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Abstract

The United States Bureau of Reclamation (USBR) formula was derived from a table presenting values of hydraulic conductivity
as a function of grain size, K =f(dyo). The original table was empirically designed as a sequence of variation of different
permeability coefficients of deposits and was intended for the design of earth dams, for the purpose of assessing leakage where
percolation tests are not available. The USBR formula has since been used for predicting the hydraulic conductivity of water-
bearing uniform sand deposits but systematically derives values of hydraulic conductivity several times lower than realistic
values for materials. In this article, the optimal analytical formulation of the series of original data for K = f(d,) from Justin et al.
(1945) is presented. Additionally, through calibration using results of hydrogeological research in Croatia, Germany, China and
Nigeria, a formula (named USCRO) for predicting the permeability of sediments over a wide range of uniformity and d», grain
size was derived. The validity of this function for expressing permeability and the utilization of relative nondimensional
coefficients is examined through a graphical correlation of the permeability of uniform and especially well-graded materials.
Samples of poorly graded sand (63) and well-graded sandy gravel (131) were included in the calibration procedure. Data for
mechanical analyses were taken from published articles. The numerical correlation of the USCRO formula for uniform sand
samples resulted in a Pearson correlation coefficient of R* = 0.902; for the well-graded sandy gravel, R* = 0.838. Justin JD, Hinds
J, Creager WP (1945) Engineering for Dams (Vol III), John Wiley & Sons.
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Introduction

The determination of hydraulic conductivity and/or perme-
ability using data from grain size analysis is frequently used
in hydrogeological research. Such an indirect determination
of permeability of non-cohesive materials is quick, practical
and economical, but its reliability is questionable, especially
when determining the properties of natural materials from
aquifers and aquitards for hydrogeological purposes. The
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most commonly used formulae for the calculation of perme-
ability are described by Hazen (1892), Slichter (1902), USBR
(Justin et al. 1945), Beyer (1966) and Kozeny-Carman
(Carman 1939).

The United States Bureau of Reclamation (USBR) method
for determining hydraulic conductivity (K) using grain size
analysis stands out from the other methods. In that regard,
the emphasis is on the formulation of the function K = f{dy),
where K is calculated using the effective grain size “d,,” with
an exponent of 2.3; however, the specialty of the USBR meth-
od is an empirical procedure that uses a gauge data table that
contains K values for samples with relative effective grain size
(d>p) ranging from 0.005 to 2.0 mm. Justin et al. (1945) pre-
sented the table “Approximate permeability coefficients k of
various soils from clay to fine sand” and explained that it is
based on several hundred percolation tests at Zanesville and
Quabbin (northeastern USA), Fort Peck (northwestern USA),
and Kingsley (central USA) earth dams (Fig. 1).

Practical application of the USBR method is conducted in
two ways. In the nomographic procedure, a log-log diagram is
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Fig. 1 Sample origins. Red points
are locations of original samples
(Justin et al. 1945) in the USA, i.e.
1* calibration data; yellow points
are locations of samples from
Croatia (Urumovic 2013;
Urumovi¢ and Urumovi¢ Sr
2016), Nigeria (Ishaku et al. 2011)
and China (Odong 2008), i.e. 2"
calibration data; the green point is
the location of samples from
Germany (Vienken 2010; Vienken
and Dietrich 2011) for correlation
and verification data

used, where the curve of a series of hydraulic conductivity
values for relative grain size d,q from the table of Justin
et al. (1945) are plotted (Talbot 2008). McCook (1991) in-
creased the grain size range in the diagram from 0.0025 to
3.5 mm. This method was utilized at both the USBR and
United States Department of Agriculture (USDA). The second
form of the USBR method is a simple analytical relationship
between hydraulic conductivity and d», grain size. The ana-
lytical form is more commonly used in work published in both
scientific and professional literature. Both forms make use of
results from the same table, but with a different range of va-
lidity because the analytical form is usually recommended
only for the prediction of hydraulic conductivity of uniform
medium-grained sand.

The analytical form (known as the USBR formula) is com-
monly used in hydrogeological research. In recent papers
(Cheng and Chen 2007; Odong 2008; Ishaku et al. 2011;
Vienken and Dietrich 2011; Rosas et al. 2015; Devlin 2015;
Cabalar and Akbulut 2016a, b; Biswal et al. 2018), results
from the USBR formula were compared with results from
different methods for the calculation of hydraulic conductivity
from grain size data. The formulation of the USBR method
can be found in Vukovi¢ and Soro (1992) and Kasenow
(1997, 2010). The hydraulic conductivity values calculated
using the USBR formula were regularly underestimated com-
pared to the results of other verified methods.

