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Abstract: The aim of this paper is to define the correlation between the geometry of grains and saturated hydraulic con-
ductivity of soils. The particle shape characteristics were described by the ζ0C index (Parylak, 2000), which expresses the 
variability of several shape properties, such as sphericity, angularity and roughness. 

The analysis was performed on samples of four soils, which were characterised by the same grain size distribution and 
extremely different particle structure. The shape characteristics varied from ideally spherical, smooth grains (glass mi-
crobeads GM) to highly irregular and rough particles (fly ash FA). 

For each soil, laboratory tests of saturated hydraulic conductivity (constant head test CHT and falling head test FHT) 
were performed. Additionally, an empirical analysis of effective pore diameter was conducted with use of the analytical 
models developed by Pavchich (Wolski, 1987) and Indraratna and Vafai (1997). The models were modified by introduc-
ing the ζ0C index. 

Experiments have shown that saturated hydraulic conductivity depends on grains shape and surface roughness. This 
parameter decreases with the increase in the irregularity of soil particles. Moreover, it was proven that the ζ0C reflects the 
relationship between effective pore diameter and grain shape characteristics. 
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INTRODUCTION 

 
In order to precisely define soil properties, a detailed recog-

nition of the mechanisms and phenomena that influence such 
properties is required. Amongst the factors determining soil 
behaviour are grain size distribution, mineral composition, as 
well as the particle shape and roughness. 

The particle shape has a particularly significant influence on 
soil properties. Numerous researchers concluded that the shape 
of particles is the decisive factor that determines soil behaviour 
(Masad, 2005; Pena et al., 2007; Santamarina and Cho, 2004). 

However, literature does not provide an explicit, exhaustive 
description of the issues related to the definition of particle 
shape properties and the methods of the determination thereof 
(Cox and Badhu, 2008). 

The year 1932, when Wedell published his pioneering works 
(Wadell, 1932), is considered the beginning of studies on grain 
shape characteristics. Since that time, numerous methods of 
particle shape analysis have been developed. The simplest 
techniques consist of the visual evaluation of shape (Harr, 
1977; Lambe and Whitman, 1979; Yagiz, 2001). Other methods 
express the proportions of the geometrical sizes of particles 
obtained through direct measurement (Domokos et al., 2011) or 
through the measurement of images obtained with use of ad-
vanced equipment. This device may be the light microscope 
(Gori and Mari, 2001; Vallejo, 1995), scanning electron micro-
scope SEM (Cox and Badhu, 2008; Thomas et al., 1995), com-
puted tomography X-ray (Cox and Badhu, 2008; Masad, 2005) 
or 3D laser (Garboczi et al., 2006; Sinecen et al., 2011). More 
complex approaches to shape analysis include calculation 
methods, such as Fourier analysis (Bowman et al. 2001; Thom-
as et al., 1995), the fractal method (Arasan et al., 2011; Gori 
and Mari, 2001; Vallejo, 1995) and the use of neural networks 
(Sinecen et al., 2011). 

Unfortunately, regardless of the continuous development of 
techniques and equipment, the main problem with the quantita-
tive approach to particle shape analysis is the difficulty in de-
fining their variability (Cox and Badhu, 2008). Furthermore, 

most of these methods do not describe the variability of several 
particle shape properties with use of a single parameter, alt-
hough the need for such a solution was indicated as early as the 
1970s (Frosard, 1979). 

One of the exceptions was the study by Parylak (2000), who 
introduced the total shape index ζ0C that describes the spherici-
ty, angularity and roughness of the grains. The determined 
parameter was the basis for further analyses of the influence of 
particle shape on the values of the internal friction angle 
(Mamok, 2004) and on soil compressibility parameters 
(Chmielewski, 2006). Significant impact of the geometrical 
properties of particles, expressed by the ζ0C index, on the for-
mation of shear strength and compressibility parameters was 
proven in these works. Therefore, it became interesting to rec-
ognise the influence of the ζ0C index on the remaining soil 
properties, including hydraulic conductivity, which is the key 
parameter describing the water movement through the soil 
profile (Hillel, 2004; Klipa et al., 2015). 

