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INTRODUCTION

The pressure plate method is a standard method for measuring the pF curves, also
called soil water retention curves, in a large soil moisture range from saturation to a
dry state corresponding to an applied pressure of near 1500 kPa. However, the pressure
plate can only provide discrete water retention curves represented by a dozen measured
points. In contrast, the measurement of the soil water retention curves by tensiometer
is direct and continuous, but limited to the range of the tensiometer reading: from
saturation to near 70-80kPa. The two methods stem from two very different concepts
of measurement and the compatibility of both methods has never been demonstrated.
The recently established thermodynamic formulation of the pedostructure water retention
curve, will allow the compatibility of the two curves to be studied, both theoretically
and experimentally. This constitutes the object of the present article. We found that
the pressure plate method provides accurate measurement points of the pedostructure
water retention curve h(W), conceptually the same as that accurately measured by the
tensiometer. However, contrarily to what is usually thought, h is not equal to the applied
air pressure on the sample, but rather, is proportional to its logarithm, in agreement with
the thermodynamic theory developed in the article. The pF curve and soil water retention
curve, as well as their methods of measurement are unified in a same physical theory.
It is the theory of the soil medium organization (pedostructure) and its interaction with
water. We show also how the hydrostructural parameters of the theoretical curve equation
can be estimated from any measured curve, whatever the method of measurement. An
application example using published pF curves is given.

Keywords: pressure plate apparatus, tensiometric measurement, soil moisture characteristic curve, soil water
retention curve, pF curves, matric potential, pedostructure, hydrostructural parameters

this important state variable in its physical models or experi-

There are numerous parametric equations for simulating the soil
water retention curve, representing the relationship between the
water content and the matric suction of a soil medium. This is
usually expressed as a plot of volumetric water content (m>/m?)
vs. suction (kPa) (Leong and Rahardjo, 1997). The proposed
equations are empirical or semi-empirical (El-kadi, 1985; Leij
et al., 1997), but are of great importance in soil water modeling
where a retention function is needed to simulate water trans-
port in the soil medium using the Richards’ equation (Tietje
and Tapkenhinrichs, 1993). Today, the most commonly used
equations are those of van Genuchten (1980), Campbell (1974)
and Brooks and Corey (1964), not an exhaustive list, which
shows only that the exact physical equation, if it exists, is not
known. Moreover, several names and units were given to the
retention energy (matric potential, soil water tension, soil water
suction, soil water retention, pressure head, and water potential)
depending on the point of view of the scientific discipline using

ments. It is generally known that the soil water retention phe-
nomenon (water held in soil by retention forces) is related to the
water potential in the soil matric—but how, exactly? How do we
define the water potential in a natural medium (biological cell,
soil medium) whose water content is changing? To answer such
questions, we have to go back to the water thermodynamics in
the natural medium.

According to “A Dictionary of Biology” (2004), the defini-
tion of the water potential in biological sciences is the following:
“Symbol . The difference between the chemical potential of the
water i, in a biological system and the chemical potential of pure
water at the same temperature and pressure, .. ... In soils and
other extracellular systems, another factor, called matric poten-
tial, can contribute significantly to water potential.” This matric
potential symbolized by “y,,” is a component of water potential
due to the adhesion of water molecules to non-dissolved struc-
tures of the system, i.e., the matrix, such as plasma membranes or
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soil particles. It is always negative and it is significant only out-
side living cells in relatively dry systems, for example soils, where
much of the water is tightly bound to soil particles.”

The definition of the water potential in soil water thermo-
dynamics is almost the same: “In the soil physics literature, the
chemical potential of soil water, 1t,,, when referenced against the
value of u9, is called the water potential and is given the symbol
Yy” (Sposito, 1981, p. 193). The difference between both defini-
tions of water potential lies in the definition of uY, which is the
chemical potential of pure water at standard temperature (25°C)
and pressure (1 atm).

As for the matric potential v, it is defined by Sposito (1981,
p- 197) as a component of r,, responding to the equation dy,,, =
(Opw/dW) T p p,dW where W is the gravimetric water content
(kg waterkg;olli 4s)-  This potential component represents the effect
of the changes in the water content, an effect usually attributes to
the presence of the solid portion of a soil-water system. This equa-
tion also includes the effect of dissolved solid components of the
soil water system on (. According to this definition, Braudeau
et al. (2014) showed that the matric potential (,,), measured by
the tensiometer on unconfined soil samples at constant T and P,
is in fact equals the chemical potential of soil water y,,, when ref-
erenced against the value of (4ys,:. This value represents the water
chemical potential of the soil medium at saturation, such that:

Y = (Uw — Uwsar) (1

For those authors, the matric potential governs the local water
movement in the soil medium linked to a local variation in water
content and is due to the thermodynamic interaction between the
liquid phase of water and the surface charges of the clay particles.
The arrangement of these particles with other soil particles (silt,
sand) makes the aggregated structure of the soil medium, namely
the pedostructure.

The matric potential (v,,), as the soil water potential () of
which it is a component, is always <0 and is expressed in unit of
specific energy: Joule per kg of water (J kg;,!). “Quite often equiv-
alent units are employed in place of the SI units. For example, the
quotient (,,/M,,, where M,, is the mole weight of water, is called
the ‘molar water potential’ (joules per mole); the product pd 1,
where p?, is the mass density of bulk liquid water, is called the ‘soil
water pressure’ (J m—> = Nm™2), and the quotient u,,/g, where
g is the gravitational acceleration, is called the ‘soil water head” (J
kg~! m~! s> =m)” (Sposito, 1981, p. 194).

