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Abstract: Hydraulic conductivities (K) can be obtained
from pumping and slug tests as well as grain size analysis.
Although empirical methods for such estimations are longstanding, there is still insufficient comparison of K values among the various approaches. Six grain-size analysis
methods were tested on coarse-grained alluvial sediments
from 12 water wells in NE Slovenia. Values of K from grainsize methods were compared to those of pumping tests
and slug tests. Six grain-size methods (USBR, Slichter,
Hazen, Beyer, Kozeny-Carman, and Terzaghi) were used
for comparison with the Theis and Neuman pumping test
method and the Bouwer-Rice method for slug tests. The
results show that the USBR (US Bureau of Reclamation)
method overestimates K values and there is no correlation with other results, so its use is not advised. Conversely, whilst the Slichter method gives much lower estimates of K, it is the only one to completely fulfill the grain
size requirements. Other methods (Hazen, Beyer, KozenyCarman, and Terzaghi) result in intermediate values and
are similar to the Slichter method; however they should be
used for smaller-sized sediments. Due to their high transmissivity and small radius of influence, slug tests should
be avoided in the analysis of gravels, as they only test a
small portion of the aquifer compared to pumping tests.
This is confirmed by the low correlation coefficients between hydraulic conductivities obtained from pumping
tests and slug tests.
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Hydraulic conductivity (K) is one of the most important parameters in studies of groundwater and can be obtained
by several methods on different scales – from laboratory
to regional. Usually the K value is determined by pumping tests, slug tests, or tracer tests in the field or laboratory by analysis of sediment samples and further calculation using empirical equations. The approach used in
this paper, where values of hydraulic conductivity are determined from grain-size analyses, comprises well-known
straightforward methods which have been used for more
than 100 years [1–3] and have been included in various
studies [4–14].
Numerous analyses for pumping tests (Theis, CooperJacob, and Neuman as the most well-known and several others for fractured rocks and other exceptions) and
grain-size analyses (USBR, Slichter, Hazen, Beyer, KozenyCarman, Terzaghi, etc., listed in [13] and [14]) exist around
the world and encompass both the field and the laboratory
approach for scientific and geotechnical purposes. Generally, estimated values are very poorly correlated with measured ones, with errors ranging up to over 500% [15] or
over 1000% [14]. There are some shortcomings of pumping
test methods, as they are often expensive and the aquifer
geometry and properties should be well understood before
selecting the calculation method. Similar limitations apply to laboratory tests, since it is quite difficult to obtain a
truly representative sample. The original sediment structure is mostly destroyed during sampling [11]. Grain-size
analyses are therefore considered less reliable than pumping tests when using hydraulic conductivities for fieldscale characterization [7, 12].
Despite the latter obstacle, the estimation of hydraulic
conductivities from the quick and low-cost grain-size analyses is a well-known method, as no aquifer geometry is
needed to calculate the values of K. Pumping test methods require the user to know whether the aquifer is of
constant thickness and the nature of its termination (by
fault or other impermeable barrier, etc.). A grain-size sample does not take these factors into account and refers to
only a small portion of the aquifer. Despite the common
use of both approaches, correlations between the values
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of hydraulic conductivities from the pumping or slug tests
and those estimated from the grain-size analyses are still
scarce.
The purpose of this paper is twofold. The first objective is to analyze correlations between hydraulic conductivities obtained from pumping tests, slug tests, and various grain-size methods. As an advantage over other approaches, samples for grain-size analyses were taken from
wells that were also used for pumping and slug tests. The
second objective is to apply grain-size analyses to gravelsized sediments, which are not usually used to estimate
the hydraulic conductivity from grain-size analyses.

1.1 Determination of hydraulic
conductivities from grain-size analyses
Determination of hydraulic conductivity from grain-size
analysis is based on empirical equations, relying mostly
on the diameter of sediment grains and other parameters
such as the viscosity of water, porosity, and sorting coefficient (described in detail below). Many researchers ([1–15])
have attempted to establish correlations between these parameters and therefore numerous estimations of hydraulic
conductivity from the grain-size analysis exist. Such equations and their range of application have been summarized
in [13] and [14].
Hydraulic conductivity is estimated by the following
generalized equation as:
K = g/ν × C × f (n) × d2e .

