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Abstract: Soil hydraulic conductivity has a direct influence on infiltration rate, which is of great
importance for modelling and design of surface runoff and stormwater control measures. In this
study, three measuring techniques for determination of soil hydraulic conductivity were compared
in an urban catchment in Ljubljana, Slovenia. Double ring (DRI) and dual head infiltrometer (DHI)
were applied to measure saturated hydraulic conductivity (Ks) and mini disk infiltrometer (MDI)
was applied to measure unsaturated hydraulic conductivity (K), which was recalculated in K in
order to compare the results. Results showed significant differences between investigated techniques,
namely DHI showed 6.8 times higher values of K in comparison to DRI. On the other hand, K values
obtained by MDI and DRI exhibited the lowest difference. MDI measurements in 12 locations of the
small plot pointed to the spatial variability of K ranging between 73%-89% as well as to temporal
variability within a single location of 27%-99%. Additionally, a reduction of K caused by the effect
of drought-induced water repellency was observed. Moreover, results indicate that hydrological
models could be enhanced using different scenarios by employing a range of K values based on
soil conditions.

Keywords: hydraulic conductivity; urban runoff modelling; mini disk infiltrometer; double ring
infiltrometer; dual head infiltrometer

1. Introduction

One of the crucial information points for effective and comprehensive management of urban
waters is soil infiltration rate, as it determines the portion of the infiltrated water and runoff. Once
the soil is fully saturated, infiltration rate becomes constant (i.e., quasi-steady state) and equal to
saturated soil hydraulic conductivity (Ks). Together with evapotranspiration, infiltration contributes to
continuous precipitation losses and is one of the governing factors that define water balance for urban
catchments, especially in case of large open spaces [1]. Ks is used for modelling and dimensioning of
(i) urban drainage systems and (ii) stormwater control measures (SCMs).

Modelling of urban drainage systems employing hydrological-hydraulic (HH) models is being
used to better understand their response to precipitation and identify critical areas within the systems [2].
Hydrological models usually use the concept of the effective rainfall where rainfall hyetograph is
divided into losses and effective rainfall [3]. One of the most widely used HH models for modelling
urban drainage systems is Storm water management model (SWMM) developed by United States
Environmental Protection Agency [4]. Within its hydrological section, different infiltration models
can be selected, namely Horton, Green-Ampt or SCS CN infiltration, in order to define infiltration
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of rainfall from previous areas of a catchment into the unsaturated upper soil zone. When using
mentioned infiltration models, different soils” infiltration parameters must be defined [4], which is a
crucial step in rainfall-runoff modelling as it significantly influences the partitioning of rainfall into
losses and effective rainfall [3].

Growing urbanization, combined with climate change [5] is causing an increase in surface runoff,
putting additional pressure on existing urban drainage systems [6]. To address stormwater related
issues in urban areas, SCMs that are based on one or a combination of more processes (e.g., retention,
detention, infiltration, and evapotranspiration), have been developed and are being increasingly
implemented. These measures are being used under various terms, from Sustainable Urban Drainage
Systems (SUDS) in the UK, Low Impact Design (LID) or Best Management Practices (BMP) in USA and
Water Sensitive Urban Design (WSUD) in Australia [7]. Many of these SCMs are based on retention
of stormwater and its infiltration into surrounding soils (e.g., infiltration basins, infiltration trenches,
soakaways, vegetated swales, rain gardens, etc.). Consequently, knowing soils’ capacity to infiltrate
water is one of the key parameters when designing SCMs, together with the size and imperviousness of
the contributing and receiving areas. However, hydraulic conductivity (K) is not a constant parameter
and varies in time and space. Moreover, variability can even be induced by implemented measures
(e.g., plants) [8]. Additionally, K is by far the most sensitive parameter for determining the storage
volume of permeable SCMs [9].

Hydraulic conductivity is reported to have the greatest statistical variability among different
soil hydrological properties and can be induced by many factors (e.g., soil type, land use, positions
on landscape, depth, instruments and evaluation methods) [10-12]. Moreover, it can strongly vary
in time as was reported by Gupta et al. [13] for Vertisol soil, which has a high content of expansive
clay minerals. Heterogeneity of soil can be induced even by small-scale soil physical features such
as fractures and wormholes, as was reported by Bockhorn et al. [14] for low permeable clayey soils.
Additionally, soils in urban areas are often human-altered and human-transported (i.e., HAHT) [15]
during construction of buildings and other infrastructure, resulting in large spatial variability of soil
characteristics even within small areas. Consequently, soil maps do not provide specific classification
of urban soil and are an unreliable source for K data in urban runoff modelling. Conducting a new
measurement campaign is thus the most reliable approach for K assessment in urban catchments.

