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Abstract

Knowledge about soil permeability is important in various scientific fields: hydrology and hydrogeology, geotechnics,
environmental geotechnics, and others. Depending on the different goals that need to be achieved by a particular engi-
neering project, the conditions in which the permeability coefficient is determined in terms of applied hydraulic gradi-
ents, applied stresses, type of test fluid, etc. are adjusted, as well as the required precision of its determination. In addi-
tion, the permeability coefficient is a soil property with the largest range of possible values. It can be determined through
various laboratory and field methods, and by applying established empirical correlations using data on the grain-size
distribution and empirical coefficients that depend on some factors, such as hydraulic radius (specific surface), curva-
ture, porosity, etc. This paper presents the results of laboratory testing of the permeability coefficient by the constant
head test and the use of a permeameter. The results were compared with the permeability coefficient obtained by apply-
ing a number of empirical correlations. Artificial samples were prepared in the laboratory by mixing different previously
prepared soil fractions in order to determine the influence of particle size and soil gradation on the estimated soil perme-

ability coefficient.
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1. Introduction

The permeability coefficient is an important design
parameter in the case of designing and constructing nu-
merous geotechnical and hydrotechnical facilities. Thus,
for example, the water in a soil affects the soil’s physical
and mechanical properties, and consequently, all the
types of geotechnical structures that are made in the soil.
Knowledge about soil permeability is important for esti-
mating slope stability, water inflow into excavation pits,
volumetric change (swelling) in the soil, settlement and
consolidation calculations and many other problems. In
environmental geotechnics, knowledge of soil permea-
bility is important for constructing hydraulic barriers or
cleaning contaminated sites, in which case soil permea-
bility not only has to be determined with greater preci-
sion, but also with different test fluids, both miscible and
immiscible (Kovacevié¢ Zeli¢ et al., 2007; Domitrovi¢
et al., 2012; Skrzeczkowska & Pietrzykowski, 2012).
For hydrogeological research and the designing of dams,
embankments and water barriers, knowledge of the per-
meability coefficient is important, for example, for the
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estimation of the quantity of water that can be drawn
from aquifers, design and construction of the facilities
related to water supply (i.e. water wells), the planning of
the irrigation systems and groundwater protection areas,
etc. (Ruzi€i¢ et al., 2012; RuZici¢ et al., 2018).

Given the different goals to be achieved by a particular
engineering project, it is obvious that the permeability co-
efficient does not have to be determined with the same
level of precision, nor are the conditions identical under
which it is determined in terms of applied hydraulic gradi-
ents, applied stresses, type of test fluid, etc. It is also im-
portant to point out that the permeability coefficient is a
property of soil with the largest range of possible values.
Thus, the permeability of gravel and clay can differ over a
million times, and even for the same type of soil, it can
vary more than one order of magnitude.

In view of the above, the soil permeability coefficient is
determined by various methods: a) laboratory tests using
the constant head method, falling head method or flow
pump test, b) field measurements - such as the well pump-
ing test, ¢) applying known empirical correlations by us-
ing data on the grain-size distribution of the porous me-
dium (Veinovi¢ et al., 2003; Petrinjek et al., 2018). All
of the above methods for determining the permeability
coefficient have certain limitations, advantages and disad-
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vantages, and depending on the importance of the facility,
the range of expected values and the required accuracy,
one or more methods are selected for its determination. To
avoid possible negative consequences, it is desirable to
estimate or determine the soil permeability coefficient us-
ing several different methods, and through good engineer-
ing judgment, more safely determine its numerical value
that will be used in the designing of hydrogeological, hy-
drotechnical or geotechnical constructions.