(1)

K is the hydraulic conductivity (m/s) and g is the gravitational acceleration (9.81 m2 /s). The kinematic viscosity ν
(m2 /s) depends on the temperature of water and is found
in tables in [13]. C is an empirical dimensionless coefficient
of proportionality, and varies greatly in the literature (e.g.
[13, 14]); the Hazen method uses values in the range of 1
to 1000 [5]. The average value of 8.4×10−3 is commonly
used [9, 11] for C and was also adopted in this paper. The
effective grain diameter d e (cm) is taken as the diameter
of grains with a specific cumulative weight (i.e. 60% for
d60 ) of the sample from the grain-size distribution curve
[6]. The distribution curve (also known as the particle-size
distribution plot) plots the cumulative number of particles
(as a percentage) versus their size in logarithmic scale and
provides information on whether small- or large-diameter
grains prevail in the sample. The porosity function f (n)
is dimensionless, depends on the porosity n (dimensionless), and is in some cases set to one (1). If there are no
available data on porosity, it can be estimated from the coefficient of grain uniformity U = d60 /d10 (also dimension-
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less, sometimes denoted as η or C). Coefficient U is used
to determine the homogeneity of the sample; a higher U
value indicates greater heterogeneity and poor sorting of
sediments. Estimated porosity is therefore calculated as
n = 0.255 × (1 + 0.83U ).

(2)

The most recognized relationships are summarized in Table 1. Other empirical formulae for estimation of K from
grain-size analyses exist [13], but are mostly not used as
the coefficients differ (for example, d50 in the Alyamani
and Sen method [9] or d17 in the methods of Pavcich or
Sauerbrei [13]). For these reasons, they were also not used
in this paper.
It is apparent (Table 1 in this paper, Table 8.2 in [13])
that not only are the coefficients in the equations quite different, but also the USBR and Beyer formulae disregard
porosity in samples by setting the porosity function to one
(1). Similarly, most methods assume that the coefficient of
proportionality C is a constant value (Table 1). Equations
have a range of applications, although only the Slichter
method is suitable for gravels with grain-sizes above 2 mm.
It should also be noted that the Beyer and Slichter methods have been misspelt [9] as the “Breyer" and "Slitcher”
methods.

2 Methods
2.1 Geological and hydrogeological setting
The studied area lies in NE Slovenia between the eastern
part of the Pannonian basin to the east and the Southern
Alps to the west (Figure 1). The research area lies in two
basins: Drava-Ptuj (composed of two smaller basins) and
Mura (also called Mura-Zala). The basins are filled with
Quaternary and Tertiary sediments [16]. The depth to the
pre-Tertiary metamorphic basement ranges from 500 m to
more than 4000 m. Tertiary sediments are represented by
clastic Miocene and Pliocene marine sands, silts, clays,
and gravels, which intercalate with brackish clastic beds.
Quaternary sediments are fluvial and limnic and appear
mostly as quartz gravels, sometimes mixed with sand. The
thickness of these sediments is 10 to 20 m in the Mura
basin [17], between 22 and 26 m (less in the vicinity of the
river) in the Drava basin, and varies greatly, from 4 to 22 m,
in the Ptuj basin.
Quaternary gravels are highly transmissive to water
and form mostly unconfined aquifers. In the Drava basin,
the approximate hydraulic conductivities (obtained by
several methods from the National Database of Hydroge-
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Table 1: Selected methods used in the paper for estimation of hydraulic conductivity from grain-size (modified after [14] and [13]).

