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lzvlecek

Clij pricujoce Studije je preiskati vpliv nekaterih fizikalnih
lastnosti peskov (npr., velikost, oblika) na hidravlicno
prepustnost (k). Clanek prikazuje rezultate obseznih
eksperimentalnih preiskav izvedenih z uporabo zrn peskov
razlicnih velikosti in oblik. Preiskana so bila tri razlicna
obmodja velikosti zrn (0.60 mm - 1.18 mm, 1.18 mm -
2.00 mm in 0.075 mm - 2.00 mm) peskov (i. drobljeni
kamniti pesek, CSS; ii. pesek Trakya, TS; iii. pesek Narli,
NS; iv. peleti elektrofiltrskega pepela, FAP; v. pesek
Leighton Buzzard, LBS) z razlicnimi oblikami, vkljucno

z okroglostjo, R, in sferi¢nostjo, S (R=0.15, $;=0.55;
Ri,’=0.43, Sii=0~67; R,-,-l-=0. 72, Siii=0'79; RiV=0'65’ S,‘V=O.89,'
R,=0.78 §,=0.65) v aparatu za dolocitev koeficienta
prepustnosti s konstantno hidravlicno visino pri relativni
gostoti (D,) okoli 35% in konstantno temperaturo prostora
(20°C). Eksperimentalni rezultati so pokazali, da imajo
peski z razli¢nimi oblikami zrn (R, S) in enakih velikosti
zrn ter granulometrije (c., ¢,,, D19, D39, Dsg, Dgp)
razlicne vrednosti koeficientov hidravlicne prepustnosti k.
Fotografije posnete z vrsticnim elektronskim mikroskopom
(Scanning Electron Microscope - SEM) kaZejo fizikalne
razlike / podobnosti med peski, ki so bili uporabljeni v

tej preiskavi. Predstavljena je tudi primerjalna studija
rezultatov preskusov in ocenjenih vrednosti hidravli¢nih
prepustnosti z uporabo empiricnih enacb nekaterih
raziskovalcev razvitih za oceno hidravlicne prepustnosti
tal.
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Abstract

This study aims to investigate the effects of some physical
properties of sands (e.g., size and shape) on the hydraulic
conductivity (k). The paper presents the results of an
extensive series of experimental investigations performed
using sands with different sizes and particle shapes. Three
different particle size ranges (0.60- 1.18 mm, 1.18- 2.00
mm, and 0.075- 2.00 mm) of sands (i. Crushed Stone
Sand, CSS; ii. Trakya Sand, TS; iii. Narli Sand, NS; iv. Fly
Ash Pellets, FAP; v. Leighton Buzzard Sand, LBS) having
distinct shapes, including roundness, R, and sphericity, S
(Ri=0.15, Si:0.55,‘ Rii=0.43, Sii:0‘67; R,-,-l-:O. 72, Siii:0'79;
R;,=0.65, S;,=0.89; R,=0.78 S,=0.65) were tested in a
constant-head permeability testing apparatus at a relative
density (D,) of about 35% and constant room temperature
(20°C). The experimental results showed that the sands
having different shapes (R, S) with the same size and
gradation characteristics (c., ¢,, Do, D39, Dsg, Dgg)
result in different k values. The scanning electron micro-
scope (SEM) images indicate the physical differences/simi-
larities among the sands used during this investigation.

A comparative study of the tests results and the estimated
hydraulic conductivity values using empirical equations
previously developed for the hydraulic conductivity predic-
tion of soils by certain researchers are presented.

1 INTRODUCTION

Water is free to flow through the pores between soil
particles in accordance with the Darcy’s empirical law
(q=Aki). The hydraulic conductivity or coeflicient of
permeability (k) depends basically on the average size of
the pores through the soil matrix and the temperature
of the environment. It widely known that the hydraulic
conductivity is related to the grain-size distribution

of the soil grains [1]. In general, the smaller the soil
grains, the lower is the coeflicient of permeability. The
presence of a fines content in a coarse-grained soil
results in a k value significantly lower than that for the
same soil without fines. The k value also changes with
temperature, upon which the viscosity of the fluid (i.e.,
water) is dependent [2- 4]. From clay to gravels, the k
value increases over many orders of magnitude. Typical
k values for different soils are within the ranges shown in
Table 1.