Agronomists and hydro-pedologists generally prefer to use
units of pressure (Pa, positive) or of water head (m, negative) for
the same notion of matric potential, using the symbol . In this
study, h will be expressed in terms of retention (or suction) pres-
sure and will be the negative product of ¥, and p?, in kg,,dm~,
such as:

h=—pWm = —pY (w — Kwsat) (2)

h is positive or null and expressed in kPa. The curve h (W) will
be called the “soil water retention curve” or, more precisely, the
“pedostructure water retention curve” after Braudeau et al. (2014)

who established its theoretical equation. Its thermodynamic for-
mulation was established as a state equation depending on W (at
T and P ambient and constant) and whose parameters are char-
acteristics of the structural organization of the soil medium and
its mineralogy. A methodology for measuring accurately these
parameters was proposed based on the use of tensiometers (Assi
et al.,, 2014). The advantage of having a unique thermodynamic
formulation for the soil water retention curve, rather than a non-
physically based equations (El-kadi, 1985; Leij et al., 1997), is
that, despite the limited range of measurement of tensiometers
(0-80kP), this range can be considered as sufficient to determine
the parameters which are theoretically valuable for the entire curve
or, at least, until the micro air entry point (Braudeau et al., 2014),
i.e., largely beyond 80 kPa.

The problem stays in the method of measurement of these
characteristic curves: the measurement of the soil water retention
curves by tensiometer is direct and continuous but it is limited
to the range of the tensiometer reading. In contrast, the curves
obtained using the pressure plate method (Richards, 1948) are
built by a dozen (or more) measured points but can cover a
larger soil moisture range, from saturation to a water retention
of near 1500 kPa. So, the two different methods are not cover-
ing the same range of soil moisture, nor do they have the same
accuracy (Schelle et al., 2013). The junction between these ranges
remains uncertain; moreover, inconsistent results were also noted
comparing pressure plate with dew point method (Cresswell et al.,
2008; Bittelli and Flury, 2009; Solone et al., 2012). In fact, not only
is the accuracy of the pressure plate apparatus undefined, but its
principle of measurement is also questionable as soon as soils are
considered non-rigid (Sposito, 1981, p. 200).

The goal of this article is to integrate the soil water reten-
tion curve measured using the pressure plate apparatus into
the unified theoretical framework proposed by Braudeau and
Mohtar (2014) where, in particular, the physical equations of the
hydrostructural functioning of the pedostructure are well estab-
lished. This theoretical framework has to be used for interpreting
the different methods of measurement of the soil water prop-
erties in order to compare the measured moisture characteristic
curves with their theoretical equations. Thus, the pressure plate
method (Richards, 1948) will be: (1) reconsidered from the ther-
modynamic point of view of this theoretical framework in order
to theoretically formulate the water retention curve actually mea-
sured by this method; and (2) compared with the theoretical
equation curve, accurately measured by the tensiometer.

THEORY

PHYSICAL EQUATION OF THE PEDOSTRUCTURE WATER RETENTION
CURVE h(W)

Braudeau and Mohtar (2009) showed that any physical equation
of the soil structure and soil water interactions cannot be found
without changing the paradigm used for the soil medium char-
acterization and modeling. This shift in paradigm must allow for
considering the internal and multi scaled organization of the soil
structure in the soil water physics. The concept of pedostruc-
ture (Braudeau et al., 2004) is at the basis of the new proposed
paradigm. It represents and defines the first level of organization
of the soil medium in a soil horizon, as an assembly of primary
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peds. These peds are composed of a clayey mixture (S-matrix:
Brewer, 1964) and act like saturated clay pastes at high water
content.

The Structural Representative Elementary Volume (SREV)
concept and the associated terminology for describing the
pedostructure state variables (Table 1) were then applied to the
thermodynamic theory of water in soil presented by Sposito
(1981). The particularity of the SREV variables is that all exten-
sive variables describing the different levels of organization of
a given volume of soil structure (SREV) sampled (cut) in the
soil medium is reported to the mass M; of the structure con-
tained in this volume. Therefore, the thermodynamic functions,
which are all extensive variables (U, G, H), were rewritten accord-
ing to the SREV concept and using the SREV variables, i.e.,
extensive variables reported to the structural mass M; (Braudeau
and Mohtar, 2009; Braudeau et al., 2014). Except for the water
content, symbol W or w, the other SREV variables will be dis-
tinguished from the corresponding extensive variable by a sin-
gle bar above the variable, like U, G, Sws, V.o meaning
U/M;, Gy/Ms, Sy/Ms, Vy/Ms, ..., and not the derivative
dx/dm; that the single bar means in many articles. Thus, the
Gibbs-Duhem equation applied to the component i of the phase
a, according to Sposito (1981, p. 15), can be rewritten in the SREV
paradigm, such that:

Sai AT — Vi, dP + Wy dugi =0 (3)
where Sy, Vi, andW,, are the massic entropy, massic volume and
water content of component i of the phase a, all reported to the
pedostructure mass of the sample M;.

Using this terminology, it could be shown that the pedostruc-
ture water retention /s (in kPa) must be defined as:

h=hpa=hpy; = —Pg, (ma — Mmasat) = —/03, (mi — Mmisar) (4)

where pt,,, and p,,; are the chemical potentials of the water in
the pore spaces inter and intra primary peds, corresponding to
the water contents W, and W,;; while tasar and phypiser corre-
spond to Wy,asar and Wiisar. We should note that ftygs0r = MOW,
the chemical potential of the free water, at ambient tempera-
ture and atmospheric pressure, while (isar < Umasar = ,ug, in all
cases.

Table 1 | Pedostructure state variables.

Volume of Specific  Specific Specific Suction
concern volume pore volume water content [kPa]
[dm3/k9] [dm3/k9] [kgwater/kgsoil]
Pedostructure v Vo w h
Interpedal porosity Voma Wina hma, hip
Primary peds V i VD mi Wi, hmi

Primary particles Vs

Subscripts mi, ma and s; refer to micro, macro, and solids; (after Braudeau and
Mohtar, 2014).

Showing that the pedostructural Gibbs free energy (accounted
negatively) for each water component of the liquid phase:
G mitbmi a0d Gyyma = Winallma, Temains constant after
any change in water content. Braudeau et al. (2014) established
the physical equation of h(W), the soil water retention curve, for
the general case of the pedostructure (structured soil medium).

