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Mountainous soils usually contain a large number of rock fragments, particles with a diameter larger than 2mm,
which can influence soil hydraulic properties that are required to quantitatively describe soil watermovement in
stony soils. The objective of this studywas to numerically estimate both the saturated hydraulic conductivity of a
stony soil and its dependence on a relative content of rock fragments (stoniness), and the shape, position and dis-
tribution of rock fragments in a soil matrix. The assessment method was based on a numerical version of Darcy's
classic experiment that involved steady-stateflow through a porousmaterial under a unit hydraulic gradient. Our
experiments, involving hypothetical stony soils in this particular case, were simulated using mainly the two-di-
mensional (2D) numerical model, HYDRUS-2D. A limited number of simulations were carried out using a three-
dimensional HYDRUS model. Three different shapes of hypothetical rock fragments were used in the study: a
sphere, an ellipsoid with two different positions, and a pyramid, all represented by their 2D cross-sections (i.e.,
a circle, an ellipse, and a triangle, respectively). The mean relative effective saturated hydraulic conductivity
(Krs) for the same stoniness was almost the same for all simulated scenarios and fine soil textures. A stoniness
between 0.07 and 0.5 cm3 cm−3 can cause a decrease of Krs in the range of 0.17–0.70. Numerical experiments
were divided into 3 scenarios. The largest and the smallest values of Krs were different for different shapes of
RFs (scenario A), different orientations of the slab-sided elliptical RFs (scenario B), and regular or irregular distri-
butions of spherical RFs (scenario C). The largest difference between Krs values (0.26) was found in scenario B
when the slab-sided elliptical RFs were oriented either horizontally or vertically for stoniness of 0.24 or 0.31
cm3cm−3. Simulated Krs values were underestimated in all scenarios as compared to the Ravina and Magier
(1984) function. The smallest differences (−1.1%–2.5%) between numerically simulated and calculated (the
Corring and Churchill (1961) method for a cylindrical shape of RFs) Krs values were found for scenario A with
its 2D representation of spherical rock fragments. Calculated (the Corring and Churchill (1961) method for a
spherical shape of RFs) Krs values correspondedwell with those simulated using a 3D representation of spherical
rock fragments. Numerical models provide a unique opportunity to evaluate the effects of different factors on the
saturated hydraulic conductivity of stony soils that may be nearly impossible to measure in practice.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Soils containing a significant fraction of rock fragments (RF) are gen-
erally denoted as stony soils and can be present in many forested and
mountainous areas. The shape, size, degree of weathering, and geologi-
cal origin of rock fragments can all strongly influence the soil's
e elementary volume; RM, the
Churchill (1961) function for a
Churchill (1961) function for a

ová).
hydrophysical properties, especially the soil's water retention and hy-
draulic conductivity (Brouwer and Anderson, 2000; Cousin et al.,
2003). According to Poesen and Lavee (1994), about 30% of soils in
Western Europe and about 60% of soils in the Mediterranean region
are stony soils. According to Šály (1978), up to 80% of Slovak forest
soils contain stones and their stone content generally increases with
depth. Furthermore, about 47% of Slovak agricultural soils are referred
to as stony soils (Hraško and Bedrna, 1988). The spatial distribution of
rock fragment in hillslopes is mostly controlled by slope gradient and
topographic position (Chen et al., 2012). It is expected that rock frag-
ments, and their size, shape, position, and spatial distribution in the
soil, can strongly influence the stony soils' properties and can affect
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soil water movement, infiltration (Al-Qinna et al., 2014; Chen et al.,
2012), and the occurrence of runoff (Hlaváčiková et al., 2015).

Stony soils are composed of a soil matrix, small particles with a di-
ameter of less than 2 mm, and larger rock fragments, e.g., gravel, cob-
bles, stones, and boulders. The most important characteristics of a
stony soil are its stone content (stoniness), water retention curves,
and the hydraulic conductivity functions of both the soil matrix and
rock fragments, as well as bulk characteristics representing the stony
soil as a whole. Stoniness (Rv) is the ratio of the volume of rock frag-
ments to the total volume of the soil.

The presence of stones can affect the hydraulic conductivity of a soil
in several ways. On the one hand, stones reduce the effective cross-sec-
tional area throughwhichwater flows, and combined with the fact that
an increase in stoniness results in greater curvatures of flow paths, this
can result in lower hydraulic conductivities (Bouwer and Rice, 1984;
Childs and Flint, 1990; Ma et al., 2010; Novák et al., 2011; Ravina and
Magier, 1984). In contrast, shrink-swell phenomenamay create tempo-
ral lacunar pores (i.e., voids along the soil/stone interface) that can
cause preferential flow and thus an increase in the saturated hydraulic
conductivity (Sauer and Logsdon, 2002; Shi et al., 2008; Verbist et al.,
2009; Zhou et al., 2009).