Method
Hazen
USBR
Kozeny-Carman
Beyer
Slichter
Terzaghi

C
6·10−4
4.8 · 10−4 · d0.3
e
8.3 · 10−4
6 · 10−4 · log(500/C)
1 · 10−2
−3
6.1 · 10 < C < 10.7 · 10−3

f(n)
[1 + 10(n − 0.26)]
1
n3
(1−n)2

1
n3.287
2
(n−0.13)
√
3
1−n

ological Data for Determination of Water Bodies of the Republic of Slovenia, personal communication with J. Prestor
from the Geological Survey of Slovenia, 2012) lie in the
range of 8.08 · 10−4 to 2.99 · 10−2 m/s with an average
aquifer thickness of about 12 m. Quaternary gravels in the
Mura basin have reported hydraulic conductivities of approximately 4.80 · 10−4 m/s, with an aquifer thickness of
around 13 m [18].
Twelve boreholes were drilled in pairs in Quaternary
gravels in six locations (Figure 1) called water measuring
stations (WMS). The boreholes in a pair were 2–3 m apart.
All boreholes were used as observation wells (groundwater levels in one and water quality monitoring in the
second). The drill core for grain size analysis was sampled from one borehole at each location. Despite the relatively low number of data, the selected locations were
drilled by the same technology [the simultaneous casing
(ODEX/SIMCAS) methodology by two drilling rigs, Comacchio GEO 205 and FRASTE 200] and were used to achieve
the same goal (as discussed below) so they could be compared with regard to the values of hydraulic conductivity.
All measuring stations were constructed as part of the first
stage of a national project commissioned by the Ministry
of Environment of Slovenia on a regional scale.
Boreholes used in this study are labelled as follows:
boreholes GV-1 and GV-2 at Gerečja Vas and DO-1 and
DO-2 at Dornava were drilled in the Drava-Mura basin,
while boreholes VE-1 and VE-2 at Veščica, KR-1 and KR-2
at Krapje, OD-1 and OD-2 at Odranci, and RAK-1 and RAK-2
at Rakičan were drilled in the Mura basin. Borehole depths
are summarized in Table 2 and the geological stratigraphic
sections are listed in Table 3. Please note that in the tables the presented data are given only for the first borehole (i.e. DO-1/09) from each location, as the second borehole of each pair (DO-2/09) is of the same depth as the
first and is drilled approximately 2 m from its location.
Quaternary gravels (drilled in all boreholes) are heterogeneous and have intercalated sand beds. All boreholes
were terminated when they reached the target depth of
1 m below the gravel aquifer. Drill bit diameters were 165

de
d10
d20
d10
d10
d10
d10

Applicability
0.1 < d e < 3 mm, C < 5 C < 5
medium-grain sands, C < 5
large-grain sands
0.06 mm < d e < 0.6 mm, 1 < C < 20
0.01 mm < de < 5 mm
coarse grain sands

mm (WMSs Gerečja Vas, Dornava, and Veščica) and 168
mm (WMSs Krapje, Odranci, and Rakičan). After drilling,
INOX wire (Johnson) filter screens with an outer diameter of 127 mm (and an inner diameter of 112 mm with
0.75 mm slots) were installed to permit large discharges.
Screens were installed in the following intervals (comprising most of the total drilled depth): GV-1/09: 4.0–19.0 m;
DO-1/09: 3.0–15.0 m; KR-1/09: 2.5–20.5 m; VE-1/09: 3.0–
18.0; OD-1/09: 2.5–19.0 m; RAK-1/09: 2.5–17.0 m. For the remaining lengths, INOX pipes with an outer diameter of
129 mm were used. All wells were cased off and cemented
from 0 to 2 m. Wells were activated by air-lift (injection of
compressed gas into the water at a point below the water
level in the borehole) and stopped when the measured turbidity fell under the value of 20 NTU. Core samples were
taken for grain-size analysis from the first of the two boreholes drilled at each location (i.e. GV-1/09). Different core
diameters were used: Φ98 mm, Φ143 mm, Φ128 mm, and
Φ113 mm. Mud was not used during any stage of drilling.
The depths of samples are given in Table 2. Most of them
were taken below the water table.