This article analyzes the potential for the modification of
the USBR formula so that it is suitable for a wider range of d5
grain sizes and wider range of graduation. The basic concept
of the model K= f(d,,) was calibrated using original data
(Justin et al. 1945, p. 649) through the criteria of minimal
error. The data collected and processed from two PhD disser-
tations were used for the modification of the USBR formula
into a form suitable for the realistic prediction of the perme-
ability of unconsolidated and noncohesive deposits in
hydrogeological investigations. The processed data are the
result of analyses of sand and sandy gravel samples from test
fields in northern Croatia (Urumovic 2013) and samples of
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various materials from the Bitterfield test site in Germany
(Vienken 2010; Fig. 1). In both cases, these data are the result
of mechanical analyses of numerous samples from explorato-
ry boreholes. Published data from China (Odong 2008) and
Nigeria (Ishaku et al. 2011; Fig. 1) were used for the verifica-
tion of the results of calculating hydraulic conductivity of
uniform sands. The values for a total of 63 samples of uniform
sands and 126 samples of well graded sandy gravels were
correlated. In order to avoid the effect of fluid viscosity (which
is dependent on aquifer temperature) on hydraulic conductiv-
ity K (m/s), the correlations between the permeability k (cm?)
of samples were analyzed. All the symbols used in this text are
described in an abbreviation table (Table 1).
The research workflow was as follows:

» USBR formula development

+ Calibration with original data

+ Calibration with data from Croatia pilot fields and pub-
lished data from China and Nigeria

+ Correlation and verification with data from Germany (Fig. 1)

Basic gauge data and formation of the USBR
formula

The limitation of the USBR formula for the prediction of
hydraulic conductivity (Vukovi¢ and Soro 1992; Kasenow
1997, 2010) for samples of medium sands with uniformity
coefficients of U=dsy/d1o<5 is not based on the original
presentation. Justin et al. (1945) presented the original hydrau-
lic conductivity data of various soils based on d,( grain size—
see Table 2 of Justin et al. (1945). Approximate permeability
coefficients of various soils were based on 20% size, and the
table is part of a brief section of text (see pp. 645—650 of Justin
et al. 1945) that discusses the concept of the permeability
coefficient and its dependence on soil and water properties.
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Table 1 Abbreviations and

Explanation

explanations Abbreviation Unit
USBR
USCRO
d1o, dao, dao, deo
dy
U= dey/dyo
C
Csu
Csw
ne
K (cm/s)
K; (cm/s)
Kuyser (cm/s)
Kuscro (cm/s)
k (cm?®)
kuser (sz)
kuscro (sz)
kHazen (cmz)
kkc (sz)
kKC(dg) (sz)
kkc(aa0) (cm?)
ke (cm?®)
ki (sz)
R _
Rsw’ -

Empirical method for the determination of hydraulic conductivity K from
ds grain size from Justin et al. 1945, p. 64

Corrected USBR equation calibrated from original data and verified from
research data from test fields in Croatia, Germany and published data

Grain size (mm) diameter at which 10, 20, 40, 60% of the sample’s mass is
comprised of particles with a diameter less than this value

Referential mean grain size diameter presented by geometric mean
diameter of all of the grains in the sample

Coefficient of uniformity
Coefficient of proportionality in the respective formula

Dimensionless coefficient of proportionality for uniform materials in the
USCRO equation

Dimensionless coefficient of proportionality for well graded materials in
the USCRO equation

Effective (flow) porosity
Hydraulic conductivity

Hydraulic conductivity for the respective d,o from
Justin et al. 1945, p. 649

Hydraulic conductivity calculated using the USBR formula
Hydraulic conductivity calculated using the USCRO formula
Permeability

Permeability calculated using the USBR formula
Permeability calculated using the USCRO formula
Permeability calculated using Hazen’s formula

Permeability calculated using the Kozeny-Carman method

Permeability calculated using the KC method with the geometric mean
grain size as the referential grain size

Permeability calculated using the KC method with the dyq grain size as the
referential grain size

Gauge permeability in the relevant correlation procedure
Tested permeability
Pearson’s coefficient of correlation for samples of uniform sand

Pearson’s coefficient of correlation for samples of well-graded
sandy gravel

Analyzed materials and pattern of gauge data

In Table 2 of Justin et al. (1945), permeability coeffi-
cient data for materials identified as coarse clay up to

fine gravel are presented; yet, the emphasis was on ma-
terials from fine silt up to coarse sand (Fig. 2). Only
one example of the relationship between hydraulic con-
ductivity and relative grain size d,, is listed for each of

Fig. 2 Logarithmic graph
presenting the relationship

between hydraulic conductivity

0ol

K; (cn/s) and grain size do (mm) -4
from Justin et al. (1945), and K;
and the hydraulic conductivity -8

values calculated by the USBR
formula K = 0.36 dap>> (cm/s)

o—2° |

Hydraulic conductivity In(K(cm/s))

[e] ln[l\', (cm/s))

4 -3 -2 -1 0 1

Grain diameter ln(clm( mm))

—In[K=0.36 d,**"(cm/s)]
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the other materials in Justin et al. (1945): clay, fine silt
and fine gravel.

