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The use of unsaturated hydraulic conductivity can help to define soil perme-
ability, i.e. can contribute to the estimation of water percolation through unsatu-
rated zone. The goal of this paper was the estimation of soil permeability at the
location of case study profile Kosnica, situated in the alluvial plain of the Zagreb
aquifer, Croatia, based on the variation in soil water content. Zagreb aquifer rep-
resents the only source of potable water for inhabitants of the City of Zagreb and
Zagreb County. The thickness of unsaturated zone of the Zagreb aquifer varies
from 8 meters in NW part to 2 meters in SE part. The unsaturated hydraulic con-
ductivity values were calculated according to the granulometric composition of soil
horizons and with optimized soil parameters. Variation in unsaturated hydraulic
conductivity showed that the upper part of the soil profile was generally perme-
able throughout the 2011/2012 hydrologic year. The unsaturated hydraulic con-
ductivity calculated with optimized soil parameters gave the highest values, al-
ways greater than 1E-9 m/s. Even though the estimation of soil profile
permeability would be more precise with measurements of water content and
pressure head in each soil horizon, calculation performed in this manner can give
the first insight in general estimation of the unsaturated hydraulic conductivity
variability and related soil permeability.

Keywords: soil permeability, unsaturated hydraulic conductivity, water content,
well field Kosnica

1. Introduction

The soil permeability may change spatially due to horizontal and vertical
changes in many factors, especially due to variation of unsaturated hydraulic
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conductivity. There is no engineering soil property that can vary more widely
than soil permeability (Fredlund et al., 1994). For saturated soils, the hydraulic
conductivity can vary by more than 10 orders of magnitude when considering
soils that range from sand to clay. Soils that become unsaturated are even more
difficult to analyse. In addition, it is possible for a single soil to have a value of
hydraulic conductivity that ranges over 10 orders of magnitude. However, expe-
rience has shown that many important questions can be addressed using seep-
age analyses of unsaturated soils. Analyses have shown that water flow through
soil 1s directly proportional to the hydraulic conductivity (Fredlund et al., 1994).
Knowledge of pore water pressures or pressure heads is of primary interest.
These values are relatively insensitive to saturated hydraulic conductivity and
permeability. Soil water retention curve (SWRC) is defined as the relationship
between soil suction and water content. Through the history, numerous equa-
tions were suggested for the construction of soil water retention curve.
Buckingham (1907) calculated the first equations and created SWRC. Among the
most used equations are those of Brooks and Corey (1964), van Genuchten (1980)
and Fredlund and Xing (1994). Several parameters, such as water content, pres-
sure head, soil structure (or aggregation), compaction energy, mineralogy, tex-
ture, organic content and hysteresis, influence the SWRC behaviour (Vanapalli
et al., 1999; Ng and Pang, 2000). All of the parameters that influence soil-water
behaviour also influence hydraulic conductivity of unsaturated soils. Even
though there are different laboratory techniques (Klute and Dirksen, 1986) and
field methods (Green at al., 1986), they are generally time consuming and have
many different practical limitations (van Genuchten et al., 1988). Fredlund et al.
(1994) predicted coefficient of permeability and permeability function using em-
pirical methods. Lobbezoo and Vanapalli (2002) proposed a simple technique for
the estimation of unsaturated soil hydraulic conductivity based on conventional
soil properties; namely, saturated hydraulic conductivity, degree of saturation
(or water content) in soil.

Due to its applicability to almost all types of soils, van Genuch ten equation
(1980) was used to estimate Fluvisol permeability based on the variation of soil
water content and associated unsaturated hydraulic conductivity, which was the
main objective of this paper.

2. Area description

2.1. Location

Case study profile (Fig. 1) is located in the eastern part of the Zagreb aquifer,
which represents the only source of potable water for inhabitants of the City of
Zagreb and Zagreb County. Highly variable lithology, pedological features and
land use characterize the broader region. The study area consists of a large allu-
vial plain that has two marked geomorphological features: the raised sealed
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Figure 1. Location of the study area and profile Kosnica.

terrace of the Sava River (varying in width down the rivers length), and a
Holocene terrace (Nakié et al., 2013). Numerous meanders of the Sava River in-
undated fluvial cones and numerous bowl-shaped depressions abound in the al-
luvial plain. Case study profile is located about eight hundred meters from the
right bank of the Sava River.

