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Abstract

The determination of hydraulic characteristics as a function of the pressure head is
laborious and data ranges are restricted. Indirect methods to estimate K(%) are intro-
ducing additional uncertainty and the method-dependent restricted data ranges that
can hamper a bimodal curve fitting. The objective of this study was to re-evaluate
the centrifuge approach for directly measuring the unsaturated hydraulic properties
of porous carbonate rock and glacial till soil samples. Hydraulic conductivity was
determined by means of evaporation (EVA), quasi-steady centrifuge (QSC), and
double-membrane steady-through flow (DMSTF) methods. Retention curves were
obtained by using the EVA, QSC, mercury intrusion porosimetry (MIP), suction
table, and pressure chamber. The tested samples belong to two rock lithotypes coming
from the Apulia region, southern Italy, and three soil clods of dense glacial till parent
material collected in northeastern Germany. Unimodal and bimodal hydraulic func-
tions were used to fit hydraulic conductivity and retention data. The QSC data of the
highly dense soil clods qualitatively demonstrated the different effects of bulk density
and rigidity on the soil hydraulic functions. The MIP data showed the existence of a
bimodal pore size distribution. The combination of data obtained by EVA, QSC, and
DMSTF methods improved the fitting of the bimodal hydraulic conductivity func-
tions to data of both rock and soil samples. The results confirm the uniqueness of
the QSC method for measuring the hydraulic conductivity in a wider range of matric

potential value and its limitation for nonrigid samples even if they are of high density.

Plain Language Summary
The vadose zone, the region between the soil surface and the water table, is impor-

tant in affecting groundwater quality and quantity, ecosystem, human health, and

Abbreviations: DMSTF, double-membrane steady-through flow; EVA, evaporation; MIP, mercury intrusion porosimetry; MRC, mercury retention curve;

PC, pressure chambers; PDI, Peters Durner Iden; QSC, quasi-steady centrifuge; ST, suction table; vG, van Genuchten; WRC, water retention curve.
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for human health.

1 | INTRODUCTION

The unsaturated zone, that is, the region between the soil sur-
face and the water table, plays an important hydrologic role
since it affects groundwater quality and quantity, ecosystem
and human health, nutrient cycle, soil development, and nat-
ural risks (Perkins, 2011). Essential hydrobio-geo-chemical
phenomena take place in the unsaturated zone, such as water
transport and storage into the subsoil, filtering of pollu-
tants transported by fluids moving under variably saturated
conditions, and interactions among air, water, soil, rocks,
contaminants, and microorganisms (Perkins, 2011). Quanti-
tative knowledge of unsaturated flow processes is crucial for
water management and safeguard, as well as for evaluating
groundwater recharge (Caputo & De Carlo, 2011).

Variably saturated flow in the unsaturated zone has fre-
quently been described with the Richards’ (1931) equation
(Siminek et al., 2016). The equation is given in the pressure
head-based one-dimensional form as:

oh 0 oh

CE—E[K(h)E+K(h) (1)
where /1 (L) is the pressure head or matric potential, K (L ThH
is the hydraulic conductivity as a function of A, z (L) is the ver-
tical coordinate, here directed positive upward, ¢ (T) is time,
and C (L™!) is the water capacity, that is, C = d6/dh is the
slope of the water retention function, with (L3 L73) the vol-
umetric water content. The solution of the Richards’ equation
requires two hydraulic functions for characterizing the porous
medium, which are the water retention curve (WRC) 8(h) and
the hydraulic conductivity function K(4); especially the latter
is usually a highly nonlinear function of 4 (Perkins, 2011).

Despite recent progress in pedotransfer functions
(Puhlmann & von Wilpert, 2012; Singh et al., 2021)
and inverse optimization (Iden & Durner, 2007; Vrugt et al.,
2008; Wohling et al., 2008), the estimation of unsaturated
hydraulic properties is still limited by uncertain heterogeneity
of the highly complex pore structures (Durner & Lipsius,

natural risks. Essential phenomena take place in the vadose zone, as water and pol-
lutants are transported and stored in the subsoil, and interactions among air, water,
soil, rocks, contaminants, and microorganisms occur. Knowledge of flow processes
is crucial for water management and safeguarding by implying the determination of
hydraulic characteristics of the media constituting the subsoil. This study compares
different methods for measuring hydraulic properties that control the water flow and
the contaminants transport in the vadose zone. The outcomes show that not all the
methods work for soils and rocks, and some of them provide accurate data. Results
provide hydraulic parameters for numerical modeling of flow and transport processes

to solve environmental problems and manage the anthropic actions to prevent the risk

2005). For indirectly estimating unsaturated hydraulic
functions, the more easily available data, such as particle
size distributions, texture, bulk density, and organic matter
content, are used in hydraulic pedotransfer functions, or
alternatively, a relative K function can be predicted from the
WRC and combined with a measured value of the saturated
hydraulic conductivity (K;) (Durner & Lipsius, 2005).
Nevertheless, direct measurements are still necessary since
also the procedures for indirect K estimation need data as
benchmark for validation. However, the direct measurement,
especially of K(h), in the field and in the laboratory, is
not only laborious, costly, and time-consuming (Durner &
Lipsius, 2005) but also mostly severely limited to a small
range of i and O values, depending on the method itself.
Among the indirect methods, the geophysical techniques,
such as electrical resistivity tomography and electromagnetic
induction, have often been used to monitor unsaturated flow
processes by identifying the hydraulic properties (Caputo
et al., 2023; De Carlo et al., 2021, 2023; Doussan & Ruy,
2009; Farzamian et al., 2015; Masciopinto & Caputo, 2011;
Zhang et al., 2023).

Durner and Lipsius (2005) described various infiltration
methods carried out both in steady and unsteady conditions by
installing a large infiltrometer ring, TDR probe (time-domain
reflectometry), and tensiometers to monitor 6 and # during
the infiltration in order to determine K(%) by using instanta-
neous profile analysis. However, these methods have rarely
been used in outcropping rocks, because the € and 4 moni-
toring at different depths, for long periods after infiltration,
needs laborious installation of TDR probe, or similar probes,
which are difficult to insert into the rocks. The K measure-
ments in the laboratory have the advantage of better control
of environmental and boundary conditions, and of more easy
flux rate and water content measurements. Due to improved
automated control and precise data acquisition with relatively
high temporal resolution during the tests, laboratory methods
allow accurate hydraulic conductivity measurements (Durner
et al., 1999). Direct laboratory methods can be carried out
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both under steady-state flux and under transient conditions
to measure the values of the hydraulic conductivity at spe-
cific pore water saturations for determining the K(4) function
(Durner & Lipsius, 2005).