Because of its importance in some geotechnical prob-
lems, including the determination of seepage losses,
settlement computations, and stability analyses [5],
many field and laboratory investigations of perme-
ability have been made [6- 19]. For example, Hazen
[6, 7] developed an empirical formula (k=cD;?) for
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Table 1. Coeflicient of permeability, k (m/s) [13].

Permeability (m/s)

10° 107! 1072 1073 104

107 10°° 107 108 107 10710 101!

Drainage Good

Poor Practically impervious

Clean sands,
cleansand &

Very fine sands, organic & inorganic
silts, mixtures of sand silt & clay, glacial
till, stratified clay deposits, etc.

Impervious soils e.g.,
homogeneous clays

Soil Types Clean gravel

gravel mixtures | "Impervious" soils modified by effects of vegetation

below zone of weath-

& weathering cring

predicting the hydraulic conductivity of saturated sands.
Kozeny [8], and Carman [9, 10], who presented widely
accepted derivations for permeability, developed a
semi-empirical formula for predicting the permeability
of porous media. Goktepe and Sezer [15] have recently
proposed a new method for obtaining the shape coef-
ficient for the Kozeny-Carman equation. Shepherd [17]
conducted statistical power-regression analyses on 19
sets of published data on the hydraulic conductivity of
unconsolidated sediments vs. grain size. Alyamani and
Sen [19] proposed an equation based on an analysis

of 32 samples incorporating the initial slope and the
intercept of the grain-size distribution curve. Sperry
and Peirce [20] developed a model for delineating

the importance of particle size/shape, and porosity in
explaining the variability of the hydraulic conductivity
of a granular porous medium. They concluded that

the Hazen equation provides the best estimate of the
hydraulic conductivity of the media studied, except

for the irregularly shaped particles. Ishaku et al. [21]
have recently employed several empirical formulae to
specify the hydraulic conductivity of aquifer materials
in the field. They stated that the most accurate estima-
tion of the hydraulic conductivity was found using the
Terzaghi equation, followed by the Kozeny-Carman,
Hazen, Breyer and Slitcher equations, respectively.
Although many different techniques have been proposed
to determine its value, including field methods (the
pumping-of-wells test, the auger-hole test and the tracer
test), laboratory methods (the falling-head test, the
constant-head test), and calculations from the empirical
formulae of Todd and Mays [22], an accurate estimation
of hydraulic conductivity, particularly in the field, is
inadequately quantified. Applications of these empirical
formulae to the same porous medium material can yield
different values of hydraulic conductivity due to the
difficulty of including all possible variables in the porous
media Vukovic and Soro [23].

It has long been understood that particle shape char-
acteristics have a significant effect on the engineering
properties of the soil matrix [24- 29]. Terzaghi [24] was

84. Acta Geotechnica Slovenica, 2016/2

one of the first engineers to make an investigation to
understand the shape characteristics using flat-grained
constituents. The observations made by Gilboy [25]

that any system of analysis or classification of soil that
neglects the presence and effect of the shape will be
incomplete and erroneous. Numerous researches have
carried out investigations, because of the importance

of particle shape and its role in the behaviour of sands
for practicing engineers and researchers in helping to
estimate soil behaviour. Holubec and D'Appolinia [30]
showed that the results of dynamic penetration tests in
sands depend on the particle shape. Cornforth [31], and
Holtz and Kovacs [32] demonstrated how particle shape
impacts on the internal fiction angle (¢). Cedergren [33]
pointed out that particle shape affects the permeability.
Particle shape also plays a significant role in the liquefac-
tion potential [34]. Wadell [35], Krumbein [36], Powers
[37], Holubec and D'Appolinia [30], Youd [38], and Cho
et al. [39] have introduced detailed explanations for the
particle shape. Two independent properties are typi-
cally employed to describe the shape of a soil particle:

(i) roundness is a measure of the extent to which the
edges and corners of a particle have been rounded, and
(ii) sphericity (form) describes the overall shape of a
particle, since it is a measure of the extent to which

a particle approaches the shape of a sphere. Wadell

[35] proposed a simplified sphericity (S) parameter,
(Dmax-inse! Diin-cire)» where Dy, . i is the diameter of a
maximum inscribed circle and D,,,;,,..i. is the diameter
of a minimum sphere circumscribing a gravel particle.
Wadell [35] defined the roundness (R) as D;_z,e/ D yax-inses
where D, ,,. is the average diameter of the inscribed
circle for each corner of the particle. Figures 3-5 describe
R, S and a chart for a comparison between them to
determine the particle shape [36, 37].

A widely know aspect of hydraulic conductivity equa-
tions in the literature is the determination of an empiri-
cal relationship between the hydraulic conductivity and
the porosity, the effective diameter, or a portion of the
grain size distribution curve, etc. However, these param-
eters cannot yield consistent results with respect to the
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actual hydraulic conductivity values. Therefore, this
paper attempts to relate the grain size, and in particular
the shape parameters (i.e., roundness, sphericity), to
hydraulic conductivity estimates. The major objectives of
this study are, first, to conduct a number of permeability
tests in the laboratory using sands artificially graded to
certain size ranges to provide uniform specimens for
classification purposes, and second, to relate the test
results to hydraulic conductivity estimates.

2 EXPERIMENTAL STUDY

The materials used in the tests described in this study
were Crushed Stone Sand (CSS), Trakya Sand (TS),

Narli Sand (NS), Fly Ash Pellets (FAPs), Leighton
Buzzard Sand (LBS) having distinct shapes and sizes
falling between 0.60 mm and 1.18 mm, 1.18 mm and
2.00 mm, and 0.075 and 2.00 mm. Figure 1 indicates the
particle size distribution of the sands used during the
experimental study. Some properties (D, D3g, Dgg »

Cu Cc > G, €max > €min) Of the sands including roundness
(R) and sphericity (S) estimations based on the study by
Muszynski and Vitton [47] are listed in Table 2. Scan-
ning electron microscope (SEM) images show the physi-
cal differences/similarities among the sands used during
this investigation (Figure 2). The sands were tested
using a constant-head permeability testing apparatus at
a relative density (D,) of about 35% and constant room
temperature (20°C). The specimens, at the required

Table 2. Summary of the specimen data.

Sample  Gradation (mm)  USCS G, max emin  especimen dspecimen (g/cm®) R S k(cm/sec)

0.075-2.00 SW 0.787 0.435 0.664 1.599 0.189

CSS 1.18-2.00 SP 2.66 0.900 0.604 0.796 1.481 0.15 0.55 1.259
0.6-1.18 SP 1.013 0.668 0.892 1.406 0.418

0.075-2.00 SW 0.744 0.450 0.641 1.615 0.173

TS 1.18-2.00 SP 2.65 0.874 0.627 0.788 1.483 0.43  0.67 1.231
0.6-1.18 SP 0.931 0.679 0.843 1.438 0.375

0.075-2.00 SW 0.581 0.335 0.495 1.793 0.139

NS 1.18-2.00 SP 2.68 0.720 0.506 0.645 1.629 0.72  0.79 1.097
0.6-1.18 SP 0.795 0.543 0.707 1.570 0.296

0.075-2.00 SW 1.091 0.734 0.966 0.890 0.269

FAP 1.18-2.00 SP 1.75 1.168 0.856 1.059 0.850 0.65 0.89 1.458
0.6-1.18 SP 1.280 0.916 1.153 0.813 0.597

LBS 0.6-1.18 Sp 2.65 0.842 0.525 0.731 1.531 0.78  0.65 0.323

Figure 1. Particle size distribution for the sands used during the experimental study.
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(i)

(iv)

(iii)

)

Figure 2. Scanning Electron Microscopy (SEM) images of the sands used during the experimental study
(i- Crushed Stone Sand, ii. Trakya Sand, iii- Narli Sand, iv- Fly Ash Pellets, v- Leighton Buzzard Sand).