According to Posavec et al. (2018), in different scien-
tific fields dealing with groundwater research, it is pos-
sible to use the terms hydraulic conductivity or permea-
bility coefficient. The most commonly used terms in hy-
drogeological literature and practice today are hydraulic
conductivity, K [L/T] (m/s in the SI system) or permea-
bility coefficient, k [L/T] (m/s in the SI system), which
are specifically used to denote a single-phase water flow
through a porous medium. In geotechnical engineering,
the term permeability coefficient (or water permeability,
marked k& [L/T] (m/s in the SI system) is used. The term
permeability, although denoted by the same symbol, k&
[L?] (m? in the SI system), in hydrogeology represents
the internal, absolute or specific permeability, referring
to a porous medium which is completely saturated with
a single-phase fluid, i.e. water in the case under consid-
eration, and is exclusively a characteristic of the porous
medium, not the fluid. In geotechnical engineering, the
internal or intrinsic permeability is denoted with the
symbol K [L?] (m? in the SI system). Hydraulic conduc-
tivity refers to the capacity of the porous medium to con-
duct water, and permeability refers to the capacity of the
porous medium to conduct any fluid. Due to the different
terms and symbols in various fields of engineering, in
this article, the term permeability coefficient (or water
permeability) and the symbol &, [L/T] (m/s in the SI sys-
tem) will be used hereinafter, which is almost exclusive-
ly used in geotechnical engineering, and is also accept-
able in other scientific fields.

In this paper, the results of constant head permeame-
ter tests are presented, which were compared with the
permeability coefficient obtained by a number of em-
pirical correlations. For all tests, artificial samples were
prepared in the laboratory by mixing different previous-
ly prepared soil fractions, in order to determine the influ-
ence of soil gradation and particle size (of effective and
maximum grain diameter) on the estimated permeability
coefficient.

2. Theoretical consideration

2.1. Darcy’s law - the linear law of filtration

The basic law describing gravitational water flow in a
porous medium was empirically established by the
French engineer Henry Darcy (1865). The Darcy device
had the shape of a cylindrical tube filled with the tested
porous material (sand), which is shown in Figure 1.

v Y

Figure 1: Schematic presentation of Darcy’s device
(Das, 2010)

Darcy added water to the surface of the porous medium,
thus maintaining a constant level. At the bottom was a
mesh through which the filtered water flowed into the
beaker.

The quantity of water (Q) flowing through the sample
is proportional to the difference of the potential (4 ,-4,)
and the cross-sectional area of the sample (4), and is in-
versely proportional to the length of the sample (L). It is
defined by the following Equation 1:

Q:k.A.M:é.A.Z’ (1)
L
where:
QO  —the quantity of water flowing through the porous
material; flow (m?/s),
A — cross-sectional area perpendicular to the flow
direction (m?),
k — proportionality factor or permeability coefficient
(m/s),

h, h, —water heights (potentials) above the datum
measured by manometers at the inlet and outlet
of the porous medium (m),

i — hydraulic gradient (dimensionless value), loss of
mechanical energy of fluid (water) along the
flow or head loss on the observed path,

L — sample length (m).

Permeability is a function not only of the porous me-
dium, but also of the fluid. For real soils, permeability is
influenced by particle size, void ratio, composition, fab-
ric and degree of saturation (Preene, 2019). In the Koze-
ny-Carman equation, for example, only the particle size
and void ratio are directly included, while the other pa-
rameters are treated indirectly (Lambe & Whitman,
1979).

The flow of water through the sample at low veloci-
ties is defined by Darcy’s linear law. If the velocity of
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Figure 2: Change of the flow regime depending
on the hydraulic gradient (Das, 2010)

water through the sample increases, the flow changes
from laminar linear flow to laminar non-linear flow, and
if that velocity is even higher, it changes to turbulent
flow. In Figure 2 (Das, 2010) three flow regimes are
presented: zone 1 (laminar flow), zone II (transition
zone) and zone III (turbulent flow). Since the flow of
water through the soil is connected to velocity
(Urumovic, 2003), it can be stated that the permeability
coefficient has a velocity dimension, and its values are
expressed in m/s.

In zone I, the flow velocity v linearly depends on the
hydraulic gradient. With larger hydraulic gradients, the
water flow becomes turbulent (zone I1I), when the veloc-
ity/gradient ratio is no longer linear (Das, 2010). The
permeability coefficient is determined at low gradients
(zone I), which need to be achieved during the tests of
the material, and is defined as the quantity of water flow-
ing through the cross-section of the aquifer rock/soil unit
area (F = 1 m?) with the unit hydraulic gradient, i.e. head
loss of 1 m at a distance of 1 m in the direction of ground-
water flow (dimension L/T, e.g. m/s, m/day, cm/s)
(Bacani, 2006). In the case of turbulent flow, Darcy’s
law is invalid.