The steady-state methods are particularly suitable to
determine K values near saturated conditions, but are time-
consuming, tedious, and expensive. Moreover, they lose their
attractiveness in dry condition because of the complexity
in obtaining constant fluxes and unit gradients (Durner &
Lipsius, 2005).

The crust method (Bouma et al., 1983) and the drip
infiltrometer (Dirksen, 1991) are particularly laborious to
obtain K(h) in the whole range of h. The steady-state
evaporation method (Fujimaki & Inoue, 2003) requires inde-
pendent determination of @(h). The disc infiltrometer method
(Simiinek et al., 1999) or double-membrane steady-through
flow (DMSTF) (Rieckh et al., 2012) does not give estimates of
K. The heat pipe method (Globus & Gee, 1995), which allows
K measurements for very low values of /4, requires tempera-
ture control and an independent determination of 6(#), which
is more than being time-consuming.

Moreover, the suction table (ST) (Romano et al., 2002) as
well as the pressure cell or pressure chambers (PC) (Dane
& Hopmans, 2002) methods, commonly used to obtain 6(k)
function, do not allow to measure the K(%) function.

Unlike steady-state methods, the transient methods, such as
one-step and multistep outflow (van Dam et al., 1990), evapo-
ration (EVA) (Wind, 1968), and downward (Zou et al., 2001)
and upward (Hudson et al., 1996) infiltration methods, are
more rapid because they do not need equilibrium steps. How-
ever, most of these methods are not suitable to determine K(%)
in the wet range by showing low sensitivity to K at or near sat-
uration conditions, except for the multistep outflow method
(Zhuang et al., 2017).

Thus, Perkins (2011) suggested that the most reliable mea-
surements of K values came from steady-state flow methods,
although they were still rarely applied because of the time
needed to get single K values in case of gravity-driven imple-
mentation. This limitation was coped with by applying the
centrifugal force to the sample in order to establish the mois-
ture steady-state condition and allow rapid measuring of K(/)
up to the very dry range. From the few studies that tested meth-
ods to measure the K(h) of porous rocks, Lipovetsky et al.
(2020) used the EVA and chilled-mirror dewpoint (Camp-
bell et al., 2007) to estimate K(h) of two Indiana limestone
rock samples. Caputo and Nimmo (2005) used three different
lithotypes of rocks to test the quasi-steady centrifuge (QSC)
method; an experimental apparatus, consisting of a control
flow reservoir placed above a sample and an outflow disk
below the sample, was inserted in a bucket of the BECKMAN
Model J-6 M centrifuge to measure unsaturated hydraulic con-
ductivity on rock samples. In a previous paper, Turturro et al.
(2020) demonstrated the direct proportionality between flux
and applied centrifugal force in the centrifugal field when
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Core Ideas

e Test of rapid quasi-steady centrifuge (QSC)
method for nonrigid soil clods of high density
versus porous rock.

* Comparison of full-range QSC with partial-range
methods for determining hydraulic properties.

* Fitting of uni- and bimodal hydraulic functions to
full- and combined partial-range datasets.

* Continuous QSC data near saturation support
bimodal fitting of hydraulic functions.

* Application of QSC method to soil clods with high
density but nonrigid pore structure.

measuring the K(4) function of carbonate porous rocks. This
short review shows that hardly any method exists to directly
measure K values along a broader range of water content or
pressure head values. In addition, studies that compare unsat-
urated hydraulic functions 8(h) and K(h) of soils with those of
rocks are limited.

Especially the measurement of the hydraulic conductivity
function, K(h), is laborious, and data are mostly limited to
restricted method-dependent moisture ranges. Indirect meth-
ods to estimate K(%) from the WRC or by pedotransfer func-
tions are introducing additional uncertainty. Furthermore, the
method-dependent restricted data ranges can hamper the iden-
tification and fitting of bimodal hydraulic functions at higher
water saturations. We hypothesize that datasets obtained from
QSC in combination with steady- and transient-flow methods
can be useful for improving the representation of charac-
teristic hydraulic functions. Especially for fitting bimodal
functions of structured soils, the K(h) function in the higher
moisture range could be complemented by using the QSC
method.

Four variants of hydraulic model, which are the unimodal
(van Genuchten, 1980) and bimodal of both van Genuchten
(vG) and Peters Durner Iden (PDI) (Caputo et al., 2022; Iden
& Durner, 2014; Peters, 2014) type functions, were applied to
the retention and hydraulic conductivity data, obtained by the
abovementioned methods, by using the HYPROP-FIT (now
LABROS SoilView Analysis v5.1.1.0) software. Covering the
complete moisture range, PDI model considers the hydraulic
conductivity as the sum of capillary and film conductivity.
Since its formulation is quite complicated, it is referred to
LABROS SoilView Analysis Manual (Pertassek et al., 2015).
Bimodal formulations of vG and PDI hydraulic conductivity
functions were used in order to capture the dual porosity of
the tested media.

The objective of this study was to re-evaluate the cen-
trifuge approach in comparison with other laboratory methods
for directly measuring the unsaturated hydraulic properties
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using data from porous carbonate rock and glacial till soil
samples. The hydraulic conductivity functions of carbonate
porous rocks and soil clod samples were obtained from the
experimental data directly measured using the EVA, QSC,
and DMSTF methods. WRCs were obtained by using the
EVA, QSC, ST, and PC methods. The pore size distribution
measured by mercury intrusion porosimetry (MIP) was used
to verify if the assumption of fitting a bimodal function is
valid. The MIP also allowed to determine parameters (poros-
ity, tortuosity, and pore connectivity) related to the hydraulic
conductivity other than mercury retention curves (MRCs).
Unimodal and bimodal of both vG and PDI type functions
were applied using the LABROS SoilView Analysis software.

2 | MATERIALS AND METHODS
2.1 | Materials

Two rock types and three dense soil clod samples (subsoil
horizons including soil parent material) were investigated.
The rocks tested are the lithotypes C and M, both belonging
to the Calcarenite di Gravina Formation (Andriani & Walsh,
2007). They were collected in two quarries, “Le Tufarelle,”
located in Canosa di Puglia (41°09'4.85” N, 15°5924.92”
E), and “Caprocetta,” located in Massafra (40°33'29.25" N,
17°08'32.83” E), both in the Apulia region, southern Italy.
The lithotypes C and M are hereinafter named Rock 1 and
Rock 2, respectively. The rocks are characterized by a rigid
structure consisting of clasts bound to each other by the
carbonate cement.

