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ABSTRACT 
 

Recent advancement in digital technology enabled the development of sophisticated methods for 

understanding the fundamental aspects of particle morphology and facilitated the precise 

quantification of sphericity, roundness, angularity and roughness of particles. This paper presents 

new computational methods to quantify the particle morphology using image analysis. These 

methods overcomes the limitations of existing methods based on image analysis and classify all 

types of sands with more accuracy.  The importance of particle morphology on the interface 

shear behavior of sand-geosynthetic surfaces is demonstrated through microtopographical 

analysis of shear induced surface changes in geosynthetics. Results from the investigations 

showed that angularity of particles is a very influential parameter in controlling the interface 

shear behavior. These results play key role in understanding shear induced failures in reinforced 

soil structures and help in forensic investigations of such failures. 

 
INTRODUCTION 

 

The internal stability of reinforced soil structures mainly depends on shear strength of soil-

reinforcement interfaces, because these interfaces are weakest zones in the structure (Palmeria, 

2009). Shear strength and deformation characteristics of sand–reinforcement interface hugely 

depend upon the interaction mechanism (sliding, rolling, plowing and interlocking) that develops 

between them while shearing. Several researchers demonstrated that interaction mechanism 

between sand and reinforcement largely depends on particle size, shape and surface features of 

the reinforcement (Jewell et al., 1985; Latha and Murthy, 2007; Fuggle, 2011). If the coefficient 

of friction is less for an interface, then the predominant mechanism could be sliding or plowing 

because relatively less force is required to initiate a relative motion against the friction force 

offered by a particle, which is partially embedded in the surface of geosynthetics. The volume 

changes in this type of interface are negligible, therefore these are called non-dilative interface 

systems (Dove et al., 2006). However, if the coefficient of friction is large, the predominant 

mechanism could be rolling because relatively high friction force is required to push and rotate 

the particle, which is locked in the surface asperities (Jewell, 1996; Biabani and Indraratna, 

2015). In this type of interface volume changes are evident, therefore these are called dilative 

interface systems. Literature suggests that interface shear behaviour of particulate materials and 

geosynthetics is significantly influenced by the morphology and surface asperities of 
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reinforcement. Hence, precise characterization of the morphological properties of the particulate 

material and surface features of geosynthetics are essential for understanding the mechanical 

behaviour of reinforced structures. Many a times, failure of such structures is governed by 

microscopic shear mechanisms, which cannot be understood by conventional forensic 

geotechnical investigations and need advanced image based techniques, which are explained in 

this paper. 

The international conference on Forensic Geoscience: Principles, Techniques and 

Applications held at the Geological Society of London in 2003 emphasized the importance and 

usefulness of particle morphology in forensic soil examination (Pye and Croft, 2004).  Most 

often the image of particulate materials captured using microscope and digital image capture 

system (Ehrlich et al., 1980; Pye and Mazzullo, 1994; Murray, 2004) is used for qualitative and 

quantitative soil examination to determine the size and morphology. Fourier analysis is most 

common technique performed on projected images of particulate materials for quantitative 

measurements (Bowman et al. 2001). However, Fonseca and O'Sullivan (2008) concluded that 

the approach used by Bowman et al. (2001) to quantify the particle shape using Fourier 

descriptors is not applicable for general soil characterization.  

The use of image analysis and optical methods for thorough understanding of the 

morphological characteristics of particulate materials (sand) and surface roughness of the 

geosynthetic surfaces is of growing interest among many researchers (Dove and Frost, 1996; 

Alshibli and Alsaleh 2004; Vangla and Latha, 2016). Research in particle morphological 

characterization has gone through several phases, starting from visual characterizations in olden 

days to the most recent methods based on image analysis. According to Barrett (1980), particle 

shape comprises of three different multi-scale components- form (macro-scale), roundness 

(meso-scale) and surface texture (micro-scale), which are independent properties because each 

one varies widely without necessarily affecting the other two properties. Several researchers 

have attempted to characterize the shape of sand particles through various methods including 

projection methods, standard shape comparison methods, functional methods, and fractal 

methods (Sozer, 2005), which led to the identification of many shape parameters/descriptors. 