The graphical presentation of the relationship In(X) =
Mn(d»p)] (Fig. 2) shows a continuous, almost straight line with
a minor deflection in the area of fine-grained materials. The
commonly used formula K =0.364>> (cm/s) is good at ap-
proximating the listed values of hydraulic conductivity for
samples with d,o> 0.1 mm. Despite that, in hydrogeological
research, this formula results in significantly lower hydraulic
conductivity values than the tested values obtained by analy-
ses of long-term pumping test data or laboratory analysis
results.

Material gradation and representativity of original
data

In the original text of Justin et al. (1945) a gradation of mate-
rials was not represented through the parameters. A variable
gradation was presumed because analyzed samples were of
natural gradation, namely samples consisted of characteristic
materials in river valleys where earth dams were constructed.
In the relevant chapter, mechanical analysis curves for six
samples are presented. Four curves present the results of the
analyses of fine sand and sandy loess with the uniformity
coefficient U= dg¢/d,(=5-10, one curve presents the results
of the mechanical analysis of well-graded sand with U= 12,
and one curve presents the results of the mechanical analysis
of silt with a small portion of clay with U=75. Uniform ma-
terial with U < 5 (as alleged in later work by Vukovi¢ and Soro
(1991, 1992) and Kasenow (1997, 2010)) was never men-
tioned in the original text, while the “rough approximation
of average conditions on the field” was emphasized twice
(pp. 648—649 of Justin et al. 1945).

Special attention was paid to the impact of porosity on
hydraulic conductivity, according to Slichter (1902): ... the
flow varies as the square of size of the soil grain, this element
in the formula has a most important effect .... The variation in
porosity is quite as important as the variation in tempera-
ture...”. Additionally, the impact of dry bulk density on the
“permeability rate” for the six previously mentioned samples
(presented by mechanical analysis curves) was presented
graphically (Fig. 24 of Justin et al. 1945), indicating
compacted materials.

The purpose of the original data K = f(d,)

Documented facts are: (1) Table 2 in Justin et al. (1945) in-
cludes all noncohesive granular materials from fine silt up to
fine gravel, (2) the results of the sieve analyses of various
grading and grain size samples were used to form the table,
and (3) the listed values of hydraulic conductivity K were
empirically determined based on results of the field testing
of relevant materials at the locations of earth dams.
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Therefore, published data were based on results from numer-
ous field research studies and were empirically determined
from the relationships between K and d»,. Also, analyzed
materials were of a wide range of grain sizes and grading;
however, these studies did not include a discussion on the
theoretical relationship between the function of permeability
and the granulometric composition of samples.

Analytical expression of K=f(d,o) for original
data

In scientific literature (Vukovi¢ and Soro 1992; Kasenow
1997, 2010; Cheng and Chen 2007; Odong 2008; Vienken
and Dietrich 2011; Devlin 2015), the USBR formula for K
(cm/s) is of the form:

K = 0.36d5*" (1)

Following the series of original data (Fig. 2, K;) from the
table of K =f(d»o) (Justin et al. 1945), the formula of Eq. (1)
was derived following the general form:

K = Cdy’ (2)

For the case of grain size dyo=1.0 mm; K=0.36 cm/s. In
that case, dao’ = 1.0, and C=K(d>o=1)=0.36.

Simulation of hydraulic conductivity for data from Justin
et al.’s table using the USBR formula (Eq. 1) results in slightly
overestimating values of hydraulic conductivity (Fig. 3). When
including d>o>, the results are slightly underestimating, and
using exponent 2.32 results in values of minimal discrepancy
from data in Justin et al.’s table. Accordingly, the USBR for-
mula can be written as:

K = 0.36 dyp>2 (3)

Equation (3) results in minimal discrepancy from the rela-
tion presented in Justin et al.’s table; however, this correction
does not solve the problems of application of the USBR for-
mula for hydrogeological investigations. The conducted cali-
bration did not result in solving two crucial issues of the
USBR formula. The first issue refers to the dimensional mis-
balance of the equation, and can be interpreted with the fact
that grain size strongly affects two parameters which are cru-
cial for the value of hydraulic conductivity. The basic impact
of grain size is expressed through the square value of the d
grain size, (d»o?). The secondary factor is the nondimensional
effect of grain size, do"~~ representing the effect of bulk den-
sity and flow tortuosity (Fig. 3).