The soil clods are Haplic Regosols, haRG, according to
FAO classification scheme, WRB (IUSS, 2014) developed
from glacial till, collected in northeastern Germany (Holzen-
dorf, 53°22’45” N, 13°47'11” E), hereinafter named Till 1
(haRG74), Till 2 (haRG146), and Till 3. The data of Till 3
considered in this study come from Rieckh et al. (2012). These
core samples were taken in intact layering (Figure 1); the loose
fragments at the sample surface were detached due to core
sampling in relatively dry conditions. Although the Till sub-
soils of the Haplic Regosols are relatively dense and calcaric,
they still differ from calcareous porous rocks with respect to
rigidity.

2.2 | Methods

The hydraulic conductivity was measured with EVA, QSC,
and DMSTF methods. The WRC was determined by using
EVA, QSC, ST, and PC methods. While EVA and QSC meth-
ods were able to measure both (k) and K(h) data, the ST
and PC methods measured the WRCs only, different from
the DMSTF, which is capable to determine the hydraulic
conductivity only (Table 1).

FIGURE 1 Tested samples: soil clods before (a) and after (b) the
quasi-steady centrifuge (QSC) test; (c) calcareous porous rock samples.

The tested rock samples belong to the same core sample,
initially 25 cm long, extracted from a unique block. More-
over, the volumes of the samples used for both EVA and
QSC methods are greater than the measured representative
elementary volume (REV), which is 111.54 cm? and 51.92
cm? for Rock 1 and Rock 2, respectively (Table 1).

2.2.1 | Mercury intrusion porosimetry

A Micromeritics Autopore IV 9500 porosimeter (Abell et al.,
1999; Sun & Cui, 2020) was used to carry out the MIP test
in order to measure the pore size distribution, the porosity
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TABLE 1
methods (evaporation [EVA], quasi-steady centrifuge (QSC), mercury

Scheme of experimental tests performed by different

intrusion porosimetry [MIP], suction table [ST], pressure chambers
[PC], and double-membrane steady-through flow [DMSTF]) to
measure the retention and hydraulic conductivity curves.

EVA?P QSsc? MIP¢ ST pPC* DMSTF”
Rock 1 Rock 1 Rock 1 Till 3¢ Till 3¢ Till 3¢
Rock 2 Rock 2 Rock 2

Till 1 Till 1

Till 2 Till 2

¥Water retention curve (WRC).
YHydraulic conductivity curve.
“Mercury retention curve (MRC).
dData in Rieckh et al. (2012).

(@pp [dimensionless]), and tortuosity (z [dimensionless]),
and to determine the pore connectivity (y [dimensionless]) of
both rocks and soils (Turturro et al., 2021). For the MIP test,
the Rock 1 and Rock 2 samples were hand-cut to form a paral-
lelepiped with 1 cm square base and 2-cm high from the core
sample used for QSC test. Instead, the soil clod samples, Till
1 and Till 2, were irregularly shaped being manually prepared
using a knife and a scalpel, in order to obtain an approxi-
mate volume of 2 cm?. For the structural characteristics of
the samples, the porosity in laboratory (@ [dimensionless]),
was determined by subtracting to 1 the ratio of the bulk den-
sity (pp,) to the particle density (p,,) before (&) and after (P,)
the QSC tests. The tortuosity, that is, the ratio of the effec-
tive path length and the straight length between two points
in the direction of the flow (Kutilek, 2004), was measured
directly by means of MIP (zy;;p) for all samples except for Till
3. Moreover, the tortuosity was also inferred by the @ value
applying the Bruggeman relation (da Silva et al., 2022) in
order to compare the values before (7;)) and after (z,) the QSC
tests. The values of pore connectivity (y;), were determined
as the inverse of 7, (Table 2).

The MIP method assumes that the mercury pressure P (M
L~! T2) is related to the cylindrical pore diameter by the
Washburn (1921) equation as:

—4oygc0s (yHg)
d

P = (2)
where 6 (M T72) is the mercury surface tension (0.559 M L
T~2L~"), y (°) is the mercury contact angle, ranging from 133°
to 140°, and d (L) is the pore diameter.

2.2.2 | Evaporation

The EVA method (Wind, 1968) was used to measure 6, h,
and K values within 1.5 and 2.8 pF range (pF = —log IAl
with i expressed in cm). Needle tensiometers (SDEC France;
Young & Sisson, 2002) were inserted into three equidistant

Physical and textural properties of rock and soil clod samples: particle density, p,,; porosity measured by mercury intrusion porosimetry (MIP), @y, (dimensionless); bulk density,

TABLE 2

gravimetric porosity (dimensionless), tortuosity, pore connectivity, before (p,,, @, 7, x,) and after (p,, ®,, 7, x,) the runs of the quasi-steady centrifuge (QSC) tests, respectively; clay (<0.002 mm),

silt (0.063-0.002 mm) and sand (2-0.063 mm) (Rieckh et al., 2012).

Sand

(%)

Silt
(%)
n.a

Clay

(%)

Xy
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¢MIP
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(g/em®)
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— =
© © ©
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26.7

26.7

26.7
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n.a
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11.8
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=) =) =) =) =) =) =) =)
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1.56 0.36 0.41 0.41 4.47 1.56 1.56 0.64 0.64
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holes drilled along the sample, previously laterally sealed by
epoxy resin and saturated under vacuum. The samples, closed
at the bottom by parafilm lid and placed on loading cell,
were subjected to free EVA. The changes in time of sample
weight and matric potential, due to water content decrease
for EVA, were recorded. The (k) was calculated by using an
iteration procedure that allowed to correct the a priori sup-
posed WRC by using the sample weight and pressure head
measurements recorded during the test. The K(h), instead,
was calculated by the Darcy’s law applying the Instantaneous
Profile Method (Watson, 1966). These calculations were per-
formed by the program package METRONIA. The tested
rock samples, 7.8 cm in diameter and 12 cm in height, were
obtained by disc-cutting the cores previously drilled from the
blocks collected in the quarries.

