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Abstract

This study focuses on the identification of the lateral preferential flow at the hillslope scale and the estimation of the saturated
hydraulic conductivity for the fast-flow region, K, based on infiltration experiments carried out at different spatial scales (point-
and plot-scales), and at different soil depths. The discrepancies between the considered scales were mainly attributed to
macropore flow and the difficulty in adequately embodying the macropore network on small sampled soil volumes. Conversely, at
the plot-scale, the sampled volume was sufficient to activate the macropore network. This information helped establish the
usability of a given technique to determine the parameters describing the hydraulic properties of the soil in the matrix and fast-
flow regions. While K, data obtained from the Beerkan method with the Beerkan Estimation of soil Transfer (BEST) parameter
algorithm (point-scale) were used to describe the matrix (K; ), the saturated hydraulic conductivity for the fast-flow region was
estimated using the soil block method (plot-scale). Estimated K values were one to three orders of magnitude higher than K; .
The overall decrease of K, with the soil depth supported the hypothesis that the macropore density decreased as a function of
depth, yielding higher macropore flow variability. The soil block method, in association with the Beerkan infiltration runs, allowed
the estimation of the saturated hydraulic conductivity for the fast-flow region based on a relatively simple field procedure.

Keywords: Beerkan, BEST algorithm, in situ soil block method, cube method, lateral preferential flow, macropore.

especially when this transport appears to be affected by
1. Introduction preferential flow paths, which may be induced by structural
cracks, faunal activity or roots, specific pedological conditions,

Scarcity of water has been universally recognized as a and soil management practices (Angulo-Jaramillo et al., 2016).

global issue (Vorosmarty et al., 2000). Climatic changes have The saturated soil hydraulic conductivity, K, exerts a

profound effects on the hydrological cycle, thus reducing the

o ) ) ~ dominating influence on the partitioning of rainfall in vertical
availability of water resources in many environments (Groppelli

and lateral flow paths (Dusek et al., 2012). Therefore, estimates

et al., 2011). In semiarid and arid regions, increasing demands of K, are essential for describing and modeling hydrological

on limited water supplies require urgent efforts to improve . . .
PP q & P processes (Niedda and Pirastru, 2013; Zimmermann et al.,

water quality and quantity by preserving and improving the 2013). However, this soil property may be scale-dependent

roundwater recharge of surface water bodies (Scanlon et al. . . . .
g & ( ! mainly owing to the soil structure, preferential flow paths, and

2 . Rech lassifi if .
006). Recharge processes can be classified as uniform heterogeneities, whose effects cannot be observed and

downward movements of water through the unsaturated zone e .
quantified in measurements conducted on small soil volumes.

iston flow), and nonuniform downward water movement -
(piston flow), and nonuniform do ard wate oveme In addition, the scale dependence of flow and transport

along more active pathways, also referred to as preferential

- i . parameters essentially makes the use of parameters estimated
flow (Sukhija et al., 2003). Preferential flow can contribute to

] ] . ) through pedotransfer functions for numerical simulations
the rapid transport of contaminants from the soil surface into

impossible (Pachepsky et al., 2014). The saturated hydraulic
receiving streams, bypassing the filtering capacity of the soil

conductivity must be measured in the laboratory or field.

.g., L t al., 2009; L bat t al., 2007; Prédél t al. . . .
(e.g., Lamy et al., ; rassabatere et al, s Fredeius etat, Several studies have shown that the saturated soil hydraulic

2017). Water flow may mainly occur via preferential flow paths . .
conductivity values, K;, measured on macroporous soils, can

(Bloschl and Sivapalan, 1995), especially at the hillslope scale. vary over several orders of magnitude depending on the

Therefore, there is an urgent need to assess procedures and . . .
! & P sampled soil volume (Chapuis et al., 2005). For instance,

techniques for characterizing water transport in hillslopes Vepraskas and Williams (1995) compared K, values using
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sample volumes equal to 3.5 x 10 6.3 x 10, and 6.8 x 10"
m3, concluding that the minimum sample size needed in situ for
K; measurements ought to be approximately equal to at least 5
x 10 m®. Experiments used to determine K, values at different
spatial scales were performed by Chappell and Lancaster
(2007). These authors applied six field methods, namely slug
tests, constant- and falling-head borehole permeameters, a ring
permeameter and two types of trench tests. The K values
determined by the larger scale experiments, i.e., the trench
percolation tests were, on average, 37 times larger than the
mean conductivity obtained by slug tests conducted using
piezometers positioned near the trenches (Chappell and
Lancaster, 2007). Brooks et al. (2004) discussed different
reasons to explicate such a discrepancy. For instance, small
samples may not adequately represent water transmission,
since smaller sampled volumes imply a smaller opportunity to
include macropores (Zobeck et al., 1985). In particular, the
extent of the macropores in the porous medium was
considered as the main factor in determining the gap between

measurements.
Hillslope-scale measurements overcome the lack of
representativeness commonly encountered in small-scale

measurements and allow process characterization at the
appropriate scale. These types of measurements are therefore
recommended for model calibration. However, the number of
studies that have focused on the assessment of large-scale
experiments and their comparisons with
experiments have been limited. Among the studies that
focused on large-scale experiments, those that have addressed

smaller-scale

preferential or macropore flows are particularly few.
Montgomery and Dietrich (1995) compared the hydraulic
conductivity calculated from a gully head cut with those
observed in falling head tests. Only the higher values obtained
from this latter experiment approached the bulk conductivity
measured from the gully head cut by integrating through- and
macropore flows. Brooks et al. (2004) proposed a methodology
to measure the lateral K; values at the top of an impeding layer
at the hillslope scale. Their measurements yielded K values
from one to two orders of magnitude larger than those
measured at small-scales on small soil cores and by using the
Guelph permeameter. The discrepancy between measurements
at different spatial scales was greatest near the surface and was
attributed to the effect of the macropores. Furthermore,
according to these authors, more economical methods are
needed to obtain spatially distributed K, data, or for routine
measurements (Brooks et al., 2004). Reliable K, values should
be measured on a soil volume similar to the minimum
representative elementary volume (REV) to incorporate the
natural heterogeneity of the soil (Mendoza and Steenhuis,
2002). The REV
measurement can be made to yield a representative value of

is the smallest volume over which a

the entire porous medium (Pachepsky and Hill, 2017). Its size
depends on the soil structural characteristics and it is expected
to increase for decreasing macropore spatial densities. Thus, in
order to adequately represent the hydrological effects of the

macropore network, the REV should include a sufficient
number of nodes and branches in such a way to
representatively embody the macropore network topology
since it may control scale dependencies.