Rock fragments are relatively large compared to fine soil particles of
the soil matrix. Therefore, it is necessary to evaluate the bulk soil char-
acteristics for a “representative elementary volume” (REV) (Bear,
1972), the size ofwhich dependsmostly on the size and spatial distribu-
tion of the rock fragments. The larger the rock fragments are in the stony
soil, the larger the REV needed. Buchter et al. (1994) recommended that
the drymass of a stony soil sample should be at least 100 times themass
of the largest particle. However, there is no rule for how large the REV of
a stony soil should be formeasuring its hydraulic characteristics. The di-
mension of the REV can vary fromdecimeters tometers,with its volume
extending to about 1 m3 when the rock fragments have a diameter of
10 cm or larger. The presence of rock fragments further presents prob-
lems for measuring the bulk soil hydraulic properties, water contents,
water potential, or flow regime in general, due to such practical issues
as the difficulty of inserting probes in stony soils (e.g., TDR probes and
tensiometers) or installing lysimeters (Cousin et al., 2003; Ma et al.,
2010).

Since it is technically difficult to perform hydraulic conductivity
measurements on large samples with different stoniness, Novák et al.
(2011) proposed the use of numerical models to simulate the classic
Darcian flow experiment and to calculate the corresponding saturated
hydraulic conductivity. This was done by embedding spherically shaped
stones of different sizes (5, 10, and 20 cm in diameter) into a soil matrix
of known hydraulic conductivity and then calculating the effective sat-
urated hydraulic conductivity of the bulk sample with stones (Ks

b).
Novák et al. (2011) showed that the effective hydraulic conductivity
of a soil with a given stoniness is smaller when it contains a single
“large” stone than when it contains multiple smaller stones. However,
they only considered circular stones in the stoniness range of 0.07–
0.31 cm3 cm−3. From their study, it is not clear if the fine soil texture
markedly affects simulated saturated hydraulic conductivities. Howev-
er, their study indicated that one can similarly assess other factors that
can potentially influence the hydraulic resistance to water flow such
as different shapes, orientations, positions, and spatial distributions of
rock fragments.

Therefore, the objective of this study is to describe and quantify the
influence of stoniness and different shapes and positions of rock frag-
ments on the bulk (effective) saturated hydraulic conductivity of
stony soils using numerical modeling. This goal is achieved by answer-
ing the following questions:

1. How will A) the shape of rock fragments, B) the orientation of rock
fragments, and C) the regular and irregular distributions of rock frag-
ments affect the effective saturated hydraulic conductivity of stony
soils?
2. How much will the effective saturated hydraulic conductivities of
stony soils simulated using the numerical model differ from those
calculated using existing empirical equations?

3. Is it possible to assess the effects of soil texture of the soil matrix on
the effective saturated hydraulic conductivities of stony soils using
a numerical model?

4. From simulated results, is it possible to propose a relationship be-
tween stoniness and the effective saturated hydraulic conductivity
for different shapes, orientations, or distributions of rock fragments
in a stony soil?

2. Theory

Only a few empirical equations for evaluating an effective saturated
hydraulic conductivity of stony soils exist (e.g., Brakensiek et al., 1986;
Ma et al., 2010; Ravina and Magier, 1984), and most are derived from
laboratory experiments. The equation of Ravina and Magier (1984) is
often used either in the absolute form to get the effective saturated hy-
draulic conductivity:

Ks
b ¼ 1−Rvð ÞKs

f ð1Þ

or in the relative form to get the relative effective saturated hydraulic
conductivity, Krs:

Krs ¼ Ks
b

Ks
f
¼ 1−Rv ð2Þ

where Ks
b and Ks

f are the effective saturated hydraulic conductivities of
the bulk soil (denoted by index “b”) and soil matrix (denoted by index
“f”), respectively, and Rv is the relative volume of rock fragments in a
stony soil (stoniness). According to Eq. (2), Krs linearly decreases with
an increasing relative volume of rock fragments. The use of this ap-
proach is recommended for sandy soils because their deformation due
to water flow is not significant. The preliminary assumption is that
properties of the soil matrix such as porosity are invariant with respect
to the content of rock fragments.

The effective saturated hydraulic conductivity of a stony soil can also
be calculated using the Corring and Churchill (1961) equations. Their
equationswere obtained fromanalytical solutions of heat transfer equa-
tions in dispersive environments. The equation for a stony soil with
spherical rock fragments with a negligible or zero retention capacity
that are dispersed in a soil matrix can be expressed as follows:

Ks
b ¼ Ks

f 2 1−Rvð Þ
2þ Rv

� �
ð3Þ

For cylindrical shaped rock fragments, it can be written as:

Ks
b ¼ Ks

f 1−Rv

1þ Rv

� �
ð4Þ

Peck andWatson (1979) also derived an equation for spherical rock
fragments identical to Eq. (3).

3. Methods

3.1. Numerical Darcy experiments

In this study, numerical Darcy experiments were performed in a
similar fashion to Novák et al. (2011). A virtual stony soil was created
by distributing rock fragments of different shapes and positions in the
soil matrix, the hydraulic properties (i.e., the saturated hydraulic con-
ductivity and the retention curve) of which were assumed to be
known. Using HYDRUS (2D/3D) (Šimůnek et al., 2008), vertical water
flow was then simulated in a vertical cross–section (1 × 1 m2) with



Fig. 1. Isometric view (a) and views in the x-(or y-) (b) and z-direction (c) of the three-dimensional transport domainwith 403 regularly distributed spheres representing rock fragments
(Rv of 0.211).

Table 1
Soil hydraulic parameters for the analytical model of van Genuchten (1980) for three tex-
tural classes of the USDA soil textural triangle according to Carsel and Parrish (1988) (tak-
en from the HYDRUS soil catalog).