2.2. Laboratory methods for determining
the permeability coefficient

There are several methods for determining the perme-
ability coefficient by laboratory procedures, as already
described in the introduction. In practical engineering,
one of the most commonly used laboratory methods for
the determination of gas or fluid permeability for coarse-
grained soil samples is using a permeameter. Laboratory
tests have certain advantages, because they are per-
formed under controlled conditions and the results can
be obtained fairly quickly. Generally speaking, in all
laboratory methods, there is the problem of sample rep-
resentativeness, and for fine-grained soils, it is also nec-
essary to have more expensive and sophisticated equip-
ment in order to determine the permeability relatively
quickly.

2.3. Empirical correlations

It is generally known that coarse-grained soils have
higher permeability than fine-grained soils. However,
the permeability of coarse-grained soils with an in-
creased content of fine particles (according to some au-
thors, 30% or more) can also be significantly reduced
(Boadu, 2000). In pure coarse-grained soils, the perme-
ability increases with grain size, which indicates the pos-
sibility of linking the permeability coefficient with the
characteristic grain diameters obtained from the grain-
size distribution of the soil (Salarashayeri, 2012).
Based on numerous hydrogeological studies, Freeze and
Cherry (cited in Shepherd 1989) concluded that the
permeability of granular porous media is associated with
the distribution of grains, but also with many other prop-
erties such as particle shape and angularity/roundness,
and their mutual distribution, which has not yet been
quantified in detail. Summers and Weber (cited in Shep-
herd 1989) also addressed this issue and noted that data
were insufficient, especially for mixtures of clay, gravel,
and sand (e.g. glacial deposits). Despite this, in solving
hydrogeological and geotechnical problems, designers
are often asked to estimate soil permeability based only
on the analysis of its grain-size composition. The esti-
mated permeability coefficient is further used for both
groundwater flow modelling in the soil, and for model-
ling the transport of water-soluble pollutants or in vari-
ous geotechnical calculations. In hydrogeology, reliable
techniques for determining the permeability coefficient
of aquifers are required for improving the management
and preservation of groundwater. Modern approaches to
solving problems in geotechnical engineering also re-
quire a more reliable determination of soil hydraulic
properties, rather than just an estimation of permeability
coefficients based on average grain size or grain-size
distribution (Shepherd, 1989).

Alternatively, methods of estimating the permeability
coefficient from empirical formulas based on the charac-
teristics of the grain-size distribution, i.e. the grain-size
composition of the soil are used. Although in hydrome-
chanics, it would be more useful to characterize pore
diameters rather than grain diameters, it is very difficult
to determine the distribution of pore size, so the approx-
imation of hydraulic properties is mainly based on grain
size, which is much easier to measure (Cirpka, 2003).
Numerous scientists have studied this inter-relatedness
and several correlations have been obtained based on ex-
perimental work. The first known correlation is the Ha-
zen correlation, dating back to the 19th century (Hazen,
1892). Kozeny proposed an equation modified by Car-
man, which is known today as the Kozeny-Carman
equation. Other well-known empirical equations were
derived by Terzaghi (1925) and Peck, Shepherd (1989),
Alyamani and Sen (1993), Slichter (1899) and many
others. The applicability of these correlations depends
on the type of soil for which the permeability coefficient
is determined. Vukovié¢ and Soro (1992) observed that
the application of different empirical formulas for the
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same material can render different values of the perme-
ability coefficient, with a factor of 10 to even up to 20.
In this paper, empirical equations were used to esti-
mate the permeability coefficient, for which the applica-
bility conditions were fulfilled on the basis of the analy-
sis of the grain size distribution of the tested material.
The properties of the test fluid, i.e. water at a tempera-
ture of 20°C, were taken into account when estimating
the permeability coefficient. Soil porosity, » has a sig-
nificant effect on permeability. In empirical equations
(Odong 2007, according to Vukovi¢ and Soro, 1992),
the following Equation 2 is used to calculate porosity:

n=0.255(1+0.83%) )
where:
n —soil porosity,
C, — uniformity coefficient, calculated from the grain-

e dg,
size distribution curve (=),
10
d,, — characteristic grain diameter at 60% passing (mm),

d,,— characteristic grain diameter at 10% passing (mm).