Dmax»insc

Figure 3. Graphical representation of roundness, R (redrawn
from Muszynski and Vitton [47]).

Dmin-cir

Dmax-insc

Figure 4. Graphical representation of sphericity, S (redrawn
from Muszynski and Vitton [47]).
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relative density (35%), are placed in a plexiglass cylindri-
cal cell of about 50 cm? cross-sectional area (A). The
specimens rest on a wire mesh at the bottom of the cell,
which is a square grid of uniformly placed wires. The
volume of the water (q) flowing during a certain time (t)
is measured when a steady vertical water flow, under a
constant head, is maintained through the soil specimen.
Then, the k values of the specimens tested were calcu-
lated using Darcy’s law (k=ql/Ah).

2K AKX IK JK K .
o e o | @ @ | @
.%
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(+1] 03 05 o7 09
Roundness

Figure 5. Comparison chart [49].



A. F. Cabalar & N. Akbulut: Effects of the particle shape and size of sands on the hydraulic conductivity

3 RESULTS AND DISCUSSION specimens were around 35%. The specimens were loose
to medium dense. Three different sizes of artificially

Table 2 gives a summary of the specimens used in the graded CSS, TS, NS, FAP, and LBS sands, which have

tests reported here. The initial relative densities of all the exactly the same gradation characteristics (D1, D3,

Table 3. Empirical equations and their predictions on the sands tested in this paper.

Researcher/ . k (cm/sec) k (cm/sec) k (cm/sec)
o Equation Sample
Organization 0.6-1.18mm  1.18-2.00 mm  0.075-2.00 mm
LBS* 0.6349 - -
TS 0.7196 2.5909 0.0545
— 4 8 2 +
Hazen k=6x10"x=x[1+10(n—0.26) |x(d,, ) NS 0.6151 2.1434 0.0404
v Css! 0.7540 2.6162 0.0565
FAP? 0.9087 3.2713 0.0783
LBS 0.7556 - -
g 0 , TS 1.0872 3.4910 0.0525
Kozeny- k=8.3x107x=x| —— [x(d,,) NS 0.6926 2.0844 0.0265
Carman " (1 _ )2
n CsS 1.2566 3.5916 0.0575
FAP 2.3808 7.3642 0.1500
LBS 0.3229 - -
2 TS 0.4220 1.4208 0.0242
. g | n—-0.13 2
Terzaghi k=0.0084 x= x| —— x(dw ) NS 0.3022 0.9576 0.0135
3
v L Vl-n CSS 0.4676 1.4507 0.0260
FAP 0.7181 23895 0.0525
LBS 0.4279 - -
. & 1+e TS 0.4776 1.7980 0.0408
Chapuis k=15x(d,) x Tee 1o v NS 0.4541 1.7625 0.0392
(emax ) CSS 0.4466 1.7176 0.0387
FAP 0.4751 1.8385 0.0443
LBS 0.2372 - -
TS 0.3082 1.0403 0.0179
— 2
Slitcher k=1x10"x% x n*x(d,) NS 0.2224 0.7093 0.0104
v CSS 0.3408 1.0617 0.0192
FAP 0.5175 1.7296 0.0381
LBS 0.2535 - -
TS 0.2535 1.0882 0.1048
3 g 0.3 2
USBR k=4.8x10"x=x(dy ) x(dy) NS 0.2535 1.0882 0.1048
v CSS 0.2535 1.0882 0.1048
FAP 0.2535 1.0882 0.1048
LBS 0.7593 - -
TS 1.1357 3.7613 0.0376
_ 10(0.5504—0.29372)
NAVFAC k =10"1e004% ‘x(dlo) NS 0.6953 2.5811 0.0166
CSS 1.3549 3.8503 0.0426
FAP 3.3791 7.7911 0.2052
LBS 0.5691 - -
Al " , TS 0.5691 2.1289 0.0418
yamani _
o k =1300x[ 1, +0.025(d,, —d,, ) NS 0.5691 2.1289 0.0418
CSS 0.5691 2.1289 0.0418
FAP 0.5691 2.1289 0.0418
LBS 0.6172 - -
g 500 , TS 0.6172 2.3718 0.0437
Breyer k=6x10"x=xlog GE x(dw) NS 0.6172 2.3718 0.0437
v u CSS 0.6172 23718 0.0437
FAP 0.6172 23718 0.0437