There are numerous techniques available for determination of K and they can be divided into two
major groups, based on whether they apply water to the soil at positive pressure (e.g., double ring
infiltrometer) or negative pressure (e.g., tension infiltrometers). Furthermore, they can be subdivided
into laboratory, filed (in-situ), and correlation/estimation methods [10]. Double ring infiltrometer
(DRI) is a well-known and reliable field method for measuring Ks. However, it is time consuming,
unsuitable for sloped terrains and demands relatively large quantities of water to undertake the test,
which presents a limitation for areas with limited access to water [16]. To overcome these issues an
automated dual head infiltrometer (DHI) was developed, which uses less water than DRI and enables
the operator to run multiple tests at the same time. Due to its recent introduction, there is a lack of
scientific studies that would reliably evaluate its performance. To overcome the same issues as stated
for DRI, a practical field method for measurement of unsaturated hydraulic conductivity (K) was
developed—i.e., mini disk infiltrometer (MDI) [17]. MDI is a smaller version of a tension infiltrometer
that uses tension (i.e., a small negative pressure) to prevent applied water to enter macropores. In this
way, MDI measures unsaturated hydraulic conductivity (K) characteristic of the soil matrix, which is
determined by the hydraulic forces in the soil. Expectedly, measurement results using these techniques
could differ significantly [11,18].

The main aim of this study was to assess and characterise spatial and temporal variability of
soil K using three field measuring techniques in an urban setting in Ljubljana, Slovenia. To do so,
we compared and evaluated results obtained in an experimental setup that includes:

1.  measuring and analysing spatial and temporal variability of unsaturated hydraulic conductivity
during summer season within the study plot, using mini disk infiltrometer,
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2. measuring and analysing spatial variability of saturated hydraulic conductivity within the study
plot, using double ring infiltrometer and dual head infiltrometer.

2. Data and Methods

2.1. Study Plot

The study plot is located in an urban park in the city of Ljubljana, Slovenia (46°02'32.10"" N,
14°2933.50” E, 292 m a.s.l.), covering approximately 100 m? and with a mean terrain slope of 1°.
The typical climate for the area is temperate continental climate. The mean long-term (1986-2016)
annual rainfall is approximately 1380 mm and the average annual temperature is 11 °C, ranging
from —3 °C in the winter and 24 °C in the summer [19]. Plot is situated within an urbanized area of
“Ljubljansko barje”, a marsh plain composed of mainly lacustrine and marsh Quaternary deposits
of clay, silt, sand, gravel, and peat [20]. The natural type of soil in this area is Gleysol which is
heavy-textured, dense and saturated with water long enough to develop reducing conditions [21].
However, as this is an urban area, soil map classifies it as “urban” (e.g., HAHT), offering no additional
information on soil characteristics.

A grid of 3 X 4 measurement locations was set in the area, with a 4 m distance between locations in
all directions, amounting to a study plot with dimensions of 8 x 12 m (Figure 1). Twelve locations within
this grid were used for conducting measurements using MDI (yellow arabic numbers in Figure 1),
whereas measurements using DRI and DHI were conducted in 4 locations (white roman numbers in
Figure 1).

AUSTRIA & by
Rt e N DI measurements: 1 - 12
2 RI, DHI measur.: T - TV

ITALY

Figure 1. Study plot with measurement locations.

2.2. Soil Texture

Soil texture refers to the content of three main “fine earth” particle sizes in the soil according to
their proportions in weight, which are sand, silt and clay; with next particle sizes for sand (0.05-2 mm),
silt (0.002-0.05 mm) and clay (<0.002 mm) [22].

The main reasons for our field estimation of soil texture were two-fold. Firstly, it is a prerequisite
for performing the DHI measurements, where different soil texture types determine the time and
pressure head configurations of the instrument used. Secondly, soil texture is used to determine the
fitting parameters for the DRI and MDI data analysis. Additionally, knowledge about soil texture
can offer an approximate insight into the expected hydrologic characteristics and can also serve for
determination of other infiltration model parameters as well as a control and reference for the data
analysis, results, and interpretation [23].