The particle shape determines the size and geometry of the 
pore space, which is decisive for the water flow, as well as the 
capability to retain bound water (Parylak and Zięba, 2012). The 
surface shape and roughness of the particles contribute to the 
reduction of pore space where free-water flow may occur. 
Thus, particle shape characteristics determine the effective 
porosity that is decisive for the soil hydraulic conductivity 
(Aimrun et al., 2004; Brooks and Corey, 1964; Hillel, 2004; 
Jetel, 1975; Valentin et al., 2016). 

The correlation between soil hydraulic conductivity and the 
characteristics of the pore space has been the subject of numer-
ous studies. However, most of analyses focused only on the 
determination of the influence of the pore size distribution, 
while omitting properties such as the shape and configuration 
of particle surface (Cuisinier et al., 2011; Garcia-Bengochea, 
1978; Sasal et al., 2006; Tran et al., 2014; White and Williams, 
1999). Some empirical equations, such as the Kozeny-Carman 
formula or its simplified form proposed in the Taylor formula, 
are an attempt to describe the shape and curvature of pores 
(Carrier, 2003; Lambe and Whitman, 1979). However, these 



Influence of soil particle shape on saturated hydraulic conductivity 

81 

equations do not present a method that would enable the precise 
definition of shape characteristics and the determination of its 
influence on water movement. More recent research has also 
demonstrated that the application of empirical equations to 
determine the hydraulic conductivity of soil is not reliable, 
mainly due to the omission or insufficient consideration of the 
influence of their shape properties (Parylak et al., 2013). 

The aim of this study is to determine the correlation between 
the particle shape characteristics defined by the total shape 
index ζ0C and saturated hydraulic conductivity K. Literature 
does not provide a comprehensive method that would enable 
the description of K with reference to shape properties. 

 
MATERIALS 

 
The hydraulic conductivity of the soil is determined mainly 

by its properties. The most important of these characteristics 
include grain size distribution, porosity, mineral composition, 
degree of saturation, as well as the shape and roughness of 
particles (Cadergen, 1997; Head and Epps, 2011). 

In this study, four soil materials characterised by a gradual 
variability of particle shape properties were selected. Geomet-
rical characteristics varied from perfectly smooth and round 
grains to highly irregular particles with a rough surface. The 
selected soils were characterised by the same grain size distri-
bution, as well as a similar mineral composition. This enabled 
the elimination of factors other than particle shape that might 
influence the values of saturated hydraulic conductivity.  

As in the previous experiments (Chmielewski, 2006; 
Mamok, 2004; Parylak, 2000), the following materials were 
selected for the tests: artificial glass microbeads – GM, eolian 
soil from Krakowiany – SK, waste silt from the granite pro-
cessing plant in Graniczna – SG and fly ash from hard coal – FA 
(Fig. 1). 
 
METHODS 

 
The basic properties of the analysed soils that influence satu-

rated hydraulic conductivity, such as grain size distribution,  
 

specific surface area S and porosity n, were determined accord-
ing to the Eurocode 7 standard (EN 1997-2, 2007). 

 
Particle shape characteristics 

 
The particle shape was defined with use of the total shape 

index ζ0C, which takes into account sphericity, angularity and 
roughness (Parylak, 2000). 

The sphericity Φ was calculated based on Equation 1, as the 
surface area of a sphere of the same volume as the particle (AS) 
divided by the surface area of the particle (AP) (Lees, 1964) 
(Fig.2a). 
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The angularity A was quantified based on Equation 2 (Lees, 

1964).  
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where: βi – angle bounding the particle edge, xi – distance from 
center of the maximum inscribed circle to the particle edges,  
r – radius of the maximum inscribed circle, assumed to be the 
center of the particle (Fig. 2b). 