LBS*: Leighton Buzzard sand; TS": Trakya sand; NS*: Narli sand; CSS': Crushed stone sand; FAP?: Fly ash pellet
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Dgy, c» ¢o) (Figure 1) within the specified ranges, were
classified as 'well graded' (SW) and 'poorly graded' (SP)
based on the Unified Soil Classification System (USCS).
The specific gravity of the grains, apart from the FAP
specimens, were found to be between 2.65 and 2.68. The
specific gravity of the FAP was found to be 1.75. Fly Ash
Pellets (FAPs), as lightweight aggregates, were produced
from fly ash and cement mixing using the pelletization
method. The crushing strength, specific gravity, water
absorption, surface characteristics and shear strength
properties of the manufactured aggregates were already
evaluated. The researchers showed that these manufac-
tured aggregates could be a good alternative in some
civil-engineering applications. The specific-gravity values
of the fly ash pellets change with the fly ash and cement
type, and the mix ratio of the constituents [40, 41]. The
FAP specimens have a lower density (p) and a higher
void ratio (e) than the other specimens, because the
specific gravity of the soil grains is used in calculating
the void ratio. As can be seen from Table 2, the densities
of the FAP specimens, calculated after obtaining the void
ratios, are lower than the others, for all three gradation
ranges. Based on the roundness criteria and the values
proposed by Powers [37] and Youd [38] the specimens
used during the experimental investigation vary from
very angular (i.e., CSS) to well rounded (i.e., LBS).

Table 3 presents the empirical equations and their
implications for the sands tested for hydraulic
conductivity in this experimental investigation. Hazen,
Kozeny- Carman, Terzaghi, Chapuis, Slitcher, USBR,

NAVFAC, Alyamani and Sen, and Breyer's equations
were considered in this study. The Hazen formula was
developed for a prediction of the hydraulic conductivity
of uniformly graded loose sand with cu less than 5, and
an effective grain size (d;) between 0.10 and 3.0 mm.

It is clear from Table 3 that the hydraulic conductivity
values (k) vary from 0.6151 cm/sec to 0.9087 cm/sec for
the sands falling between 0.6 and 1.18 mm, from 2.1434
cm/sec to 3.2713 cm/sec for the sands falling between
1.18 and 2.00 mm, and from 0.0404 cm/sec to 0.0783
cm/sec for the sands falling between 0.075 and 2.00 mm.
Based on the limitation of ¢, specified, as expected, the
formula does not give realistic prediction results for the
sands falling between 0.075 and 2.00 mm (see Figure
6). The authors' interpretation is that the effect of the
parameter ¢, was neglected, and thereby the grain size
distribution results yield the same cu for various sands.
The Kozeny-Carman formula is one of the widely used
derivations for hydraulic conductivity calculations. This
equation is not applicable for either soil with an effective
size above 3 mm, or for clayey soils [42]. The estimated
hydraulic conductivity values (k) vary from 0.6926 cm/
sec to 2.3808 cm/sec for the sands falling between 0.6
and 1.18 mm, from 2.0844 cm/sec to 7.3642 cm/sec for
the sands falling between 1.18 and 2.00 mm, and from
0.0265 cm/sec to 0.1500 cm/sec for the sands falling
between 0.075 and 2.00 mm. The predicted hydraulic
conductivity values (k) using the Terzaghi formula vary
from 0.3022 cm/sec to 0.7181 cm/sec for the sands
falling between 0.6 and 1.18 mm, from 0.9576 cm/sec
to 2.3895 cm/sec for the sands falling between 1.18 and