Gwmi =

we Winisat

mi

i (W) = Py Emi ( W, ) :
inside the primary peds
hma(W;;qa) :p«g/Emu (#ﬁjqﬂ - WmlaSat) >
outside the primary peds

(W) = (5)

where, h,,; is the water retention inside the primary peds (kPa),
hma is the water retention outside the primary peds (kPa); ,03, is
the bulk density of water [1kg,,..,dm ], Eni and Epg []l(gs_o}i d]
are the specific potential energies inside the primary peds and
outside of the primary peds. They result from the surface charges
of the clay particles and are equal to —G,y;; and —Gyya, respec-
tively. W;qi and W, are the micro and macropore water contents
at equilibrium when h,,;; = hy,; = h. Their equations, deduced
from (4) and (5), are:

1 E
W:;qa(w) = E <W+ Z)

(-]

L]
2

and

o]

where, A is a constant representing the difference of chemical
potentials of the two types of water (W,,,, and W,,;;) at saturation:

Epa E,i
(maSat — MmiSar) Woasar Wsisar (7)
E=Eui+Ena (8)

and W,,;s,;andW,,55,¢ are the micro and macro water content at
saturation such that:

Wsat = Whisar + WinaSar (9)
THE pF CURVES
The pressure plate apparatus is widely used in pedology and
agronomy to get what is named the pF curve: log of the suction

pressure, expressed in cm of water height, vs. the water content W.
Fully saturated soil (or clay paste) samples are put in contact with
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a saturated porous plate and the whole is submitted to a given
pressure P of the air introduced in the pressure chamber. The
other side of the porous plate is open to the atmospheric pres-
sure. The samples water content decreases under this pressure,
the water crossing through the porous plate, until a thermody-
namic equilibrium is reached. The pF curve is the air pressure
applied on the sample (usually the log of this pressure in cm of
water) vs. the corresponding water content (kg/kg) of the sam-
ple at equilibrium. The question is the following;: is this pressure
equivalent to the difference of the water chemical potentials as
stated in Equation (2)?

Under the pressure (atmospheric pressure plus applied pres-
sure: P, + IT) and when the transfer of water has ceased, the water
content in the sample is W = p,,V,, (remembering that V,, =
Viater/Ms and W = M,,aer/ M, Table 1) and the water chemical
potentials (u,,) of the liquid and gas phases of the pedostruc-
ture and the pressure chamber, is equal to the potential of free
water, 19, which is the water chemical potential at the other
side of the porous plate submitted to the atmospheric pressure.
Thus, when the pressure is returned to P, and the chamber is
opened to the air without any change in water content of the
sample (W), the pedostructure water potential decreased from
,u(v)\, (under P, 4 II) to its equilibrium value, u,,, at ambient T
and P,. The water retention (or suction) 4 defined by Equation
(4) passes from the value 0 to h = —p?, (Mwma - MBV) under the
atmospheric pressure P,,.

Consider now the Gibbs-Duhem equation Equation (3) is
applied to the external layer of the pedostructure liquid phase at
the liquid-gas interface (variables with subscript lg). At this inter-
face, the state variables can be defined such that: Wi, = AW,
Swig = ASype» and Ve = AV, thus, the equation can be
written such that:

§wlg ar — legdp + ng Apywma =0 (10)

Dividing Equation (10) by Wi, gives a relationship between the
specific entropy gwlg = Swig/Wig (in JK~'kg™! of water) and the
specific volume leg = leg /Wi (in dm3kg_1 of water if P in
kPa) of the liquid interface in contact with air in the pedostructure
(soil) sample:

Swig dT — VyyidP + dptie = 0 (11)
On the other hand, the Gibbs-Duhem equation related to the
water component of the gaseous phase of the pedostructure (vari-
ables with subscript g) at equilibrium with the air in the pressure
chamber can also be written such that:

Swg dT — ViyygdP + Wedjtyye = 0 (12)
where §Wg, ng, andWy are the entropy, the partial volume and
the mass of the water molecules of all the gaseous phase (in
the pedostructure and in the pressure chamber) reported to M;.
Then, dividing Equation (12) by W, gives:

Sug AT — ViygdP + dptyg = 0 (13)

where :S‘Wg = Swg/ Wy, the specific entropy of the water vapor, and
ng = Vyug/ Wy, the specific partial volume of the water vapor in
the air. Assuming that all the components of the gaseous phase
have behavior of perfect gas (subscript g) and, according to the
state equation of ideal gasses:

VigMyP =VeMgP = VAP = RT (14)
where R (Jmole™!K™1) is the constant of perfect gasses, M,, is the
molar mass of water, M, the molar mass of gas, and Vy is the
volume of 1 mole of ideal gas at pressure P and temperature T.

Since ditwma = ditwg at equilibrium of the two phases in con-

tact (exchange of molecules of water) subtracting Equation (11)
from Equation (13) gives:

(Swg - Swlg) AT — VyygdP + ViypodP = 0 (15)
Thus, in a transformation at T constant:
VigdP = V1 dP (16)

meaning that szg stays equal to ng in this transformation and,
according to Equation (14),

VigP = VyyioP = RT/M,, (17)
Integrating Equations (11) and (13) from the hydrostructural
state of the sample under (P, + IT) to the state at P, in the pres-
sure apparatus, keeping T and W constant and replacing leg and
Viwg by their expression given by Equation (17), provides the same
formulation of h Equation (20):

Pa P, .
f VyigdP = / VigdP = RT/M,In (P, + T1)/P{18)
Py+11 Py+T1

Hw Hw
0 dﬂwlg = dlLWg = (H% - ,uwlg)
Hw Hw
= (/L?v - ng) = h/p,, (19)
hl = —py Ay = pyRT
[/MyLn ((Pq + IT)/P,) (20)

Ay is numerically equal to v, since /,L?,V and u,, are the values
of the chemical water potential at T and P constant (labora-
tory conditions). Thus, a pressure of (P, + IT) in the pressure
plate apparatus leads, at equilibrium, to a water content W corre-
sponding to the water retention h given by Equation (20), analog
to the water retention measured by the tensiometer under the
atmospheric pressure.