The surface roughness Ia was calculated with use of Equa-
tion 3 (Parylak, 2000). 
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where: PR – actual perimeter of the particle, PS – simplified 
perimeter of the particle (Fig. 2c). 

 

 
 
Fig. 1. Scanning Electron Microscope SEM images of soils particles: a) GM; b) SK; c) SG; d) FA. 

 

 
 
Fig. 2. Determination of the shape characteristics: a) sphericity; b) angularity; c) roughness. 



Zofia Zięba 

82 

 

In order to determine the simplified perimeter, a polygon 
was drawn in such a way that the edges of each larger shape 
irregularity were replaced with a section of a straight line. The 
method is based on the fundamental assumption that the area of 
the polygon of the simplified perimeter must be equal to the 
actual area of the analysed cross-section. 

For each of the properties, the shape index ζ0 (ζΦ, ζ1-A, ζ1-Ia) 
was determined (Equation 4) that included their minimum 
(ζmin), average (ζav) and maximum (ζmax) values.  
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ζ ζ

−
=

−
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Then, the total shape index ζ0C was calculated (Equation 5).  
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This parameter was determined based on SEM images anal-

ysis. Photographs were taken of soil samples in loose state. Soil 
grains were placed on adhesive carbon rings and covered with 
conductive layer. Images were taken with use of scanning elec-
tron microscope HITACHI S-3400N. Thirty SEM images of 
each soil were analysed. The geometrical properties of specific 
particles required for the determination of their shape character-
istics were identified automatically, with use of ImageJ soft-
ware (Rasband, 1997–2016). 

The obtained shape property values were then subject to sta-
tistical analysis. The arithmetic mean and standard deviation 
were calculated for the significance level equal to 0.05 (–). 
Next, the dispersion of results with respect to mean value was 
determined by calculating the coefficient of variation. If its 
value does not exceed 10%, then it is assumed that the  
variability of the given property is statistically insignificant. 
Otherwise, the extreme values should be rejected (Sheskin, 
2003). The analysis was conducted with use of Statistica soft-
ware. 

 
Hydraulic conductivity 

 
Due to the grain size distribution of materials from the bor-

derline area of cohesive and non-cohesive soils, two test meth-
ods were used: the constant head test CHT, which is a typical 
test of non-cohesive soils and the falling head test FHT, which 
is applied to cohesive soils (Dawson, 2008; Head and Epps, 
2011). 

The CHT was performed on samples of a diameter of 80 mm 
and a height of 30 mm, while the FHT on samples of a diameter 
of 75 mm and 20 mm height. The sample sizes were dictated by 
the construction of the apparatuses used. The samples were 
protected from particle movement by the placement of filters on 
the top and bottom sides. Ceramic porous stones of a saturated 
hydraulic conductivity equal to 10–4 (m s–1) were used. 

In both cases tests were conducted on samples of the same 
density index ID in four variants (ID = 0.1; 0.3; 0.6; 0.9). Sam-
ples were compacted directly in the cylinders of the apparatus. 
At the stage of compaction, the soils were in an air-dry state. 
For each density variant the saturated hydraulic conductivity 
was measured for three different hydraulic gradients (i = 0.3; 
0.5; 0.8). 

In order to avoid air entrapment in the samples the tests  
were conducted with the use of de-aired, distilled water. 
Measurements were preceded by slow saturation. Changes in 

sample height were measured during the tests to control 
compaction. 

In order to compare the results of CHT and FHT for the giv-
en density indexes, the statistical analysis of correlation was 
conducted using Statistica software. For the significance level 
equal to 0.05 (–), the Pearson correlation coefficient r was 
calculated for each type of soil (Sheskin, 2003). The results 
were presented on scatter plots. 
 