2.2.3 | Quasi-steady centrifuge

The QSC method, described in detail by Caputo and Nimmo
(2005), was used to test both the core samples of rocks,
extracted from the blocks, and of soils, collected in the field
with a cylindrical steel sampler. All the tested samples were
7.8 cm in diameter and 6 cm in height. The QSC method is
based on an experimental apparatus that fits into a swinging
centrifuge bucket. The apparatus consists of a reservoir that,
resting on the sample, regulates the inflow rate by means of a
layer of different granular material (i.e., silica sand, diatoma-
ceous earth, bentonite, and silica flour) laid at the bottom of
the reservoir. Below the sample there is a ceramic plate that
lies on an outflow disk placed at a certain distance from the
bottom of the centrifuge bucket in order to avoid that water
collected during the run can reach the sample by changing
its moisture. Whenever the sample reaches the steadiness in
terms of water content (), an external tensiometer with a flat
surface ceramic disc, instead of the common ceramic cup, that
allows close contact between the sample’s upper face and the
tensiometer, measures the corresponding £ value. The Darcy—
Buckingham law in the centrifugal field (Turturro et al., 2020)
was applied to compute the value of K for each & value:

P SO E/ Y

pg \dr ©)

where g (L T-1) is the flux density, p (M L73) is the water
density, g (L T~?) is the gravitational acceleration, @ (T~!) is
the angular speed, and r (L) is the distance of measurement
point, fixed at sample half height, from the rotation axis.

A series of runs, corresponding to centrifugal acceleration
values ranging between 230 and 2000 rpm, were carried out
to achieve different water content values in the samples, and
to measure K values in a wide moisture range, both for rocks
and for soils.

2.2.4 | Double-membrane steady-through flow,
suction table, and pressure chambers

The DMSTF method was used to measure the K(4) curve by
imposing a unit hydraulic gradient at 1.3, 1, 0.7, and O pF
pressure head values (Rieckh et al., 2012). The A values were
measured with two tensiometers. The sample weight, together
with the & value, was recorded every 10 s in the first 30 min,
every 60 s for the next 2.5 h, and every 300 s until the end of
experiment.

Rieckh et al. (2012) used the ST method (Romano et al.,
2002) to measure the WRCs of five soil clod samples, the
data of which are considered in this study. The saturated core
samples were rested above sand and kaolin clay layer of the
Eijkelkamp boxes connected to a hanging water column. The
negative pressure heads, which correspond to 0, 0.7, 1, 1.3,
1.7, 1.9, 2, 2.3, and 2.5 pF suction values, were applied to the
core samples bottom to obtain desorption WRCs.

In order to expand the range of the WRCs of the tested soil
samples, the pairs of (8, h) values reported in Rieckh et al.
(2012) obtained by using the PC (Dane & Hopmans, 2002)
method for 4 values equal to suctions of 3, 3.7, and 4.2 pF,
were also considered in this study.

2.2.5 | Data fitting
LABROS SoilView Analysis software (Peters & Durner,
2015), commercialized by the METER group, was used for
fitting different models of hydraulic functions to the mea-
sured values of water content (d), mercury content (HHg),
matric potential (%), and hydraulic conductivity (K), obtained
with the abovementioned methods. This software is accurate
and versatile for fitting hydraulic data by different models,
both in unimodal and bimodal form, and capable of describ-
ing hydraulic behavior across the full measurement range.
Four different numerical formulations were used for fitting the
experimental data in order to see which one provides the best
fit and allows the better description of the hydraulic behavior
of the tested media.

Specifically, unimodal vG formulation (Equation 4) was
initially used (Lipovetsky et al., 2020; Pertassek et al., 2015):

K (sS,) :KSS5[1—<1—SE‘/’”)'"]2 &)

with

0(h)—0, 1
0,=0,  [1+|anl"]"

S, (h) = &)

where S, (L?® L73) is effective saturation, 0, (L3 L)
and 6, (L3 L73) are saturated and residual water contents,
respectively, a (L_l), n, and m are dimensionless empirical
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shape parameters, m = 1 — 1/n, and y is the pore connectivity,
which is inversely proportional to the tortuosity and accounts
for the correlation factors among adjacent pores (Basile et al.,
2020).

In addition, bimodal formulation of vG hydraulic conduc-
tivity function (Equation 6) was used in order to capture the
dual porosity of the tested media (Priesack & Durner, 2006):

(wlSl + wZSZ)I{wlal [1 - <1

Vadose Zone 7 of 22

differ depending on the lithotype. Specifically, (i.e., at 0.14
and 27.5 um for Rock 1 and 1.84 and 19.7 um for Rock 2)
with most pores in the 10- to 50-um diameter range, while the
till samples (Till 1 and Till 2) are both showing several but
smaller peaks (i.e., at 0.008, 0.03-0.04, 0.4-0.8, and around
200 um) with the majority of pores in the range 6-300 um.
Rock 1 shows a more evident bimodality than Rock 2 due

S - (12 52)] )

where S;, @;, n;, and m; are the same as in Equations (4)
and (5), for i = 1 or 2, referred to micropores or macropores
regions of the tested medium, and w is the parameter that
defines the division in micro- and macropores regions with

Yw, = 1.

2.2.6 | Statistical analysis

LABROS SoilView Analysis software measures the root
mean square error (RMSE) to evaluate the performance of the
fitted model by quantifying the differences between measured
(v;) and model predicted (¥;) value:

RMSE = @)

where p is the number of data points. Moreover, the used
software provides the corrected akaike information criterion
(AICc) (Akaike, 1974; Hurvich & Tsai, 1989) to account for
adjustable parameters in case of comparison among different
models fitting the same experimental data:

®)

AIC, =21+ k) + <M>

p—k—-1

where [ is the likelihood function and k the number of fitting
parameters. The AICc value is usually negative, and the larger
it is, the more appropriate the model.

3 | RESULTS AND DISCUSSION

The MIP tests (Figure 2) show that pore size distributions for
rock samples are different from those of the till samples. For
the rocks, the pore diameter distribution shows two peaks that

Q)

(wlal + w2a2)2

to the bioclasts, responsible for the larger pores, and to the
intergranular cement that contributes to the smaller pores as
compared to Rock 2 (Andriani & Walsh, 2010). The measure-
ment range of pore diameters detectable by MIP was between
about 0.003 and 420 um. Thus, all pore sizes that were not
detected by MIP could not be accounted for in the porosity
calculated from MIP (@yp). For the relatively small clod
samples from the till, much of the cracks and macropores
are excluded such that the porosity (&), observed on larger
sized samples (Rieckh et al., 2012) resulted larger (Table 1).
Also for the rock samples, the sample-size-dependent poros-
ity difference showed that macropores and micropores are not
detected by MIP such that @ value estimated on larger sam-
ples was higher than ®@yp. In fact, all the samples exhibit a
value of porosity obtained by MIP (®p), which is smaller
than @ (Table 1) due to the limited pore range investigable by
MIP test. According to Kutilek (2004), who considered the
pore size of 15 um as the boundary value between textural and
structural pores, the peaks on the right of the graph in Figure 2
represent the modal pore size of the structural or interpedal
pores, while the peaks on the left indicate the modal pore size
of the textural or intrapedal pores. The water retention and
hydraulic conductivity curves of porous rocks and soil clods
cover different ranges (Figure 3; Tables 3 and 4).