Textural class

θr θs α n Ks
f

(cm3 cm−3) (cm3 cm−3) (cm−1) (−) (cm h−1)

Sandy Loam 0.065 0.41 0.075 1.89 4.42
Loam 0.078 0.43 0.036 1.56 1.04
Clay Loam 0.095 0.41 0.019 1.31 0.26
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impermeable side walls. The final steady-state conditions were consid-
ered to represent steady-state water flow through a stony soil. Since the
full saturation of the soil profile was considered as the initial condition,
the steady-state conditions were reached very quickly; simulations had
to be run for only about 90–150 min. To establish a unit pressure head
gradient, the pressure head of 1 cm was applied at both the surface
and bottom boundaries of a 1-m long soil profile. Consequently, the av-
erage water flux across the two boundaries was equal to the effective
saturated hydraulic conductivity of a virtual stony soil.

Water movement in the virtual stony soil was simulated using the
HYDRUS model, which numerically solves the Richards equation de-
scribing water flow in unsaturated and/or saturated porous media.
This type of model is needed because both saturated and unsaturated
regions are present in the flowdomain, with unsaturated regions locally
developing below rock fragments. The saturated soil water content,
which corresponds to a zero pressure head, was used as the initial
condition.

Several simplifying assumptions were made. It was assumed that
the retention capacity and permeability of rock fragments were negligi-
ble, and that there was a close contact between rock fragments and the
soil matrix [i.e., no lacunar pores (Fiès et al., 2002; Verbist et al., 2009)
were present]. It was further assumed that water flow occurs only in
the soil matrix (i.e., no flow through rock fragments) and that
macropores and processes of solifluction and sealing can be neglected.
Finally, it was assumed that flow through a fully three-dimensional sys-
tem can be approximated using two-dimensional (2D) simulations. A
limited number of fully three-dimensional simulations was carried out
to evaluate the correspondence between results of two- and three-di-
mensional simulations.

Numerical experiments were divided into 3 scenarios. Scenario A
represents regularly distributed RFs of different shapes (in cross-section
circles, triangles, and ellipses), scenario B represents different orienta-
tions (horizontal or vertical) of slab-sided ellipses, and scenario C repre-
sents regularly and irregularly distributed spherical rock fragments.
Dimensions of all rock fragment shapes are discussed below.

3.2. Shapes and orientations of rock fragments (scenarios A and B)

To assess the influence of rock fragment shapes on the saturated hy-
draulic conductivity of a virtual stony soil, rock fragments of different
shapes, where 2D cross-sections are circles, ellipses, and triangles,
were regularly distributed in a two-dimensional cross-section of the
soil matrix. Two types of elliptical shapes were considered using the ra-
tios ofmajor andminor axes of 1.56 and 2.56.While the former elliptical
shapes (ellipseNo.1; the lengths ofmain axeswere 4 and 6.25 cm)were
only positioned horizontally (i.e., themajor axiswashorizontal), the lat-
ter elliptical shapes (ellipse No.2; the lengths of main axes were 3.125
and 8 cm) were positioned both horizontally and vertically. The base
and height of triangles were 13 and 12.07 cm long, respectively. All cir-
cles, representing stones, were the same size, with a diameter of 10 cm.
The cross-sectional area of 78.5 cm2 was the same for all rock fragment
shapes (i.e., circles, ellipses, and triangles). In three-dimensional simu-
lations with regularly distributed spherical rock fragments, all spheres
had a diameter of 10 cm and a volume of 523.6 cm3.

In our numerical two-dimensional simulations, stoniness (Rv) is de-
fined as the ratio of the cross-sectional area of rock fragments and the
total cross-sectional area. It is assumed to be the same as the relative
volume of rock fragments in the soil volume and was considered with
values of 0.07, 0.16, 0.24, and 0.31 cm3 cm−3. It was not technically pos-
sible to arrange the regular distribution of rock fragments for stoniness
higher than 0.31 cm3 cm−3, especially for triangular and ellipsoidal RFs.
In the three-dimensional simulations, stoniness of 0.157 and
0.211 cm3 cm−3 (corresponding with 300 and 403 rock fragments, re-
spectively) was considered (Fig. 1). Simulations with zero stoniness
represented soil samples without rock fragments. Hydraulic properties
of the soil matrix, assumed to have the texture of either sandy loam,
loam, or clay loam (Table 1), were taken from the soil catalog imple-
mented in the HYDRUS software. These three textures were selected
to represent a range of textures from coarse to fine.

3.3. Regular and irregular rock fragment distributions (scenario C)

Additional numerical experiments were performed to evaluate the
influence of regular and irregular distributions of circular rock frag-
ments in a stony soil on the effective saturated hydraulic conductivity
Ks
b (and Krs). Six different values of stoniness Rv (0.07, 0.16, 0.24, 0.31,

0.42, and 0.5 cm3 cm−3) and eleven different spatial distributions of
rock fragments were considered. While the first simulation assumed a
regular distribution of rock fragments, the next ten simulations for
each amount of stoniness considered irregular distributions of rock frag-
ments. Irregular distributions of rock fragment positions were obtained
using a random numbers pair generator. Generated coordinates of cen-
ters of circular rock fragments were adjusted so that rock fragments



Fig. 2. Examples of regular and irregular distributions of rock fragments in a stony soil with a stoniness Rv of 0.31 cm3cm−3.
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were not overlapping or in contact with each other. Examples of regular
and irregular distributions of rock fragments are shown in Fig. 2. Since
no significant differences were observed between results of simulations
evaluating the effect of the spatial distribution of rock fragments when
different fine soil textures were considered to represent the soil matrix,
only results for sandy loam are reported below.