According to Vukovi¢ and Soro (1992), the general
Equation 3 for the permeability coefficient (m/s) is:

g 2
k==-C[f(n)]-4, 3)
where:
g  —acceleration of gravity (m/s?),
v —dynamic viscosity of water (m?/s),
C —dimensionless coefficient of proportionality, the

value of which depends not only on the type of
the observed porous medium, but also on how the
effect of hydraulic radius (specific surface), cur-
vature and porosity is expressed,

f(n) —porosity function,

d, — effective grain diameter (mm).

Based on the above general Equation 3, in Table 1
several ways of calculating the permeability coefficient
according to the mentioned authors are presented. For
each empirical equation, the application area is defined
as well, which must first be fulfilled.

Table 1. Empirical equations for determining the permeability coefficient

. . Effective grain . .

Author Value C Porosity function n diameter d_ Domain of applicability
Alyamani and Sen

(Odong, 2007) 1300 1.0 [Z, +0.025(d,, —d, )] |not defined

1
Barr (36)5 ' Csz n’
. — d not defined
(Devlin, 2015) CZ: 1 for spherical grains (1-n)* 1
C?: 1.35 for angular grains

Beyer 6.00-10™ log@ 1 d 0.06 mm<d,;<0.6 mm
(Odong, 2007) C, 10 1<C <20

Ch . 23475

apuis 1565

(Riha, 2018) 1219.9 (1_n)1.565 di; 0.03 mm<d, ;<3 mm
Hazen 4 0.1 mm<d, ;<3 mm
(Odong, 2007) 6.00- 10 [1+10(n-0.26)] d, C<5

Kozeny — Carman s n’

(Odong, 2007) 8.30- 10 . d, d,,<3 mm

Sauerbrei 375107 n’ d Sand and sandy clay.
(Riha, 2018) ) (1-n) 17 d < 0.5 mm

Seelheim s

(Riha, 2018) 3.57-10 1 d, Sand and clay

Slichter 102 3.287

(Odong, 2007) 1.00 - 10 n d, 0.1 mm<d, <5 mm
Terzagi 10.70 - 10 ™ n-0.13Y d Coarse sand with rounded
(Odong, 2007) 6.10-103®@ M—n 10 to angular grains @
USBR i C<s

(Odong, 2007) 4.80-10 ! dyy Medium grained sand
where: C, — uniformity coefficient, calculated from the properties of the

d,, — characteristic grain diameter at 10% passing (mm),
d,, — characteristic grain diameter at 17% passing (mm),
d,, — characteristic grain diameter at 20% passing (mm),

d,, — characteristic grain diameter at 50% passing (mm),

. . . . . d
grain-size distribution curve (=),
dIO

— is the intercept (in mm) of the line formed by d, and d,, with
the grain-size axis, d,, is the effective grain diameter (mm),
and d_ is the median grain diameter (mm) (Odong, 2007).
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The empirical Chapuis (Riha, 2018) correlation does
not take into consideration the influence of gravity and
dynamic viscosity of water, nor is the value of the effec-
tive grain diameter a squared value. This correlation is
valid for samples where the value of d,; is greater than
0.03 mm and less than 3 mm.

3. Materials and methods
3.1. Test samples

The permeability coefficient test was performed on
four test samples, which were artificially prepared in the
laboratory by a combination of different fractions of
natural soil samples in order to determine the influence
of particle size and soil gradation on permeability. The
grain-size distribution of the samples was determined by
sieving according to the ASTM standard: D6913/
D6913M — 17. Those artificially prepared samples were
later placed into the testing cell and constant head per-
meameter tests were conducted. One sample of uniform-
ly graded sand was prepared (see Figure 3, designation
SU), as well as three samples of gravel: well, poorly and
uniformly graded (see Figure 3, designations GW, GP
and GU) according to Unified Soil Classification System
(USCS), European Soil Classification System (ESCS),
and standard practice in Croatia (Nonveiller, 1979).

Grain-size distribution curves were used as input data
to determine the soil parameters (e.g. effective grain di-
ameter, uniformity coefficient Cu, and coefficient of cur-
vature Cc), which were then used to calculate the perme-
ability coefficient by empirical correlations.