The in situ block method (Day et al., 1998) has proven to be
a useful tool for saturated soil hydraulic conductivity
measurements. This technique consists of measuring water
flow in situ on a large, undisturbed soil block that seals the
exposed sides in order to confine water flow. For example, Day
et al. (1998) measured water flow on a 3.38 m? soil block. The
block’s vertical faces were sealed using bentonite, sand, and
lumber. Blanco—Canqui et al. (2002) evaluated K, on three, in
situ, 0.029 m?® soil blocks enclosed by steel plates, and inserted
approximately 35 cm below the soil surface and on bentonite-
slurry to seal the soil-steel plate interfaces. Mendoza and
Steenhuis (2002) developed and tested a hillslope infiltrometer
to measure in situ vertical and lateral saturated soil hydraulic
conductivity. The hillslope infiltrometer is a metal box installed
around an undisturbed 0.045 m® soil block slightly smaller than
the infiltrometer. Starr et al. (2005) designed an in situ steel
chamber for studying water flow under shallow water table and
riparian zone conditions. The chamber was lowered over a 0.97
m® soil block. However, Ks; measurements on the soil block
remain rare for the following reasons: i) the need for a sloping
impermeable bed to avoid deep-water percolation, ii) the need
to encase a large soil volume with impermeable materials so
that all terms of Darcy’s law can be unambiguously defined, iii)
the need for a number of operators over the entire duration of
the experiment, and the iv) the need of a large displacement of
liquid to reach steady state conditions during flow
measurements.

Several studies have considered small-scale measurements
on macroporous soils including both laboratory and in situ tests
(Akay et al., 2008). These approaches are generally simpler and
parsimonious in terms of the experimental devices and
required measurements. However, small-scale measurements
may not adequately represent K, depending on whether water
flows through a small fraction of the soil along preferential flow
paths (Bouma et al., 1977) or only through the matrix. In fact,
at this scale, macropores are hardly intercepted, while their
continuity at the larger scale is unknown (Beven and Germann,
1982; Zobeck et al.,, 1985). Moreover, the presence of
aggregates, stones, fissures, fractures, tension cracks, and root
holes, commonly encountered in unsaturated soil profiles, is
difficult to represent in small samples (Haverkamp et al., 1999).
The dual permeability approach has been developed for
modeling and for quantifying preferential flow (Gerke et al,,
2015; Sim(inek et al., 2003). The dual-permeability approach
assumes that soils encompass two regions, including the matrix
and the fast-flow regions that respectively host the smallest
and the larger pores. Lassabatere et al. (2014b) used the dual-
permeability approach to model water infiltration below
ponded and tension infiltrometers in heterogeneous soils. At
the hillslope scale, Dusek et al. (2012) studied the preferential
flow effects on the subsurface runoff by combining a one-
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dimensional (1D) vertical dual-continuum approach with a 1D
lateral flow equation. More recently, different innovative
approaches were proposed for dual- and multiple-permeability
medium characterizations. For instance, Abou Najm and Atallah
(2016) proposed a new method to experimentally characterize
porous media by using Newtonian and non-Newtonian fluids.
Lassabatere et al. (2014a) proposed the BEST-2K method for
hydraulic characterization of dual permeability media on the
infiltration data acquired on the field. However, all these
methods need to be further developed and tested to address
processes at the small scale (i.e., maximum meter scale).

The objective of this research was to characterize and
quantify a lateral preferential flow at the hillslope scale. For this
purpose, we considered the double permeability approach
(concomitancy of fast-flow and matrix regions) and estimated
the saturated hydraulic conductivities of both fast-flow and
matrix regions, K;r and K, by coupling data from the
infiltration experiments carried out at different spatial scales,
namely, at point- and plot-scales. Specifically, we combined the
following experiments: (i) in situ, small scale measures of soil
vertical hydraulic conductivity using the Beerkan method, (ii)
laboratory small scale measures of vertical and horizontal
hydraulic conductivity using the modified cube method, and (iii)
plot-scale measure of lateral hydraulic conductivity using in situ
soil blocks. We assumed that Beerkan runs would help the
determination of the saturated hydraulic conductivity of the
matrix and the modified cube method in the determination of
the vertical and horizontal hydraulic conductivity of the soil.
These measures are then used to analyze the observed flow
through the soil blocks and to identify and quantify the
contribution of the matrix and the macropore network to the
total lateral flux as a function of the volume of the soil block
that is submitted to lateral flow.

2. Material and methods
2.1. Study site description

The study area consists of a north-facing steep slope side
located in the Baratz Lake basin (Niedda et al.,, 2014) on
Sardinia's North—-West coast in Italy (40.69825 N, 8.2346 E,
WGS84). The site features a semiarid Mediterranean climate
with a mild winter, warm summer, and a high water deficit
between April and September. The mean annual temperature is
15.8°C. The average annual precipitation is approximately 600
mm, mainly concentrated from autumn to spring. The potential
evapotranspiration is approximately 1000 mm year_l. The
experimental hillslope has elevations ranging from 51 to 65 m
a.s.l., and it is approximately 60 m long, and with an average
slope of 30%. While the incoming surface and subsurface flows
are diverted by the ditches on both sides of a road at the upper
end, the hillslope is drained by the main stream channel of the
catchment at the toe. The hillslope soil was classified as a Lithic
Haploxerepts (Soil Survey Staff, 2006). Its profile is
approximately 0.3—0.4 m deep. The soil horizons include A, Bw,

and C (Pirastru et al., 2014). The latter is a dense altered
substratum of Permian sandstone which exhibits very low
permeability (Castellini et al., 2016). During the rainy season, a
perched water table and lateral subsurface flow were observed
owing to the presence of this restrictive layer. In terms of
vegetation, the experimental area is covered with spontaneous
grass grown after the clearing of the Mediterranean maquis
and deep moldboard ploughing. The conversion into grassland
took place approximately 15 years ago in order to create a 15 m
wide firebreak. The area has remained almost unmanaged ever
since.