Replacing k% by its equation in terms of Wy, or W;fi Equation
(5) leads to the relationship between the applied air pressure in
the chamber and the two pedostructural water contents W,,;; and
Winas such that:
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(Po+I1)/Pa

M WEmi
exp RT

1 1
W:;fi WmiSat

M, E 1 1
:exp( ld ma( q >> (21)
RT Wmu WmuSut

where W;qi and Wy are calculated using Equations (6a) and (6b).

The difference between the “Ig” and “g” phases stays only in
the fact that the fraction of water molecules is 1 in the liquid-
gas interface while this fraction is Ny,¢ /Ny = p,,/P in the gaseous
phase of the sample and the pressure chamber; p,, is the partial
pressure of water vapor, N,, the number of water molecules and
Ny the total number of gas molecules in the air phase. This means

also that p,, = P in the “lg” interface.

MATERIALS AND METHODS

To validate the theory above we need to compare the two soil
water retention curves obtained by the two methods using: the
tensiometer (Braudeau et al., 2014) and the pressure plate appara-
tus (Richards, 1948). The tensiometric measurements were made
on unconfined cylindrical soil samples reconstituted from 2 mm-
sieved soil material and using the TypoSoil® apparatus according
to the methodology described in Assi et al. (2014). The prepara-
tion of the sample, the measurement and the treatment of data to
extract parameters of the water retention curve: Ey,g, Epni, Winisat
and W,,;s4¢, of Equations (5) and (6) have been detailed in the
article.

As for the pressure plate apparatus method, the obtained
curves called “pF curves” represent generally the log of the applied
air pressure, in hPa, vs. the corresponding water content in kg/kg,
at equilibrium under this air pressure. In this classical method, the
applied pressure is identified to the water retention h, contrary
to what we have deduced here in the theory where h is propor-
tional to the logarithm of the applied pressure. The samples put
on the porous plate are constituted of 2 mm-thick slices cut from
the cylindrical samples prepared for the TypoSoil® analysis (Assi
etal.,2014). The slices (three replicates for the water content mea-
surement at a given pressure) were put in a ring on the porous
plate and saturated with water.

Two types of soil were tested; they are the same as those used
in Braudeau et al. (2014) article: a soil sample of Versailles soil
from France, and a soil sample of Rodah soil from Qatar. Their
characteristics are given in Table 2.

For each soil, two replicates of a pedostructure sample were
prepared in cylinders of 5cm diameter and height using the

fine ground samples (aggregated soil material < 2 mm) stored
in the laboratory. The two moisture characteristic curves, V(W)
and h(W), were then measured using the TypoSoil® apparatus
following the methodology mentioned above (Assi et al., 2014).

The pF curves for the two soils were measured using the pres-
sure plate apparatus but at two different places and times, so the
set of data making the curve (applied pressure and water content)
is different in the two cases: For the Rodah soil, pressures applied
(kPa) were: 80, 100, 150, 200, 400, 1000; using only one kind of
porous plate: “15 bar,” and for the Versailles soil, pressures applied
were: 1, 5, 10, 30, 50, 80, 100, 200 kPa, using a porous plate of “1
bar” for the low values of pressure and 5 bar for 100 and 200 kPa.
A beaker of 50 cm? of water was put on the 15 bar plate to saturate
the air in the chamber and the waiting time to reach equilibrium
was no more than 1 week.

These sets of applied pressures are converted into the water
retention of the sample h (in kPa) corresponding to the water
content reached at equilibrium under the applied pressure II,
using Equation (20) where R = 8.314 ] mole™! K~1, T =294
K for Rodah and 298K (for Versailles), M,, = 0.018 kg mole™!
and p,, = 1kg dm™>. Practically, the relationships used for the
correspondence between the applied pressure, IT, and the water
retention at equilibrium is, for T = 294 K:

h =13.772 In (I1/100 + 1) (22)
where h and IT are expressed in kPa.

Parameters of the pedostructural water retention curve (W,
Wnisats Emi» Ema) are then extracted from the measured water
retention curve according to the methodology given in Braudeau
etal. (2014) and detailed in Assi et al. (2014) by adjustment of the
theoretical equation k(W) to the measured curve. All calculations
were done in Excel sheets, using the Excel solver for optimization
of adjustments of the measured curve by the theoretical one.

RESULTS

COMPARISON OF WATER RETENTION CURVES OBTAINED BY THE TWO
METHODS

The pedostructural moisture characteristic curves (water reten-
tion curve, WRC, and shrinkage curve, ShC) of the two replicates
of pedostructure prepared for each soil were measured using
TypoSoil®. Then, the curves were fitted by their theoretical equa-
tions to obtain the corresponding hydrostructural parameters.
The methodology of fitting is explained in Braudeau et al. (2014)
for the kind of soil sample analyzed here (Figure 1), presenting

Table 2 | General description of soil samples.

Sample Soil core Sample Description of the soil sample Soil texture
ID location
% clay % silt % sand

V4 Reconstituted France Sampled from the surface horizon 18.2 60.2 216
V5 pedostructure [0-20 cm] of a soil in the Versailles

agronomic research center
R1 Reconstituted Qatar Samples taken from 0 to 15 cm depth 39 52 9
R2 pedostructure of a soil named locally Rodah

www.frontiersin.org

October 2014 | Volume 2 | Article 30 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Hydrosphere/archive

Braudeau et al.

Pedostructure water retention curves

Versailles soil
0.85
1400 __
o 0.80 A & ——Measured V1
3 - 1200 £
€ 0.75 ——Fitted V1
£ - 1000 §
o - £ ——Measured V2
g 070 L 800 5
3 ] ;
S 0.65 - L 600 = Meas. tensiol
£ 0.60 - 400 ® —Fitted tensiol
8 = :
& 055 - . 200 Meas. tensio2
0.50 : : : 0 ——Fitted tensio2
0.00 0.10 0.20 0.30 0.40
Water content (kg/kg)
Rodah soil
= 1100
0 - 1400 ©
- & ——Measured V1
= - 1200 =
S 0.95 - § ——Fitted V1
g - 1000 =
3 800 § ——Measured V2
2 0.90 - ' © .
& 600 © ——Meas.tensiol
=} © 2 .
) | =z —Fittedtensiol
& 10:85 200
L 200 ——Meas.tensio2
0.80 : : : . 0 ——Fitted tensio2
0.00 0.10 0.20 0.30 0.40 0.50
Water content (kg/kg)
FIGURE 1 | Pedostructural moisture characteristic curves of two measured shrinkage curve (brown points) for replicate 2; (i) The
replicates of a pedostructure sample of two soils. For each soil, the measured (blue points with line) and fitted (green) water retention curve
curves of the two replicates are represented: (i) The measured (blue (WRC); and (iiii) the measured (brown points with line) and fitted (black
points) and fitted (red) shrinkage curve (ShC), for replicate 1; (i) The line) water retention curve for replicate 2.