The USDA classification scheme [22] was applied for soil texture estimation in the study, because
of the readily available references for the field method, instrument parameter configuration and data
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analysis methods. In order to determine the soil texture class of soil samples taken from the locations
I-1V, a field method (i.e., texture by feel analysis) was used. It is a qualitative method as it does not offer
a detailed distribution of the different sizes soil particles by percent but instead focuses on determining
only the rough ranges needed to assign a general soil texture class to the sampled soil. Thien [24]
presented a simplified procedure of the method in the form of a flowchart, consisting of three main
steps. In the first step, a 25 g soil sample is kneaded with the addition of water to achieve a suitable
consistency for forming a ball. Then the ball is squeezed to form a ribbon and its length before it
breaks from its own weight is recorded. In the final step, the soil sample is excessively wetted and felt
for grittiness, smoothness, and stickiness, each corresponding to the prevailing texture class of the
sampled soil.

2.3. Mini Disk Infiltrometer (MDI)

With a length of 32.7 cm and 135 mL of required water volume Mini disk infiltrometer (MDI) [25]
is a practical version of a tension infiltrometer for conducting field measurements of unsaturated
hydraulic conductivity (K); especially when having a limited access to water and on steep slopes. It is
divided into two chambers, the top (bubble) chamber controls the suction applied to the disc, whereas
the lower chamber contains a volume of water that infiltrates into the soil through a porous sintered
stainless steel disk, at applied suction (0.5-7 cm) [25].

Method by Zhang [26] was applied to determine K based on measured cumulative infiltration.
Results of the measurements are plotted on a graph, where the x-axis presents the square root of time
and the y-axis presents cumulative infiltration. Afterwards, data points are fitted with a function (e.g.,
first two terms of the Philip’s infiltration equation [27]:

[=Cit"? + Cot 1)

where I (cm) is the cumulative infiltration, C; (cm/s'?) is the soil sorptivity, C, (cm/s) is parameter
related to K and t is time (s). The hydraulic conductivity of the soil (K (cm/s)) is computed using the

following equation:
K=< ©)
A

where C; is the slope of the curve of the cumulative infiltration versus square root of time and A is a
value calculated using Equation (3):

11.65(n0'l - 1>exp[c(n - 1.9) o]
Ay, = o1 (c = 292ifn > 19, ¢ = 75ifn < 19) (3)
(oxrg)™

where n and « are van Genuchten parameters determined for one of the 12 soil texture classes [28], 1g
is the disk radius, hy is the suction at the disk surface and c is a constant.
Method by Kutilek and Nielsen [29] was applied to estimate K (cm/s) from MDI measurements
based on Equation (1):
[~ Cit"? + mKst (4)

where C; (cm/s'?) is sorptivity and m = 0.667.

MDI measurements in the study were conducted under three different soil moisture conditions,
namely dry (D), moist (M) and wet (W). Data on these conditions were obtained from Slovenian
Environment Agency [30], which uses methodology based on World Meteorological Organization
guide to determine state of the ground [31]. Measurements in dry conditions were conducted twice,
on 20 July 2018 and 12 August 2018, in moist conditions on 24 July 2018, and in wet conditions on
14 August 2018. Two measurement series (20 July 2018, 24 July 2018) were conducted on the ground
level (Dy) as well as in a pit with depth of 10 cm (Dyg) (Figure 2) in order to identify possible influence
of depth on measurement results. All together six series of measurements for all 12 locations (Figure 1)
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were conducted. Test ANOVA was applied to test the significance of differences between measurements
conducted on the ground and in the pit.

i

Figure 2. Mini disk infiltrometer (MDI) measurement in a pit with depth of 10 cm (Dyp).

To analytically find similarities/differences between locations, a method of hierarchical clustering
by Orange software [32] was applied to MDI measurements. It forms a dendrogram for arbitrary types
of objects based on a matrix of distances. Distances are calculated using Euclidian metric, which is the
“ordinary” straight-line distance between two points in Euclidean space. To be more specific, distances
are differences in measurement results between two locations overall series. For a better presentation
of hierarchical clustering a distance map, which visualizes distances between objects, was applied.
Namely, it replaces numbers presented in matrix of distances with coloured spots.