The dimensional misbalance of d»y>~2 in the relation was
resolved by extracting dso” (which represents the direct impact
of grain size on permeability) and dso’**—which represents
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the nondimensional variable of the effect of the porosity func-
tion, as originally referred to by Justin et al. (1945) and which
is quoted in Slichter (1902). Including this relationship in the
basic form of the hydraulic conductivity function (Sullivan
and Hartel 1942; Bear 1988, Vukovi¢ and Soro 1992) and
extracting the impact of water fluidity pg/u, the hydraulic
conductivity (K, cm/s) can be expressed as:

K = Cf (n)de2 = 0.36d2>%2 = %csafzoo-”azm2
= %48 X 10_6d200‘32d202 (4)

and the permeability of a solid (cm?) can be expressed as:
k = Cydrg"Pdy* = 4.80 x 10 °d,y*3? (5)

where C [L™' T7'] represents the constant from Eq. (3)
which results from the correlation between d»y and K, g
represents the conventional standard value of gravitational
acceleration, p/u represents the ratio of density to the vis-
cosity of water at 7=10 °C, C;,=4.80E-6 represents a di-
mensionless constant of the impact of the solid’s parame-
ters on sample permeability, and d»,"? represents a vari-
able dimensionless parameter of the porosity function ef-
fect. When using homogenous dimensions in Eq. (4), the
nondimensional constant is Csy =4.8E x 10™%.

The correlation between the gauge data from the table in
Justin et al. (1945) and the USBR formula did not result in a
significant alteration of the formula. The coefficient C=0.36
(cm ' s ") was defined through the hydraulic conductivity of

the sample with d>o = 1.0 mm. The difference in the effects of
grain size between dro™*° and dry? on the predicted K of
uniform sands is practically negligible (Fig. 4).; however, it is
important to note that d»o>? increases the predicted K value
for grains larger than 1 mm, and decreases the predicted K
value for finer grains (Fig. 4). The effect of this formula mod-
ification does not significantly change the underestimation of
the results of the K that is calculated using the USBR formula.
The results were compared to the results of the most efficient
methods for the calculation of K from the granulometric com-
position of samples.

Calibration of analytical relations of K = f(d5c)
using hydrogeological research data
from test fields

In hydrogeological research, hydraulic conductivity is often
determined from deposit samples acquired from cores taken
from exploration boreholes. Circumstances related to drilling
technology and resulting core sampling, along with
circumstances affecting testing conditions, depend on grain
size and the grading of the sample. The table from Justin
et al. (1945) contains gauge data from “average conditions
in the field”. Here, calibrations are performed for two specific
cases: uniform sands and well-graded sandy gravels. In all
calibration procedures, the parameter of solid permeability
(intrinsic permeability) &k (cm?) was used, which avoids the
problem of the temperature impact on water viscosity and
the relative effect on hydraulic conductivity K (cm/s).
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Fig. 4 Effect of nondimensional 1.4
parameters d»">° and d»,*> for
the grain size range from 0.001 to

2.0 mm

dE(n)

Dimensionless effect of grain size

0.2 3

1.0 2.0

Grain size d,,(mm)

e \With no effect (d°-°) O d°3* - - d°-32

Uniform sand deposits

The calibration of data for K(d,) using the results of pumping
tests in uniform sandy deposits was conducted using data from
two test-field aquifers (Urumovi¢ 2013): one relatively shal-
low (aquifer BM) and one deep (aquifer DM; Fig. 5). In both
cases, tested aquifers consisted of uniform medium-grained
sands. The mean hydraulic conductivity of both test fields
was identified by pumping tests and was, for this purpose,
converted into tested permeability & (Fig. 5). The predicted
permeability at various depths was calculated from grain-size-
analysis data for samples from high-quality exploratory bore-
hole cores drilled in the vicinity of tested wells. Individual and
mean values of hydraulic conductivity that were calculated
using the USBR formula were approximately three times low-
er than the results from other methods.

For the purpose of graphical correlation, the results of the
calculation of K (cm/s) and k (cm?) using Hazen method and
the Kozeny-Carman formula were used:

1. Hazen’s method (most frequently used for comparison
with the USBR method):

K=10xd; k=133x107d* (6)

2. Kozeny-Carman (KC) formula, which is valid within the
limits of Darcy’s law when properly used—including ef-
fective porosity 7, in the formula and use of the geomet-
rical mean d, (mm) of all the grains in the sample or dyg
grain size (mm) (as an approximate value to d,) as the
referential grain size (Urumovi¢ and Urumovi¢ Sr 2016):

