
sively related to the macro-pore water content W, of the
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pedostructure. The water present outside of the pedostructure,
such as the one present in fissures and biogenic pores defined in
Equation (3) for the SREL at the horizon scale, does not consti-
tute any part of the pedostructural water content Wp. Thus, we
can assume that the movement of water within the pedostructural
part of the horizon is always slow enough to consider changes in
organization as a suit of equilibrium states in the same manner
that the shrinkage and the soil retention curves were considered
as Wps-dependent characteristics of equilibrium states of the soil
medium.

Summing up Equations (11, 12) leads to a new shape of the
Richards equation, not only concerning the use of SREV instead
of REV variables, but also the controlling variables themselves:
himq and ky,, that should be expressed in terms of W,,,. Following
Davidson et al. (1969) who showed that the unsaturated hydraulic
conductivity, from saturation to field capacity, is well described by
an exponential equation of W, instead of i (Gardner, 1958) gener-
ally used today (Bruckler et al., 2002), we experimentally observed
the following equation for ky,, that wil be called pedostructural
hydraulic conductivity kys (Assi et al., Submitted):

kima = kps = kpsexp (psWina) (13a)

or

WmuSat)) (13b)

kps = kpsSutexp (Ofps Wina —
where kgs = kpssat/exp (OlpszaSaz) and « are the two character-
istic parameters of this equation.
Equation (13) can also be expressed in terms of h such as,
according to Equation (5):

kps = kgsexp (C(ps,OWEma/(h + pwEma/WmaSat)) (14)
of form: kys = kgsexp (an/(h+ Bn))
where «p = aps,owfma, Br = PwEma/Wimasar — and kgs =

kpsSat/exP (an/Bn)

Equation (13b) is used in Kamel® for the unsaturated hydraulic
conductivity of the pedostructure in terms of W, limited to W,
that means excluding the contribution of the saturated interpedal
water Wj,. The latter will be taken into account while measuring
the saturated hydraulic conductivity by one of the standard labo-
ratory methods such as falling head or constant head permeability
tests.

Swelling rate of the pedostructure

The swelling and shrinkage dynamics of the pedostructure are
governed by the same conceptual process that governs the water
exchange between the primary peds and the interpedal pore
space. Braudeau and Mohtar (2006) validated a particular case
(aggregates immersed in water) of Equation (12) expressing
the water exchange between the two media as proportional to
the difference in their swelling pressure. In this equation, ky,;
is the transfer rate coefficient (kgwater kgs_o%1 kPa~!s™1) for the
absorption-desorption of the interped water by the primary peds.
This coefficient expresses the velocity of the last layer of water

on the surface of the clay particles entering or leaving the pri-
mary peds. We assume that k,,; is constant in the entire range
of water content, from saturation to the micro air entry point B
of the shrinkage curve (Figure 4) and that Equation (12) can be
generalized to the shrinkage (dwps/dt < 0) as well as the swelling
(dwps/dt > 0).

SOIL STRUCTURE AND WATER POOLS DYNAMICS AT THE HORIZON
AND PEDON SCALE

Discretization of the pedon into SRELs allows us to model the
internal processes that could not be modeled using the clas-
sical REV concept, where structural volumes are not defined
and determined. Equations (3) define the different specific vol-
umes of pore spaces that can be observed complementarily
to the pedostructure at the horizon or pedon scale. Fissures
and cracks are directly linked to the hydrostructural state of
the pedostructure while pores of biological origin are generally
fixed, which induces different kinds of hydraulic conductivity
that should be distinguished from the pedostructural hydraulic
conductivity.

Vertical fissures

The opening of the vertical porosity (Vpﬁss) when a wetted soil
is drying is modeled as follows in the new Kamel® which has
to take into account the volume of pore systems other than
that of the pedostructure in a pedon SREL. Actually, position
(z = ¥ H;) and thickness (H;) of the SRELs are governed by
Vzaye, = H; - S (where S is a fixed section of the pedon) which
is calculated through equations (3) in which Vpﬁss and Vi,
can be known in terms of W, according to the pedostruc-
ture shrinkage curve Equation A.2 (in Supplementary Material,
Appendix 2).