Empirical analysis of effective pore diameter with reference 
to particle shape characteristics 

 
In order to describe the relationships between the geometry 

and roughness of particle surface and the saturated hydraulic 
conductivity, an empirical analysis of the effective porosity 
expressed by effective pore diameter was conducted, based on 
simple analytical models. In the previous study (Parylak and 
Zięba, 2012), based on the Pavchich model (Wolski, 1987) 
(Equation 6), calculations were conducted for two types of soils 
characterised by extremely different shape properties, i.e. for 
GM and FA. For the purposes of the present study, this model 
was applied to all types of the analysed soils.  
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where: Dp – effective pore diameter, n – porosity, Cu – uni-
formity coefficient, D17 – the size such that 17% of the particles 
are smaller than D17. 

Additionally, the Indraratna and Vafai model (1997) (Equa-
tion 7) was used, as it is the only model which includes particle 
shape.  
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where: Div – effective pore diameter, n – porosity, α – shape 
factor, Dh - mass weighted diameter. 

In both cases two variants of the analysis were conducted. In 
the first one, the effective pore diameters Dp and Div were cal-
culated with use of the selected models. In the second variant 
the ζ0C index was introduced to both models as a parameter 
adjusting the value of general porosity (Equations 8, 9). 
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In the Indraratna and Vafai model the shape index α was re-

placed by the ζ0C index, because α only describes angularity. 
Moreover, the shape is determined by assigning the shape of 
the analysed particles to one of five groups (Sphere, Cube, 
Tetrahedron, Kaolinite, Na-Montmorillonite) pursuant to sub-
jective visual assessment (Indraratna et al., 1996). 

Due to the fact that the values of the α increase, but the val-
ues of the ζ0C decrease with the increase in shape irregularity, 
the reciprocal of ζ0C was used in equation 9. 
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RESULTS AND DISCUSSION 
 
The results have shown an insignificant differentiation of 

grain size distribution (Fig. 3) and its properties, such as the 
uniformity coefficient Cu and the grain curvature coefficient Cc 
(Table 1). Such selection of the analysed material allowed for 
the elimination of grain size distribution as a factor influencing 
the saturated hydraulic conductivity of the analysed soil  
materials. 

The tests have also shown a high differentiation in the values 
of the specific surface area S. This parameter reflects the 
roughness of the external particle surface and determines the 
capability of soil to retain bound waters on its surface, as it 
determines the strength of superficial forces (Utkaeva, 2007) 
(Table 1). 
 
Particle shape characteristics 

 
The obtained total shape index values showed a tendency to 

decrease with the increase in the complexity of the geometry 
and configuration of particle surface (Parylak, 2000) (Table 2). 

Discrepancies were also noted for the porosity values. This 
variability results mainly from the different edge sharpness and 
shape irregularity of the particles of specific soil types (Nimmo, 
2005). The more irregular and the rougher they are, the higher 
the porosity (Table 3). 
 
Hydraulic conductivity 

 
The statistical analysis of the results based on CHT and FCT 

has shown a very strong positive correlation between those two 
methods (Fig. 4). The Pearson correlation coefficient r remains 
close to 1 in all cases (Sheskin, 2003). 

Considering the lack of statistically significant differences, 
the obtained values of hydraulic conductivity were averaged 
and are listed in Table 3. 

Assuming that the obtained results were credible, an analysis 
of the correlation between the saturated hydraulic conductivity 
and the total shape index at various density indexes was con-
ducted. 

The Fig. 5 suggests that the value of the saturated hydraulic 
conductivity decreases along with the increase in shape irregu-
larity and roughness of the soil particles. This is opposite to the  
 
Table 1. Parameters of the analysed soils. 
 

Soil type 
Uniformity  
coefficient  

Cu 

Curvature  
 coeffcient  

Cc 

Specific surface 
area  

S 
(–) (–) (–) (m2·g–1) 
GM 3.40 0.78 0.27 
SK 3.80 0.69 0.40 
SG 3.80 0.69 0.45 
FA 3.20 0.67 1.34 

 
Table 2. Particle shape characteristics. 
 