2.2. Soil sampling

Soil samples were collected at depths of 0, 5, 10, 20 cm. In
particular, undisturbed soil cores (0.05 m in height and 0.05 m
in diameter) were collected at randomly sampled points and
were used to determine both the soil bulk density, py, (g cm'3),
and the initial volumetric soil water content, 6; (cmacm'a). The
soil porosity was calculated from the p, data, assuming a soil
particle density of 2.65 g em’. According to other
investigations, the field’s saturated soil water content, 6,
(em’cm™), was equal to the porosity (Di Prima et al., in press;
Mubarak et al., 2009).

Disturbed soil samples were also collected inside the
confined soil after each ponding infiltration runs and was used
(50 g for each sample) to determine the particle size
distribution based on conventional methods following H,0,
pretreatment to eliminate organic matter and clay
deflocculation using sodium metaphosphate and mechanical
agitation (Gee and Bauder, 1986). In particular, fine size
fractions were determined using the hydrometer method,
whereas the coarse fractions were obtained by mechanical dry
sieving. According to USDA standards, the soil of the studied
area was classified as sandy loam. According to Shirazi and
Boersma (1984), the geometric mean particle diameter was
also estimated. Table 1 summarizes the physical parameters of

the soil at the studied hillslope.

2.3. In-situ block method

The soil block method aimed at including the lateral
component of the preferential flow at the plot scale for lateral
K, measurements. More details on the soil block preparation
can be found in Di Prima et al. (2017b) and Pirastru et al.
(2017). At first, four soil blocks with dimensions of 50 c¢cm
(width) by 105 cm (length) by 70 cm (depth) were obtained by
careful hand digging of trenches with widths of 20 cm
surrounding each soil block. Since the interface between the
upper horizons and the restrictive substratum was located at a
depth of approximately 38 cm, the excavated soil blocks
consisted of layered blocks, and included the upper A and Bw
horizons, and approximately 32 cm of impeding substratum. No
evidence of man-made cracks was observed during the
excavation process. Expandable polyurethane foam was then
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Table 1. Clay (%), silt (%) and sand (%) content (U.S.
Department of Agriculture classification), geometric mean
particle diameter, d; (mm), dry soil bulk density, p, (g cmfa),
initial soil water content, 6; (cm3 cm_3), and saturated soil water
content, O (cm3 cm_3), for the four sampled soil depths. The
coefficients of variation (%) are listed in parentheses.

Soil depth (cm) 0 5 10 20
Sample size 10 10 10 9
Clay 17.4 (28.6) 19.5(18.6) 20.2(25.1) 23.2(20.7)
Silt 28.8(8.9) 29.2(10.2) 283(7.7) 27.9(9.2)
Sand 53.8(12.6) 51.4(9.8) 51.5(13.3) 48.9 (14.4)
d, 0.114 (37.1) 0.095 (30.7) 0.096 (37.3) 0.080 (43.7)
Sample size 3 3 3 3
Pp 1.56(3.0) 166(7.1) 1.55(6.2) 1.52(3.0)
6; 0.23(18.3) 0.25(4.1) 0.18(15.0) 0.18(10.3)
0, 0.41(4.3) 0.37(11.9) 0.42(8.7) 0.43(4.0)

injected into the trench volumes in order to encase the
exposed soil blocks. This inert material is not expected to alter
the chemical (Lewis et al., 1990) and physical (Bagarello and
Sgroi, 2008) characteristics of the soil, and it concurrently
prevents edge flows (Germer and Braun, 2015). After the foam
was completely dried, two pits were excavated up to the depth
of the soil-substratum interface in order to expose the up- and
downhill faces of the soil block and to create inflow (IP) and
outflow pits (OP), respectively. At the end, the resulting soil
blocks, hereafter referred to as SBs, were associated with a
geometrically calculated volume above the impeding layer that
ranged from 0.100 to 0.163 m>. Each drainage experiment
consisted of four stages. After a first satiation stage, three
water table depths (WTDs, Figure 1) were sequentially settled
at 5, 15, and 25 cm below the soil surface in the IP with a
custom-built Mariotte bottle. The large 50 L capacity of the
bottle avoided the need of frequent refilling throughout the
duration of the executed stages. Each imposed water table
depth was maintained until the achievement of quasi-steady-
state conditions. A syphon system was used to impose from
time to time the same water table depths in the OP. During
these processing stages, visual readings of the water level in
the bottle were used to calculate the inflow rates, as obtained
through a liquid-level gauge. The excess water flowing from the
OP through the syphon system was measured by weighting the
collected water volumes. Figure 2 depicts the experimental
setup. The total run duration varied between 260 and 460 min,
depending on the run.

A first attempt to measure outflow from the OP was carried
out using a 4 cm diameter PVC pipe used as a spillway. At the
downhill side, the pipes were inserted in the dried foam at a
smooth slope in order to maintain a constant water level and to
divert the excess volume for collection. This procedure was
applied only on the SB1 because field observations revealed
that the pipe installations produced a slight discontinuity
between soil and foam, thus resulting in leakages. To avoid

WTDo5=25cm

R
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Figure 1. Schematic diagram of a drainage experiment carried
out on a soil block. Measured flows per unit width of the block
(gwro) and thickness of the flow zones (Tyrp) for different water
table depths (WTDs), distances along the sloping bed (s), and
water table elevation from an arbitrary datum (AZ).