When the water is removed by evaporation or drainage, from
the soil medium initially water saturated, vertical fissures appear
at the soil surface, then through the SRELs with depth, when
the water content decreases under W) corresponding to the
end of the saturated interpedal shrinkage phase, of slope Kj, =
1, and the beginning of shrinkage of the primary peds in the
pedostructure with the decrease of anqi.

Because of the difference between the one-dimensional vol-
ume change of the SRELs, according to their content in
pedostructural volume Vps, and the three-dimensional volume
change of the pedostructure itself, the relationship between the
two nested SREVs (soil layer and pedostructure) is, according
to Equation (3d) and assuming an isotropic shrinkage of the
pedostructure:

Vlayer/vlayerL =a (Vps + Vﬁss)/avpsL = Hpssps/HpsLSpsL (15)

where Hps and Sy are the height and surface of the volume occu-
pied by the pedostructure in the layer. Since the shrinkage of
Vips + Vpj, is only vertical, the horizontal section of this vol-
ume stays constant with the change of Hys such that Sy = Sy
in Equation (15).

The shrinkage of the pedostructure is tri-dimensional, so:

Vps/vpsL = (Hps/I_IpsL)3 = (Avps + VpsL)/VpsL (16)
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FIGURE 4 | Different configurations of air and water partitioning into The linear and curvilinear shrinkage phases are delimited by the transition
the two pore systems, inter and intra primary peds, related to the points (A, B, C, D, E, and F). Points N’, M/, and L’ are the intersection
shrinkage phases of a standard Shrinkage Curve. The various water points of the tangents at those linear phases of the SC (Braudeau et al.,
pools, Wre, Wps, Wst, Wjp, are represented with their domain of variation. 2004).

and

— 1 — —
Hps/HpsL = (Avps/VpsL‘H)3 = (1 + AVps/:"VpsL)

= (2Vpa + Vi) /3Vpa (17)
Combining Equations (15, 17) leads to:
Viayer/Viayert, = (2Vpst + Vips)/3Vpst (18)
and
Vjss = Vst Hps/Hpst = Vips = 2(Vpsr. = Vi) /3 (19)

Thus, the pedostructural volume of the fissures present in a
layer representative of a soil horizon is directly related to the
pedostructural volume Vps.

Hydraulic conductivity of a SREL at the pedon scale

When the soil surface is subject to rain or irrigation, the verti-
cal porosity, VipﬁsS and the biological macropores (Vp,;,) must
be taken into account in the water infiltration balance. Both are
different and must be treated separately. Actually, in a SREL,
the fissural pore volume, Wﬁss is directly dependent on V.
(Equation 19) and thus is function of the pedostructural water
content W, while the biological macropores volume Vp,;, can
be considered constant. The latter can be morphologically high-
lighted and measured in the field (Abou Najm et al., 2010; Sanders
etal., 2012).

Water movement in biological macropores, (Wpy;,). This water
is considered moving out of the pedostructure but in contact
with it in the SREL. Out of the pedostructure the water is free
and submitted to gravity. The hydraulic conductivity kyp;, can be
assumed, according to the works of Chen and Wagenet (1992)
and Chen et al. (1993), proportional to the saturation level of the
biological porosity and equal to:

kpbio = (Ksar — kpssat) (Wpbio/ Wpbiosat) (20)
where Ks,; is the traditional hydraulic conductivity of the soil
at saturation which is measured on saturated soil samples large
enough to include the macrobiological porosity.

Thus, the movement of the free water in this poral system is
the sum of two fluxes: a vertical Darcian flux in the gravitational
field and a lateral flux due to the absorption of this free water by
the pedostructural macroporosity:

— 0
AWppio/dt = pvabioa [ (Ksar — kpssar) (Wpbio/ Wpbiosat) |

_Pvabigkpshma/ybio (21)
where yp;, is a length (dm) parameter, representing a mean
distance between the biological porosity and the pedostructure
medium.