All the graphs in Figure 3 show that for rocks there are
not much data points close to saturation because, during the
preparatory operations needed to start the EVA and QSC tests,
the samples easily lose water under the action of gravity, dif-
ferently than soils that have clayey silt texture. Instead, the
MRCs have not points close to saturation because the min-
imum pressure achievable with the Micromeritics Autopore
IV 9500 micro-porosimeter equals a pressure head value of
—h =1.58 pF.

Looking at WRCs of calcareous rocks (Figure 3a), it is
observed that the 8, value measured by the EVA method (6, =
0.38 cm?® cm ™2 and @, = 0.36 cm? cm™ for Rock 1 and Rock
2, respectively; see Table 3) is lower than @ (Table 1). By
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FIGURE 2 Pore size distribution measured by mercury intrusion

porosimetry (MIP) for both calcareous rocks and soil clods.

TABLE 3
(cm? cm™3) and 0

Minimum and maximum values of liquid content, 6,;,

hax (€m® cm™?), and matric potential, &,;, (pF) and
hax (PF), measured by evaporation (EVA), quasi-steady centrifuge
(QSC), mercury intrusion porosimetry (MIP), suction table (ST), and

pressure chambers (PC) methods.

Method  Sample 0, hoin 0 nax hoax
EVA Rock 1 0.153 2.75 0.383 0.26
Rock 2 0.061 2.65 0.318 1.15
QSC Rock 1 0.198 2.68 0.420 1.09
Rock 2 0.135 2.68 0.408 1.02
Till 1 0.180 2.02 0.194 1.12
Till 2 0.184 2.29 0.194 0.20
ST Till 3 0.204 25 0.304 0
MIP Rock 1 0.0003*  6.62° 0.38° 1.58
Rock 2 0.0003*  6.62° 0.35° 1.58
Till 1 0.0003*  6.62° 0.24 1.58
Till 2 0.0003*  6.62° 0.25° 1.58
PC Till 3 0.11 42 0.212 3

*Volumetric mercury content, Gy,

considering that all the pores of the rocks are interconnected
and continuous, as Andriani and Walsh (2009) demonstrated
by reaching the full saturation of these rocks, the abovemen-
tioned difference is due to the water loss by gravity when
handling the samples under the saturation conditions and to
the optimization of the a priori supposed WRC performed by
the Metronia program. By contrast, for the rocks, the differ-
ence between @ (Table 1) and 6, measured by QSC (¢, = 0.43
cm® em™ and 0, = 0.41 cm® cm™3 for Rock 1 and Rock 2,
respectively; see Table 3) is zero, making the QSC the only

TABLE 4 Minimum and maximum values of hydraulic
conductivity, K,;, (cm d~!) and K,,,, (cm d~!), and matric potential,
hin (PF) and A, (pF), measured by evaporation (EVA), quasi-steady
centrifuge (QSC), and double-membrane steady-through flow
(DMSTF) methods.

Method Sample K ;. hoin K .« hoax
EVA Rock 1 0.002 2.68 0.214 1.58
Rock 2 0.005 2.61 0.788 1.73
QscC Rock 1 0.083 2.66 44614 094
Rock 2 0.025 2.68 25.063  1.02
Till 1 0.003 2.02 0.344 0.73
Till 2 0.003 2.29 0.427 0.30
DMSTF  Till 3 1.01 1.30 89.5" 0

4Rieckh et al. (2012).

method capable to provide 8, value equal to the porosity. This
is due to the continuous supply of water to the sample from
the upper reservoir of the QSC experimental apparatus. Also,
the WRCs of the rocks obtained by the EVA method clearly
show a gap in the wet range, for —h < 1.4 pF. In that range,
because of the handling of the saturated samples in order to
close their bottom part by parafilm lids, the larger pores easily
lose water by gravity that acts more rapidly than EVA.

In the middle range, which corresponds to medium-size
pores of the rocks, the highest € values measured by QSC are
higher than those measured by EVA, meaning that the QSC
is able to provide data points closer to saturation compared to
the EVA method. In addition, the curves obtained for the same
rock by EVA and QSC methods diverge for —h4 > 1.7 pF and
0 < 0.35 cm® cm™3, showing a steeper EVA curve than the
QSC one, especially for Rock 2. The discrepancy between the
two curves is due to the differences in sample size, physical
process, boundary conditions, calculation methods, simplify-
ing assumptions, and measuring 6 and & values by the two
methods. In fact, the EVA method measures the pair (6, h),
while they change quasi-continuously, being it a transient flow
conditions method, whereas the QSC method records them
when 6 reaches the steadiness (quasi-steady state condition).
The bimodal behavior of rock WRCs is clearly shown in those
measured by QSC and MIP.

The soils WRCs measured by the QSC method (Figure 3b)
have no S-shape due to the collapse of larger pores caused
from the soil compaction that occurs during the centrifugation
(Khanzode et al., 2002; Nimmo & Akstin, 1988; Omoregie,
1988). The compaction affects nonrigid soils, although they
are dense. Unlike, the rocks are not affected by the compaction
because of their rigid structure, even if their bulk density, p,,
is lower than soils. The 6, measured by Rieckh et al. (2012) for
soil clods equals 0.309 cm?® cm™ and is lower than both the
soil porosity (@ = 0.332) and the 6, measured for rocks. This
is consistent with the higher p;, of the soils compared to the
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FIGURE 3

Water retention curves (WRCs) measured by suction table (ST), evaporation (EVA), quasi-steady centrifuge (QSC) and pressure

chambers (PC) methods, and mercury retention curves (MRCs) measured by mercury intrusion porosimetry (MIP) for rocks (a) and soils (b); (c)

hydraulic conductivity curves obtained by EVA, QSC and double membrane steady-through flow (DMSTF) methods of calcareous rocks and soil

clods.

rocks as discussed in Rieckh et al. (2012) (Table 1). The soils
WRCs measured by both ST and QSC methods cover the &
range close to saturation. Particularly, the ST is able to capture
the soil 8(h) curve at i = 0 pF. Among the direct methods, the
PC method is the only one that reached the lowest & value
(=h = 4.2 pF), while the EVA method is the sole one that
measured the lowest 0 value (8 = 0.05 cm® cm™3). Overall,
the QSC method, on varying the operating conditions (type
and thickness of granular materials, run duration, and rpm),
allows to obtain many more points of the WRC capable to
cover the entire moisture range.