such a problem, the syphon system was used for the other soil
blocks (Figure 2). Therefore, for these latter experiments, the
water loss was small, thus yielding similar inflow and outflow
measurements (Figure 3). However, in the third and fourth SBs,
the same differences between inflow and outflow rates were
detected for WTD,s. In particular, water draining from
progressive desaturation of the upper soil volume (i.e., the
layer that had a depth that ranged between 15 and 25 cm)
initially contributed to yield higher outflows. During this stage,
the desaturation of the upper soil volume did not affect the
inflow rates since the flow zone was already saturated during
the previous stages of the experiment. This difference was not
observed in the SB2 experiment probably owing to the higher
measured flow rates (Figure 3). Therefore, for the Z"d, 3"’, and
4" drainage experiments, the outflows measured under quasi-
steady-state conditions were used to estimate the lateral
saturated soil hydraulic conductivity of the soil blocks, K,_sg
(mm h_l), according to Darcy's formula, as follows:

__as W

K =
s—SB T AZ

where g (LZT_l) is the flow of water per unit width of the block,
T (L) is the thickness of the flow zone measured perpendicular
to the bed, Z (L) is the water table elevation from an arbitrary
datum, and s (L) is the distance measured on a straight line in
the direction of the sloping bed. In this investigation, g, T, s,
and AZ, were measured during the field experiment, or were
determined using a simple geometry (Figure 1). We decided to
use measured inflows rather than outflows only for the first
SB1 experiment because: i) field observations during this
experiment revealed localized water leakages from the OP and
the measured inflow was thus completely infiltrated through
the SB1, and ii) the measured inflow of the first experiment was
consistent with the other ones.



Figure 2. (a) Photo and (b) schematic view of the experimental setup of a drainage experiment carried out on a soil block.
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Figure 3. Inflow (IF, open symbols) and outflow (OF, solid symbols) rates vs. time measured on the four soil blocks (SBs) at a water
table depth (WTD) of 5 (blue rhombus), 15 (green circles) and 25 cm (red triangles).

2.4. Modified cube method

The horizontal and vertical hydraulic conductivities of the
saturated soil, K;, were determined based on the modified cube
method (MCM) (Beckwith et al., 2003) to gain insight on the
potential effects of anisotropic conditions on the comparison
between the K; measurements (Blanco-Canqui et al., 2002). In
fact, the presence of layers parallel to the soil surface is
expected to induce effective horizontal K, values that are
greater than the vertical ones (Zaslavsky and Rogowski, 1969).

According to the procedure described by Bagarello and
Sgroi (2008) and Bagarello et al. (2009), a total of 20 soil cubes
were collected at depths that ranged between 0-11 cm by
carefully carving out 11 cm (width) by 11 cm (length) by 14 cm
(depth) soil prisms (Figure 4a). A wooden box (side length=17
cm) that was open at the bottom and top sides, was placed
around each exposed soil prism (Figure 4b). Expandable
polyurethane foam was injected between the box and the
exposed soil and on the soil surface (Figure 4c). To avoid foam
adhesion and to facilitate reusing, the box was wrapped with
plastic wrap. In order to confine the foam expansion, a wood
was positioned on the top of the box (Figure 4d). After the total
expansion of the foam, the excess was cut off with a knife and
the cube was marked to preserve direction. A layer of soil with

a 3 cm thickness was removed from the bottom of the prism to
obtain a cubic soil sample. Finally, the sample was completely
encased by applying the foam at the bottom side.

In the laboratory, the vertical conductivity, K, ycy, Was
measured for ten randomly chosen cubes. The cubes were
taken from the wooden box and the foam was removed from
the top and bottom faces using a knife. The horizontal
conductivity, Kss-mcy, Was measured for the remaining soil
cubes. In this latter case, the foam was removed from the up
and downhill faces of the cube. For each cube, a single
measurement was carried out given that the first measurement
may affect the second when bidirectional measurements are
performed on a single soil cube (Bagarello et al., 2009). A wire
net was placed at the bottom face of the cube to support the
weight of the soil. The soil samples were then slowly saturated
from the bottom for 24 h. The constant-head laboratory
permeameter method (Klute and Dirksen, 1986), with an
established ponding depth of 1 cm was applied to measure K,
according to Darcy’s law. A syphon was used to maintain the
constant depth of ponding on the soil surface. The use of a
Mariotte bottle with small ponding depths was avoided since it
may promote turbulence close to the soil’s surface, potentially
resulting in clogging the exposed pores (Bagarello et al., 2009).
The constant-head permeameter used for measuring K, yicm
and K; ,_ycv Was operated with water that flowed from the top
and the uphill cube faces, respectively. The experiments were
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Figure 4. Successive steps during the in situ extraction of the
soil cube: (a) carving out the soil prism, (b) placing the wooden
box to contain lateral foam expansion, (c) injecting
polyurethane expandable foam between the box and the
exposed soil and on the soil surface, and (d) positioning wood
and a weight to prevent top foam expansion.

carried out until steady state conditions were established (i.e.,
at approximately 30 to 95 min). Depending on the run, the last
10-35 minutes of the measured flow rate data were used to
calculate K. Finally, for each measurement direction, the ten
determinations of K; were averaged, and the ratio K; s_ncn/Ks
vicw Was evaluated to check the occurrence of anisotropy, i.e.,
the prevalence of the vertical (Kspmcm/Ksy-mcw < 1) or
horizontal (K; p-nicm/Ks,v-mcm > 1) flow directions (Beckwith et al.,
2003). The chosen sample size (N = 10) was expected to yield
representative mean K, and K;, values at the scale considered
in this investigation (Reynolds et al., 2002).

2.5. BEST method

The Beerkan estimation of the soil transfer (BEST)

parameter method for soil hydraulic characterization
introduced by Lassabatere et al. (2006) was chosen for this
investigation to yield an estimate for the saturated hydraulic
conductivity of the matrix since it constitutes a practical
alternative to more cumbersome and time-consuming methods
(Bagarello et al., 2014a). Indeed, this method needs simple
equipment and minimal field work, and it is gaining popularity
in soil science.