Water movement in fissures and cracks, (Wpgs). The presence of
water in the fissures created by the pedostructure shrinkage does
not play any role in the vertical transfer of the pedostructural
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water W, through the pedostructure and the biological macro-
porosity of the SRELs. This water stored in the pedostructural
fissures after a rain or irrigation will be locally absorbed by pri-
mary peds of the pedostructure. Let W, the water content of a
SREL as the sum of W) and Wpyip, excluding the water stored
in cracks and fissures Wy, which is considered as external to the
soil medium organization. Absorption of this water by the soil
medium of the SREL; can be written such as:
dwlay_i/dt = ki (hmi + hﬁss_i) (22)
where hy;_; is the pressure head in the fissural water at the depth
z; of the SREL; considered. Therefore, Wy, must be distinguished
from the other SREL water contents and in particular from Wy,
the calculation of hgg ; being a function of the rainfall inten-
sity, the open volume of fissures at the soil surface, Vﬁss; —0, and

the fissural water storage at time t: fo)”d Viissi — fo)”d Weiss_i-
We can notice that during this lateral absorption of Wy by
the pedostructure, the height of the water in fissures stays the
same, the absorbed water being replaced by a same volume of the
pedostructure swelling.

IMPLEMENTATION OF THE THEORY IN SOIL WATER
MODELING

UPDATE OF THE SOIL WATER MODEL KAMEL

The earlier version of Kamel® (Braudeau et al., 2009) was based
on the pedostructure concept which took into account the hydro-
functionality of primary peds and of their assembly; it followed
the system’s approach for the definition of the hierarchically
nested variables listed in Table 1. Thus, its update taking account
of the advances in thermodynamics of the soil medium presented
here above consists of two improvements:

(1) Replacing the previous equations of the pedostructure
hydrostructural functioning by the new equations of thermo-
dynamic origin, in particular for V(W); h(W); W:fi; Wf;?a
and Wj,. This update will provide what we call Kamel-
Core, for a use in laboratory, modeling the thermodynamic
equilibriums of the soil medium (pedoclimate) as the con-
ditions of development of the biological processes studied in
laboratory.

(2) Introducing the new organization variables needed for the
description of subsystems other than the pedostructure that
compose a soil horizon and thus, the SRELs: such as the
volumes of stones, roots, biological macropores, etc. This
improvement will lead to a soil water model for field appli-
cations, named Kamel-field. It can simulate a pedon, orga-
nized in horizons containing subsystems surrounded by the
pedostructure, like they are usually described in a soil pro-
file on the field, in particular for the estimation of the field
parameters like coefficients a, b, ¢, etc. and the dimensions
of the horizons according to Table 2. Thus, the modeling
of a pedon by Kamel-field can be considered as a physical
modeling of the soil mapping unit of which the pedon is rep-
resentative. This means that a soil map should contain all the
parameters used by Kamel-field, at both pedostructure and

horizon scales, to be totally characterized and modeled in the
soil-plant-atmosphere system.

In both cases, the pedostructure parameters are needed; Table 3
recapitulates the new equations along with their respective
parameters. These parameters could be obtained by fitting the
new equations on simulated characteristic curves obtained using
pedotransfer functions. However, the physical approach is of
course to measure the 4 characteristic curves of the pedostruc-
ture: shrinkage curve, water retention curve, soil swelling rate,
and hydraulic conductivity, and extract their parameters by
adjustment with the theoretical equations of these curves.
Implementation of the theory concerns not only the model in
itself but also the methodology of measurement of the parameters
required. The next section presents the new methodology used for
getting the Kamel parameters.

SPECIFIC METHODOLOGY FOR THE KAMEL PARAMETERS
DETERMINATION

We have to distinguish between the pedostructural parameters
that all can be measured in the laboratory on standard soil sam-
ples of near 100 cm®, and the pedon parameters that must be
estimated in the field.

Pedostructure parameters

A complete hydrostructural characterization of the pedostructure
for Kamel® requires the accurate and continuously measurement
in laboratory of the four pedostructural characteristic curves
mentioned above: shrinkage curve V (W), water retention
curve h(Wps), conductivity curve kys(Wps) and the time depen-
dent swelling curve V (1). Their equations and parameters are
summarized in Table 3.