Figure 6. Predicted versus measured k values for the sands used during the during the experimental study.
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Table 4. Empirical equations and their limitations for permeability estimates.

Resea.rchér/ Equation Limitations
Organization
B » & _ 2 c, <5
Hazen k=6x10 xvx[l+10(n 0.26) | x(d,, ) 01 < <30
g | 2
Iéozeny— k=83x10"x2x S x(dw ) 0.5<dyp<4.0
arman v (1 - n)
0137
n—0.
Terzaghi k=0.0084 xgx X(dm )2 -
v [ l-n
k= Lx(d,, ) x-S x
: =1.5x X—x—= -
Chapuis 10 l+e (ema )3
Slitcher k=1x102xSx n**x(d,, )2 0.1<dyg<50
v
USBR k=48x10"xEx (dy )" x(d,, cu<5
v
2<¢, <12
NAVEAC k= 101.291 e—0.6435 X(dlo )10(0.5>04fnvz937e> ()(,)13<<d;0<<02’}0
14 < le/dS
Alyamani & Sen k=1300x[1, +0.025(d,, ~d,, ) | -
B 4 8 ﬂ 2 0.06 < dyp<0.6
Breyer k=6x10 xvxlog|: C. }x(dm) 1<c,<20

2.00 mm, and from 0.0135 cm/sec to 0.0525 cm/sec for
the sands falling between 0.075 and 2.00 mm. Figure

6 presents a comparative study using all the formulae
employed in this study. As can be seen from the Figure
6, Terzaghi’s empirical equation has more accurate
results than the other equations for the sands between
0.6 and 1.18 mm, and those between 1.18 and 2.00 mm.
This equation, however, seems not to be appropriate for
the soils between 0.075 and 2.00 mm, although it has
no limitations reported (Table 4). Similarly, predicted

k values using the Chapuis formula give us a relatively
good correlation with the measured k values for the
sands between 0.6 and 1.18 mm, and between 1.18 and
2.00 mm (Figure 6). Although there is no limitation for
this approach as well, the estimated k values do not fit
very well to the actual k values determined experimen-
tally. The estimated hydraulic conductivity values (k)
using the Chapuis approach vary from 0.4279 cm/sec to
0.4776 cm/sec for the sands falling between 0.6 and 1.18
mm, from 1.7176 cm/sec to 1.8385 cm/sec for the sands

falling between 1.18 and 2.00 mm, and from 0.0387 cm/
sec to 0.0443 cm/sec for the sands falling between 0.075
and 2.00 mm. The limitations of the empirical equation
developed by Slitcher is that the d10 should be between
0.01 and 5.0 (Table 4). Figure 6 indicates that the Slitcher
formula is the best fitted to the sands between 0.6 and
1.18 mm, and between 1.18 and 2.00 mm. However,

the k predictions for the sand between 0.075 and 2.00
mm have no good agreement with the measured k
values (Figure 6). Estimated k values using the Slitcher
approach vary from 0.2224 cm/sec to 0.5175 cm/sec for
the sands falling between 0.6 and 1.18 mm, from 0.7090
cm/sec to 1.7296 cm/sec for the sands falling between
1.18 and 2.00 mm, and from 0.0104 cm/sec to 0.0381
cm/sec for the sands falling between 0.075 and 2.00 mm.
The US Bureau of Reclamation (USBR) formula esti-
mates k values using the effective grain size (dy), and it
does not depend on the porosity (Table 4). The formula
is most suitable for medium-grain sand with c,, less than
5 [43]. The estimated k values using the USBR formula
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are 0.2535 cm/sec for the sands falling between 0.6 and
1.18 mm, 1.0882 cm/sec for the sands falling between
1.18 and 2.00 mm, and 0.1048 cm/sec for the sands
falling between 0.075 and 2.00 mm. The k values are
same for each of three gradations due to the same dy.
The Alyamani and Sen equation, one of the well-known
equations, considers both sediment grain sizes dyo and
dsq as well as the sorting characteristics. Estimated k
values using the Alyamani and Sen approach are 0.5691
cm/sec for the sands falling between 0.6 and 1.18