Results of numerical experiments with respect to effective hydraulic
conductivities for corresponding stoniness were evaluated in relative
values. Mean values (for all scenarios, with different shapes, orienta-
tions, and distributions of RFs for a given stoniness) and their standard
deviations (for scenario C), as well as the range of values (min and
max) for scenarios A and B, together with 95% confidence intervals for
scenario C, were estimated. Confidence intervals (±2 standard devia-
tions) were calculated from eleven discrete values for every considered
stoniness, assuming Gaussian distribution of simulated Krs values. Fur-
thermore, the relative effective saturated hydraulic conductivities
Fig. 3. Spatial distributions of pressure heads (cm) in soilswith rock fragments regularly distribu
bottom.
simulated for all scenarios were compared with values calculated ac-
cording to both Ravina and Magier (1984) (Eq. (2); RM), and Corring
and Churchill (1961) for spherical (Eq. (3); CCS) and cylindrical (Eq.
(4); CCC) shapes of RFs, divided by a corresponding saturated hydraulic
conductivity of the soil matrix. Decreases or increases of simulated
values of relative effective saturated hydraulic conductivities were
expressed in percentages of calculated values. The effects of shape, ori-
entation, or distribution of rock fragments and stoniness on the relative
saturated hydraulic conductivity were assessed using a linear or non-
linear regression.
4. Results

The results presented in the following sections refer to two-dimen-
sional simulations, unless specified otherwise.
ted in the sandy loammatrix and a stoniness Rv of 0.24 cm3cm−3.Waterflow is from top to



Fig. 4. The spatial distribution of pressure heads (cm) in a soil with rock fragments
irregularly distributed in the sandy loam matrix and a stoniness Rv of 0.24 cm3cm−3.
Water flow is from top to bottom.
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4.1. Spatial distributions of pressure heads, water contents, andwater fluxes

Spatial distributions of pressure heads, volumetric soil water con-
tents, and water fluxes in soils with rock fragments either regularly or
irregularly distributed in the soil matrix are presented in Figs. 3–9. Spa-
tial distributions of pressure heads (Figs. 3 and 4) show that there are
indeed regions immediately above rock fragments with positive pres-
sure heads greater than the boundary pressure head of 1 cm. Immedi-
ately below rock fragments, there are regions with negative pressure
heads, indicating unsaturated conditions. This phenomenon was ob-
served in all simulations with RFs. The minimum and maximum differ-
ences in pressure heads for regularly distributed rock fragments were
Fig. 5. Spatial distributions of volumetric soil water contents in soils with rock fragments regula
from top to bottom.
observed for elliptic rock fragments oriented vertically and horizontally,
respectively. The maximum differences in pressure heads were ob-
served for conditions with an irregular distribution of rock fragments.
The maximum and minimum pressure heads of 14.6 cm and −4.9 cm,
respectively, were observed in the soil with stoniness of
0.24 cm3 cm−3 and the sandy loam soil matrix (Fig. 4).

Almost entire soil systems,with the exception of small regions imme-
diately below the rock fragments, were fully saturated. The extent of the
unsaturated regions depended on the shape of rock fragments.While the
unsaturated regionswere very small, or sometimes even did not develop,
for spherical and elliptical (oriented vertically) rock fragments, larger un-
saturated regions developed below elliptical, horizontally oriented rock
fragments or triangular rock fragments. Similarly as for pressure heads,
the greatest differences in soil water contents were observed for condi-
tions with an irregular distribution of rock fragments (Fig. 6).

Non–uniformwater fluxes (Figs. 7–8)were the consequence of non-
uniform pressure head distributions (Figs. 3–4). Water fluxes were
smallest (approaching zero) immediately above and below the rock
fragments. They were significantly larger (by up to 50%) than the satu-
rated hydraulic conductivity between the rock fragments. The largest
water fluxeswere observed for conditionswith an irregular distribution
of rock fragments (Fig. 8).

Fig. 9 compares the spatial distribution of water fluxes in a soil with
regularly distributed rock fragments in a two- and three-dimensional
simulations. A cross-section through the middle of the domain is
shown for a three-dimensional simulation. While a two-dimensional
domain contains 8 rows of rock fragments, a cross-section through a
three-dimensional domains contains only 4 rows, since the other 4
rows were moved in the y-direction. A similar patterns of water fluxes
is apparent around rock fragments present in the cross-section. Note
that the largest fluxes in a three-dimensional simulation were calculat-
ed for regions with ‘missing’ (moved) rock fragments, where flow was
accelerated at the surface of these fragments.
rly distributed in the sandy loammatrix and a stoniness Rv of 0.24 cm3cm−3. Water flow is



Fig. 6. The spatial distribution of volumetric soil water contents in a soil with rock
fragments irregularly distributed in the sandy loam matrix and a stoniness Rv of
0.24 cm3cm−3. Water flow is from top to bottom.