2.4. Double Ring Infiltrometer (DRI)

Double ring infiltrometer (DRI) [33] is designed to meet standards for conducting infiltration of
water into soil in the field. It is an instrument used to determine Ks of the surface soil layer. DRI
method is based on inserting inner (& 30 cm) and outer (J 60 cm) ring into the ground (10 cm deep),
pouring water to initial level in both rings, recording the water level drop within the inner ring and
measuring the time it takes for water to drop to a lower level. The process is repeated until the soil is
saturated, i.e., the (quasi-steady) infiltration rate is the same for two consecutive tests. Based on the
diameter of the inner ring and the time a certain level drop took, infiltration rate for observed time step
can be determined.

Equation of USDA [34], which takes into account research conclusions from [35,36], was applied
to calculate K from the observed steady infiltration rate:

9s
[( Bid I—_I}— Bga) + ( oc(Bldl-‘r Bra) )]

where: K is the saturated hydraulic conductivity (cm/s), gs is the quasi-steady infiltration rate (cm/s),
H is the steady depth of ponded water in ring (cm), a the inner ring radius (cm), d is the depth of ring

K, =

®)
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insertion into the soil (cm), B; and B, are dimensionless quasi-empirical constants (for d > 3 and H > 5
cm: By = 0.3167, By = 0.1847), and « is the soil macroscopic capillary length (1/cm).

Soil macroscopic capillary length is estimated based on soil texture-structure categories [37]
and was set to 0.12/cm, which is typical for most structured soils from clay through loams. Field
measurements were conducted in dry conditions on 12 June 2018 at location II, 15 June 2018 at locations
III and IV, 23 August 2018 at location III; in moist conditions on 27 August 2018 at location Il and in
wet conditions on 13 June 2018 at location I (Figure 1).

2.5. Dual Head Infiltrometer (DHI)

Dual head infiltrometer (DHI) SATURO [38] is essentially a single ring infiltrometer. It is capable
of autonomous measurements via a peristaltic pump and water tanks with user input only before
the start of testing. Depending on the expected infiltration rate connected to the soil texture at the
analysed location, time and pressure parameter configuration is entered [38]. SATURO infiltrometer is
a relatively recent instrument [39,40], with published results of measurements mainly in the field of
ecohydrology [41-43].

Like all pressure infiltrometers, the DHI measures a three-dimensional infiltration process through
a soil surface, where a ring is inserted to a certain depth and the soil is initially unsaturated [44]. For the
purpose of data analysis, steady state ponded infiltration has to be assumed in order to use the common
method [35], which is based on this assumption even though a true steady state is rarely achieved in
natural, nonhomogeneous materials and the term quasi-steady-state is more suitable. The DHI uses
the two-ponding head approach by Reynolds & Elrick [35], who provided an analytical equation for
three-dimensional steady flow from the ring infiltrometer, accounting for its three main components:
hydrostatic pressure of the ponded head, capillarity of the unsaturated soil, and gravity. The technique
used is the bottomless bucket method after Nimmo [45], where falling-head infiltration is introduced
following the achieved steady-state infiltration. Firstly, the infiltration rate is measured at one pressure
head, and then the pressure head is lowered. The final Kg value is the average of infiltration rates at
both pressure head cycles. With modifications of the original analytical equation, the dependence
of the final field Ky result on soil characteristics is eliminated and only the pressure head data and
infiltration rates are used for its calculation, which becomes:

Aiy —ip)

Ks = D -D, (6)
where A is the infiltrometer geometry constant, i are the infiltration rates at their appropriate pressure
heads and D symbols the different pressure heads, their values represented by the averages for each
of the pressure cycles. Apart from the K value, the result of the DHI test also includes a standard
error, representing the amount of noise in the measurements that were averaged. For the locations I-IV
on the study plot (Figure 1), DHI was applied for characterizing the hydraulic characteristics of the
soil apart from the DRI. Field measurements were conducted on 19 September 2018 in dry conditions
at locations I, II, IV and on 18 October 2018 in wet conditions at location III (Figure 3). The chosen
parameter configuration was the same for all four measurements and included a 5 cm low- and 10 cm
high-pressure head, 20 min of soak time and 2 cycles of 20 min time for each pressure head.
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Figure 3. Field measurements of Ky using dual head infiltrometer (DHI) on the study plot and

DHI screen.

3. Results and Discussion

3.1. Soil Texture

Soil texture for locations I-IV (Figure 4), where DRI and DHI measurements were conducted was
determined by the so-called texture by feel analysis. According to so defined soil texture at DRI and
DHI measurement locations (I-1V), soil texture for MDI measurement at locations 1-12 was determined.
Estimated soil textures vary from sandy loam at the north part of the study plot, transitioning to sandy
clay loam in the middle, and silty clay at the south part of the study plot.