A total of 40 ponding infiltration runs of the Beerkan type
were carried out at the depths of 0, 5, 10, and 20 cm (ten for
each soil depth) at randomly selected points of the hillslope. A
small diameter ring (i.e., 8 cm) inserted at a depth of 1 cm was
used. The soil disturbance was minimized by the limited ring
insertion depth (Alagna et al., 2013). A relatively small ring

diameter was chosen since the total sampled area cannot be

too large given that the ring had to be inserted on a sloping
surface (Angulo-Jaramillo et al., 2016) and to avoid the
sampling of the macropore network. For each run, 15 water
volumes, each equal to 43 mL, were successively poured on the
confined infiltration surface. The number of infiltrated volumes
was sufficient to reach steady state, as required by the Beerkan
methods (Lassabatere et al., 2006). The energy of the falling
water was dissipated with the hand fingers to minimize the soil
disturbance owing to water pouring, as commonly suggested
(e.g., Alagna et al., 2017; Castellini et al., 2018; Di Prima et al.,
2017a; Reynolds, 1993). For each water volume, the time
needed for the water to infiltrate was logged, and the
cumulative infiltration, / (mm) was plotted against time, t (s). A
regression line was then fitted to the last data points to
steady-state
experimental steady-state infiltration rate, i; (mm h_l), and the

describe the conditions, to estimate the
associated intercept, b, (mm). The steady algorithm of BEST
(Bagarello et al., 2014b) was then applied to estimate the
saturated soil hydraulic conductivity, K;_gesr (mm h_l) based on

the following equation (Di Prima et al., 2016):

Ci,
Ky _gest = Abac (2)
S

where the constants A (mm'l) and C are defined as follows
(Haverkamp et al., 1994),

Y
A=— 1
r6,-0,) (3a)

s

c= ! In(lJ (3b)
g \" B

(1-p)

where 6 and 6, refer to the initial and saturated water
contents, respectively, y (parameter for geometrical correction
of the infiltration front shape), and B are the coefficients that
are commonly set at 0.75 and 0.6, r (mm) is the radius of the
disk source, and n is a shape parameter that is estimated from
the analysis of the particle size data with the pedotransfer
function included in the BEST procedure (Lassabatere et al.,
2006). More details on the methods and the validation of
equations based on fitted experimental data can be found in Di
Prima et al. (2016) and Lassabatere et al. (2009).

In this investigation, the BEST-steady algorithm was chosen
since it yields higher percentage of success (i.e., positive K;
values) on the infiltration runs, and allows simple calculation of
K; as compared to other BEST algorithms, namely BEST-
intercept (Yilmaz et al., 2010) and BEST-slope (Lassabatere et
al., 2006).
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Figure 5. (a) Cumulative empirical frequency distributions of
the log-transformed saturated soil hydraulic conductivity data,
In(K; ges7), obtained by the Beerkan method at the depths of O,
5, 10, and 20 cm, and (b) In(K,_gs7) values plotted against the
clay content (in %). The Pearson correlation coefficient, r, is
also reported.

Table 2. Sample size, N, minimum, Min, maximum, Max,
geometric mean, mg, standard deviation, SD, and coefficient of
variation, CV (%) of the saturated soil hydraulic conductivity, K,_
gest (MM h_l). All values were obtained using the Beerkan
method at the depths of 0, 5, 10, and 20 cm.

Statistic Depth (cm)

0 5 10 20
N 10 10 10 10
Min 12.4 3.2 1.5 1.3
Max 171.1 58.3 25.2 13.2
Mg 433A 1348 6.7 BC 40C
SD 2.3 2.7 2.5 2.5
cv 101.8 130.7 118.8 116.3

The values followed by the same letter were not significantly
different according to the Tukey’s honest significant difference
test (P < 0.05). The values followed by a different letter were
significantly different.

2.6. Dual-permeability approach

On the basis of the measures obtained from the Beerkan
runs and the block method, it was expected that the hydraulic
conductivity of macropores would be efficiently computed. For
dual permeability systems, it is considered that the global

hydraulic conductivity, K;ox (mm h™), can be decoupled in
terms of its contributions to the matrix and to the fast-flow
region (Gerke and van Genuchten, 1993),

K« =Wst,f+(1_Wf)Ks,m (4)

where w; is the void ratio occupied by the fast-flow region
(dimensionless), i.e., the ratio of the volumes of the macropore
and total-flow regions, and K;; and K, (mm h_l) are the
saturated hydraulic conductivities for the fast-flow and the
matrix regions, respectively. In this investigation, we assumed
that we had an estimate for the saturated hydraulic
conductivity of the matrix from the Beerkan runs. If we also
assume that K; ,x can be estimated by the bulk values obtained
based on drainage experiments, we can deduce the hydraulic
conductivity of the fast-flow region using equation (4), and its
solution for Kz which leads to,

K., —\1-
Kslf _ s,2K (Wf Wf )Ks,m (5)

Since the void ratio occupied by the fast-flow region was
unknown, we have evaluated multiple scenarios with w; values
ranging from 0.05 to 0.1, i.e., the fast-flow region was
considered to occupy 5 to 10% of the entire region. This range
was adopted since the fast-flow fraction generally occupied a
very small fraction of the soil’s porosity (Bouma et al., 1977).
Moreover, these values were selected to agree with those
reported by many dual-permeability applications. For instance,
Dusek et al. (2012) settled the wy values to 7% and 5% at the
soil surface and at a 75 cm depth, respectively, in a hillslope
covered with grass (Calamagrostis villosa) and spruce (Picea
abies). For numerical simulations, Lassabatere et al. (2014b)
considered a value of 10% for wy.

2.7. Data analyses

K, data were assumed to be log-normally distributed since
the statistical distribution of these data is generally log-normal
(Lee et al.,, 1985; Warrick, 1998). Therefore, the geometric
mean, mg, and the associated standard deviation, SD, and
coefficient of variation, CV, were calculated using the
appropriate “log-normal Equations” (Lee et al., 1985). The
arithmetic mean, m,, was calculated for py, 6;, and 6;. Statistical
comparison between the two sets of data was conducted using
two-tailed Student’s t-tests, whereas the Tukey’s honestly
significant test was applied to compare three or more datasets.
The In(K,) data were considered for comparative purposes since
K was better described by the log-normal distribution than the
normal distribution. An updated version of the workbook by Di
Prima (2013) was used to analyze the Beerkan infiltration runs
by the BEST-steady algorithm. All statistical analyses were
carried out using the Minitab© computer program (Minitab
Inc., State College, PA, USA).