Fig. 5 Results of predicted 1.E-06 100
permeability & (cm?) calculated _\.;‘
using different methods—Hazen, o @
USBR, USCRO and Kozeny- A4 ¢ ggB ) ]
Carman (KC)—for individual = 0= I‘: g ry 7§5 | 8 O e @ >
samples of uniform sand and the = >
average permeability £, of aqui- % | E-07 ! 10 E
fers identified from pumping test g o g
data on the test fields BM (Beli bS] - “=
Manastir) and DM (Donji oy [Aquifer BM | [ Aquifer DM | 5
Miholjac) in Croatia 1] - - -

2 2 D,

= { 20\ o 0-0—2

3 oy ¢ e g

A

1.E-08 t 1
20 30 40 50 60 70 80 90
Depth (m)
¢ Hazen USBR @-USCRO 0] KC:H(I
o K(" " — —'-I\'l O— U=dgo/d1o
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3
K="8556x10" "
iz (1-ne)

2.
dy”;

ne’

=556x107 5
(1-ne)

dy’ (7
In the analytical formulation of & for calibration data from
Justin’s table (Justin et al. 1945, p. 649; Eq. 5) the nondimen-
sional coefficient Csy; was varied until the mean value of the
permeability kyscro Was almost equal to the hydraulically
tested permeability & when Cgy = 1.56E-5. The formula with
the nondimensional coefficient Cgy=1.56E-5 and exponent
b=2.32 was named USCRO (Fig. 5), since it is based on
calibration sample sets from the USA and Croatia:

pg .
Kuscrowss) = 7156 x 107d2" % kyscro(w<s)

= 1.56 x 107°d*? (8)

The mean & values of researched aquifers (aquifer BM and
aquifer DM) that were predicted using the USCRO, Hazen,
KCg4 and KC g0 methods differ by less than 5% from the
values of hydraulically tested permeability derived from
pumping test analysis. However, the permeability of individ-
ual samples was substantially underestimated using the USBR
formula (Fig. 5).

The correlation of the kyscro formula with tested hydraulic
conductivity k&, as presented in Fig. 5, is deficient due to a
small range of dy( grain size (0.18-0.23 mm, U=1.5-2.3).
This problem was avoided by including data from 22 analyses
(0.075 mm < d»( < 0.508 mm, U=2.47-5.0) of uniform sand
from a large data set from Germany (Vienken 2010), pub-
lished data from China (Odong 2008) for four samples
(0.19 mm<dyy<0.47 mm, U= 1.5-5.3), and data from 15

samples taken in Nigeria (Ishaku et al. 2011; 0.17 mm < d>o <
0.60 mm, U=1.8-6.7). The inclusion of these data substan-
tially increased the number of samples and grain size range. In
Odong (2008) and Ishaku et al. (2011), only data for d¢, d»,
d4o and dgo were listed, so the relation Kxcae = Kk caso pub-
lished in the paper by Urumovi¢ and Urumovi¢ Sr (2016) was
adopted here. This relation—kgcge = ki caso, (Fig. 5)—was
also confirmed by calculations undertaken as part of this
study. The results of the KC method were selected as the
gauge permeability (k, = kxc). For calculations of permeabil-
ity ky=kyc of samples from Croatia and Germany, the geo-
metric mean grain size (k, = ki cqe) Was used, and for samples
from Nigeria and China, the d4, grain size was used (k=
kicaso) as shown in Fig. 5. These two grain sizes are very
similar (dy = d40) for uniform grain-size materials, which al-
lows the formation of a consistent group of all the used data.
The result is a continuous series of permeability values that is
calculated using the listed formulae for a relatively wide range
of gauge permeabilities (Fig. 6).

The consistent results for the correlation of kyscro and
kk cae) (kkcaao) respectively) using calibration data from var-
ious sources have been verified numerically, through
Pearson’s correlation coefficient R* = 0.902. This correlation
confirmed the validity of the nondimensional coefficient
Csy=0.0000156 and the USCRO formula for the calculation
of permeability of uniform sand:

0327 2
kuscro(uz=s) = Csudao ~“dao

= 1.56 x 10°d5*** (cm?) 9)
with d5o in mm.

In engineering practice, it is extremely difficult to acquire
undisturbed samples of uniform sand from deep boreholes,