Table 3 | Values of parameters of the pedostructural water retention curve for Rodah and Versailles soils.

Sample ID Hydro-structural parameters of pedostructure water retention curve

WmiSat [kgwaterkg;;lﬂ] Ema [Jkg;c?ﬂ] Emi [J kg;:“] Wsat [kgwaterkg;Ji|] I/Vipa [kgwaterkg;:ﬂ] kL [kgsoilkgv_v;ter] WL [kgwaterkg;,lﬂ]

R1 0.265 0.82 116.26
R2 0.238 1.30 163.42
RpF 0.261 1.09 136.94
V1 0.163 1.81 33.38
V2 0.190 1.22 29.45
VpF 0.215 1.43 29.31

0.442
0.463
0.440
0.362
0.380
0.384

0.113 12
0.174 120
0.059 83
0.051 0.780

0.417
0.394

0.302
0.302

R1 and R2, V1 and V2, refer to replicates 1 and 2 of the Rodah soil and the Versailles soil respectively, of which the WRC was measured by tensiometers. RpF and
VpF refer to the Rodah soil and the Versailles soil of which the water retention curve were measured with the pressure plate apparatus.

a sigmoidal shape with a shrinkage phase due to the saturating
interpedal water Wj, at high value of W. The hydrostructural
parameters of the water retention curve obtained from the opti-
mization of the adjustment are given in Table 3.

The measured characteristic curves of the replicates are very
close to each other (Figure 1), attesting the appropriate prepara-
tion procedures of the pedostructure samples and the accuracy
of their characterization. The shrinkage curves are shifted only
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by a constant value of the specific volume and the water reten-
tion curves of the two replicates are almost superimposed in both
cases, although the validity of measurement is limited to low val-
ues of suction (800 hPa for Rodah soil and 600 Pa for Versailles
soil on Figure 1). As their physical equation is known (Equation
5) and assumed to be valid for the whole curve (at least up to
air entry point in primary peds), and because parameters can
be determined on the range measured by the tensiometer, the

modeled water retention curves cover the whole range of water
contents and can be compared to the results given by the pressure
plate apparatus.

This comparison is presented in Figure 2 which shows for each
soil the water retention curves: (i) measured with the pressure
plate apparatus, (ii) modeled by fitting on the measured points of
the pF curve, and (iii) modeled using parameters extracted from
the tensiometric curve measured by TypoSoil®. The pressure plate

Versailles soil
— 3000 -
& * Meas. press. plate
£ 2500 -
= x  Calc. press. plate
g 2000 — Fitted press. plate
T 1500 - —— Fitted tensiol
@
© 1000 -
=
500 -
O | T T ﬂ 1
0.000 0.100 0.200 0.300 0.400 0.500
Water content (kg/kg)
Rodah soil
— 3500 ~
I ¢ Measured press. plate
=
= 3000 - *  Calc. press. plate
-g 2500 - ——Fitted press. plate
@ —— Fitted tensio1l
£ 2000 1 ——Fitted tensio2
<]
e 1500 -
=
1000 -
500 -
0 T T L 1
0.10 0.20 0.30 0.40 0.50
Water content (kg/kg)

FIGURE 2 | Three water retention curves for each soil. (i)
Measured (dark-blue points) using the pressure plate apparatus, (i)
Fitted (red line and crosses) on these measured points using the

theoretical equation of the curve and (i) (green line and black
line) fitted on the measured water retention curve using a
tensiometer.
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Table 4 | Data of the pressure plate apparatus experiment for the measurement of the water retention curve (pF curve) of two soils.

Versailles soil

Rodah soil

Air pressure Water retention Water content at

Air pressure Water retention Water content at

applied [hPa] pressure [hPa] equilibrium [kgwate,kgs‘:“] applied [hPa] pressure [hPa] equilibrium [kgwate,kgs_;“]
0 3 0.400 0 3 0.44

10 14 0.351 - - -

50 67 0.326 - - -

100 131 0.300 800 796 0.239

300 361 0.218 1000 939 0.232

500 558 0.162 1500 1241 0.219

800 809 0.152 2000 1488 0.210

1000 955 0.140 4000 2179 0.190

2000 1513 0.114 10,000 3247 0.164

Calculation of the water retention corresponding to the applied air pressure is explained in the text.

Table 5 | Chimney Meadow (Church Field) soil water retention measurements (pF curves) data.

Given pF Applied Measur. Corresponding

Depth levels of (cm)

pressure method water retention

0-10cm 10-20cm 30-40cm 40-50cm 50-60cm 60-70cm 70-80cm 80-90cm 90-100cm

[hPa] [hPa]
Water content [kgaterkggey]
Saturation =1 (1) 1 0.363 0.352 0.293 0.327 0.329 0.370 0.396 0.330 0.304
pF1.0 —10 (1) 10 0.351 0.337 0.286 0.318 0.319 0.352 0.393 0.317 0.291
pF 1.5 —-32 (1) 32 0.348 0.337 0.284 0.303 0.317 0.344 0.386 0.313 0.290
pF 1.8 —63 (1) 63 0.340 0.329 0.275 0.291 0.310 0.336 0.372 0.309 0.288
pF 2.0 —100 (1) 100 0.339 0.326 0.273 0.289 0.309 0.333 0.369 0.306 0.286
pF 2.3 —200 (2) 200 0.332 0.318 0.270 0.285 0.305 0.328 0.362 0.303 0.282
pF 2.7 —500 (2) 500 0.293 0.284 0.252 0.266 0.290 0.313 0.339 0.286 0.266
pF 3.48 3000 (3) 1877 0.262 0.266 0.233 0.243 0.267 0.287 0.304 0.261 0.246
pF 3.71 5000 (3) 2426 0.239 0.247 0.224 0.230 0.254 0.272 0.289 0.251 0.231
pF 4.18 15000 (3) 3754 0.195 0.203 0.198 0.200 0.224 0.234 0.247 0.214 0.201

The third column indicates the experimental conditions (in the text) and the 4th column gives the theoretical water retention (or suction) pressure h corresponding

to the given pF in the first column.

measurement data are given in Table 4. We can see from Figure 2,
the very good concordance of the curves coming from the two
kinds of measurement. This confirms the validity of the relation-
ship Equations (20) and (22) between the applied pressure IT and
the corresponding matric (or pedostructural) water retention h.