3.2. Characterization of samples based on grain-
size distribution curves

Grain-size distribution curves represent the input data
for defining the parameters required to estimate the per-

30

SU
—SW

GW

* 107 m/s

q |

4/

k=550%10"m/s

| J.—-A—J/

L LT [
0075, 042, o, 475 4 19 100

Grain Size Diameter (mm)

Table 2: Soil sample characteristics

buameers U |GU[GW (cp
e 0.70 0.67 0.43 035
n 0.41 0.40 030 [0.26
D,, (mm) 0.09 2.74 0.48 0.35
D,, (mm) 0.12 3.17 0.84 048
D,, (mm) 0.13 3.48 100 |0.57
D,, (mm) 017  [422 1.82 0.85
D,, (mm) 0.21 6.33 3.64  |6.61
D,, (mm) 0.23 816  |4.57 9.08
I, (mm) 0.07  [2.00 030  [0.17
C,() 256 298 9.46 26.0
C.(-) 1.32 0.80 150 1023

meability coefficient. For each of the four test samples
the effective grain diameters D, , D ., DZO, D, D, and
D,,, uniformity coefficient, C and coefficient of curva-
ture C_ were determined. These parameters were used in
defining the conditions, i.e. the domain of applicability
and the calculation of the permeability coefficient by
empirical correlations. The above-mentioned parame-
ters, along with the void ratio and porosity of four test
samples, are shown in Table 2. Porosity was determined
by calculation and those values were used for the deter-
mination of the permeability coefficients by empirical
correlations.

Samples prepared in this way make it possible to ex-
amine the influence of gravel gradation on the permea-
bility coefficient by comparing the results for samples
denoted with GU, GW and GP. Moreover, the sample of
uniformly graded sand (SU) shows the influence of par-
ticle size (maximum and effective grain diameter) on
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(a) sample SU

(b) sample GU

(c) sample GW (d) sample GP

Figure 4: Saturation of samples placed in the permeameter (Zivkovié, 2020)

soil permeability in comparison with uniformly graded
gravel (GU) (Zivkovi¢, 2020).

3.3. Constant head permeameter test

The constant head permeameter method is usually
used for materials with higher permeability. The experi-
ments were carried out in accordance with the standard
ASTM: D 2434-19. Grains larger than 19 mm must be
removed from the sample prior to placing the specimen
into the testing cell, and it must not contain more than
10% of particles smaller than 75 pm. This condition was
fulfilled for all test samples, which can be seen on the
grain-size distribution curves in Figure 3.

Before testing the permeability, it is necessary to re-
move air from the sample, which is left behind in the pore
space between the solid soil particles. The sample must be
completely saturated in order to minimize the effects of
trapped air in the pores on the permeability coefficient
(Urumovié, 2003). In our case, deionized water was used
as a testing fluid, and our scope was to compare laboratory
test results to some empirical correlations for different
soil samples. In Figure 4, all four test samples are shown
during the saturation process, which is carried out from
the bottom up (Zivkovié, 2020).

4. Results

4.1. Determination of the permeability coefficient
by the constant head permeameter test

The results of determining the value of the permeabil-
ity coefficient for all four samples are shown in Figure 5.
The value £ is shown graphically as the specific rate of
flow (discharge), ¢ (m/s) and the hydraulic gradient, 7 (-).
Based on the measured data, the lines were approximated
and the values of the permeability coefficient were shown.

The values measured at low water flow rates through
the sample, when laminar linear flow was achieved, are
indicated by black circles in Figure 5. At higher veloci-
ties, the flow first passes from laminar linear into lami-
nar non-linear flow and then into turbulent flow, which is
marked in Figure 5 by red squares.

The values of the permeability coefficient for uni-
formly graded sand (SU) are 7.3-10* m/s, for uniformly
graded gravel (GU) 5.5-1072 m/s, for well graded gravel
(GW) 1.5-10 m/s and for poorly graded gravel (GP)
5.0-10"* m/s.

For the GU sample, the largest deviation of the per-
meability coefficient was obtained, i.e. the smallest cor-
relation coefficient, which is expected, because this is
uniformly graded gravel with a higher porosity. Addi-
tionally, it should be noted that in this sample, laminar
linear conditions were achieved in a very narrow range
of gradients (up to a maximum of 0.06), while for all the
other samples, such a flow regime was achieved up to
gradients ranging from 1.2 to 2.6. This also means that
tests of uniformly graded gravel samples in the per-
meameter should be carried out carefully over a very
narrow range of gradients.