mm, 2.1289 cm/sec for the sands falling between 1.18
and 2.00 mm, and 0.0418 cm/sec for the sands falling
between 0.075 and 2.00 mm. The k values are the same
for each gradation of sands due to the same d;( and dj
values. Similarly, the Breyer equation gives the same k
values for each gradation, 0.6172 cm/sec for the sands
falling between 0.6 and 1.18 mm, 2.3718 cm/sec for the
sands falling between 1.18 and 2.00 mm, and 0.0437 cm/
sec for the sands falling between 0.075 and 2.00 mm,
because of the same d; value employed in this equation.
The Naval Facilities Engineering Command design
manual DM7 (NAVFAC) proposed a chart to predict the
saturated k value of clean sand and gravel based on e and
dyo. The limitations described in this approach are
03<e<0.7,0.10< djp < 2.0 mm, 2 < ¢, < 12,and
dyo/ds < 1.4. Estimated k values using NAVFAC vary
from 0.6953 cm/sec to 3.3791 cm/sec for the sands
falling between 0.6 and 1.18 mm, from 2.5811 cm/

sec to 7.7911 cm/sec for the sands falling between 1.18
and 2.00 mm, and from 0.0166 cm/sec to 0.2052 cm/

sec for the sands falling between 0.075 and 2.00 mm.
The observed differences between the predicted and
measured k values calculated using different equations

(see Figure 6) could be because of some inaccuracies in
the measured soil parameters, and some deficiencies in
the predictive equations, as previously discussed. Finally,
it also seems to be worth bearing in mind that the
Vukovic and Soro [23] porosity (n) may be derived from
the empirical relationship with the coefficient of grain
uniformity (c,) as n=0.255(1+0.83¢,,). However, the
porosity value (1) employed here in the empirical equa-
tions has been considered as equal to e/e+1, as described
by Terzaghi and Peck [13], Craig [2], Powrie [4], and
Das [3]. This is because, the approach by Vukovic and
Soro [23] may not be applicable for the sands having the
same c, values as described here in this investigation.

Figure 7 shows the variation of the coeflicient of perme-
ability (k) values and the void ratio (e) for the sands
tested, and the regression results for each of the three
gradations. The results demonstrate that the higher e
values cause higher k values for the measured type of
sands. In general, if the void ratio is high, particles are
free to rotate, which results in higher k values [44-45].
In densely packed soils with a low void ratio, a larger
number of contacts per particle resulted in lower k
values. Comparing the hydraulic conductivity values
of CSS, TS, NS, and LBS, it is clear that the granular
packing in more angular soil grain samples has a more
open fabric than those in relatively rounded soil grain
samples, resulting in higher k values in more angular
sands with the G, about 2.66. However, the FAP speci-
mens with G, about 1.75 exhibit much higher k values.
The authors interpreted the reason could be attributed
to the (i) the dispersion of fly ash particles on the pellet
grains during the saturation phase and testing, or (ii)

Figure 7. Graph of permeability against void ratio for the sands used during the experimental study.
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Figure 8. Plot of permeability against grain size for the sands used during the during the experimental study.

the lower specific gravity value of the FAP grains, which
may cause a more open fabric because such grains are
less likely to settle. Figure 8 illustrates a plot of hydraulic
conductivity vs. grain size for the sands used in the
experimental study. As can be seen, the measured k
values are close to the each other for the sand specimens
with d;, values about 1.20.