Fig. 8. The spatial distribution of water fluxes (cm/min) in a soil with rock fragments
irregularly distributed in the sandy loam matrix and a stoniness Rv of 0.24 cm3cm−3.
Water flow is from top to bottom.
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All simulated scenarios indicate that the effective or relative saturat-
ed hydraulic conductivities always decrease with increasing stoniness.
The decrease in hydraulic conductivities depends not only on stoniness,
but also on the shape, orientation, and distribution of rock fragments in
the soil, as well as on the texture of the soil matrix, as discussed inmore
detail below.

4.2. Relative effective saturated hydraulic conductivities

4.2.1. The effect of shapes and orientations of rock fragments (scenarios A
and B)

The largest Krs values for all simulated stoniness were obtained for
slab-sided ellipses (No. 2) oriented vertically, followed by circles, trian-
gles, and No.1 ellipses. The smallest Krs values were obtained for slab-
Fig. 7. Spatial distributions ofwaterfluxes (cm/min) in soilswith rock fragments regularly distri
to bottom.
sided ellipses (No. 2) horizontally oriented. These trends in Krs are
displayed in Fig. 10a, together with linear regression equations express-
ing the dependence of Krs on stoniness Rv.

While mean Krs values for scenarios A and B were almost identical,
their smallest and largest values were different (Table 2). The effect of
similarly shaped rock fragments in scenario A on the smallest and larg-
est Krs values was smaller than the effect of the orientation of slab-sided
ellipses in scenario B. The difference between the largest and smallest
Krs values due to different orientations of the same elliptical rock frag-
ments is quite large. For example, for a stoniness of 0.24 cm3 cm−3,
the difference between Krs of a systemwith elliptical rock fragments ei-
ther horizontally or vertically oriented was 0.26 (the range of values for
scenario B) (Table 2, Fig. 10a, ellipses denoted as “2-H″ or “2-V″). In
buted in the sandy loammatrix and a stoniness Rv of 0.24 cm3cm−3.Waterflow is from top



Fig. 9. Comparison of the spatial distributions of water fluxes (cm/min) in a soil with rock fragments regularly distributed in the sandy loammatrix in two-dimensional (a stoniness Rv of
0.31 cm3cm−3) (left) and three-dimensional (a stoniness Rv of 0.211 cm3cm−3) (right) systems. Water flow is from top to bottom.
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contrast, the difference between the smallest and largest Krs values for
soilswith different rock fragment shapes in scenario A (circles, triangles,
and ellipses with small axes ratio, denoted in Fig. 10a as “1-H″) for a
stoniness of 0.24 cm3 cm−3 was only 0.11.

Numerical experiments indicated that the reduction in the relative
effective saturated hydraulic conductivity Krs as a function of stoniness
Rv does not depend on hydraulic properties of the soil matrix. Although
the results displayed in Fig. 10a are only for a sandy loammatrix, almost
identical results were obtained for the other two soil matrix textures.
Numerical experiments further indicated that the relative effective sat-
urated hydraulic conductivity Krs decreases much faster as a function of
stoniness Rv than predicted by the equation of Ravina and Magier
(1984) and that this decrease depends on the shape and orientation of
rock fragments. Therefore, we generalized the equation of Ravina and
Magier (1984) for different shapes and orientations of rock fragments
as follows:

Krs ¼ Ks
b

Ks
f
¼ b−a:Rv ð5Þ

and the following parameters a and b (Fig. 10a) were fitted using linear
regression for:
Fig. 10. The relative saturated hydraulic conductivity (Krs= Ks
b/Ks

f) as a function of stoniness Rv
positioning of ellipses, respectively) and the spatial distribution of circular rock fragments (Fi
sphere”, which were obtained using the three-dimensional simulations. Relationships denot
and Churchill (1961) for spheres, and Corring and Churchill (1961) for cylinders, respectively. R
1. spherical rock fragments with a diameter of 10 cm: a = 1.45, b =
0.97 with r2 = 0.98,

2. ellipsoidal rock fragments with a long axis of 4 and 6.25 cm and tri-
angular rock fragments with a height of 12.07 cm and a base of
13 cm: a = 1.75, b = 0.96 with r2 = 0.98,

3. ellipsoidal rock fragmentswith a long axis of 3.125 and 8 cmvertical-
ly oriented: a = 1.23, b = 0.99 with r2 = 0.99, and

4. ellipsoidal rock fragmentswith a long axis of 3.125 and 8 cmhorizon-
tally oriented: a = 1.98, b = 0.92 with r2 = 0.93.

Simulated relative effective saturated hydraulic conductivities were
either underestimated or overestimated in comparison with calculated
values. This under- or over-estimation depends on a) the calculation
method, b) the modeled scenario, and c) stoniness. The relative devia-
tions in percentages between simulated and calculated values are pre-
sented in Table 3.

Simulated values of Krs were underestimated in all scenarios com-
pared with the Ravina and Magier (1984) function (RM), which also
predicts a smaller decrease of Krs as a function of stoniness than both
equations of Corring and Churchill (1961). With respect of the effect
of the shapes of RFs (scenario A), the smallest deviations between
modeled and calculated values were obtained for the Corring and
and the shape of rock fragments (Fig. 10a, symbols V and H denote vertical and horizontal
g. 10b). All results were obtained using the two-dimensional simulations, except for “3D
ed as RM, CCS, and CCC were calculated according to Ravina and Magier (1984); Corring
esults are displayed for a sandy loammatrix.