By comparing the two investigated media, the soils WRCs
and MRC:s are less steep than for rocks (Figure 3a,b), because
the soils have heterogeneous pore size distribution compared

to rocks. For Till 3, the 6 value at —h = 3 pF measured by PC
is higher than those expected for the rocks WRCs due to the
effect of the clay content in the soil (Rieckh et al., 2012).
The K(h) curves, depicted in Figure 3c, highlighted that
data points obtained by the QSC method are shifted upward
and widespread on the left, reaching higher 4 and K values
compared to those measured by EVA. This is because during
the QSC tests, the upper surface of the samples is continuously
supplied by water, while the EVA method is not reliable for
pressure head values ranging between 0 and —1.7 pF. There-
fore, the gap between the two (K, h) curves obtained by QSC
and EVA methods is due to different measurement condition
in the mentioned methods: the QSC allows measuring K and
h values when the sample reaches the 8 steadiness, whereas
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TABLE 8

Values of fitted parameters values and statistical analysis for the van Genuchten (vG) and Peters Durner Iden (PDI) unimodal and

bimodal soils water retention curves (WRCs) and hydraulic conductivity functions measured by quasi-steady centrifuge (QSC) method.

Parameter(unit)

a(lem™)

0, (cm® cm™?)

0, (cm® cm™3)

a, (Lem™)
a, (L ecm™)

n
n

RMSE,
RMSE,

AlCc

Till 1

UnimodalvG BimodalvG

0.0479
0.5%

1.538
1.196*
0.037

0.309

0.0368
0.0146"
0.9672
0.2895*
-103
=70*

0.037
0.309
0.423

0.00798
0.5°
0.0868
0.0603*

15
8.44*
15
1.073%

0.0091
0.003*
0.5031
0.0178*
—124
_751]

UnimodalPDI BimodalPDI

0.1393
0.5*

1.297
1.157¢

0.037
0.309

0.0227
0.0155%
0.4865
0.1689*
-118
_69(1

0.037
0.309
0.934

0.5
0.042¢
0.0126
0.0051*

7.891
2.886"
1.01
15¢
0.0041
0.309*

0.1405
0.0193
-53
—41°

Abbreviations: AIC, akaike information criterion; RMSE, root mean square error.

2Values obtained not fixing the tortuosity value but considering it as a free parameter.

TABLE 9

UnimodalvG BimodalvG UnimodalPDI BimodalPDI

Till 2

0.0208 -

0.5°

1.509 -

1.172°

0.037 0.037

0.309 0.309

- 0.359

- 0.00447
0.5°
0.3060
0.00002°

- 15
3.993¢
15
4.865°

0.0645 0.0410

0.0415 0.0259°

0.8992 1.5373

0.3336° 0.0043

~105 -97

—64° —58¢

0.1634
0.5*
1.187
1.123%
0.037

0.309

0.0510
0.0429°
0.9783
0.2578"
~101
—64°

0.037
0.309
0.413

0.00411
0.00004*
0.5

0.5¢

15
5.363*
4.584
4.296"

0.0270
0.0266"
1.5018
0.0043*
—100
—58*

Values of fitted parameters values and statistical analysis for the van Genuchten (vG) and Peters Durner Iden (PDI) unimodal and

bimodal soils water retention curves (WRCs) and hydraulic conductivity functions measured by the suction table (ST), pressure chambers (PC), and
double-membrane steady-through flow (DMSTF) methods.

Parameter (unit)

a(lem™)

0, (cm® cm™3)
0, (cm® cm™3)
W)

a, (Lem™)
a, (1 cm™)
ny

ny

RMSE,

RMSE,

AlCc

Till 3

Unimodal vG Bimodal vG Unimodal PDI Bimodal PDI

0.0337 - 0.0683 -

0.0369¢ 0.0608*

1.192 - 1.068 -

1.185% 1.073*

0.037 0.037 0.037 0.037

0.309 0.309 0.309 0.309

- 0.5 - 0.587

- 0.00038 - 0.0665
0.0624 0.00039

- 1.510 - 1.383
1363 1.336

0.0117 0.0089 0.0107 0.0092

0.0117* 0.0106*

0.337 0.2239 0.5368 0.2152

0.1683* 0.0602*

—147 —147 —141 —141

—110% —113%

Abbreviations: AIC, akaike information criterion; RMSE, root mean square error.

*Values obtained not fixing the tortuosity value but considering it as a free parameter.
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CAPUTO ET AL.

the EVA method measures K and i values while they con-
tinuously change. For rocks, the QSC method is the only one
able to measure the highest K and lowest 8 values. The QSC
method allows us to capture the bimodality of the curves,
more evident for Rock 2 and Till 2.

The K(h) curves of the rocks obtained by the QSC method
overlap, while those obtained by EVA deviate for -4 < 1.9 pF,
by showing higher K values for Rock 2 than for Rock 1 for the
same & value. This is because the Rock 2, which has grains
and pores smaller than Rock 1, traps more water for the same
matric potential compared to Rock 1. The maximum % mea-
sured value, the closest to the saturation, reached for Rock
1 is higher than for Rock 2, with both methods pointing out
that the measured data capture larger pores of Rock 1 com-
pared to Rock 2. This is consistent with the higher @ and
@\ p values of Rock 1 with respect to Rock 2 (Table 1). In
fact, calcareous concretions, macropores and cracks, at the
interface between the concretions and surrounding medium,
contribute to higher porosity of Rock 1, as observed by optical
petrographic microscopy on thin sections (Ravina & Magier,
1984). The EVA method fails in the near-saturation range
where the K value is highest, leading to very small hydraulic
gradients that cannot be determined with sufficient accu-
racy (Wendroth & Simanek, 1999). In the present study, the
EVA method was not applied to the soil clod samples; we
assumed that the measurements reported in Rieckh et al.
(2012), obtained by using the DMSTF method, may be con-
sidered complementary with those determined with QSC one.
Because the samples’ volume of the tested rocks is greater
than the REV, the outcomes can be considered representative
of the whole, hence ideally ascribable to the same sample.
However, slight differences in terms of results may be due
to differences in the individual samples (Caputo & Nimmo,
2005).