Fig. 6 Results of calculation of . LE-04 r .
permeability kyscro for samples 3 L,SCRO' Uss; ,
, £ Csy =0.0000156; R*=0.902
from different sources—Odong 3} &
(2008), Ishaku et al. (2011), X 1E-05
Vienken (2011) and Urumovié > 2>
(2013)—in correlation with kg ¢ = v & Q
of relevant samples < . | A
v p S LE06 =
£ o
) A 0)
a,
",U;) 1.E-07 ©
2 @)
3
£
=W 1.E-08 A
1.E-08 1.E-07 1.E-06 1.E-05 1.E-04
Gauge permeability kg= ky(cm’®)
—k=kg k=0.5kg k=2kg
| @ Kk gpo Urumovic Ok gpo Odong A ki gpo Ishaku
: O ko Vienken
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especially in conditions of relatively high groundwater levels.
In the case of uniform sands, the variation in grain size is
relatively small, so the order of magnitude of permeability
can be reasonably predicted. The exception to this is when
using formula with a systematic error such as the USBR for-
mula. Such an example is presented in Fig. 7 for the cases of
test fields with sandy aquifers in northeastern Croatia. All the
data presented were a result of analyses of samples from six
test fields in eastern Croatia. The aquifers (40—120 m depth)
consisted of poorly graded sand of diverse grain size. Test
fields are mutually distanced several tens of kilometers apart.
The exploitation well and exploratory boreholes were con-
structed on each test field, using the same technology, approx-
imately 40 years ago. Hydraulic conductivity was determined
from pumping test analyses and grain-size-distribution data.
The original report showed significantly more realistic results
when using Hazen than USBR method. For the purposes of
this research, the KC and USCRO methods were applied,
resulting in an interesting illustration (Fig. 7) for cases of
analyses of rinsed borehole core samples of uniform sands.
The values of permeability predicted using the Hazen, KC and
USCRO formulae scatter randomly around the tested values,
and exhibit a similar trend. In contrast, the USBR formula
separates from the system formed by the other formulae, and
shows the effect of systematic error.

Well-graded gravelly deposits

The relationships between permeability and d» grain size,
which are well calibrated for uniform and poorly graded
sands, are not as applicable for well-graded gravel deposits
because material grading complicates the schematization of

water flow. Two facts motivated further modification of the
relation between k and d» for well-graded deposits. First,
well-graded deposits were also listed in a table from Justin
et al. (1945). The second motivation was the fact that the
determined relations between K and ds, along with relation-
ship of their squares, also included variable d»o"* that varies
with grain size and therefore simulates the effect of porosity.
In the primary phase of this research, data from the study of a
large gravelly aquifer in Purdevac, Republic of Croatia
(Purdevac test site; Urumovi¢ 2013) were used. The correla-
tion of the mean permeability of samples, predicted using the
USCRO and KC formulas, with mean aquifer permeability %,
determined through pumping test analysis resulted in consis-
tent results and a high correlation between the USCRO results
and the mean tested permeability. The verification of the iden-
tified nondimensional coefficient Cgyw for well-graded
noncohesive materials was achieved through applying the
USCRO formula on 140 mechanical analysis data points from
the Bitterfeld test site, Germany (Vienken 2010). The results
of these analyses were primarily observed as a random group
of mechanical analyses of diverse, mostly gravelly materials.
In a later stage, samples were grouped according to the value
of the uniformity coefficient, which confirms compliance with
relative groups of similar grading in the final stage of analysis.

Gravelly aquifer test site

Mechanical analyses of samples from gravelly aquifer on the
Purdevac test field were previously used for studying the
applicability and range of the validity of the KC model
(Urumovi¢ and Urumovi¢ Sr 2016) for predicting hydraulic
conductivity. In that research, a very high correlation

Fig. 7 The graphical correlation 2:7E:04
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coefficient (R = 0.998) between the tested and mean hydrau-
lic conductivity that was predicted using the KC formula
when applying referential geometrical mean grain size and
effective porosity was determined. In this research, the appli-
cability of the USCRO method for the same data (mechanical
analyses of 6—8 samples of well-graded gravel from five
scattered exploration boreholes 60—70 m deep; a total of 34
samples) was studied. Samples of gravel were evenly distrib-
uted from between 20 and 70 m depth. Samples with d>o <
0.05 mm and uniformity coefficient U= dgo/d1o> 150
contained very large pebbles and were excluded from the
analysis. Subsequently, three to six samples per borehole
remained, which was a total of 22 samples, e.g., 74% of all
of'the available samples. Two boreholes with the highest num-
ber of samples are presented in Fig. 8. Mechanical analysis
data for these 22 samples were used to determine the nondi-
mensional coefficient Cgyw for well graded gravelly deposits.

The graphical correlation of tested permeability &, (cm?)
and the permeability predicted using the USBR, USCRO,
KCg4y and KC 449 methods was conducted for each of the five
boreholes. The dissipation of the results of individual methods
around the mean tested aquifer permeability is presented

graphically in Fig. 8a,b, showing significantly less deviation
of permeability values calculated using USCRO formula from
the hydraulically tested value than the one calculated using
USBR formula. The determined value of the coefficient
Cgsw =4.3E-05 was used in USCRO formula.