Table 2
Mean, smallest and largest Krs values, as well as the range of relative effective saturated hydraulic conductivities of stony soils for different modeling scenarios.

Stoniness, Rv

Mean valuesa Smallest and largest valuesb, /range/

0 0.07 0.16 0.24 0.31 0.42 0.5 0.07 0.16 0.24 0.31 0.42 0.5

Krs, relative values Krs, relative values

Regularly dist. RF. Scenario A 1 0.83 0.68 0.56 0.48 – – 0.81–0.86 0.65–0.72 0.51–0.62 0.45–0.54 – –
/0.05/ /0.07/ /0.11/ /0.09/

Regularly dist. RFs Scenario B 1 0.82 0.67 0.56 0.49 – – 0.74–0.9 0.54–0.8 0.43–0.69 0.37–0.61 – –
/0.16/ /0.26/ /0.26/ /0.24/

Reg. & irr. dist. RFs Scenario C
95% Confidence interval

1 0.832 0.698 0.570 0.460 0.365 0.297 0.785–0.878 0.638–0.758 0.497–0.643 0.384–0.537 0.327–0.402 0.257–0.337
(0) (0.023) (0.030) (0.036) (0.038) (0.019) (0.020) /0.093/ /0.12/ /0.146/ /0.153/ /0.075/ /0.08/

Scenario A represents regularly distributed RFs of different shapes: circles (diameter 10 cm), triangles (base 13 cm, height 12.07 cm), ellipses (main axes 4 cm and 6.25 cm).
Scenario B represents different orientations of the ellipses (with main axes 3.125 cm and 8 cm); the minimum values are for RFs oriented horizontally, the maximum values are for RFs oriented vertically.
Scenario C represents regularly and irregularly distributed spherical RF (diameter 10 cm).

a In parentheses are standard deviations.
b Smallest and largest values in scenarios A and B, in scenario C they correspond to 95% confidence intervals.

Table 3
Differences (%) between simulated relative effective saturated hydraulic conductivities of stony soils and their corresponding values calculated froman empirical equation for stoniness from0.07 to 0.5 cm cm−3. Positive values indicate that simulated
values were larger than calculated values. RM denotes to Ravina and Magier (1984) function, CCS denotes to Corring and Churchill (1961) function (for spheres), CCC denotes to Corring and Churchill (1961) function (for cylinders).

Stoniness, Rv

Mean values Smallest and largest values

0 0.07 0.16 0.24 0.31 0.42 0.5 0.07 0.16 0.24 0.31 0.42 0.5

Relative differences (in %) between simulated and calculated Krs values according to particular equations (RM, CCS or CCC)

Regularly dist. RFs Scenario A

Min (max)
RM 0.0 −10.8 −19.0 −26.3 −30.4 – – −12.9 (−7.5) −22.6 (−14.3) −32.9 (−18.4) −34.8 (−21.7) – –
CCS 0.0 −7.6 −12.6 −17.5 −19.7 – – −9.9 (−4.3) −16.4 (−7.4) −24.8 (−8.6) −24.7 (−9.6) – –
CCC 0.0 −4.5 −6.1 −8.6 −8.9 – – −6.8 (−1.1) −10.2 (−0.6) −16.8 (1.2) −14.6 (2.5) – –

Regularly dist. RFs Scenario B

0.0 Min (max)a

RM 0.0 −11.8 −20.2 −26.3 −29.0 – – −20.4 (−3.2) −35.7 (−4.8) −43.4 (−9.2) −46.4 (−11.6) – –
CCS 0.0 −8.7 −13.9 −17.5 −18.0 – – −17.6 (0.2) −30.6 (2.9) −36.6 (1.7) −38.1 (2.1) – –
CCC 0.0 −5.7 −7.5 −8.6 −7.0 – – −14.9 (3.5) −25.4 (10.5) −29.8 (12.6) −29.8 (15.8) – –

Rreg. & irr. dist. RFs Scenario C

0.0 95% Confidence interval, min (max)
RM 0.0 −10.5 −16.9 −25.0 −33.3 −37.1 −40.6 −15.6 (−5.6) −24.0 (−9.8) −34.6 (−15.4) −44.3 (−22.2) −43.6 (−30.7) −48.6 (−32.6)
CCS 0.0 −7.4 −10.3 −16.0 −23.0 −23.9 −25.8 −12.6 (−2.3) −18.0 (−2.5) −26.8 (−5.2) −35.7 (−10.1) −31.8 (−16.1) −35.8 (−15.8)
CCC 0.0 −4.3 −3.6 −7.0 −12.7 −10.6 −10.9 −9.7 (1.0) −11.9 (4.7) −18.9 (4.9) −27.1 (2.0) −19.9 (−1.6) −22.9 (1.1)

a The smallest values correspond to RFs oriented horizontally, the largest values correspond to RFs oriented vertically.
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Churchill (1961) equation for cylindrical RFs (CCC). Compared with the
RM method, the Krs values for soils with spherical rock fragments were
underestimated by 7–21% in the stoniness range of 0.07–
0.31 cm3 cm−3. Whereas the Krs values were only underestimated by
4–9% compared to the Corring and Churchill (1961) equation for spher-
ical RFs (CCS). Compared to the Corring and Churchill (1961) equation
for cylindrical RFs (CCC), the Krs values were either underestimated by
1.1–0.6% in the range of stoniness of 0.07–0.16 cm3 cm−3, or
overestimated by 1.2–2% in the range of stoniness of 0.24–
0.31 cm3 cm−3.