2.2. Geology and hydrogeology

Mostly unconsolidated Quaternary sediments constitute the shallow uncon-
fined Zagreb aquifer and its unsaturated zone. Lower Pleistocene deposits are
predominantly composed of clayey silts/silty clays with sporadic lenses and inter-
beds of gravelly-sands, up to a few decimeters in thickness (Velié and Durn,
1993). While the lower and the middle part of Middle Pleistocene unit is pre-
dominantly composed of sands, the upper part comprises silt and clay sized ma-
terial (Veli¢ and Durn, 1993; Veli¢ and Saftié, 1996). The Upper Pleistocene unit
is characterized by frequent lateral changes of gravels, sands, silts and clays. The
Holocene deposits are composed of gravels and sands with high permeability, in
which limestone cobbles prevail.

Consequently, Zagreb aquifer is made of two main layers, deep and shallow.
The deep layer contains Pleistocene lacustrine-marshy deposits, while the
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shallow layer contains Holocene alluvial deposits (Veli¢ and Durn, 1993; Veli¢ et
al., 1999). Even though they present one hydrogeological unit, geochemical strat-
ification along the depth is recognized (Markovi¢ et al., 2013). Zagreb aquifer is
the only source of potable water for the inhabitants of the City of Zagreb and a
part of Zagreb County and it is designated as part of strategic water reserves
protected by the Republic of Croatia.

2.3. Unsaturated zone

The thickness of unsaturated zone of the Zagreb aquifer varies from 8 meters
in NW part to 2 meters in SE part, depending mostly on the Sava River water
levels. The upper part of this zone is composed mainly of silty to sandy material,
material was intersected by clay layers. Three pedological units have predomi-
nantly developed on these sediments: Fluvisols, Stagnic Podzoluvisols
(Pseudogley) and Eutric Cambisols (Sollitto et al., 2010).

At the Kosnica case study site, the lower part of the unsaturated zone profile
consists of gravels with sand component, while gravels with silty to sandy material
dominate in the upper part. Pebbles are mainly rounded and oval in shape (Ruzici¢
et al., 2012). Sands reveal different granulation, from gravely to silty sands. In
some places, these sediments are red to black in colour. According to FAO classifi-
cation (FAO, 2006) Fluvisols are developed on top of the unsaturated zone profile.

The following soil horizons were recognized: A-AC-C-2C/Cl-3C1-4Cl/Cr-5Cr
(Figs. 2 and 3b). Soil profile is mainly silt loam in texture; in some parts sandy
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granular.

3. Materials and methods

Theoretical soil water retention curves and unsaturated hydraulic conduc-
tivities (van Genuchten, 1980; egs. (1) to (4)) were constructed and calculated
based on the data from grain size analysis for every pedological horizon (Tab. 1)
and based on optimized soil hydraulic parameters (Ruzicié et al., 2016; Tab. 2).
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Table 1. Physical properties and grain size analysis for soil horizons (modified according to RuZici¢ et