A

)
MDI_10 MDI_11 MDI 12
XY: (0,12) XY: (4,12) XY: (8,12)
S.T.: sandy S.T.: sandy 5.T.: sandy
loam loam loam
MDI_7 MDI_8 MDI 9
XY: (0,8) X,Y: (4,8) X,Y: (8,8)
5.T.: sandy S.T.: sandy S.T.: sandy
clay loam clay loam clay loam
MDI_4 MDI_5 MDI_6
XY: (0,4) XY: (4,4) XY: (84)
S.T.: sandy S.T.: sandy S.T.: sandy
clay loam clay clay
MDI_1 MDI_2 MDI_3
X,Y:(0,0) X,Y: (4,0) X,Y: (8,0)
S.T.: silty S.T.: silty S.T.:silty
clay clay clay

)

Figure 4. Soil texture (S.T.) at measurement locations.

A\
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3.2. Mini Disk Infiltrometer (MDI)

Six series of measurements for all 12 locations were conducted with MDI. Average K (cm/s),
standard deviation (St. dev.) (cm/s), and coefficient of variation (CV) (%) were calculated for MDI
measurements for all 12 locations (Table 1).

Table 1. Results of MDI measurements.

MEASUREMENT SERIES TEMPORAL VARIAB.
No. 1 No. 2 No. 3 No. 4. No. 5 No. 6 Aver. St. dev. Ccv
K_D_Do0 KDD0O KDDi0 KMD0 KMDi10 K W_Do without No. 1
_12.8.18 _20.7.18 _20.7.18 _24.7.18 _24.7.18 _14.8.18 :
(X 10-5 cm/s) (X 1075 cm/s) (%)
MDI_1 0.5 7.1 1.6 17.7 5 25.5 11.4 8.9 78%
MDI_2 0.8 1.4 82.8 5.6 16.7 49 31.1 30.8 99%
MDI_3 1.8 22.3 12.3 5.5 0.8 422 16.6 14.7 88%
% MDI_4 8 57.6 33 51 27.7 87.1 454 28.3 62%
> MDI_5 14 3.6 87.4 5.2 225 68.9 37.5 34.3 92%
6 MDI_6 1.7 222 4.6 24.3 14.4 67.1 26.5 21.4 81%
9 MDI_7 1.2 17.6 64.5 36.6 46.5 74.4 47.9 20.1 42%
= MDI_8 2.7 7 27 48.1 28.8 37.4 29.7 13.6 46%
S MDI_9 2.2 56.3 104.3 71.2 85.1 494 73.3 19.8 27%
MDI_10 0.6 13.4 109.8 50.7 56.7 48.8 55.9 30.9 55%
MDI_11 5.6 53.3 122.2 47.7 45.7 38.6 61.5 30.7 50%
MDI_12 4.3 29.2 147.7 25.4 48.2 67.9 63.7 447 70%
j ﬁ Aver. 2.6 24.3 64 324 33.2 54.7
5 = St. dev. 2.3 20.7 524 21.7 24.2 18.2
B CV(%) 89% 85% 82% 67% 73% 33%

The first measurement series (No. 1 - K_D_D0_12.8.18) was excluded from statistical analysis
of temporal variability for MDI locations, since multiple measurements were conducted in dry soil
conditions. Furthermore, this series stands out with the lowest measured K values (i.e., on average
10-20 times lower), when compared to other series. This can be explained with a phenomenon of
water repellency caused by a very dry period, where no significant precipitation was measured since
3 August 2018 (total precipitation 29.5 mm) that reduced K. This phenomena was also observed by
other researchers (e.g., [46—48]), reporting that low water content and high temperatures induce soil
water repellency. This is not a fixed condition of the soil and can be diminished with influx of water
that increases water content in the soil [49,50]. Das Gupta, Mohanty, and Koéhne [13] reported that K
in Vertisol soil, with high clay minerals content, was positively correlated with antecedent moisture
contents at soil water pressure heads close to saturation, reflecting liquid cohesion, water films bridging
across different crack-separated peds, and activation of flow in structural and biological macropores in
the bioporous soil system.