The good agreement between Krs values predicted by the Corring
and Churchill (1961) equation for cylindrical RFs (CCC) and the two-di-
mensional simulations with spherical rock fragments is not surprising.
While the goal of these simulationswas to evaluate the effects of spher-
ical rock fragments, the two-dimensional simulations can only consider
a circular projections of these fragments and neglect the effects of the
third direction. These calculations thus indeed simulate the effects of cy-
lindrical, rather than spherical, rock fragments. On the other hand, the
results of the three-dimensional simulations, which could fully account
for spherical shapes of the rock fragments, corresponded closely with
values predicted by the Corring and Churchill (1961) equation for
spherical RFs (CCS) (Fig. 10a). The good agreement between the results
of both two- and three-dimensional simulations with cylindrical and
spherical rock fragments, respectively, with the Corring and Churchill
(1961) equations confirms the robustness of these equations, as well
as the correctness of our numerical simulations.

The Krs values of stony soils with slab-sided elliptical RFs were
underestimated for the entire range of stoniness of 0.07–
0.31 cm3 cm−3 compared with all calculation methods when RFs were
horizontally oriented. These values represented theminimum Krs values
for scenario B. When RFs were vertically oriented, the Krs values
corresponded to the maximum Krs values for scenario B. In this case,
the Krs values were only underestimated when compared to the RM
equation (by 3–11%), and overestimated when compared to the CCS
or CCC methods (by 0.2–2.1% and 3.5–15.8%, respectively).

4.2.2. The effect of regular and irregular distributions of rock fragments
(scenario C)

The largest Krs values for scenarios with irregularly distributed RFs
were for all amounts of stoniness close to the Krs values when rock frag-
ments were regularly distributed. The mean Krs values for scenario C in
the range of stoniness of 0.07–0.31 cm3 cm−3 were almost the same as
themean values for scenarios A and B. The confidence intervals show an
overlap between the minimum Krs values for a particular stoniness and
the maximum Krs values for the next higher stoniness.

The mean and largest and smallest Krs values for scenario C were
fitted using non-linear regression polynomial functions (Fig. 10b). The
largest Krs values were similar to those for scenario A for regularly dis-
tributed spherical shaped RFs (Table 2). The difference between the
largest and smallest Krs values due to regular and irregular distributions
of RFs varied from 0.075 to 0.153 in the range of stoniness of 0.07–
0.5 cm3 cm−3, with the largest difference identified at a stoniness of
0.31 cm3 cm−3. Table 2 summarizes the mean Krs values, their standard
deviations, and 95% confidence intervals (themean value ±2 times the
standard deviation) for different classes of stoniness.

The mean and smallest Krs values were always underestimated in
this scenario compared to all calculationmethods (Table 3). The largest
Krs values were underestimated compared to the RM and CCS methods.
Compared to the Corring and Churchill (1961) equation for cylindrical
RFs (CCC), the largest Krs values were almost always overestimated
(by 1–4.9%) in the range of stoniness of 0.07–0.5 cm3 cm−3, except for
a stoniness of 0.42 cm3 cm−3 when a small underestimation (by 1.6%)
was found.

Results in Figs. 10a and b are shown only for stoniness smaller than
0.31 or 0.5 cm3 cm−3, respectively, since it was difficult to regularly or
irregularly distribute rock fragments of all shapes for a larger stoniness.
The presence of rock fragments decreased the cross-sectional area of the
soil through which water flows and correspondingly, the relative satu-
rated hydraulic conductivity, as expressed by Eq. (2) of Ravina and
Magier (1984). The shape, orientation and spatial distribution of rock
fragments provided an additional influence on the curvatures of water
flow paths and consequently, the resistance to water flow through the
soil.

5. Discussion

Due to many factors such as the required size of the REV for stony
soils, as discussed by Novák et al. (2011), it is difficult to compare values
calculated using numerical experiments with measured values. Empiri-
cal evidence for the effect of the size of rock fragments on stony soil sat-
urated hydraulic conductivity was presented by Novák et al. (2011). For
example, Novák et al. (2011) showed that large rock fragments with a
diameter of 20 cm decreased the relative effective saturated hydraulic
conductivity more than smaller rock fragments with diameters of 10
or 5 cm with the same total volume. Similarly, Ma and Shao (2008),
for RFs with diameters in the range of 5–40 mm, showed a more signif-
icant decrease in the infiltration rate due to larger rock fragments than
due to a larger number of smaller stones of the same volume. They
also pointed out that rock fragments of a spherical shape decrease the
infiltration rate less than rock fragments of cylindrical or prismatic
shapes. Ma and Shao (2008) explained this phenomenon by different
resistances to water flow for differently shaped rock fragments.