2.2 Grain-size analysis
Boreholes were sampled for grain-size analysis. At each
location of the six measuring stations, four samples were
taken at different depths in the first drilled boreholes (for
example, in DO-1/09 the first sample was taken at a depth
of 1.0–4.5 m, the second at 5.0–12.5 m, the third at 11.0–
16.5 m, and the fourth at 14.0–19.5 m. Consequently, four
values of hydraulic conductivities were calculated for each
location. The sampling depths and saturated conditions
for all boreholes are presented in Table 2. Analysis of grain
size was performed by a certified geomechanical laboratory in accordance with ISO Standard 17892-4:2004. The
results are granulometric curves and from these the effective grain diameters d10 , d20 , and d60 were determined.
Although both normal and lognormal distributions of hydraulic conductivities are used in the calculations [19], and

WMS
Gerečja v.
Dornava
Veščica
Krapje
Rakičan
Odranci

Date of pumping test
04/01/09
3/27/2009
3/25/2009
3/26/2009
8/25/2009
3/24/2009

Borehole depth (m)
21
17
20
22
19.5
21

Discharge (l/s)
4.56
5.5
6.14
5.87
5.48
6.46

Water level depth (m)
10.63
3.41
1.32
2.57
3.32
0.96

Depths of taken samples for granulometric analyses (m)
3.0, 6.5, 15.5*, 18.5*
1.0, 5.0*, 11.0*, 14.0*
1.9*, 7.5*, 13.5*, 17.5*
2.5, 7.5*, 13.5*, 19.5*
4.5*, 12.5*, 16.5*, 18.5*
3.5*, 12.5*, 16.5*, 18.5*

Table 2: Technical and hydrogeological borehole parameters. Granulometric samples, noted with asterisks (*), were taken below the water table level.
Comparison of hydraulic conductivities by grain-size analysis, pumping
| 311

312 | T. Pucko and T. Verbovšek
Table 3: Geological columnar sections of the cores, taken from boreholes. Presented data are for the first borehole (i.e. DO-1/09) per location.

Borehole
GV-1/09

DO-1/09

VE-1/09

KR-1/09

RAK-1/09

OD-1/09

From (meters)
0.0
0.9
3.0
4.0
6.0
11.2
17.0
19.25
20.5
0.0
0.7
9.8
11.3
11.7
12.7
13.0
14.2
14.8
15.3
16.1
16.4
16.7
0.0
0.8
3.0
4.0
13.7
18.4
0.0
1.0
4.1
8.8
11.1
20.0
21.0
0.0
0.4
1.2
6.0
12.8
14.7
17.8
18.4
19.0
0.0
1.0
3.0
18.0
19.0

To (meters)
0.9
3.0
4.0
6.0
11.2
17.0
19.25
20.5
21.0
0.7
9.8
11.3
11.7
12.7
13.0
14.2
14.8
15.3
16.1
16.4
16.7
17.0
0.8
3.0
4.0
13.7
18.4
19.8
1.0
4.1
8.8
11.1
20.0
21.0
22.0
0.4
1.2
6.0
12.8
14.7
17.8
18.4
19.0
19.5
1.0
3.0
18.0
19.0
21.0

Description
humus
brown sandy gravel, poorly sorted
brown sandy gravel and sand, poorly sorted
light brown sandy gravel, poorly sorted
brown sand to sandy gravel, medium to well sorted
sandy gravel, poorly sorted
brown sand,
sandy gravel, poorly sorted
clayey and silty sand
humus
brown sandy gravel,
brown sandy gravel with smaller clasts
brown sand
sandy gravel, poorly sorted
brown sand
light brown sandy gravel, poorly sorted
sandy gravel and sand, poorly sorted
silty sandy gravel
very silty sandy gravel
clayey sandy gravel
clayey silt
very clayey sandy gravel with organic matter
humus
brown clayey silt with organic matter and some sandy lenses
gray and blue clayey (sometimes also sandy) silt
gray and blue sandy gravel, poorly sorted
green and brown sandy gravel, poorly sorted
very clayey and silty green and brown sand
humus
brown sand, sometimes silty
brown sandy gravel, poorly sorted
sandy gravel, poorly sorted
brown sandy gravel, poorly sorted
clayey and silty yellow and brown sandy gravel
very clayey sand
humus
sandy gravel
gray and brown sand
sandy gravel, poorly sorted
brown sand
light brown sandy gravel
brown clayey sand
brown and gray silty clay
gray silt
humus
brown sand
green and brown sandy gravel, poorly sorted
clayey and sometimes silty brown sand
very clayey and silty brown sand
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Figure 1: Locations of water measuring stations (WMSs) on hydrogeological map [hydrogeological data modified after the EuroWaterNet
project website (former link on http://nfp-si.eionet.eu.int/ewnsi, now at http://eionet-si.arso.gov.si), topographic map. From Surveying and
Mapping Authority of Republic Slovenia - GURS at 1:100,000 scale].