Hydrostructural equilibrium parameters. These are 12 parame-
ters:

Vo
Wi
for the two hydro structural soil moisture characteristic curves
(pedostructural shrinkage curve and water retention curve).

A new apparatus TypoSoil™ (Bellier and Braudeau, 2013) has
been recently built to fulfill standards conditions of measure-
ment of the shrinkage curve and the water retention curve (using
micro-tensiometers). Measures of weight, water tension pressure,
diameter and high of the sample, are made simultaneously and
almost continuously (10 min of intervals) on a unconfined cylin-
drical soil sample (5cm diameter, 5cm in height), from water
saturation to the dry state. Braudeau et al. (2014) and Assi et al.
(Submitted), described the theory and accordingly the whole pro-
cedure using TypoSoil™ for preparing the samples, measuring the
characteristic curves and for extracting the 12 parameters rep-
resenting the two curves, whatever the shape of the shrinkage
curve.

Kis, Kst> Kips kny WN Emas Emis Winisats Winasar> k1, and

Hydrostructural dynamic parameters. These are ki and o of
the Equation (13a) and k,,;; of Equation (12). Parameters k;s and
aps can be measured accurately using the HypropTM device (Assi
et al., Submitted) or using the wind method (Wendroth et al.,
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1993) in condition of having preliminarily the pedostructural
parameters of the sample analyzed by these methods.

As for k,;, Braudeau and Mohtar (2006) showed how the
micro-macro water exchange coefficient, k,,;, can be determined
from the measurement of the swelling rate of a soil sample
immersed in water.

Reference mass of solids for the SREV variables

According to the SREV and SREL definitions, the reference mass
of solids in a layer is its pedostructural mass, Mps; that is, the
mass of solids in the total volume of pedostructure Vjs, present
in the considered layer of volume Vi,,,. Thus, each layer has a
fixed My, depending on its delimitation, when the horizon is
discretized in layers. Therefore, this discretization of the pedon
in layers (Figure 2) must be conducted in such a manner that
the pedostructural mass of solids in each layer can be calculated.
Given that the section, Sy, of the pedon is constant and that the
position (depth, z;) and thickness (H;) of SRELs are variables con-
trolled by the specific volume of layers (Vluyer)’ the horizons in the
pedon must be considered, for discretization, at the total water
saturation state (Wjssar), where no fissure due to shrinkage is
open and where all state variables are assumed homogeneously
distributed in the horizons. Accordingly, My could be calculated
such as:

MpsL = aVlaySat/VpsSut = aSlayHiSat/VpsSat (23)
where the horizontal section of the pedon (Sy), the volumetric
proportion of pedostructure in the horizon (a), and the chosen
thickness of the layers at saturation of the horizons (Hjs,;), are the
three organizational parameters of the pedon required to deter-
mine the pedostructural mass of solids present in each SREL i.

SREL and pedon parameters

Parameters of the pedon, its horizons and the SRELs coming
from the discretization of the horizons, have already been pre-
sented in Table 2, separately from parameters of the pedostruc-
ture (Table 3). They describe the internal organization of the
pedon into horizons and SRELs according to observations made
at the field scale on a soil profile. These parameters character-
ize the soil surface boundaries, the volumetric fractions a, b, c,
etc. of each of the terms of Equation (3a) for each horizon. Aside
these morphological or organizational parameters, the hydrody-
namic parameters like the saturated hydraulic conductivity at

field scale of the soil horizons must be measured through field
measurements (Libardi et al., 1980; Angulo-Jamarillo et al., 2000).

ALGORITHM OF SIMULATION

Updating Kamel®-Core using Kamel® original algorithm where
only the equations of the hydrostructural functioning of the
pedostructure are updated, does not require changes in the algo-
rithm used in Kamel® (Braudeau et al., 2009) for simulating the
water movement in the soil horizons. This is because there are no
other systemic components sharing the space inside the SRELS
with the pedostructure. On the other hand, in the development
of Kamel®-Field using Kamel®, the organizational variables such
as Ws; Vps; Wi etc. should be specified in the equations used in
the simulation of the different water fluxes and their contribution
to the pedostructural water cycle.