Using field measurements, Verbist et al. (2009) observed both a de-
crease and an increase in Ks

b with stoniness. Stoniness was expressed in
their study using differentmeasures such as a relative volume, a relative
mass, or ameanweighted diameter of rock fragments. Increasing or de-
creasing trends, with moderate (correlation coefficients equal to 0.51–
0.63) and weak (correlation coefficients equal to 0.14–0.19) correla-
tions, respectively, were the result of two opposing phenomena: 1)
rock fragments causing greater curvature of flow paths and a decrease
in Ks

b, and 2) the presence of interconnected lacunar pores or other
macropores causing an increase in Ks

b. Verbist et al. (2013) further
showed that the saturated hydraulic conductivity of a stony soil deter-
mined in thefield can be highly variable, not only because of soil hetero-
geneity, but also due to the measurement method, the number of
replications, and the calculation method. Furthermore, it is not clear
how much different measurement results are affected by the stony
character of the soil or different measurement methods.

Since the possible presence of lacunar pores (or macropores) was
not accounted for in our numerical experiments, calculated Ks

b values
are decreasing with increasing stoniness. Calculated values of Ks

b are al-
ways lower than those calculated according to Ravina and Magier
(1984). One reason for this may be that Eq. (1) or (2) of Ravina and
Magier (1984) do not consider the influence of additional resistances
caused by different shapes, orientations, and positions of rock
fragments.

Our numerical simulations that evaluated irregular distributions of
rock fragments did not consider situations when rock fragments were
in contact with each other. In such a situation, not only the influence
of the position of rock fragments on Ks

b would be evaluated, but also
their size effect, since such rock fragments would behave as larger
stones, which had already been evaluated in an earlier study (Novák
et al., 2011). In addition, situationswhen all rock fragments are concen-
trated in one part of the flow domain were not considered.

Shapes and positions of rock fragments can have a significant influ-
ence on the hydrophysical properties of stony soils. This can be especial-
ly manifested for saturated conditions. The distribution and orientation
of rock fragments inmountainous areas are strongly affected by thepro-
cess of pedogenesis, slope gradient, and topographic position (Chen et
al., 2011, 2012). Rock fragments can be oriented parallel with the
slope. Consequently, such soils can have different hydraulic conductivi-
ties in horizontal and vertical directions, producing macroscopic
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anisotropy. This anisotropic behavior can, for example, accelerate hypo-
dermic flow at the hillslope scale and speed up the formation of subsur-
face flow (Capuliak et al., 2010).

Water flow in stony soils is a complex, three-dimensional phenom-
enon. Therefore, since majority of numerical experiments, the results of
whichwere discussed above, have been carried out using a two-dimen-
sional model, the results are only approximate. Nevertheless, we antic-
ipate, as was partially confirmed by a limited number of three-
dimensional simulations reported above, that differences between our
estimated hydraulic conductivities and those that would be estimated
using a fully three-dimensionalmodelwould be small, and that the gen-
eral relationships and various trends discussed above would be
preserved.

6. Conclusions

Numerical experiments showed that the effective hydraulic conduc-
tivity of saturated stony soils Ks

b decreased as stoniness increased. How-
ever, theKs

b estimates depended not only on stoniness (Rv) as previously
shown by others such as Ravina and Magier (1984), but they were also
sensitive to other factors such as the shape, distribution, and orientation
of the rock fragments in stony soils. For example, the largest (0.9, 0.8,
0.69, 0.61) and smallest (0.74, 0.54, 0.43, 0.37) values of the relative sat-
urated hydraulic conductivities Krs for stoniness of 0.07, 0.16, 0.24, and
0.31 cm3 cm−3 were estimated for rock fragments of elliptical shape
that were either vertically or horizontally oriented, respectively. The
Ravina and Magier (1984) function (RM) unpredicted a decrease of Krs

as a function of stoniness compared to the results of numerical simula-
tions for all shapes, orientations, and distributions of rock fragments, as
well as compared to both equations of Corring and Churchill (1961).
Therefore, we have generalized the equation of Ravina and Magier
(1984) to account for the shape and orientation of rock fragments and
identified the values of additionally required parameters a and b.

The results of the two-dimensional simulations with circular inclu-
sions agreed well with the Krs values predicted by the Corring and
Churchill (1961) equation for cylindrical RFs (CCC). Similarly, the results
of the three-dimensional simulations with spherical shapes of the rock
fragments corresponded closely with values predicted by the Corring
and Churchill (1961) equation for spherical RFs (CCS). The good agree-
ment between the results of both two- and three-dimensional simula-
tions with cylindrical and spherical rock fragments with the Corring
and Churchill (1961) equations confirms the robustness of these equa-
tions in describing the effects of rock fragments of specific shapes on the
hydraulic conductivity of stony soils, as well as the correctness of our
numerical simulations.

The relative effective saturated hydraulic conductivities Krs also
depended on whether the rock fragments were regularly or irregularly
distributed in a stony soil. The largest difference of 0.153 inKrs estimates
due to irregular distribution of rock fragments in the stony soil was ob-
tained for a stoniness of 0.31 cm3 cm−3. Differences in Krs estimates due
to irregular distributions of rock fragments decreased for both large
(0.5 cm3 cm−3) and small (0.07 cm3 cm−3) stoniness.

Finally, results of steady-state water flow simulations indicated that
the relative saturated hydraulic conductivities Krs do not depend on the
hydraulic properties of the soil matrix of stony soils for a particular
shape and orientation of rock fragments.
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