the values of K and transmissivities are lognormally distributed [20, 21], the final value of hydraulic conductivity is
calculated as a mean weighted value of the four hydraulic
conductivities, with weights representing the bed thickness. The value of kinematic viscosity of the water used
is 1.307 × 10−6 m2 /s, which corresponds to the measured
mean water temperature of 10°C.

2.3 Pumping tests and slug tests
Hydraulic tests were performed from March to August
2009. Slug tests were performed immediately after drilling
and air-lift activation of boreholes in February 2009 (with
the exemption of WMS Rakičan in July 2009), with the
weight instantaneously submerged below the water table
level. Measurement of the falling water level took place
every 10 ms with a measuring precision of 0.1 cm. Tests
were not performed at different intervals. The pumping
tests lasted for 120 minutes, and the discharge ranged from
Q = 4.66 to 6.46 l/s for the six boreholes. Although
the time of the pumping was relatively short, the measured data fits very well to the type curves, except for the
first minute or few minutes. Water tables prior to pumping tests are given in Table 2. Drawdowns were low: up
to 3% of the total water column (0.07–0.29 m). The re-

sults were analyzed using the software AQTESOLV 4.5 [22].
Pumping tests were performed approximately one month
after the drilling and slug tests, from March 24 to April
1, 2009 (WMS Rakičan being again an exception on August 25, 2009). The Theis method for pumping tests was
used first [23], as it is among the most well-known methods
and is applicable to aquifers with intergranular porosity;
following that, the Neuman method was also applied for
comparison. The results of calculations using the unconfined method were used for boreholes from the locations
Gerečja vas, Dornava, Krapje, and Rakičan, whilst the results of the confined method were used for the Veščica and
Odranci WMS, although values for all locations were calculated using both methods. A correction was performed
in the AQTESOLV program, which permits the application
of the Theis method to an unconfined setting. The BouwerRice method was selected for the analysis of slug test data.
Slug tests were performed twice at each of the twelve
boreholes. The water table reached its original level
rapidly after the start of each slug test (in less than a
minute), as the gravels are highly transmissive. For further
comparison of the K values, the geometric mean of both
tests on each borehole was used, except for WMS Veščica,
where values for borehole VE-2/09 are missing due to a
measuring-probe malfunction, and only data from borehole VE-1/09 were used.

314 | T. Pucko and T. Verbovšek

Figure 3: Comparison of hydraulic conductivity values obtained for
grain-size, pumping, and slug tests.

Figure 2: Box plot of hydraulic conductivity values obtained for
grain size, grouped by grain-size method. Values of K are presented
in logarithmic format as exponents (log K instead of K), as this parameter is known to be lognormally distributed [24].

3 Results and discussion
3.1 Grain-size analysis
Box-plots of K grain−size with depth show that the highest values of hydraulic conductivities are obtained by the
USBR method in all analyzed samples (Figure 2, Table 4).
These values also have a much larger data span than other
methods. In general, the differences are significant, ranging up to two orders of magnitude. Apart from a visual
inspection of high data values, the differences were also
confirmed by t-tests, which showed that the USBR group
differed significantly from the rest at the 95% confidence
level.
Conversely, the Slichter method gives the lowest estimations of K, and this group can also be statistically differentiated from all of the others (with significant difference).
The Beyer and Hazen methods give very similar values (not proven to be different by t-tests), followed by the
Kozeny-Carman and Terzaghi methods. Some authors also
found that the methods of Hazen, Terzaghi, and Beyer gave
very similar results [6]. Interestingly, [11] found that the
USBR method produced the lowest values.

3.2 Pumping and slug tests
Results from pumping tests were analyzed with the Theis
and Neuman methods. Data from WMS Odranci were not
used due to the large time span between the measurements
and measuring errors, which all contributed to a problem-

atic interpretation of the hydraulic conductivities. Therefore this measuring station has been omitted from these
analyses.