The soils K(h) curves measured by QSC (Figure 3c) are
below those measured by the DMSTF method because of
pores collapse due to compaction, which occurs during the
QSC test. With respect to other methods, the QSC provides
relatively accurate K(h) measurements in larger range of A
and allows to capture the bimodal behavior of the tested
rocks not found by EVA and DMSTF methods. In fact, only
the hydraulic conductivity curves measured by QSC show
an inflection point for both the rock samples, highlighting a
bimodal behavior that is consistent with the results of the MIP
tests (Figure 2).

By comparing the two investigated media, the K(k) curve
of Till 2 shows the maximum /4 value measured by QSC (—h =
0.3 pF) that is closer to saturation than Rock 1 (—/ = 0.94 pF),
because soils have higher percentage of small pores (as shown
in Figure 2) that entrap more water compared to larger pores
(van den Berg et al., 2009).

The QSC method captures the flow in an additional pore
system, specifically that related to the larger pores compared

Vadose Zon 15 0f 22

to EVA and DMSTF methods (Figure 3). However, the QSC
method has a crucial weakness related to the centrifugal force
that can cause a compaction of soil pores, being them non-
rigid (Horn et al., 2014; Schliiter et al., 2016). This fact affects
the soil structure and consequently the hydraulic character-
istics as corroborated by literature (Khanzode et al., 2002;
Nimmo & Akstin, 1988; Omoregie, 1988). The soil’s volume
decreases due to compaction and causes structural deforma-
tion implying a change of bulk density with respect to the in
situ value, p;, (Fuetal., 2011). In fact, the p;, value for the soil
samples increased from p, = 1.76 gcm™ to p, = 1.98 g cm™>
(i.e., the bulk density after a series of runs during QSC tests).

The tortuosity values, both those measured by MIP and
those inferred as the reciprocal of the porosity, resulted in
higher values for soils than for rocks (Table 2). This is due to
fact that the soils pore system, differently to the rocks, evolves
over time being related to pedogenesis and to biologic factors
such as root properties, plant species, and soil organic mat-
ter composition (Musso et al., 2019). In addition, cultivation
condition, such as tillage and/or no tillage directly affect the
connectivity of pores and consequently the tortuosity of flow
path by impacting hydraulic properties (Ghambarian et al.,
2023). The tortuosity, 7, directly measured by MIP (Table 1),
allowed us to derive the pore connectivity before the QSC
test (y;), which was greater for rocks than for soils (y;, = 0.65
for Rock 1, y;, = 0.64 for Rock 2, and y;, = 0.57 for both the
till samples). As shown in Table 1, the structural characteris-
tics (bulk density, porosity, tortuosity, and pore connectivity),
determined before and after the QSC tests, are constant for
both the tested rocks unlike the soils, confirming that the QSC
method modifies the structure of nonrigid media such as the
investigated soils that are not rigid although highly dense.
Moreover, soil compaction causes the change in pore size dis-
tribution by decreasing both the number and the volume of the
larger pores (van den Berg et al., 2009) and, consequently, the
@ value that varied from 0.33 to 0.25, after the centrifugation
(Table 1). Therefore, the sample height decreased by about
1 cm within the cylindrical sampler by making the reservoir,
which rests above the sample itself in the centrifuge bucket,
unstable. Compaction was observed, especially in the central
part of the soil sample, because of the friction effect between
the sample and the sampler edge. Therefore, the decrease in
sample height leads to the loss of contact between filter mem-
brane at the bottom of the reservoir and the sample itself,
by causing the filter membrane to break under the centrifu-
gal force. Another aspect that makes the QSC method not
effective for soil is the difficulty in obtaining a good con-
tact between the sample upper surface, distorted under the
centrifugal force effect, and the tensiometer (Turturro et al.,
2021).

Even though the QSC method is not suitable for soils, it
has the advantage of allowing fast measurement of K val-
ues with respect to the gravity-driven steady methods for
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0.5 — — FIGURE 4 Water retention curves
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rocks. In addition, the QSC method has higher accuracy than
other unsteady methods of comparable practicality, as stated
in Caputo and Nimmo (2005).

The K(h) data points measured by QSC for rocks
(Figure 3c) seem to be generally consistent with those
obtained by the EVA and DMSTF methods. Moreover, the
K(h) curves, obtained by QSC, cover four orders of magni-
tude of K, different from those measured by EVA and DMSTF
methods that cover three and two orders of magnitude,
respectively.

Matric potential, -h (pF)

Except for the data of MRCs inferred by the MIP method,
the retention and hydraulic conductivity functions were fitted
simultaneously. The fitting of the data obtained with the EVA,
QSC, ST, PC, and DMSTF provided the same model parame-
ters for the two hydraulic functions. The 6 values of the fitting
are plotted versus negative % values, expressed in terms of pF,
in order to be consistent with the experimental data (Figures 4
and 5; Tables 5-10).

For each WRC fitting model, the 7, 8, and 6, measured val-
ues were fixed. Specifically, 8, equals 0.001 for both the tested
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Water retention curves (WRCs) of Till 1 and Till 2 measured by quasi-steady centrifuge (QSC) (a, b) and of Till 3 measured by

suction table (ST) (c) methods; mercury retention curves (MRCs) of Till 1 and Till 2 (d, e). All the curves were fitted by the unimodal and bimodal
van Genuchten (vG) and Peters Durner Iden (PDI) models. MIP, mercury intrusion porosimetry; PC, pressure chambers.

rocks (Tables 5 and 6), while 6, corresponds to the highest
water content measured by each of the methods applied to the
tested samples (Table 3; Figure 4a—d). For Rock 1, 7 was fixed
equal to 1.52 (Table 2), and the 6, values were equal to 0.383
cm® cm™ or 0.431 cm® cm™3, corresponding to the highest
water content obtained by EVA and QSC methods, respec-
tively (Tables 5 and 6). For Rock 2, 7 equals 1.56 (Table 2),
and 6, equals 0.318 cm® cm™ or 0.41 cm® cm™ depending
on whether it was obtained by the EVA (Table 5) or QSC
method (Table 6). The MRCs of rocks (Figure 4e,f) are better
fitted by PDI models, both unimodal and bimodal one, show-
ing the RMSE,, values between 0.0047 and 0.0071, and AICc
values between —577 and —534 (Table 7). Regarding the soils
(Figure 5), the values fixed for the fitting were 7 = 1.74, while
for 6, and 6, the values reported in Rieckh et al. (2012) were
used corresponding to 0.309 cm?® cm™3 and 0.037 cm? cm™3,
respectively. The higher 6, value for soils compared to rocks
is due to the clay content of the tested soils. The statistical
analysis in terms of RMSE,, as well as the AICc values, both
considered to compare the performance of the different fitted

models (Tables 8 and 9), highlighted the goodness of fitting
for Till 1 and Till 2 with the bimodal PDI model compared to
the bimodal vG one. Instead, for Till 3, the bimodal vG model
works better than the PDI one. Overall, the WRCs of all sam-
ples fitted by bimodal models show very low RMSE, values,
that range between 0.0041 and 0.041, and AICc values that
range between —153 and —97.