Moreover, as it can be seen in Table 3, the fitting using the
physical equation of the water retention curve on the points
measured with the pressure plate apparatus, provides parame-
ters (lines RpF and Vpf of Table 3) that are very close to those
of the modeled curve coming from the tensiometer (lines R1,
R2,V1,V2).

We can conclude from these results that the water reten-
tion curve can be accurately measured using the tensiome-
ter as well as the pressure plate apparatus, provided that, in
this last case, h has been calculated from IT using Equation
(20). Accordingly, the four hydrostructural parameters of the
water retention curve, namely: Wsa, Winisat, Emis and Eja,
characterizing the pedostructure, can be obtained from the one
or the other method. However, the tensiometer method is faster
and very accurate at low retention pressure (0-500 hPa). It should
be preferred, in particular for the kind of soil like those selected

here which presents an interpedal shrinkage phase parallel to the
saturated line, at the beginning of the shrinkage curve, and for
which two parameters more are needed: Wy and k; (Braudeau
et al., 2014). The shape of the retention curve in this part, near
saturation, looks like the traditional curves with an air entry near
saturation (at 6, similar to W ). These parameters make part of
the set of soil characteristics required by the multiscale soil water
model Kamel® (Braudeau and Mohtar, 2014) built in respect to
the new paradigm of the hydrostructural Pedology. An example
of treatment of pF curves according this new paradigm is given
here after.

APPLICATION TO pF CURVES FOUND IN SOIL DATA BASES

As an example of application, we used the data of water reten-
tion curves published on the web by the Center of Ecology and
Hydrology (Blyth, 2011). The water retention curves (pF curves)
were constructed as follows: “At each depth, two samples were
collected. The samples were stood in a water bath until they
reached an equilibrium (saturated) weight. The samples were
then placed in (1) a sand bath, (2) a sand/kaolin bath, (3) pres-
sure vessels set at a range of suctions in order to progressively dry
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Table 6 | Pedostructural water retention curve parameters obtained by fitting the corrected Chimney Meadow soil water retention curves with

the theoretical equation.

Depth level Wisat (kQwaterkgsoi] Wnisat [kgwaterkgsoi] Ema [J kg5oy] Emi [J kggoy] Emi/Ema -
CM 0-10 0.363 0.344 0.015 181 8.20E-05
CM 10-20 0.352 0.329 0.015 217 6.78E-05
CM 30-40 0.293 0.273 0.032 282 1.14E-04
CM 40-50 0.327 0.290 0.030 256 1.17E-04
CM 50-60 0.329 0.310 0.016 322 5.09E-05
CM 60-70 0.370 0.334 0.028 322 8.65E-05
CM 70-80 0.396 0.369 0.062 299 2.08E-04
CM 80-90 0.330 0.309 0.015 287 5.37E-05
CM 90-100 0.304 0.287 0.012 264 4.72E-05

out the samples. Water-release curves were constructed for each
soil level” Table 5 presents the water retention data re-arranged
such that: (i) the set of the different pF values (1st column) given
by the authors; these pF values are the currently assumed ones
corresponding to the log of the water suction expressed in hPa
or cm of water (2nd column); (ii) the method used for equilib-
rium of the sample under suction (methods 1 and 2) or under
air pressure in the pressure plate apparatus (method 3); and (iii)
the corresponding value of the water retention pressure h in hPa,
equal to the suction pressure for the measurement methods (1)
and (2) and calculated using Equation (20) for the pressure plate
method (3).

Four selected pedostructural water retention curves, among
the nine listed in Table 5, are shown in Figure 3; the measured
points are presented with their fitted theoretical curve. The cor-
responding parameters obtained from the fitting of the measured
points are presented in Table 6 for the 9 samples. The high val-
ues of W,,;s.; relative to Wy, and of E,,;; relative to E,, indicate
that the soil is clayey and has a small macro porosity (interpedal
porosity).

The sets of four parameters characterizing each layer are not
very different from each other. This is consistent with the descrip-
tion of the soil given in the report: “Church Field lies on a clay lens
which overlies surrounding sand and gravel soils. Apart from the
A and B horizons, the clay was found to be fairly homogenous
down to the maximum depth of 1.1 m of the access pit.”

DISCUSSION

COMPARISON WITH THE MEMBRANE PRESS RESULTS OF LOW (1979)
ON CLAY PASTES

Results show clearly that the relationship between the applied air
pressure in the pressure plate apparatus and the pedostructure
water retention pressure h(W), as it is measured by the tensiome-
ter in the laboratory, is described by Equation (20). This leads
to Equation (21) between the air pressure and the pedostructural
macro and micro water contents at equilibrium WZ]i and Wl.
This equation is similar to the empirical equation found by Low
and Margheim (1979) between the applied pressure IT and the
water content of the clay pastes in the membrane press apparatus
and that Low (1979) expressed such as:

M+ 1= exp (o (me/my — me/m,)) (23)

in which m,/m,, is the mass ratio of water to montmorillonite, IT
is the applied pressure, in units of atmosphere, “and « is a linear
function of the specific surface area and cation exchange capacity.”
This equation was obtained for clay pastes which has no structure,
so we can identify m./m,, with 1/W,,;, so Equation (23) can be
written as:

(Pa+ 1) /Py = exp (a (1/Wyi — 1/ WD) (24)
Comparing this equation to Equation (21), gives:

o = M,E,,;/RT and Wroni = Wiisat, the maximum of
absorbed water by the clay paste.