By comparing the results for three gravel samples,
permeability coefficients were obtained that differ by
two orders of magnitude, with the expected permeability
being highest for the GU sample, and decreasing for the
GW and GP samples, which is the consequence of de-
creasing porosity, i.e. increase of the ratio of smaller
grains (see Table 2).

It is interesting to note that the GP and SU samples
have a permeability of the same order of magnitude, al-
though the porosity of gravel is almost twice as big as
that of sand. As can be seen on the grain-size distribution
curves (see Figure 3), these are samples with a higher
ratio of finer grain fractions.
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Figure 5: Permeability coefficient determined by the constant head permeameter method (Zivkovié¢, 2020)

According to the obtained values of the permeability
coefficient in samples GW and GP, the influence of gra-
dation is visible, since the sizes of the maximum and
minimum grains in both samples are approximately the
same, and their porosity slightly differs. The values of
the permeability coefficient in the mentioned samples
differ by one order of magnitude (Zivkovi¢, 2020).

The values of the permeability coefficient for the SU
and GU samples differ by two orders of magnitude.
These samples have similar ranges of the coefficient of
curvature and the uniformity coefficient. By observing
these two test samples, the influence of the maximum
grain size on the permeability coefficient is visible. The
larger the grain size, the higher the permeability of the
sample (Zivkovi¢, 2020), which is expected because
previous research shows that with the increase of grain
size the permeability coefficient increases in coarse-
grained soils (Ameratunga et al., 2016).

4.2. Estimation of the permeability coefficient by
applying empirical correlations

Based on the defined empirical correlations from Sec-
tion 3.5. and the fulfilled domain of applicability, the
values of the permeability coefficient shown in Table 3
were calculated and compared with the permeability co-
efficient obtained by direct laboratory testing. For the
calculation of the permeability coefficient for all three

gravel samples according to the empirical equation pro-
posed by Barr (Devlin, 2015), the mean value of the pa-
rameter C*> was determined. Gravel samples contain
spherical and angular grains, so that the value of the pa-
rameter C? is 1.175. For the sand sample, the value of
the parameter C*is 1.

By comparing the obtained results with the expected
values for certain soil types found by reviewing the lit-
erature, it is shown that all the results are within the ex-
pected range. Bacani (2006) states that the values of the
permeability coefficient for gravel range from 10 to
102 m/s, and for sand from 107 to 10 m/s.

The largest deviation of the estimated permeability
coefficients obtained by applying empirical correlations
is observed for the sample of uniformly graded sand, SU
(marked in gray). The values obtained by using Alyama-
ni and Sen and USBR correlations differ by two orders
of magnitude from those obtained by direct laboratory
testing. For the remaining three gravel samples, the val-
ues are similar or differ by one order of magnitude. The
most similar results obtained by empirical and laborato-
ry methods are marked in green.

Unlike Terzaghi’s empirical equation, which could
not be applied to the calculation of the permeability co-
efficient for any of the four prepared samples because
they do not meet the domain of applicability. However,
with the empirical equations like Alyamani and Sen,
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Barr, Chapuis and Kozeny-Carman, it was possible to
calculate the permeability coefficient for all the samples,
because these equations have a wide range of applica-

Table 3: Summary of the permeability coefficient obtained
by empirical correlations and testing

tions. The other correlations listed in Table 3 could be
applied to one to two samples.

Although generally most widely applicable, of the
empirical equations Kozeny-Carman, Chapuis, Barr and
Alyamani and Sen, for the tested samples, the best match
with laboratory results was found for the Kozeny-Car-
man and Chapuis equations. Alyamani and Sen’s equa-

Correlation/ | SU GU GW GP tion provides the best match for the GP sample, while for
Sample . [m/s] [m/s] [m/s] [m/s] GU and GW they differ by one and for the SU sample
/Sklyamam and |5 51 0% 1568102 |1.87-10% |1.36:10% even.by two orders of magnitude, vyhich is also the larg-
en est difference observed by comparing laboratory results
7.60-10° 16.20:102 |5.76:10* |1.73:10" |  with those obtained by applying correlations. Barr’s em-
Beyer 1.11-10* |- 2.35-10° |- pirical equation provides the best match of results with
Chapuis 1.64-10* 3.11-102 [7.99-10“ |3.12-10* the lab