al., 2016).
Soil Depth Water Bulk Porosity ~ Sand Silt Clay
horizon (m) content  density (%) (%) (%) (%)
(% vol)  (kg/m®)
A 0-0.19 44.56 1040 59.26 2456 6527 10.17
AC-C 0.19-0.68  41.57 1360 48.38  13.79  176.69 9.52
2C/C1 0.68-1.1 39.89 1390 47.39 56.33  38.23 5.44
3Cl1 1.1-1.4 38.53 1370 48.96 43.29 4743 9.28
4Cl/Cr 1.4-1.9 42.06 1410 46.17 37.21 50.50 12.29
5Cr 1.9-2.1 41.27 1430 46.74  55.62  38.45 5.93
Table 2. Soil hydraulic parameters.
Soil Depth Soil With Without Optimized
horizon (m) hydraulic bulk bulk parameters
parameters  density density  (Ruzicié et al., 2016)
0, 0.0518  0.0609 0.06
0, 0.4343 0.4716 0.4
a (1/cm) 0.0043 0.0036 0.0077
A 0-0.19 n 1.7130 1.7723 1.5769
m 0.4162 0.4358 0.3658
1/m 2.4025 2.2948 2.7334
K, (cm/day)  36.70 154.81 44
0, 0.0558 0.0572 0.06
0, 0.4641 0.4201 0.4
a (1/cm) 0.0052 0.0050 0.1
AC-C  0.19-0.68 n 1.6943 1.6931 2.5
m 0.4098 0.4094 0.6
1/m 2.4403 2.4428 1.667
K, (cm/day) 34.26 43.54 45
0, 0.0328 0.0337 0.03
0, 0.3984 0.3718 0.38
a (1/cm) 0.0199 0.0208 0.1
2C/C1  0.68-1.1 n 1.4340 1.4453 1.9839
m 0.3026 0.3081 0.4959
1/m 3.3041 3.2457 2.0164
K, (cm/day) 48.94 57.78 160
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Table 2. Continued.

Soil Depth Soil With Without Optimized
horizon (m) hydraulic bulk bulk parameters
parameters  density density  (Ruzicié et al., 2016)
0, 0.0425 0.0419 0.04
0, 0.4017 0.3732 0.37
a (1/cm) 0.0080 0.0092 0.0096
3Cl 1.1-14 n 1.5536 1.5464 1.5396
m 0.3563 0.3533 0.3505
1/m 2.8064 2.8302 2.8532
K, (cm/day)  30.33 33.88 35
0, 0.0500 0.0480 0.05
6, 0.4052 0.3732 0.37
a (1/cm) 0.0060 0.0074 0.0077
4Cl/Cr 1.4-1.9 n 1.6051 1.5849 1.5784
m 0.3770 0.3690 0.3664
1/m 2.6526 2.7097 2.7289
K (cm/day)  28.90 23.63 24
0, 0.0338 0.0338 0.03
6, 0.3974 0.3644 0.36
a (1/cm) 0.0189 0.0212 0.0223
5Cr 1.9-2.1 n 1.4375 1.4407 1.4364
m 0.3043 0.3059 0.3038
1/m 3.2857 3.2691 3.2915
K, (cm/day)  45.70 47.87 51

Ko)=K 515" | @

where y is matric potential (m), 6, saturated water content (m*m?), 6, residual
water content (m*/m?), i, bubbling pressure (m), K(0) unsaturated hydraulic con-
ductivity (m/s), K, saturated hydraulic conductivity (m/s), S, effective saturation
(%), while a (1/m), n and m are parameters which depend on the slope of the
curve (van Genuchten 1980; Fetter 1999).

Soil hydraulic parameters were estimated using Rosetta Lite software
(Schaap et al., 2001), with and without taking into account soil bulk density (Tab.
2). Rosetta Lite software uses granulometric composition and soil bulk density to
estimate soil hydraulic parameters. Soil hydraulic parameters are shown in
units directly projected from the Rosetta Lite software and transformed into
International system of Units for further calculation. Water content and soil ten-
sion variation in hydrologic year 2011/2012 was measured in two soil horizons on
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Figure 2. Soil horizons at the study
profile Kosnica.
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daily basis, at 0.4 and 1.1 m depth.
Water content was measured using
Time domain reflectrometry (TDR)

. probes, (Fig. 3a), while soil water ten-

sion was measured using tensiometers
(Fig. 3b).

Unsaturated hydraulic conductivi-
ties (K,,..;) were calculated for each per-
centage of water content, ranging from
6, to 6., for two observed soil horizons.
Then K, values were placed in func-

~ tion of water content variation in two

soil horizons where water content was
measured during observed hydrologic
year. The variation of K, ., was calcu-
lated for three different scenarios. The
first two scenarios were developed ac-
cording to soil hydraulic parameters
(Tab. 2) projected from Rosetta Lite soft-
ware based on grain size analyses and

~ bulk density (Tab. 1), while the third

scenario was developed according to op-
timized parameters (Tab. 2) calculated
using inverse modelling in HYDRUS 1D
software (Ruzici¢ et al., 2016).
Consequently, in this way the assess-
ment of K., variation was made for
one hydrologic year and was used for
soil permeability prediction at the study

~area. Terzaghi and Peck (1967) suggest-

ed that hydraulic conductivity value of
1E-9m/s represents a boundary between
permeable and impermeable soils.