Soil 
type 

Sphericity 
index ζΦ 

Angularity 
index ζ(1-A) 

Roughness 
index ζ(1-Ia) 

Total shape 
index ζ0C 

(–) (–) (–) (–) (–) 
GM 1.00 1.00 1.00 1.00 
SK 0.45 0.66 0.89 0.67 
SG 0.26 0.57 0.90 0.58 
FA 0.27 0.38 0.78 0.48 

 

 

 
 
Fig. 3. Grain size distribution of analysed soils. 
 
trend that saturated hydraulic conductivity show in relation to 
porosity results (Table 3). The highest porosity values were 
found in FA, which is also characterised by the lowest hydrau-
lic conductivity. 

The tests were conducted on soils characterised by similar 
grain size distribution and mineral composition in the same 
sample compaction conditions. The existing differences in the 
values of hydraulic conductivity may result only from the dif-
ferences in particle shape properties. 

Literature does not provide a strictly defined direct relation 
between porosity and water permeability. However, it is often 
assumed that an increase in porosity leads to increased hydrau-
lic conductivity (Tiab and Donaldson, 2016). The conducted 
tests prove the opposite. 
 
Table 3. Saturated hydraulic conductivity K in relation to the 
density. 
 

Soil type
Density 
index  

ID 

Porosity  
n 

Saturated hydraulic conductivity 
K 

(–) (–) (–) (m·s–1) 

GM 

0.10 0.38 1.58·10–5 
0.30 0.36 1.39·10–5 
0.60 0.32 1.18·10–5 
0.90 0.27 9.96·10–6 

SK 

0.10 0.47 8.94·10–6 
0.30 0.44 7.99·10–6 
0.60 0.40 6.45·10–6 
0.90 0.35 5.20·10–6 

SG 

0.10 0.50 6.99·10–6 
0.30 0.48 6.23·10–6 
0.60 0.44 4.53·10–6 
0.90 0.40 3.50·10–6 

FA 

0.10 0.51 3.66·10–6 
0.30 0.49 3.35·10–6 
0.60 0.45 2.53·10–6 
0.90 0.41 2.30·10–6 
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Fig. 4. Correlation between the saturated hydraulic conductivity K based on CHT and FHT: a) GM; b) SK; c) SG; d) FA.  

 

 
 
Fig. 5. Correlation between the saturated hydraulic conductivity K and the total shape index ζ0C at various density indexes ID. 

 
Empirical analysis of effective pore diameter with reference 
to particle shape characteristics 

 
Effective porosity is considered to be the decisive parameter 

for the hydraulic conductivity properties of soil (Aimrun et al., 
2004; Brooks and Corey, 1964; Hillel, 2004; Jetel, 1975;  
Valentin et al., 2016). Thus, the dependence of effective pore 
diameter on the ID should reflect the tendency in saturated 
hydraulic conductivity changes with respect to density changes.  

Diagrams of correlations between effective pore diameter and  

density index were prepared in order to compare the obtained 
dependencies. In the first variant, effective pore diameters were 
calculated based on the original analytical models  
(Dp, Div) according to Equations 6 and 7 (Fig. 6a, 6b), while in 
the second variant, the models were modified (Dp

*, Div
*) based 

on Equations 8, 9 (Fig. 6c, 6d).  
Fig. 6a shows that in the case of the original Pavchich model 

the relationship between the effective pore diameter and the 
density index reflected the dependence of porosity (Table 3) on 
this parameter. 
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Fig. 6. Dependence of effective pore diameter on density index ID: a) Pavchich model; b) Indraratna and Vafai model; c) modified Pavchich 
model; d) modified Indraratna and Vafai model. 

 

 
 

Fig. 7. Correlation between the saturated hydraulic conductivity K 
obtained in laboratory tests and the density index ID. 