3.3 Comparison of values determined by
grain-size analyses and pumping and
slug tests
Finally, hydraulic conductivities from the grain-size analyses were compared to those obtained by pumping and slug
tests. Figure 3 summarizes the comparisons. It is obvious
that the grain-size analyses yield much lower values than
the pumping or slug test methods, with differences of up
to approximately two orders of magnitude.
The main reason for such poor prediction may lie in
the domain of applicability of grain-size methods. In the
literature, the USBR is considered inaccurate [14], and the
same holds for the Hazen formula due to its failure to reproduce low values of K [8]. The latter should be replaced
by the Kozeny-Carman method [5].
The behavior of the USBR curve is completely different
from other grain-size, pumping, and slug test curves (Figure 3). Apart from the already mentioned differences, the
USBR is also the only method to overestimate other methods’ results for the Odranci WMS location. Such a poor correlation is also confirmed by the correlation coefficients
(Table 5), where correlation of USBR with other methods
gives very low coefficients (even negative). There can be
several reasons for such behavior, among them that the
USBR method uses a different estimation of effective grain
diameter de (d20 instead of d10 ) and also takes the value of
porosity to be one (1). The methods mainly rely on particle
size, which is considered the most important parameter for
the determination of K [11]. Another method which uses a
porosity value of one is the Beyer method, which gives the
most similar results to USBR. Based on the results of our

USBR
2.88×10−04
7.91×10−04
1.36×10−03
2.19×10−03
2.08×10−03
7.22×10−03

Hazen
9.49×10−05
2.06×10−04
5.02×10−04
2.20×10−04
1.81×10−04
1.48×10−04

K.-Carman
4.52×10−05
8.98×10−05
2.19×10−04
1.45×10−04
8.05×10−05
6.42×10−05

Beyer
9.26×10−05
2.25×10−04
6.22×10−04
2.64×10−04
2.06×10−04
1.46×10−04

Slichter
1.98×10−05
4.06×10−05
9.89×10−05
4.33×10−05
3.60×10−05
2.90×10−05

Terzaghi
2.96×10−05
5.79×10−05
1.41×10−04
6.19×10−05
5.21×10−05
4.13×10−05

Theis
2.19×10−03
2.70×10−03
3.29×10−03
2.73×10−03
2.26×10−03
-

B.-Rice
2.98×10−03
4.00×10−03
3.77×10−03
2.71×10−03
1.75×10−03
1.75×10−03

B.-Rice

Neuman

Theis

Terzaghi

Slichter

Beyer

K.-Carman

r
USBR
Hazen

USBR
1
-0.19
0.71
-0.20
0.70
-0.21
0.69
-0.20
0.71
-0.21
0.70
0.16
0.80
-0.97*
0.03
-0.67
0.15

K.-Carman

1
0.96*
0.003
0.95*
0.003
0.95*
0.004
0.94*
0.02
-0.57
0.43
0.47
0.34

Hazen

1
0.95*
0.003
0.99*
<0.001
0.99*
<0.001
0.99*
<0.001
0.93*
0.02
-0.52
0.48
0.51
0.30
1
0.99*
<0.001
0.99*
<0.001
0.93*
0.02
-0.60
0.40
0.50
0.31

Beyer

1
0.99*
<0.001
0.93*
0.02
-0.53
0.47
0.51
0.30

Slichter

1
0.93*
0.02
-0.54
0.46
0.51
0.30

Terzaghi

1
0.18
0.57
0.26
0.42

Theis

1
0.70
0.05

Neuman

1

B.-Rice

Table 5: Values of correlation coefficients (r, upper values) and their statistical significance (p-value, lower values) between the used methods. Asterisks denote significant correlations at
the 95% confidence level (p-values below 0.05). Data from boreholes Gerečja vas, Dornava, Krapje and Rakičan were calculated using the unconfined method and from boreholes Veščica and
Odranci by confined method. Theis method was corrected for unconfined aquifers (s′ = s − s2 /2b, where s is the drawdown and b is the saturated aquifer thickness).