Figure 5a,b show a gap of experimental points in the wet
range, due to the collapse of larger pores during centrifuge
runs. Because of this gap, nothing could be gained in terms
of fitting. Therefore, for the case of soils, the comparison of
fitted models cannot give useful answers to discuss. WRC for
Till 3, instead (Figure 5c), approaches the saturation, but it
does not cover the dry range. Only soil MRCs (Figure 5d.e)
cover the whole moisture range including the dry range. They
are well fitted by the bimodal PDI model; in fact, their RMSE,
values range between 0.0042 and 0.0174, and the AICc ranges
between —605 and —433 (Table 10).

For the fitting of the hydraulic conductivity data
(Figure 6a-d), the following were fixed: K, = 519 cm
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FIGURE 6 Hydraulic conductivity curves
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FIGURE 7 Hydraulic conductivity curves, of Till 1 and Till 2 measured by quasi-steady centrifuge (QSC) (a, b) and Till 3 by
double-membrane steady-through flow (DMSTF) (c) methods, fitted by the unimodal and bimodal van Genuchten (vG) and Peters Durner Iden (PDI)

models.

d~! and 7 = 1.52 for Rock 1, K, = 555 cm d~! and 7 = 1.56
for Rock 2, and K = 89.5 cm d-! (Rieckh et al., 2012) and 7
= 1.74 for the soils (Figure 7a—c).

The PDI bimodal model fitted the data better than uni-
modal ones (Figures 6 and 7) for all the samples, except
for the K(h) curve measured by QSC of Rock 1 and Till 2,
where unimodal model fitted the data better (Tables 5, 6, 8,

and 9). The K(h) curves of all samples show RMSE; val-
ues that range between 0.0041 and 1.2486, and AICc that
ranges between —1003 and —97. Particularly, the bimodal
PDI models exhibit lower RMSEy and higher AICc than
the unimodal ones by corroborating the better quality of fit-
ting using bimodal functions. For the same rock sample and
for the same fitting model, the RMSE obtained for data
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|

FIGURE 8 Comparison between fitted
curves by fixing (b, d) and not fixing (a, c) the
tortuosity value for the water retention curves
(WRCs) (above) and hydraulic conductivity
(below). PDI, Peters Durner Iden; vG, van
Genuchten.
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measured by QSC is lower than by EVA. This fact depends
on the contrasting way of obtaining data between the two
methods: the EVA method obtains experimental points by
following the drying process, while the QSC method takes
intermittent measurements during the forced draining of the
sample. It is important to highlight that the fitting of the
hydraulic conductivity data is worse compared to that of the
retention data. This is attributable to the fact that the hydraulic
conductivity is affected not only by pore size distribution but
also by tortuosity of flow paths (Shinomiya et al., 2001; Zhong
et al., 2016). In fact, for all the samples, the RMSE,, value is
low and ranges between 0.0041 and 0.0645, while the RMSE
shows higher values than RMSE,, ranging from 0.1722 to
0.9783. This was because for the fitting, the measured value of
tortuosity was used and not fitted. The differences between the
fitted curves obtained by including the measured tortuosity
value as compared to fitting the tortuosity value are limited to
the near-saturated range of the hydraulic functions and espe-
cially affect the bimodal fits (Figure 8). Tables 5-10 display
the parameters describing the goodness of fitting obtained
by fixing or not the tortuosity parameter. They demonstrated
that tortuosity affects the hydraulic conductivity curves, as
expected, more than the retention curves.

| | | | A
2 3 0 1 2 3
Matric potential, -h (pF)

4 | CONCLUSION

The aim of this study was to re-evaluate the centrifuge
approach in comparison with other laboratory methods for
directly measuring the unsaturated hydraulic properties of
porous carbonate rock and glacial till soil samples. For
all the tested media, the water retention and unsaturated
hydraulic conductivity functions were fitted by combining
data obtained with the EVA, QSC, and DMSTF methods.
The main novelties of this study lie in the direct determina-
tion of unsaturated hydraulic conductivity for rock and soil
sample, the comparison among the investigated media, and
the discussion of differences and similarities among the used
methods. The results demonstrated that the QSC method,
in contrast to both the EVA and the DMSTF methods, is
capable of (i) more accurately capturing the bimodality of
the rigid pore systems, (ii) allowing direct and fast K mea-
surements, especially in the dry range, (iii) covering several
ranges in the order of magnitude of the matric potential (iv)
measuring values close to saturation as with the DMSTF
method, and (v) getting a saturated water content value that
is equal to the porosity. Specifically for soil samples, the
application of the QSC method is limited by the nonrigid
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structural characteristic despite such a relatively high bulk
density.

The combination of data obtained by EVA, QSC, ST, and
PC methods provided data for fitting WRCs in separate water
content ranges. The QSC method covers a broader water con-
tent range of the WRC including that close to pore water
saturation. Thus, a bimodal behavior as observed in the MRCs
obtained from MIP was identified only with the QSC method.
The fitted bimodal hydraulic conductivity curves were con-
firmed by the MIP-measured bimodal pore size distribution.
Also, for the water retention, bimodal model fits were bet-
ter than the unimodal ones, as corroborated by the RMSE,,
RMSE, and AICc values.

Overall, the results confirmed the uniqueness of the QSC
method for measuring the hydraulic functions, particularly the
conductivity, in a wider range of matric potential value and its

limitation for nonrigid samples, even for highly dense soils.
Results may help to provide improved hydraulic properties for
numerical modeling of flow and transport processes to solve
engineering and environmental problems.
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