The water content W,,, is negligible and concerns the layer
of water at the surface of the clay paste in contact with the air.
Therefore, Low’s equation expresses, in fact, the following rela-
tionship between the applied pressure and the matric potential
Yy, of the clay paste:

(Pa + T1)/P, = exp (—M,,/RT) (25)
where ¥, = Ay = —h/,OBV = —Epi (1/ Wi — 1/ Whisar), con-
trary to what Low (1979) was thinking, namely that IT could be
identified to the swelling pressure (—py Apy).

WATER VAPOR PRESSURE p,, AT THE SURFACE OF THE
PEDOSTRUCTURAL WATER
Equation (25) can be written as:

tw — iy, = RT/MyIn (Pa/(Pa + TD)) (26)
This means that, assuming the well-known relationship between

w — 1, and the water vapor pressure p,, at the surface of water
in the pedostructure, Equation (25) can also be written such that:

Jw = Hyy = RT/Myln (pu/ply) (27)
this relationship compared to Equation (26) leads to:
P/ (Pa+ D) = pu/p}, (28)

where pg, is the water vapor pressure over pure water at ambient
T and P.

www.frontiersin.org

October 2014 | Volume 2 | Article 30 | 9


http://www.frontiersin.org
http://www.frontiersin.org/Hydrosphere/archive

Braudeau et al.

Pedostructure water retention curves

Water content (kg/kg)

& CM 0-10 s CM 10-20
< 4500 < 4500
c
S :(5)88 = * D0 é 4000 g + CM10-20(2)
|5 & 3500
g 3000 g 3000 =—h calc
% 2500 " & h calc % 2500 .
2 2000 . 2 2000 N,

1500 o 1500 ol

1000 o) 1000 -

500 o 500 o

0 T T T hﬂ \ 0 | ( T T %E !
0.15 0.20 025 0.30 0.35 0.40 0.15 0.20 0.25 0.30 0.35 0.40
Water content (kg/kg) Water content (kg/kg)

§ CM 30-40 § CM 40-50
< 4500 < 4500
§ 4000 g + CM 30-40(2) $ 4000 g + CM 40-50(1)
& 3500 g 3500
§3000 = h calc ? 3000 & h calc
£ 2500 " £ 2500 m
= 2000 " 2 2000 .

1500 1500

1000 B 1000 N

500 . 500 .

0 x — | 0 x — m e
015 020 025 030 0.35 015 020 025 030 0.35

Water content (kg/kg)

and fitted with the theoretical equation (blue line and red squares).

FIGURE 3 | Pedostructural water retention curves of the four first depth levels of the Chimney Meadow (Church Field) soil, measured (blue points)

On the other hand, considering the external layer of the inter-
face liquid-gas “lg,” where the partial pressure of water is p,, = P
(the pressure in the chamber), and taking into account Equation
(17), we have the following equalities:

Po/pw = Pa+TD/Pa = Vg / V) = exp (—Myy i /RT)(29)

These equalities (29) could explain the assertion of Low (1980)
who said that “Our evidence shows that every property of the
interlayer water obeys the following general equation:

J/J°= exp (Bmc/m,) (30)

in which ] represents any given property of the interlayer water, J°
represents the value of this property for pure bulk water and b is

a constant.” In fact, according to our results, we should have:

In (J/1°) =B (me/my — me/mysar) =— (B/&) YuM,, /RT(31)

which, according to (29), leads to:

UIO)" = Vg V0, = exp (@ (1/ Wi = 1/ Wiisa)) (32)

Thus, Equation (30) of Low (1980) could be explained by the
direct relationship of any thermodynamic property J of the water
at the surface of clays with the specific volume leg of the water
layer at the interface liquid-vapor which depends on the water
content of the clay paste according to Equation (32).
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FUNDAMENTALS OF THE PEDOSTRUCTURAL WATER
THERMODYNAMICS

The definition of the matric potential by Sposito (1981) as rep-
resenting “the effect of changes in the water content” at T and
P constant, is in total agreement with our results obtained here.
The thermodynamic equation of the pedostructural water reten-
tion curve, which was validated only on the little validity range
of tensiometers, is validated now on the larger range covered by
the pressure plate method. It is obvious that the “matric poten-
tial” defined above and which is the potential of a mixture of soil
particles, water and air, corresponds to the “pedostructural water
potential,” the potential of the water contained in the pedostruc-
ture which is defined in the SREV paradigm as a thermodynamic
system representing the soil medium at its first levels of organi-
zation: those of the primary peds and their assembly. It’s why we
could define two phases in the water phase of the soil matric: one
(W,,i) embedded in the other (W,,,), corresponding to the intra
and inter- primary peds. Primary peds correspond to the first
level of aggregation of clay particles. The thermodynamic law that
we evidenced in our experiments and which is at the basis of the
pedostructural water retention equation, is that the pedostruc-
tural Gibbs free energies (accounted negatively in Jkg~! of solids)
for each water component of the liquid phase, Gymi and Gy
defined as the products:

éwmi = Wyiltmi and éwma = Wialkmas, (33)
remain constant (equal respectively to —E,,; and —E,,) against
any change in water content.

This law is, for the pedostructural water liquid phase, of the
same nature as the perfect gasses law for the gaseous phase. Any
change in water content provokes a change in W,,; and W,,,, and
simultaneously a change in @,; and pi,,, such that their products
stay constant according to Equation (34):

déw = déwmi = déwmu =0 (34)
From this phenomenon (G,,; and Gy, constant), we can
deduce immediately the following fundamental equation:

déw = _gwdT + dep + mid@Wii + madWima =0 (35)

leading to the Gibbs-Duhem equation for both phases, like
Equation (3) for W, above.