Table 3. Sample size, N, minimum, Min, maximum, Max,
geometric mean, mg, standard deviation, SD, and coefficient of
variation, CV (%) of the vertical, K, pcy (mm h’l) and
horizontal, Ksp-pmcyy  (mm h'l) saturated soil hydraulic
conductivity values obtained by the constant-head laboratory
permeameter method on soil cubes (Klute and Dirksen, 1986).

mMg(Ks h-nmem)/Ma(Ks v-macm) Statistic  Kgv-mem  Kspmem
0.97 N 10 10
Min 51.7 52.6
Max 480.7 341.4
mg 173.0A 167.1 A
SD 2.1 1.9
cv 87.5 71.9

The two K, values followed by the same letter are not
significantly different according to a Student’s two-tailed t-test
(P<0.05).

3. Results and discussion
3.1. In-situ and laboratory small-scale measurements

Our results show that the K values estimated with the
Beerkan method (K,_gesy) progressively decreased with soil
depth (Figure 5a and Table 2). From a statistical point-of-view,
results of the Tukey’s honestly significant difference test
showed significant differences between the K, values measured
at different soil depths. The dry soil bulk density, p,, ranged
between 1.44 and 1.78 g cm (N = 12). No differences were
detected along the soil profile in terms of p, (Table 1).
Conversely, the K,_gesr values increased with the sand content
(Pearson's correlation coefficients, r = 0.471; p = 0.002) and
decreased with the clay content (r = —0.606; p < 0.001, Figure
5b). The higher percentage of coarse particles in the upper soil
layer could suggest a certain rigidity of the porous medium
(Table 1). On the contrary, the increase in clay particles with
soil depth implies more opportunities for clogging the largest
pores, and thus, lower K; values. In the upper soil, these values
were very close to the prediction of saturated conductivity
from soil textural characteristics (e.g., K, = 44.2 mm h™ for a
sandy—loam soil according to Carsel and Parrish (1988)).
Therefore, the macroporosity did not likely influence the
measured infiltration process. In general, isolated macropores
are physically difficult to include in the sampled volume (Brooks
et al., 2004). Using small rings in the soils with macropores
(with ring inner diameters of 8 cm in this investigation) implies
a relatively high probability to sample only the soil matrix. This
yields a measurement of K, that is representative only of the
matrix instead of the entire system of macropores (Angulo-
Jaramillo et al., 2016). In addition, using small rings also implies
fewer opportunities of inclusion of continuous macropores
intersecting the confined soil surface. Large rings appear more
appropriate than small rings in eliciting a signal associated with
the occurrence of soil macropores or fast-flow regions in the
field
homogeneous than larger volumes (Bagarello et al.,, 2013).

since smaller soil volumes are functionally more

Castellini et al. (2016) applied the Beerkan method using a ring
with an inner diameter of 15 cm to assess the physical quality

of the upper soil of the same experimental hillslope. These
authors obtained similar results for K; (mean = 24.1 mm h,
coefficient of variation, CV = 118). The mean K; values collected
during the two sampling campaigns differed by a factor of 1.8.
This could be considered practically negligible for many
hydrological applications (Elrick and Reynolds, 1992).

Table 3 summarizes the parameters obtained by the
modified cube method (MCM). The means of K, were equal to
173.0 and 167.1 mm h™ for the vertical and horizontal
directions, respectively. The MCM yielded statistically different
and higher K, estimates than Beerkan. The comparison
between these methods requires additional considerations that
are discussed below. In-situ K, measurements allow the
maintenance of the functional connections of the sampled
volumes with the surrounding matrix (e.g., Bagarello et al.,
2017; Bouma, 1982; Di Prima, 2015; Lauren et al.,, 1988). In
comparison, in the laboratory, the overall connection of
extracted soil samples is expected to be higher because of the
increased probability of their impact by macropores and the
interception of the edges of the extracted samples. We thus
conclude that the higher values of saturated hydraulic
conductivity for the MCM method results from a partial
activation of the largest pores in the soil samples. This increase
in connectivity was discussed in detail in a review article by
Pachepsky and Hill (2017). To explain this effect, these authors
considered data from one-dimensional vertical water flow
experiments. In these experiments, K, decreased with increases
of the soil column length L according to the following power
law K, L. Anderson and Bouma (1973) attributed this effect
to the increasing probability that pores will remain connected
throughout the length of a core as a function of decreasing core
lengths. In particular, for longer samples, the water flux
appears to be controlled by a more homogeneous soil matrix
with lower hydraulic conductivity values. The process discussed
above essentially mimics what happens during the Beerkan
infiltration runs, which allow the preservation of the functional
connection of the sampled volume with the surrounding
matrix, thus yielding lower K, values than those obtained with
the MCM (samples biased by pores).

Several examples of the overestimation of K on extracted
soil samples can be found in the literature. For instance, the
increase in K; owing to open-ended pores on undisturbed soil
samples was assessed by Blanco—Canqui et al. (2002). These
authors measured K; on 180 soil cores (with 76 mm (diameter)
x 76 mm (height)) with and without bentonite to seal the
macropores. These authors found that K, values without
bentonite were approximately four times higher than the
corresponding K, values with bentonite. Kanwar et al. (1989)
compared the K, values determined in situ using the Guelph
permeameter device (Reynolds and Elrick, 2005) and the
velocity permeameter (Merva, 1979) with those obtained in the
laboratory based on the constant head permeameter method
on undisturbed soil cores (75 mm (diameter) x 75 mm (height)).
The in situ methods yielded values that were 10-800 times
lower than the laboratory method. Young (1998) and Regan
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Table 4. Geometrical dimensions and estimated saturated hydraulic conductivity, K,_sg (mm h™) values for the four soil blocks.