In this study, as an alternative approach, a stepwise
regression (SR) model based on a laboratory study is
proposed for the prediction of the hydraulic conductivity
of the sands. In statistics, a SR contains regression models
where the selection of predictive variations is conducted
by a semi-automated process. The input variables in the
developed SR models are the coefficient of uniformity
(c,), coeflicient of curvature (c,), specific gravity (G;),
porosity (n), roundness (R), and sphericity (S), while the
output is k. As shown in Figure 9, comparing the results
from the experiments and from the equation proposed
here in this study, the accuricies of the proposed SR
models are found to be quite satisfactory (R?=0.9933).
The results confirmed that the SR method can identify
the k value effectively, while certain available methods
result in an error. The developed model provides a way
of expressing information to assess the contribution of
each parameter (¢, c., Gs, 1, R, S) to the variance of
the model output (k). The parameters ¢, and c, are more
influential than the parameters R and S in Equation 1,
and thereby changes in the hydraulic conductivity may
be primarily due to the size of the grains. Evidently, the
proposed SR model is also presented as a simple explicit
mathematical function for further use by researchers.
The SR equation (Eq. 1) is as follows:

1,6

1,44

y=0.9933x+0.004
R?=0.9933

1,24

1,0

0,8 4

Predicted k (cm/s)

0,6 1

04
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o 02 04 06 08 1 12 14 16
Measured k (cm/s)

Figure 9. Comparison of the experimental results and predic-

tions by proposed SR model.

0.21R?
k(cm ] s)=0.065-+0.029- — &

¢ '(Gs -n)2 S

(1)

The hydraulic conductivity (k), roundness (R), and sphe-
ricity (S) relationship can be seen in the 3-D plot in Figure
10. The k value increases in a relatively linear pattern with
a decrease in the roundness. However, it was realized that
the sphericity value is not very effective for the k value,
while the grains have a higher value of roundness. On

the other hand, the k value exhibits an increasing trend at
lower roundness values, while the sphericity increases.
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Figure 10. Surface plot of hydraulic conductivity (k) vs. round-
ness (R), sphericity (S).

4 CONCLUSIONS

In this investigation, three ranges of particle size (0.60-
1.18 mm, 1.18-2.00 mm, and 0.075-2.00 mm) of five
different sands (i. Crushed Stone Sand, CSS; ii. Trakya
Sand, TS; iii. Narli Sand, NS; iv. Fly Ash Pellets, FAP;

v. Leighton Buzzard Sand, LBS) having distinct shapes
(Ri=0'15’ Si=0'55; Rii=0'43’ S,‘i=0.67; Riii=0'72’ Siii:0'79;
R;,=0.65, S;,=0.89; R,=0.78 S,=0.65) were tested in a
constant-head permeability testing apparatus at a rela-
tive density (D,) of about 35%. Also, already available
empirical permeability equations were briefly discussed
for an estimation of the coefficient of permeability values
(k). The tests reported in this paper indicate three new
facets of behaviour:

1. Sands having different shapes (R, S) with the same
grading characteristics (¢, ¢, Dj9, D39, D59, Deo)
result in different k values.

2. Relatively rounded sand grains have lower k values
than the angular sand grains with the exception
of the FAP specimens. This could be due to (i) the
dispersion of fly ash particles on the FAP grains
during the saturation phase and testing, or (ii) the
lower specific gravity value of the FAP grains.

3. Empirical equations by Terzaghi and Slitcher give
more accurate results than the other equations [6,
8,19, 46, 51] employed to predict the k values of the
sand specimens tested in this investigation.

This suggests that the already-available methods
employed here are capable of, but not sufficient for, an
accurate prediction of the k values. Therefore, it is obvious
that further investigations of the microstructural behavior
of the soil matrix are required in order to gain an insight
regarding the shape and size effects on permeability.
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