In conclusion, we can say that the matric potential as defined
by Sposito (1981) is exactly the pedostructural water potential as
defined by:

Y = (Uma — MmaSar) = (i — WmiSar) N ]kg_IOfwater (36)

Divided by the negative value of the bulk water density (—p9), it
has unit of pressure and can be called: water retention pressure
(or matric suction pressure) h,

h=—p2 ¥ (in kPa with p0 = 1kgdm™) (37)

The pedostructural water potential v, can also be expressed in
water head (m) by dividing by the gravitational acceleration g.
h = /¢ (in m, negative) (38)

The conversion between the different units is as follows: 1019 cm
of water head = 1 bar = 1000 hPa = 100 kPa

CORRECTIONS TO MAKE ON THE RETENTION CURVES GIVEN BY PTFs
Pedotransfer functions (PTFs) are widely used in soil water mod-
eling to estimate the hydraulic characteristics of soils from simple
soil characteristics, such as texture, organic matter content, etc.
Tietje and Tapkenhinrichs (1993) “grouped PTFs into three cate-
gories: (i) estimate the water content at certain matric potentials;
(ii) estimate soil water retention relation with a physical con-
ceptual modeling approach, and (iii) estimate parameters of an
algebraic retention function.” Corrections that should be done are
only those concerning the retention pressures above 60 kPa that
are yielded by PTFs of the first and third group. It would con-
sist to calculate the corrected values of h using Equation (20) or
(22) replacing IT by the value of h given by the PTE. For exam-
ple, the retention function estimated by Saxton and Rawls (2006)
between 1500 and 33 kPa, namely: ¥(1500-33) = AB)7B, where
A and B are estimated such as: A = exp(In(33) + Bln(633)) and
B= [ln (1500) — ln9(33)]/[ln (61500) — In (033)]. We can just cor-
rect the parameter B by using In(382) instead of In(1500) in the
formula and calculate v(1500—33) using the corrected parameters,
or we can also let the parameters as they are and correct the
retention pressure (1500—33) by using Equation (22) such as (in
kPa):

h= 13.772In (A() /100 + 1) (39)
The proposed correction would be valuable in principle for all
retention functions falling in the third category and currently
used in soil-water models, like the very popular equation of van
Genuchten (1980). In contrast, retention functions of the second
category like the one proposed by Rieu and Sposito (1991) do not
need this kind of correction above and are well working but only
if parameters of the curve are accurately measured (Braudeau and
Mohtar, 2004).

The correction brought to (;500) seems enormous: passing
from 1500 to 382 kPa. In fact, looking at Table 4, we can see that
the corrections for the suction pressures generated by the pressure
plate are negligible in the range 0-100 kPa, but then they are expo-
nentially increased after 100 kPa This corresponds to the results
of Solone et al. (2012), Bittelli and Flury (2009) and Cresswell
etal. (2008) who worked on the adequacy of the pressure plate for
determining the water retention curve: the measured total water
potential using a thermocouple psychrometer was consistently
less negative (wetter) than the expected matric potential of the
sample (identified to the applied air pressure) after equilibrium in
the pressure plate apparatus. The discrepancy between both mea-
surements (dew point and pressure plate) appears at 100 kPa and
increases strongly thereafter depending on the texture. However,
they observed that the expected matric potential —1.5 MPa can be
obtained, in certain conditions, for rigid soils (non-swelling soils,
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sandy soils). Our interpretation is that the matric potential sensu-
stricto is the specific potential energy of the water surrounding
the clay particles and so, in contact with their surface charges.
The clay particles are never cemented between them: if there is
no swelling of the matric, the matric potential that we want to
measure does not exist and the sample is like a bundle of capillary
tubes on which the air pressure acts like a piston to remove the
water from the sample; it is not the thermodynamic equilibrium
by which the matric potential is defined.

CONCLUSION

In order to theoretically formulate and unify the water reten-
tion curve measured by pressure plate and tensiometers, we have
analyzed the measurement method of pF curves by the pressure
plate apparatus based on the thermodynamic theory of the soil
medium organization (Pedostructure-SREV concept). The same
theoretical paradigm has been applied before only on the ten-
siometeric measurement range (0-80 hPa) for the water retention
curve (Braudeau et al., 2014). In this paper, we were able then
to compare the results given by both methods (tensiometer and
pressure plate) with those given by the theoretical equations. The
parameters used in these equations were extracted from the mea-
sured WRC by TypoSoil®. It was found that the pressure plate
method provides in fact measured points of the characteristic
retention curve h(W) of the soil sample, but after a certain cal-
culation of h from the applied air pressure IT that has been
established according to the theory. Besides the fact that the ther-
modynamic analysis of the pressure plate method has led to a
thermodynamic definition of what quantity is actually measured
by this method, explaining old results obtained on clays pastes,
this work has several significant practical implications in soil
science, as follows:

— What is called matric water potential or matric potential (Y,
negative), as was well defined by Sposito (1981) in the REV
paradigm, corresponds quantitatively to the “pedostructure
water potential” defined in the SREV paradigm. Other terms
can be encountered in soil science and agro environmental
modeling, but all refer to this physical quantity (y,,) which
can be expressed in units of pressure (— ,Og,lﬂm) (then qualified
by the term “pressure,” positively valued) or expressed in units
of length and qualified by the term head (i.e., matric pressure
head, negative).

— The water retention curve measured in laboratory using ten-
siometer is very precise but only valid within a limited range
of water retention, from 0 at saturation to near 60 kPa; our
results showed that it can be extended to high retention pres-
sure (at least 1500 kPa) using the modeled curve of which the
hydrostructural characteristic parameters have been obtained
from tensiometric curves, using the valid range of measure-
ment. This was confirmed by the points of the water retention
curve obtained at high pressure by the pressure plate method
on the same soil sample.

— We can now reconsider the “pF curves” stored in soil data
bases and transform them into the correct pedostructure water
retention curves that are characteristic of the soil horizon
which was sampled. We showed how the four hydrostructural

parameters of these curves can be easily extracted by fit-
ting with the thermodynamically-based equation of the curve.
These parameters are physically-based and so are universal and
valuable for all type of soils, opening the way for building a
hydro-functional typology of the pedostructures. They repre-
sent the entire soil water retention curve that is needed by all
models of soil water dynamics.
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