Finally, all values were compared
with daily precipitation data from the
nearest meteorological station Pleso to
see the association between precipita-
tion and water content. In order to ob-
tain the estimate of maximal precipita-
tion available for infiltration, average
yearly evapotranspiration was calculat-
ed according to Turc (1953).
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4. Results and discussion

Theoretical soil water retention curves (Figures 4 to 6) for each pedological
horizon were constructed using soil hydraulic parameters shown in Tab. 2.
Figures 4 and 5 show measured values of water content and pressure head com-
pared with theoretical soil water retention curves with and without taking into
account bulk density for horizons at 0.4 and 1.1 m depth, while Fig. 6 shows the
comparison according to optimized soil hydraulic parameters, where bulk densi-
ty was also used.

Figure 3. a) Research pedological burrow with TDR probes and EC-probes; b) tensiometers (modifi-
cated according to Ruzicié et al., 2012).
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Matric potential at 1.1 m depth ranges from —0.0186 to 8.2622 m, while at
0.4 m depth it varies from —0.0314 to 7.0209 m. Figs. 4 to 6 show that data over-
lapping between theoretical SWRC curves and measured values does not match,
although overlapping is the best with optimized hydraulic parameters. The main
reason is probably associated with problems in the tensiometers measurements.
Measurements of water content present more quality data (Fig. 7) which was the
main reason it was used in K, variability assessment. It can be seen that the

observed values of water content generally range from 0.13 to 0.31 at 1.1 m
depth, and from 0.17 to 0.37 on 0.4 m depth.

Theoretical variation of unsaturated hydraulic conductivity in two pedologi-
cal horizons (Fig. 8) suggests that the soil becomes impermeable in those layers
only when water content drops below 0.2, i.e. between 0.09 and 0.19. Unsaturated
hydraulic conductivity varies from 4.26E—11 to 3.2E—6 m/s at 1.1 m depth and
from 7.21E-10 to 2.88E—6 m/s at 0.4 m depth.

Variation of unsaturated hydraulic conductivity based on the measured vari-
ation of soil water content in two pedological horizons, and compared to daily
precipitation, is shown in Fig. 9. Values at 1.1 m depth, except those calculated
with optimized hydraulic parameters, suggest that soil permeability was on the
impermeable boundary in the autumn of 2011 and impermeable in the summer
of 2012. In the meantime, the soil was permeable. Values at 0.4 m depth suggest
that in the upper part, the soil profile was permeable throughout the 2011/2012
hydrologic year. Values of K, are the highest when optimized hydraulic pa-
rameters are considered. The K,,.,, values are higher on both depths throughout
the 2011/2012 hydrologic year than the critical value of 1E-9 m/s which suggests
constantly permeable soil. Precipitation values in Fig. 9 show that only a long
term and intense rainfall has influence on water content variation at 1.1 m
depth. Very small amount of precipitation, which was 717.1 mm for 2011/2012
hydrologic year, reached the lower part of soil horizon which coincides with
evapotranspiration of 502.7 mm and only 214.4 mm of precipitation available for
infiltration. Ruzici¢ e al. (2016) built a prognostic transport model, which sug-
gests that only 5% of potentially toxic elements, in case of an accident, would be
transported from soil surface to the aquifer. Although K., values suggest that
the upper part of soil profile is generally permeable, but varies in permeability,
the main problem arises from the lack of measurements in the lower part.
Considering the available data, it can be assumed that the water content in the
lower part of soil profile is smaller than those measured at 0.4 and 1.1 m depth.
In this regard, it can be expected that K,,., values would also be smaller.
Considering grain size analysis, it can be seen that in the lower part of the profile
there is generally more sand, which can indicate faster infiltration and generally
higher K., values. On the other hand, bulk density increases with depth, which
generally causes lower K, ., values. For a better estimation, it is necessary to

unsai

perform measurements in each soil horizon.
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Figure 6. Theoretical SWRC constructed with optimized hydraulic parameters for all pedological
horizons compared with measured data of water content and matric potential.