WMS
Gerečja v.
Dornava
Veščica
Krapje
Rakičan
Odranci

Table 4: Values of K (in m/s) for methods used by grain-size analyses and pumping and slug tests.
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study, the usage of the USBR method is therefore not advisable even though it provides the most similar values to
the pumping tests.
The Slichter method is the only valid method for gravels according to the domain of applicability, even though it
gives the lowest values of estimated K. Some authors have
also found that it underestimates K values [9].
The results agree with those of [14], as their transmissivity estimates from pumping tests were several times
higher than those from grain-size distributions. The latter
are not influenced by hydraulic boundaries, and represent
much larger-scale analyses [7].
Values of K grain−size are known to be mostly lower than
horizontal K values from hydraulic analyses [6, 11]. An exception is the work of [7], where K values from grain sizes
were about three times larger than those from pumping
tests.
Generally, apart from the USBR method, the relationships between K grain−size methods and K Theis are strong
(with correlation coefficients values about (r ∼ 0.93) and
significant at more than the 95% level Table 5). There are
no correlations between the hydraulic conductivities obtained by the Theis method and the USBR method (r ∼
0.16, nonsignificant). Interestingly, the relationships between K grain−size and K Neuman are much weaker, with r giving lower values and even negative correlations. Therefore
the results for the Neuman method are not considered or
discussed further in the results. Other correlations with
hydraulic conductivities from grain-size analyses are very
similar, as the correlation coefficients are very high (Table 5). There are also no strong correlations between any
of the grain-size analysis and the Bouwer-Rice methods,
as all relationships are nonsignificant and the correlation
coefficients are around 0.50.
The relationship of K grain−size with K Bouwer−Rice gives
very low values of r = 0.16 and p = 0.03. Poor correlation
of K values with those from slug tests can be straightforwardly explained, as the effective area of slug tests is very
small, being only 0.1 m around the borehole, whereas the
pumping tests consider a much larger region of up to several tens of meters [7]. The tested region is therefore not
representative of the whole aquifer. Additionally, slug tests
are more suitable for sediments with lower permeabilities
than the gravels which were analyzed in this study.

are obtained by the USBR method, and that these values do not compare well with other methods. The values obtained from the Beyer and Hazen methods are the
highest and most similar in comparison, followed by the
Kozeny-Carman and Terzaghi methods and finally by the
Slichter method, which always yields the lowest values of
hydraulic conductivities. Theoretical assumptions for the
grain size and the coefficient of grain uniformity were satisfied most often for the Slichter method and sometimes
for the Beyer method but not at all for the others.
The only advisable method for the estimation of K
from grain-size analyses in this study would be the Slichter
method due to its applicability domain. It does, however,
give the lowest values of K when compared to the pumping
tests. Such estimation should therefore be used with great
caution because the results cannot be estimated directly
and the values of K grain−size are up to two orders of magnitude lower than those of K Theis . The use of the empirical
regression equation is recommended.
Whilst the USBR method gives the most similar values
to the pumping or slug tests, the general shape of the curve
and very low or illogical correlation coefficients show that
the method should not be used for the estimations.
Other grain-size-based methods with similar correlation coefficients can be used with caution by adding regression equations (similar to the Slichter method), although they should not be applied to gravels due to the
domain of method applicability.
Finally, we can conclude that based on presented results, the results from grain-size analyses can be compared among themselves (except for the USBR method),
as confirmed by very high and significant correlation coefficients. However, the correlations of grain-size analyses with pumping test or slug test methods are generally
much weaker, as they give non-significant very poor correlations. If however used, they should be performed with
caution (correlations should be tested) and some possible
better correlations could be expected on other datasets.
Apart from the domain of applicability of grain-size methods, most probably the poor correlations can be attributed
to scale effect, as grain-size analysis test only a small area
of sediment, and on the other side pumping tests obtain
hydraulic conductivities from a much larger area. Also,
slug tests greatly underestimate the hydraulic conductivities by an order of magnitude.

4 Conclusions
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The distribution of hydraulic conductivities obtained from
grain-size analyses shows that the highest values of K
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