K varies significantly between locations (i.e., coefficient of variation (CV) ranges from 33% to 89%).
Apart from the most homogenous series (No. 6.), spatial variation is even higher, namely 67% to 89%.
Significant spatial variability of K was also reported by other authors (e.g., [51-53]).

MDI measurements on 20 July 2018 (dry conditions) and 24 July 2018 (wet conditions) were
conducted on the ground level (0 cm deep—Dy) as well as in a pit with depth of 10 cm (Dyp). Kina
freshly dug pit was higher compared to K measured at ground level (Figure 5a). Moreover, ANOVA test
demonstrated that the differences between the series means were statistically significant (p-value 0.023)
at the significance level of 0.05. The soil in the pit was not exposed to the drying process to the same
extent as the soil on the ground; hence the water repellency was not as strong. Measurements resulted
in similar K on both levels when the pit was exposed to the same weather conditions as the ground
level for 4 days (Figure 5b). Additionally, ANOVA test demonstrated that the differences between the
series means were not statistically significant (p-value 0.935) at the significance level of 0.05.
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MDI measurements - dry conditions - 20.7.18 MDI measurements - moist conditions - 24.7.18
0.0016 0.0016
MDI_12

0.0014 0.0014
= 0.0012 MDI_11 — 0.0012
i) =
£ MDI_10 e £
& 00010 = 00010
N MDI_5 4

: \ - : MDI_9
& 00008 & 0.0008
e MDI 2 :I
= MDI_7 =
_ MDI_12
g, 00006 8, 0.0006 = MDI_10
o = MDI,
{ | MDI_11
p  0.0004 2 0.0004 DL
MDIL_§ MDI_5
0.0002 ~™MDI 3 0.0002 DI MDL4
MDIL 1 = . MDI_6
0.0000 MDL6 | @ MDL 4 0.0000 B
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 0.0016
K_D_D0_20.7.18 [cm/s] K_M_D0_24.7.18 [em/s]

(a) (b)

Figure 5. Scatter plots of MDI measurements conducted on the ground and in the pit.
(a) K_D_D0_20.7.18; (b) K_M_D0_24.7.18.

In order to investigate the magnitude of the spatial and temporal variability of K within the
study plot, results of the MDI measurements were presented using heat maps (Figure 6). Linear
interpolation was applied to calculate K values among the measurement points. It can be depicted that
the lowest K and the most homogenous results in absolute terms (the lowest St. dev.) were measured
on 12 August 2018, caused by water repellency effect (Figure 6a). K was approx. 3 times higher for the
measurements conducted in a freshly dug pit compared to ground level measurements conducted on
same day (20 July 2018) (Figure 6b). After 4 days of exposure to weather conditions, average K was
very similar on both levels (Figure 6¢). Although the measurements on 14 August 2018 were conducted
in wet conditions, the highest K and the most homogenous results in relative terms (lowest CV) among
ground level measurements were observed (Figure 6d).

MDI measurement results presented in Table 1 were applied in the hierarchical clustering,
considering all six series of measurements at all 12 locations. Results demonstrate that measurement
locations can be clustered into two major groups (Figure 7). The southern two rows of the study plot
form one group (locations: 1,2,3,4,5,6,8) and the northern two rows form a second group (locations:
7,9,10,11,12). The exception is location MDI_8 that was placed in the southern group, instead of
northern group.

A distance map of MDI measurement results was formed (Figure 7), where dark blue colour
presents the largest differences in distances between locations and white colour the smallest differences
or a match. Two locations clearly stand out with the highest differences in distances, namely MDI_4
and MDI_9. Averaged results of MDI measurements over series No. 2-No. 6 (Table 1), show that
these two measurement locations have the highest averages within their groups. In consequence,
these results point to the spatial variability of K and to the need of conducting a sufficient number of
measurements to identify outlier locations.
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Figure 6. Results of MDI measurements presented using heat maps.
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Figure 7. Distance map of hierarchical clustering of MDI measurement results (darker the colour the

larger difference).
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3.3. Double Ring Infiltrometer (DRI)

DRI measurements confirm the soil texture types determined with the soil texture analysis by feel.
K is increasing from location I to location IV (Table 2), similarly soil texture changes from less (i.e.,
silty clay) to more permeable soil (i.e., sandy (clay) loam). Additionally, multiple measurements were
conducted at location III to access their reliability. This location was chosen as it lays in the centre of
the study plot, in-between other three locations. Two measurements were conducted in dry conditions
(15 June 2018, 23 August 2018), resulting in similar results, with an average K of 0.86 (+0.02) x 1073
cm/s, whereas third measurement (27 August 2018) was conducted in wet conditions, resulting in
lower K of 0.5 x 1073 cm/s.