The numerical relations between the value of predicted
permeability kyscro and (1) the mean tested permeability k;
(determined by pumping tests analyses) and (2) the calculated
value from the KC formula &y ¢ for all of the selected samples,
were used for the determination of the coefficient Cgw.
Averaging of ratios was conducted in two phases: in the first
phase locally for individual boreholes, and in the second phase
regionally for the entire test field. The geometric and arithmet-
ic mean values of analyzed ratios for the entire wellfield are
presented in Fig. 9 for a range from Cgyw = 1.56E-5 (suitable
for uniform sands, Eq. 8) to Cgw =7.0E-5. In three cases,
(geom)kyscro/kkcag), kuscro/ke and (ar)kuscro/kkc(a40)s
the ratios are close to 1.0 for Cqw =4.3E-5.

The relation of permeability kyscro/kkcg) 1S presented in
homogenous dimensions for the range of Cgw = 1.56E-5
(identical to Cgy) to Csw =7.0E-5 (Fig. 9). The straight line
of the geometric mean of the ratios for all of the samples’ x-
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and USCRO equations for —_ USCRO, ¢ \\\V_O'OOO(M}
samples from the gravelly aquifer ‘s LOE-05 A 1 f
at Purdevac test site. a borehole = Q\ =
S1 [small discrepancy between > . Q ~
predicted and tested permeability = 1.0E-06 A \./ T i 100 :-:’-
k(cm?)]; b borehole S5 [large S A £
discrepancy between predicted é e @ A =
and tested permeability k(cm? 5 1.0E-07 o = ——— R =
p y k(em?)] & » X Py x =
Gravel GW
1.0E-08 T T T T 10
20 30 40 50 60 70
Depth (m)
b ioko03 , 1000
Test field Purdevac S-5 |
~ 10E-04 {USCRO, G, =0.000043
::i 1.0E-05 N \ - j = ;
T 1.OE-06 -t <L @1 100 £
g A\Vt ' ~ 2 K 2
E 1oE-07 - N—F = 2 =
-9 N A
1.0E-08 = - A AN
Gravel GW
1.0E-09 — 10
10 20 30 40 50 60
Depth (m)
= kmn/z-,» O ky (d40) A kygpr &k iscro k —U=dy/d,

@ Springer



634

Hydrogeol J (2020) 28:625-636

[
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axis intercepts the unit relation for Csw = 4.30E-5. This value
of geometric mean is almost identical to three out of the five
compared relations that were analyzed in the case of samples
from Purdevac test field (Fig. 9). This confirms the correct
selection of Cgy for this type of deposit.

Verification: random group of analyses of sand and gravel
samples

A large number of mechanical analysis results for samples of
noncohesive materials with a wide range of d»( grain size and
uniformity were taken from Vienken (2010). In this study,
mechanical analysis results for 140 samples were processed.
Analyzed samples were collected from borehole cores up to
12 m depth. From this data set, analyses of samples with
unreliably determined d5, grain size were excluded. Such
samples are frequent in the case of extreme gradation with
U > 150. In total, 129 samples remained. The grain sizes d»
of samples were 0.0015 < d,y < 1.41 mm, and the uniformity
coefficient was 2.47 < U< 91.4 (Fig. 10).

Samples were observed as a random group of samples,
which is convenient for the validity check of the USCRO

formula for permeability calculations. Gauge permeability
was calculated using the KC formula with the geometric mean
grain size of the sample ki (4 and relative effective porosity
(Urumovi¢ and Urumovi¢ Sr 2016). The ratio values between
predicted permeability values kyscro, kuspr and kyazen rel-
ative to ki c are very diverse. As shown in Fig. 11, the ratios of
predicted permeability kyscro/kic are aggregated close to the
value of one. The relative samples for the ratio values kysgr/
ki are within the range from 0.021 to 0.39, and kyazpn/
kkcag) in the range from 0.003 to 1.2; however, on average,
both cases are scattered close to 0.1.

The correlation of the predicted permeability values of
kuscro and ki c of all of the samples from this group of results
were interesting but yielded rather low values of Pearson’s
correlation coefficient R?=0.608. Uniform sands (U< 5)
from this group of samples were included in a group of uni-
form materials (samples included in Figs. 6 and 7), which is
appropriate for the relative group with a high correlation co-
efficient. The remaining 106 samples form a group of well
graded (5<U<91.4, Fig. 11), gravelly and sandy materials
that are suitable for the USCRO nondimensional coefficient
Csw =4.3E-05. The correlation of kyscro and kg for this

Fig. 10 The graphical 10
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Fig. 11 The graphical correlation LE-04 T T T . [ oo
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group resulted in a relatively high Pearson correlation coeffi- k£ =4.3 x 10 °dy "“dy” = 4.3 x 10°d5; (11)

cient R* = 0.838 (Fig. 11).