5. Conclusion

Permeability of soil profile at Kosnica site was estimated based on the vari-
ability of water content and associated variability of unsaturated hydraulic con-
ductivity. Six soil horizons were determined. TDR probes were used to measure
water content, while tensiometers were used to measure soil pressure in two pe-
dological horizons, at 0.4 and 1.1 m depth. SWRC were constructed and com-
pared with measured data. Given the data quality, only water content data
throughout the 2011/2012 hydrologic year was used to estimate the variation of
K. using van Genuchten equations (1980). Three scenarios of different soil hy-
draulic parameters were used for calculation: those estimated with Rosetta Lite
software (based on grain size analysis) with and without taking into account bulk
density, and those optimized as shown in Ruzici¢ et al. (2016).

Comparison between calculated SWRC and measured values showed that
data generally does not match, probably due to problems in soil pressure mea-
surements and natural factors such as the hysteresis. Variation of K,,.,, showed
that the upper part of soil profile was generally permeable throughout the ob-
served hydrologic year. Unsaturated hydraulic conductivities calculated with op-
timized parameters gave the highest values, always greater than the imperme-
able boundary, while values without taking into account bulk density gave the
smallest values. Even though the estimation of soil profile permeability would be
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much more precise with quality measurements in each soil horizon, it can be con-
cluded that this method of calculation can give the first insight in general esti-
mation of K, variability and related soil permeability. Also, it can provide ap-
proximate threshold values of water content under which all of the measured
horizons become impermeable. To conclude, this way of soil permeability estima-
tion indicates that the upper part of soil profile at Kosnica site is generally per-
meable, with the exception of very dry periods. Given the lack of data in the low-
er part, soil permeability can only be assumed. In that sense, the expected
decrease in water content and increase of bulk density with depth suggest lower
permeability than in the upper part of the soil profile. On the other side, higher
sand content in the lower soil horizons of observed soil profile suggests higher
soil permeability.
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SAZETAK

Procjena propusnosti aluvijalnog tla koristenjem
varijacije sadrzaja vlage

Stanko Ruzic¢ié, Zoran Kovac, Zoran Nakié i Daria Kireta

Koristenje nesaturirane hidraulicke vodljivosti moze pomo¢i u definiranju propusnos-
ti tla, odnosno procjedivanju vode kroz nesaturiranu zonu. Cilj ovog rada je procjena pro-
pusnosti tla na lokaciji profila Kosnica, koji se nalazi u aluvijalnoj ravnici zagrebackoga
vodonosnika, Republika Hrvatska, na temelju varijacije sadrzaja vlage u tlu. Zagrebacki
vodonosnik predstavlja jedini izvor pitke vode za stanovnike Grada Zagreba i dijela
Zagrebacke zZupanije. Debljina nesaturirane zone zagrebackoga vodonosnika varira od
8 m u sjeverozapadnom dijelu, do 2 m u jugoistocnom dijelu. Vrijednosti nesaturirane
hidraulicke vodljivosti izracunate su na temelju granulometrijskog sastava horizonata tla
1 na temelju optimiziranih parametara tla. Varijacija nesaturirane hidraulicke vodljivosti
pokazala je da je gornji dio profila opéenito propustan tijekom 2011./2012. hidroloske go-
dine. Nesaturirane hidraulicke vodljivosti proracunate na temelju optimiziranih param-
etara tla generirale su najvise vrijednosti, uvijek vece od 1E-9 m/s. Iako bi procjena pro-
pusnosti profila tla bila preciznija kada bi postojala mjerenja sadrzaja vlage i tlaka u
svakom horizontu, ovakav nacin prora¢una moze dati prvi uvid u okvirne vrijednosti vari-
jacije nesaturirane hidraulicke vodljivosti 1 povezane propusnosti.

Kljucne rijeci: propusnost tla, nesaturirana hidraulicka vodljivost, sadrzaj vlage,
vodocrpiliste Kosnica
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