Table 2. Comparison of hydraulic conductivity at measurement locations I - IV.

MDI K  MDI K DRI_Kj DHI K; DHI/MDI DHI/DRI MDI/DRI

(x103 cm/s) (Factor of Difference for Kg)

I 0.3 2.1 0.4 1.2 0.6 33 5.8

Location I 04 2.5 1.1 8.8 35 8.1 2.3

m 04 2.6 0.9 7.6 29 8.9 3.0

v 0.6 35 3.2 17.7 5.1 5.5 1.1

Median: 0.4 2.6 1.0 8.2 3.2 6.8 2.7
St. dev.: 0.1 0.5 1.1 5.9
CV. (%): 25% 20% 113% 72%

3.4. Dual Head Infiltrometer (DHI)

Following values of Ks (X 1073 cm/s) were measured using DHI on locations from I to IV: (I) 1.2
(£ 0.04), (I) 8.8 (= 0.3), (IIT) 7.6 (+ 0.4), (IV) 17.7 (= 0.5). As in the case of DRI measurements, DHI
measurements demonstrate an increase of Ks values in the direction from location I to IV (Table 2),
following the transition from finer to coarser soil textures (Figure 4).

3.5. Comparison of the Results of Applied Measurement Techniques

To compare DRI and DHI results (e.g., Ks) with results obtained by MDI (e.g., K), Equation (4)
was used to estimate Ks from MDI measurements. Additionally, MDI values for locations I-IV were
calculated as an average of the MDI measurements at the surrounding four locations (e.g., for location
I, results at locations 2,3,5,6 were used) (Table 2).

The results demonstrate that DHI measured the highest average Ks (8.2 + 5.9 x 1073 cm/s),
followed by MDI (2.6 + 0.5 X 1073 cm/s) and the lowest Kg was measured by DRI (1.0 + 1.1 X 1073 cmy/s)
(Table 2). When comparing measurement results, the best match between both instruments that
measure Kg (DHI and DRI) is expected. This was not true in our case, since DHI measurements were on
average 6.8 times higher than DRI measurements. To our best knowledge, only Rivera [54] published a
case report where these two methods were compared. He conducted measurements on a turf field
with seven locations. Five of them achieved a good fit, but two parallel locations, showed significant
differences, where DHI measurements had higher K. Authors of the study hypothesised that the
amount of force required to install DRI disturbed the structure of the soil and crushed the macropores.
Because of this disturbance, the field K¢ from the DRI was two factors of difference lower than the DHI
measurements. Above mentioned is one of the plausible reasons for the observed result differences in
our study. Furthermore, differences could be induced also by lower impact of smaller ring installation
(i.e., a smaller portion of soil is saturated) in the case of DHI compared to DRI.

The most comparable results for Ks were obtained with MDI and DRI, with factor of difference of 2.7.
Ghosh and Pekkat [16] reported that hydraulic conductivity determined by MDI were approximately
0.5 to 0.67 of DRI values. When comparing K obtained with MDI to K obtained with DRI similar ratios
were observed in this study (Table 2).
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Fodor et al. [11] investigated dependency of measuring methods on hydraulic conductivity.
Among applied instruments were MDI (measures hydraulic conductivity of the soil matrix) and
DRI (measures hydraulic conductivity including macro-pore flow). DRI resulted in higher K for
sand (1.0 x 1073 cmy/s), but lower K for silt loam (0.9 x 1073 cm/s) and vice-versa for MDI (sand:
0.9 x 1073 cm/s, silt loam: 1.5 X 10~ cm/s). Showing that predominance of a soil matrix or a macro-pore
flow depends on the investigated type of soil. In our case, macro-pore flow (K) increases significantly
(with factor 10) from location I (sandy silty clay) towards location IV (sandy clay loam), whereas soil
matrix flow (K) increases moderately (with factor 2).