The discretization of the soil horizons into soil layers and the
nomenclature used are shown in Figure 5, where the fluxes FI
and F2 are represented for each layer at every time step along
with the thickness Hj, the water pressure h;( = hy,, > 0) and the
conductivity k;( = kps) of the pedostructure in the layer.

Each layer is small enough (2 cm thick is recommended) such
that the state variables kept the same values everywhere in the
layer and the resulting conductivity of the portion delimited by
two dashed lines (k;j_ 1/, or k;1/2) can be approximated by the
arithmetic average of the two corresponding conductivities:

ki—ip=(i—1+k)/2andkiy12 = (ki+kiy1)/2. (24)
At each time step, for the layer i, fluxes through the upper and
lower surfaces of the soil layer 7, F1;, and F2; are calculated:

ki_ ki H;_,+ H;
Flizg hi—1—hi—$ (25)
H,_,+H 2
and
ki + ki H; + H;
F2; = Kt Kip1 (hi —hipq — M) (26)
H;+H; 4+, 2
The conditions are such that F2; _; = F1; and F2; = F1;4 1, and

that F2 and FI cannot be greater than the available space in the
receiving layer nor can they extract more water than possible from
the providing layer. At the inferior limit of the profile (i = end),

hig; Wiaii; Vosict s Ziat s Kps it

h is h i Wmai; Vpsi;zi; kpsi

zand F Hi F2 MI
positive F1,
upward |Hi| ---- % S—
I F1i4q
H T e

N st s Winaier s Vier 5 Zier s Kps iv1

(SRELSs) of the discretized pedon.

FIGURE 5 | Representation of the Darcian flow of the pedostructural macro pore water (Wp,,) through the structural representative elementary layers
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FIGURE 6 | Simulation of drainage after infiltration up to equilibrium given in the article: (A) without any change of these parameters and (B) with a
(black line “starting”) in the Yolo loam soil profile (Davidson et al., 1969). correction of the parameter Kpssg; for the second and fourth horizon
Squares represent the measured observations and lines represent the corresponding to the deviation of water content at one day observed on the first
simulated moisture profile using the measured soil characteristic parameters graph (—0.006 and +0.02 kg/kg, respectively); (Braudeau et al., 2009).

F2,,4 is calculated as if the layer outside has the same characteris-
tics as the last layer of the profile but with k and h being taken as
kend and heyg calculated at the previous time step ¢ 1.

Under these conditions, changes in W),_; due to F1 and F2 for
each step is then calculated using:

AWps i = pwVps_ i (F2; — F1;)/H; (27)

noticing that Vps should be used here instead of Vla),e, in the ear-
lier version in which the pedostructure occupied all the volume of
the layer.

The change in W) is initially considered as a change in W,
which provokes temporarily a change in hy,, and then an imbal-
ance between the retention of W,,;; and W,,,. There is therefore,
during the time step, a transfer of water between the two pore
systems which is calculated using the following equation:

AWy = =AWy = kmi (hmi - hma) (28)

During the same time step, we may have an eventual contribution
to Wiue coming from the Wy, cycle and also to W,,;; coming from
Wiss, as it is mentioned above.

MODEL EVALUATION

This section presents Kamel® evaluation (old version) based on
field observation of moisture profile as well as comparison with
Hydrus 1D model. The intent is to show evidence of the model
utility in characterization and modeling soil water medium. More
detailed assessment of the model is available in Braudeau et al.
(2009) and Singh et al. (2012).