Discussion

Regarding the application of the USBR formula on uniform
(U<5) medium-grained sands, the limitation as quoted by
numerous authors is not found in the original data from
Justin et al. (1945). It is also very important to emphasize that
Justin’s Table 2 for K= f{d,o) of the relationships of various
materials was designed for the assessment of leakage through
earth dams. This explains the results of many authors—the
application of the USBR formula results in substantially
underestimated values of hydraulic conductivity for the pur-
pose of hydrogeological research. The USBR formula, which
is recommended by the US Bureau of Reclamation, agrees
with the original data (Justin et al. 1945) relatively well. A
slight improvement can be achieved by the modification of
exponent b from dro>>° to day> 2.

This research resulted in distinguishing two characteristic
cases of grading—the first is for uniform sands, for which the
USBR formula was originally intended, and the second case is
for well-graded samples of gravel and sand. Both cases were
primarily calibrated using data from test fields. In the later
phase of analysis, the relations were verified using data from
other locations and formations. It is important to emphasize
that the data from various authors were used for these analyses
and that the correlation resulted in practically identical results.
The correlativity was not dependent on data source nor dy
grain size but was dependent on the grading of grains in the
sample. Through calibration, the USCRO formula for the cal-
culation of permeability k(cm?) was identified as:

k= 1.56 x 10%d"*?dy* = 1.56 x 10 °d*>* (10)

for uniform sands (U < 5) with the Pearson’s correlation coef-
ficient R* = 0.902 and

for well-graded sandy gravels (5 < U < 92) with the Pearson’s
correlation coefficient R = 0.838.

The hydraulic conductivity K(cm/s) for uniform sands (U
<5)at 10 °C and d in mm is:

Ksu = % 1.56 x 1075d20>¥ = 1.17d2y* > (12)
and for well graded (5 < U< 92) sandy gravels:
_ P8 -5 7 232 _ 232
Ksw = 2243 x 105d52%? = 3.23d,>*2. (13)
I

Dimensional misbalance between the numerical formula-
tion of the USBR method (Eq. 1) and Justin’s empirical model
of variations of permeability in the function of d», grain size
was a consequence of an effect of two functions. Primal f{d»o)
is dimensionally balanced with a permeability. Superimposed
secondary dimensionless function d»o"? represents the vari-
ation of the porosity function depending of d», grain size.
Such presentation of the USCRO method was confirmed by
the good correlation with the KC method (Figs. 5 and 10).

Following the previously mentioned characteristics, the
USCRO formula can be included in the group of verified
methods of various formulations of permeability in the form
k=f(d). Such methods are usually in the function of mean grain
size, giving them the advantage when determining permeability
of small samples of well-graded materials. When using the
USCRO method, one fact should be emphasized: credibility of
d» grain size in the samples of gravel from the borehole core is
disrupted by rinsing the core and is also increased due to the
reduction of borehole diameter at greater depths. Despite that,
when using high quality drilling and coring, and taking samples
from longer intervals, these unfavorable conditions can be re-
duced, and using the USCRO formula enables quite solid pre-
dictions of permeability. Such an example is given in Fig. 7 for
two 60—70-m deep boreholes from test site Purdevac.
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Conclusions

Finally, two characteristics of data of K = f{d,() from the table
in Justin et al. (1945) should be pointed out. First, these data
were conceptualized empirically, based on numerous data
from the field testing of various compacted materials of earth
dams. Second, the sequence of ratios between k and dyg is
compatible to the sequence of referential ratios in field
hydrogeological investigations, despite the significant under-
estimation of kyggr in comparison to the tested values of k.
This deficiency was efficiently corrected by the new calcula-
tion method. The new method was named USCRO and can be
applied for uniform sands and well-graded gravels using dif-
ferent nondimensional coefficients. In the dimensionally ho-
mogenous USCRO formula, the coefficient Cgy = 1.56 x 107
should be used for the calculation of permeability of uniform
deposits (U< 5), and the coefficient Cqw =4.3 x 1073 should
be used for well-graded deposits (5 < U< 92). This formula-
tion of the USCRO method is illustrated graphically (Fig. 7)
and was confirmed numerically through Pearson’s correlation
coefficient Rg,” = 0.902 for a group of 60 samples of uniform
sands, and Rgy” = 0.838 for a group of 106 samples of well-
graded sandy gravels (Fig. 11).

Additionally, the procedure of excluding several sam-
ples of sandy gravel from analyses should be pointed
out as illustrating the credibility risk of fine sieve “ef-
fective grain size” (d)o, d>o) from borehole core sam-
ples. As described in the preceding, well-sorted samples
of sandy gravel or gravel should be sampled in volumi-
nous samples. Also, permeability should be calculated
using two (or preferably more than two) methods of
calculation, including ones based on using the geometric
mean grain size of the whole sample.
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