Measurement results were compared with reference K values, provided in Soil Survey Manual
by USDA [22], which are estimated based on soil texture type and bulk density. Considering that
investigated soils correspond to a medium density bulk class, measured K values obtained with DRI
are generally in line with the reference values. Namely, Ks should range between 0.1-1 x 1073 cm/s for
sandy clay loam (SCL) (locations II and III) and between 1-10 x 1073 cm/s for sandy loam (SL) (location
IV). On the other hand, measurement results obtained at location I (0.4 x 10= c¢m/s), correspond
better to the reference values for silty loam (SiL) (0.1-1 X 1073 cm/s) texture class, than silty clay (5iC)
(0.001-0.01 x 102 cm/s), which was determined with analysis by feel (i.e., qualitative assessment).
If SiL would be used instead of SiC as a reference soil texture type for location I, this would not have any
influence on DHI and DRI results. Namely, the same parameter configuration was used to undertake
DHI measurements for all four locations and the same value of o (soil macroscopic capillary length)
was used in Equation (5) to evaluate all DRI measurements. However, using SiL instead of SiC would
lead to minor reductions (approx. 13%) of K values obtained by MDI at location I. This indicates that
analysis by feel should primarily be used as the first approximation to determine soil texture class,
while values that are more accurate should be estimated by laboratory analysis.

3.6. Infiltration and Urban Drainage Modelling

Infiltration is one of the key processes in urban drainage modelling and stormwater control
measures design. Therefore, proper estimation of soil hydraulic conductivity is of high importance.
Petrucci, De Bondt, and Claeys [9] proposed an improvement of infiltration regulations towards more
effective urban stormwater management. Namely, homogenous regulations applying uniform soil
characteristics can cause superfluous storage or miss the whole infiltration potential. In contrast,
heterogeneous regulations, which take into account plot specific soil characteristics, can be more
effective. Furthermore, the regulations demanding local tests for determining K take into account
its spatial variability, but not its temporal variability. Presented findings indicate that hydrological
models could be enhanced using different scenarios by employing a range of K values (lower and
upper bound) that vary based on soil conditions (e.g., dry, moist, wet), instead of taking a constant
value for K. Moreover, MDI proved to be a useful quick method for multiple measurements of K under
different weather conditions.

4. Conclusions

In this study, three techniques, namely mini disk infiltrometer (MDI), double ring infiltrometer
(DRI), and dual head infiltrometer (DHI) were applied to identify spatial in temporal variability of
(un)saturated hydraulic conductivity of soils in an urban setting in the City of Ljubljana, Slovenia.
General conclusions:

1.  Both methods for measuring Ky (DHI and DRI) show an increase in its value, when moving from
locations with silty clay towards locations with sandy loam soil pointing to spatial variability of
K within a limited space. On average, results of Ks using DHI are 6.8 times higher than when
using DRI;

2. Multiple measurements using DRI at the same location (III) under different weather conditions
(i.e., dry and wet) highlighted the temporal variability of K;
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3. Although DRI and MDI measure different types of hydraulic conductivity, their values are the
most similar after estimation of K for MDI (i.e., results of DRI are 2.7 times higher than MDI).

Related to the MDI measurements following conclusions can be drawn:

1.  MDI measurements pointed to the spatial variability of K, with coefficient of variation ranging
from 67%-89% over five measurement series. Furthermore, looking at average K for every MDI
location, these vary from 11 to 73 x 10~° cm/s, with a high coefficient of temporal variability
(27%-99%);

2. When exposed to drought, water repellency was formed in soil, leading to the lowest measured
average K (2.6 x 107 cm/s). After a rain event, water repellency was diminished, establishing a
normal average K (54.7 X 1075 cm/s), with a small coefficient of variability (33%). This clearly
showed the magnitude of temporal variability of K;

3.  MDI measurements demonstrated that under dry conditions K was on average three times
higher in a freshly dug pit than on the ground level. The test was repeated after four days when
conditions on both levels became similar. Previously observed difference diminished, resulting in
almost the same value of average K (33 x 107> cmy/s) in the pit and on the ground. This reinforces
the theory of water repellency formation in the top soil under dry and warm weather conditions.

Following all presented results in the observed urban catchment, the magnitude of spatial and
temporal variability of K was identified. Moreover, measurement results significantly varied between
the three investigated techniques. The site-specific relationships among the results of all three used
techniques were identified. To the best of our knowledge, this is the first study that compared
measurements results between MDI, DRI, and DHI. Over time, conducting similar comparisons in
different locations and conditions will enable to derive a general relationship between method results,
similar to what was reported by Ghosh and Pekkat [16] for comparison of MDI and DRI results.
The presented findings should be considered in the development of UD models and especially in the
design of infiltration-based SCMs in urban catchments.
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