Kamel® was first applied by Braudeau et al. (2009) to a
case study of a field experiment of internal drainage published
by Davidson et al. (1969). Estimation of parameters for the
pedostructural shrinkage curve, water retention curve, and
hydraulic conductivity curve was fully detailed in Braudeau et al.
(2009). Kamel® was further evaluated at the field scale in com-
parison to the soil water model Hydrus-1D (Simunek et al., 2008)
by Singh et al. (2012). In this new version of Kamel® the for-
mulation of the four hydro-structural characteristic curves of the

pedostructure have been changed but the descriptive variables
used and the shape of these curves are all the same. Therefore,
the results obtained in these evaluations suffice for the evalua-
tion of the updated version. These evaluations are summarized
hereafter. They show high level of agreement between Kamel®
simulations and field measurements and Hydrus 1-D simulations.
The sections below describe both evaluations:

COMPARISON WITH MOISTURE PROFILE FIELD DATA

Figure 6 shows the computed moisture profiles of Kamel® at 0,
1, 5, 20, and 60 days of drainage, without evaporation from the
surface and starting from the saturated state after infiltration.
The figure also shows the field measured data of Davidson et al.
(1969); the soil water content at 30, 60, 90, and 120 cm depth after
1 day, 5, 20, and 60 days of drainage without evaporation for com-
parison. The simulation were conducted without any calibration,
simulation results show a good agreement with measured values
where the first day, the difference between simulated and observed
water content is AW1lday = —0.006 at 60 cm and 0.02 kg/kg at
120 cm. Less than 0.01 kg/kg are observed at 5 and 20 days for
horizons 3 and 4 (90 and 120 cm) (Braudeau et al., 2009).

COMPARISON WITH HYDRUS-1D

Measured and predicted soil moisture by Kamel® and Hydrus-
1D® at the 5 cm depth for the 4 month time period are presented
in Figure7 (Singh et al., 2012). Rainfall during this period is
plotted on the secondary Y-axis. Since this is the surface layer,
measured water content responds quickly to rainfall and evapo-
transpiration. The figure shows that Hydrus-1D® soil moisture
prediction was in good agreement with observed water content.

CONCLUSION

The principal function of Kamel® is to be a computational model
that represents a soil pedon and its internal hydrological func-
tioning at the different levels of hydro-functional organization
of the soil medium. Integrating these levels of hydro-functional
organization is significant in linking the internal functioning of
the soil to its behavior and properties with the other elements of
eco- or agro systems when subject to external climatic conditions.
The update of Kamel® planned here introduces new prospects
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FIGURE 7 | Comparison of measured, Kamel® predicted and Hydrus-1D® predicted water content at 5 and 20 cm depth; (Singh et al., 2012).

in multi-scale modeling of the natural environment discussed
hereafter.

1)

)

3)

(4)

As portrayed, Kamel® is a model that simulates two physi-
cal phenomena: (i) the hydrostructural and thermodynamic
equilibrium states of the pedostructure, depending on the
pedostructural water content, and (ii) the joint dynamics of
the water and the soil structure at the different functional
scales of the pedon (soil hydro-structural dynamics).
Accordingly, Kamel®s parameters and equations must be
physically-based according to a new paradigm that can be
called “hydrostructural pedology” where all the hydrostruc-
tural properties of the soil medium are thermodynamically
defined and quantified. In this way, a soil mapping unit can
be characterized by its representative pedon providing with
the hydrostructural parameters of its horizons.

Moreover, using this paradigm, the thermodynamic defini-
tion of the pedostructure system allowed us to quantitatively
distinguish the two kinds of water fluxes inside and outside
of the pedostructure within the soil horizons.

Thus, Kamel® differentiates between two kinds of water, a
pedostructural water, the water that takes part in the hydro-
thermodynamic equilibrium of the soil-plant-water natural
continuum, and a free water that is only subject to gravity

(5)

(6)

out of the thermodynamic conditions laid down by the
pedostructure.

This distinction between a pedostructural water and a free
water in the soil medium that could not be separated and
modeled as such before. This distinction allows for the dif-
ferentiation of what have been called green water and blue
water resources.

Finally, the soil as it will be modeled by Kamel®-field, con-
stitutes the lieu of transformation of the blue water, driven
down by gravity, to the green water or thermodynamic water
of the soil plant atmosphere continuum. Therefore, Kamel®
is a computer model that integrates hydrology and pedol-
ogy in modeling the transfer of both types of water in the
soil, the free water coming from rainfall or irrigation and the
pedostructural water consumed by plants or evaporating at
the soil surface to the atmosphere. This modeling determines
the availability of space, water and air in the soil medium
that condition the development of biotic and abiotic soil
processes.
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