Depth (cm) Width (cm) Volume (m°) Ks_sa
WTDs WTD;s WTD,s

Soil block 1 355 85 54.0 0.163 1.4x10° 7.9x10? 5.1x10?
Soil block 2 29.0 69 50.0 0.100 2.2x103 1.2x10° 2.8x10°
Soil block 3 30.0 68 50.0 0.102 1.1x10° 3.1x10? 7.0x10’
Soil block 4 31.5 80 52.5 0.132 7.2x10? 3.1x10? 1.5x10?
Mg 1.2x10° 5.5x10? 3.5x10?
Mean 315 75.5 51.6 0.124

SD 2.9 8.3 2.0 0.030 1.6 2.0 5.0
CV (%) 9.1 111 3.8 23.9 48.6 76.3 345.8

(2000) measured K; values using vertical soil cores and the
Guelph permeameter, respectively. The in situ methods yielded
values that were three to four times lower than the soil core K;
measurements. Differences were attributed to continuous
pores connecting the exposed surfaces of the cores for the
laboratory method.

In this investigation, the soil cube method provided further
insight on the potential effect of anisotropic conditions on the
comparison between K; measurements (Blanco—Canqui et al.,
2002). The anisotropy of K, was not substantial given that the
difference between the K, ycv and K p_pcn values was not
statistically significant, according to a two-tailed Student’s t-
test (P < 0.05) (Dabney and Selim, 1987). The ratio between the
mean values of K, ey and K _ycy Was equal to 0.97 (Table
3). In general, the effect of allowing only one-dimensional flow
into the soil leads to an important “error” when the anisotropy
is large and when no attempt is made to measure separately
the horizontal and vertical components of permeability
(Chappell and Lancaster, 2007). However, the biasing problem
on small soil cubes and the impossibility to sample all the
macropores probably precluded the detection of the effect that
macropores may exert on a specific flow direction. Indeed,
even if we explained the higher values of the MCM method in
comparison to Beerkan estimates obtained on the field based
on the hypothesis of the activation of the macropore network,
we are not sure that this activation is complete. In addition, the
size of the soil samples may not be large enough to sample the
largest macropores encountered in the field. In other words,
the measurement of the vertical and horizontal flow on small
soil cubes may not be representative of the real anisotropic
behavior of the macropore network that may occur at a larger
scale in the field. However, we can consider that for the matrix
alone, the runs are representative of the field conditions.
Therefore, the result of a substantial isotropic behavior of the
soil at the point scale suggested that the direction of the flow
measurements, i.e., vertical or horizontal, did not play a role on
K, estimation for the matrix at the small scale.

3.2. Comparing plot- and point-scale measurements

Figure 3 shows the subsurface flows measured for three
different water table depths (WTDs) for the four soil blocks.
The steady flow rates ranged from 3.4x107* to 4.4x107% Ls* m™

(sample size, N = 12), thus yielding K,_sg values that equaled 70
and 2157 mm h™ (Table 4) for WTD,s and WTDs, respectively.
For WTD;, the mean K,_g value (1239 mm h?, sample size,
N =4) was an order of magnitude higher than that elicited by
the MCM. Therefore, a smaller soil volume was found to be
more homogeneous than a larger volume (Lai and Ren, 2007).
Macropore flow likely occurred at the sampled site since even
the lowest mean of K,z (724 mm h'l) was 4.3 times higher
than those of the MCM, known to overestimate the saturated
hydraulic conductivity of the matrix (see discussion above). The
discrepancy between the two spatial scales is even greater for
the case of the Beerkan runs. Therefore, both laboratory and
small-scale field measurements vyielded consistently lower
values than those of the plot-scale. Small-scale measurements
also yielded higher standard deviations (SDs) and coefficient of
variations (CVs) than those obtained on the soil blocks for
WTDs, thus suggesting the degradation of sample
representativeness at smaller scales. In fact, the variability of
the data is expected to decrease as the size of the sampled soil
volume increases (Angulo-Jaramillo et al., 2016). Conversely,
large soil volumes allowed the determination of representative
K,_sg values that account for soil heterogeneity and the
contribution of the macropore network. This result is also
consistent with the suggestion of Pachepsky and Hill (2017)
who stated that the macropore flow cannot be seen at the
small scale but emerges and becomes of interest at the plot
scale. In other words, the large volume of soil adequately
embodied the macropore network (Blanco-Canqui et al., 2002;
Day et al., 1998; Mendoza and Steenhuis, 2002). The relatively
low variability of the data (CV = 48.6%) also suggested the
replicability of the measurements.

3.3. Lateral preferential flow

The results from the comparison between plot- and point-
scale measurements suggested that the studied soil was clearly
made of two components, namely, the matrix and the
macropore network that constituted a fast-flow region. In the
following subsection, we attempt to fully characterize both
regions. The matrix could be characterized by the values of
saturated hydraulic conductivity obtained with Beerkan runs.
The Beerkan runs along with the four drainage experiments
were used to estimate the saturated hydraulic conductivity of
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Table 5. Estimated values of the saturated hydraulic conductivity for the fast-flow region, K, (mm h™), for the lower (0.05) and
upper (0.1) range values of the void ratio occupied by the fast-flow region, w (-), for the four soil blocks.

Kz (w;=0.05) Ky s (ws=0.1)
WTDs WTD;5 WTDys WTDs WTDs WTDys
Soil block 1 2.8x10* 1.6x10* 10.0x10% 1.4x10* 7.8x10° 5.0x10%
Soil block 2 4.3x10* 2.3x10* 5.5x10* 2.1x10* 1.2x10* 2.7x10*
Soil block 3 2.1x10* 5.9x10® 1.2x103 1.1x10* 3.0x10% 6.0x10?
Soil block 4 1.4x10* 6.0x10% 2.8x10% 7.1x10% 3.0x10% 1.4x103
Mg 2.5x10* 1.1x10* 6.5x10% 1.2x10* 5.4x10% 3.3x10°
SD 1.6 2.0 5.3 1.6 2.0 53
CV (%) 49.1 78.3 387.5 49.1 78.2 385.0
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Figure 6. Impact of the fast-flow fraction, wy (-), on the saturated hydraulic conductivity for the fast-flow region, K;; (mm h™),
estimated at different water table depths (WTDs) on the four soil blocks (SBs). The reported wy values range from 0.05 to 0.1.

the fast-flow region, K, s (mm h_l) using Eq. (5). The values of K
ranged from 6.0x102 to 5.5x10* mm h™", depending on the WTD
and wy values (Table 5). For the lower (0.05) and upper (0.1)
range values of wy, the K, ; estimates were in the range of two
to three and one to three orders of magnitude higher than Kj ,,
respectively. Conversely, differences never exceeding a factor
of two were encountered for the K; estimates within the
selected wy ranges, which may be considered within the natural
range of spatial heterogeneity for the saturated hydraulic
conductivity (KodeSova et al., 2010). Therefore, because larger
discrepancies occurred between the fast-flow and the matrix
regions, it can be argued that the selected wy values had a
lesser impact on the comparison between the K,, and K; values.