 
In the case of the Indraratna and Vafai model, including the 

α coefficient resulted in the fact that the FA had the lowest 
values of minimum pore channel diameter. However, for the 
remaining soils these values were very similar, and in the case 
of GM and SK they were practically identical (Fig. 6b). 

After the introduction of the total shape index to both mod-
els as the value adjusting porosity, in both cases the highest 
effective pore diameter values were obtained for GM, followed 
by SK, SG, and the lowest for FA (Fig. 6c, 6d).The obtained 
relationships were verified by comparing them to laboratory 
test results (Fig. 7). In order to further analyse the obtained 
similarities, the changes in saturated hydraulic conductivity 
were compared to the changes in Dp

* (Fig. 8a) and Div* (Fig. 
8b). The results of the statistical analysis (at the significance 
level of 0.05) have shown a very strong positive correlation 
(Fig. 8). In all instances, the values of the Pearson correlation 
coefficient r exceed 0.9. 

The results suggest that the total shape index enables appro-
priate adjustment of the selected analytical models. Thus, it 
may be stated that it is a value that numerically reflects the 

  

Fig. 8. Correlation between the changes in the saturated hydraulic 
conductivity K and effective pore diameter caused by the increase 
in the density index ID: a) modified Pavchich model Dp

*; b) modi-
fied Indraradna and Vafai model Div

*. 
 

capability of the soil to retain bound water. The lower the value 
of the ζ0C index, the higher the amount of bound water and the 
lower the diameter of pores. The conducted analysis explains 
why the fly ash, characterised by higher porosity (Table 3), 
shows lower saturated hydraulic conductivity in comparison to 
the other soils (Fig. 7).  
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CONCLUSIONS 
 
1. Laboratory tests have shown that saturated hydraulic 

conductivity is closely related to the shape and roughness of 
soil particles expressed as the total shape index ζ0C. It was 
proven that the saturated hydraulic conductivity of soils 
decreases with the reduction in the ζ0C index – with the 
increasing shape irregularity of particles.  

2. It was demonstrated that the trend of the relationship 
between K and ζ0C index is opposite to the relationship between 
K and porosity n. Porosity values were the highest for soils of 
the most complex grain structure.  

3. The modification of the Pavchich model and the 
Indraratna and Vafai model by introducing the ζ0C index 
allowed for the expression of effective pore diameter in terms 
of particle shape characteristics. 
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NOMENCLATURE 
 
ζ0C (–) total shape index  
Φ (–) sphericity 
AS (mm2) surface area of a sphere of the same volume as the 

particle  
AP (mm2) surface area of the particle  
A (–) angularity  
βi (°) angle bounding the particle edge 
xi (mm) distance from center of the maximum inscribed 

circle to the particle edges 
r (mm) radius of the maximum inscribed circle, assumed to 

be the center of the particle 
Ia (–) roughness  
PR (mm ) actual perimeter of the particle 
PS (mm ) simplified perimeter of the particle 
ζ0 (–) shape index 
ζΦ (–) sphericity index 
 ζ1-A (–) angularity index  
ζ1-Ia (–) roughness index 
ζmin (–) minimum shape index 
ζav (–) average shape index 
ζmax (–) maximum shape index 
K (m·s–1) saturated hydraulic conductivity 
Dp (mm) effective pore diameter according to the Pavchich 

model 
Dp

* (mm) effective pore diameter according to the modified 
Pavchich model 

n (–)  porosity 
ID (–)  density index 
Cu (–) uniformity coefficient 
Cc (–) curvature coefficient 
S (m2·g–1) specific surface area 
D17 (–)  the size such that 17% of the particles are smaller 

than D17 
Div (mm) effective pore diameter according to the Indraratna 

and Vafai model 
Div

* (mm) effective pore diameter according to the modified 
Indraratna and Vafai model 

α (–) shape factor  
Dh (mm) mass weighted diameter 
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