Figure 6 shows the impact of wyon the K, ; values estimated
at different water table depths (WTDs) for the four soil blocks.
Firstly, it should be taken into account that the global hydraulic
conductivity was measured in the field, and thus Eq. (5) was
applied constraining K, values. As shown in Figure 6, K,
estimates decreased for higher w; values. To explain this
general trend, we should consider that with the constrained
Ks2« value, the increase of wy should correspond to a decrease
in K, estimates. Indeed, the product of wy K, that quantifies
the contribution of the macropore network to the bulk
hydraulic conductivity K« (Eq.(4)) must remain constant
irrespective of the value of wy. This condition is representative
of a larger volume occupied by macropores, which are in turn
less connected, and/or with a smaller diameter corresponding
to lower hydraulic conductivities. On the contrary, when wy
decreases, the increase in K; is representative of a smaller
volume occupied by more connected and/or larger diameter

macropores and a higher hydraulic conductivity. In any case,
the contribution of the macropore network system remains
constant. Moreover, K, estimates decreased for higher WTDs,
i.e., for a thinner saturated soil layer, with the exception of soil
block 2. In this case, a higher K value was estimated for WTD,5
because of the effect of an open-ended macropore biasing the
matrix that was located at the bottom of the soil block. This
hypothesis was supported by field observations. In particular,
during the saturation stage, we observed water copiously
flowing from a deep macropore. This contributed to a higher
Ks value than those obtained for lower WTDs. However, as
shown in Figure 6, the overall decrease of K,; supported the
hypothesis that the macropore density decreased with depth. It
can be argued that the sampled volume should be increased for
lower horizons in order to adequately represent the macropore
network. In contrast, the increase in WTD from 5 to 15 and to
25 cm resulted in a reduction of the sampled soil volume.
Under such conditions, the sampled volumes may have not
been sufficient to activate the macropore networks located in
the deeper horizons. Moreover, the K, variability increased
abruptly for thinner saturated layers. A smaller macropore
density was noted as a function of depth that increased the
macropore flow variability, which may ultimately contribute to
the explanation of the smaller transfer rates in the deeper
horizons (Kéhne et al., 2009).

These results implied that the proper scale to study
macropore flow for small thickness of the saturated layer may
be the hillslope-scale on the studied hillslope. This effect likely
had a certain impact on the measurements for lower WTDs,
thus resulting in a minor K;; overestimation in some
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circumstances owing to the occasional presence of deep, open-
ended macropores (soil block 2). Notwithstanding this finding,
considering the entire volume of the soil blocks, the water flow
was mainly controlled by the dense macropore network which
characterized the porous medium in proximity of the soil
surface. Thus, in these cases, the effect of deep, open-ended
macropores, was less noticeable.

4. Conclusions

This investigation was carried out to characterize the
subsurface flow processes in a hillslope at different spatial
scales, namely at point- and plot-scale using the Beerkan
method with the BEST algorithm, the MCM, and the soil block
method. The differences between the considered scales were
attributed mainly to the effect of the macropore flow and the
impossibility to adequately embody the macropore network on
of K,
measurement techniques allowed us to establish the peculiarity

small sampled soil volumes. The comparison
of each K, data obtained at a particular spatial scale. This
information helped establish the usability of a given technique
to interpret or simulate a particular hydrological process. In
particular, the scale dependence of K, essentially precluded the
use of small-scale measurements for detecting a dual-
permeability behavior. Otherwise, plot-scale measurements
allowed us to obtain reliable estimates accounting for
macropore flow. In our study, we clearly proved the advantage
of experimental protocols based on multiscale experiments.
Our results yielded encouraging evidence for the applicability of
the soil block method (at the plot-scale) along the Beerkan
infiltration runs (at the point-scale) for a plausible estimation of
the saturated hydraulic conductivities for the matrix and the
fast-flow region, K, and K, using a relatively simple field
procedure. The use of expandable polyurethane foam as a
suitable material to encase soil blocks for hydraulic conductivity
measurements was successfully tested. It closely adhered to
the irregular soil surface (Brye et al., 2004; Germer and Braun,
2015; Muller and Hamilton, 1992), avoided water loss and
obtained accurate measurements of K. This is a promising
result given that researcher studies should constantly focus
their efforts to simplify field measurements (Alagna et al,,
2016).

In the future, the proposed methodology may be applied to
explain saturation excess runoff (i.e., saturation overland flow)
or to study subsurface macropore flow. Indeed, these
processes constitute the major mechanisms affecting the
dynamics of the shallow groundwater perched table above a
restrictive layer, which is an integrated process that needs a
minimum contributing area to be activated (Bloschl and
Sivapalan, 1995). Further experimental work is needed to
determine the macropore domain (wj). Based on this aim, the
fraction of the macropore domain in the dual-permeability
model could be estimated using micromorphological images
(KodesSova et al., 2009). This approach could allow us to
estimate wy as the ratio of the porosity determined by image

analysis and the overall porosity of the sampled soil. The role of
the macropores in controlling K; at the studied hillslope needs
to be further investigated. For example, tracer experiments
may be carried out to investigate macroporosity extensions and
connectivity (Ahuja et al., 1995; Kéhne et al., 2009), which was
considered responsible for the detected scale dependence of
the studied soil properties.
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