Despite the availability of many methods, no method has been accepted as standard, because of 

conceptual and practical deficiencies. Wadell‟s definition (Wadell, 1932) of roundness is the 

most widely accepted formula as it is more statistically sound as compared to the formulae 

coined by several other researchers. 

This paper presents an accurate computational method based on image analysis to 

quantify the particle shape and studies on effect of particle shape and size on non-dilative 

interface systems. The reasons for the variation in peak friction angle at different interfaces are 

examined through particle shape and surface roughness studies.  

 

PARTICLE MORPHOLOGY BY COMPUTATIONAL METHODS 

 

The process of quantifying particle morphology, viz. roughness, roundness and sphericity, by the 

proposed method can be realized in three steps. In the first step, filtering techniques are 

employed on segmented 2D image projections of particles to remove high frequency components 

of noise and roughness after converting the boundary profile of the image into the frequency 

domain using Fourier Transforms. This process is also used to quantify roughness of the particle 

outline. The second stage implements an algorithm developed to identify „corners‟ along the 
particle outline free from micro-scale features and to fit the most appropriate circle in each 



 

 

corner for the quantification of roundness as per Wadell‟s concept. The third stage deals with the 
quantification of form or sphericity of the particle using computational geometry. 

 

Roughness 

 

Roughness of a surface is generally computed by measuring the deviations of the surface from its 

mean plane at a specific scale. However, because of greatly uneven soil particle surfaces, there is 

generally no functional form to evaluate the mean surface. This problem is addressed in the 

present study by separating the micro scale features of roughness from the opened up boundary 

profile of the binary image of the particle, by the use of digital filters to obtain the roughness free 

profile. The boundary of the particle is obtained by tracing the outline of the binary particle 

(Figure. 1a)silhouette. The roughness feature comprises of actual particle roughness along with 

the noise in the image, which is the consequence of aliasing effect by the square pixels 

tessellation. The open profile of the particle outline, called as raw profile in this study, is 

obtained by opening the boundary of the particle at a constant interval of 0.0017 radians (0.1 

degree) in clockwise direction from its centroid. The raw profile in the spatial domain is 

transformed into the frequency domain subsequently by the use of Fast Fourier algorithm. The 

frequency domain comprises different wavelength components of the raw profile corresponding 

to various aspects of particle shape, viz. roughness corresponding to small wavelength 

component, roundness corresponding to medium wavelength component and form corresponding 

to high wavelength component. This information is very useful to suppress or retain the selected 

wavelength components by applying filters before reconstructing the particle outline for further 

findings.  

To filter out the micro scale features of roughness from the raw profile, a low pass 

Gaussian regression filter is used in the present study. The input cutoff wavelength 

corresponding to micro-scale features is decided based on the cutoff amplitudes given as a 

percentage of the maximum amplitude of intensity in the frequency domain. The cutoff 

amplitude is established by checking the variations in three key parameters with change in cutoff 

value for filter, viz. number of corners, ratio of perimeter of cumulative corner length to the 

perimeter of particle (referred to as perimeter ratio) and the value of roundness according to 

Wadell‟s definition. The standard chart particles of Krumbein and Sloss (1951), Powers (1953) 
and Hawkins (1993) of known range of roundness values and few real particles were used in this 

investigation to arrive at an appropriate cutoff amplitude for filter. The values of the key 

parameters are observed to be constant for cutoff amplitude range of 1.1-1.5% for all 

investigated particles. The values of roundness obtained in this range compared well with the 

values given in the visual charts. Hence for removing roughness from particle outline, an 

amplitude cutoff of 1.2% is used in this study. 

Having decided the cutoff amplitudes for roughness, the corresponding maximum 

number of descriptors required to remove these features were read from the frequency spectrum 

plot. The wavelength of the sinusoid component of the profile corresponding to the number of 

descriptors read is the cutoff wavelength for the profile. The cutoff wavelengths obtained are 

used in the second order low pass Gaussian regression filter to filter out the roughness features 

and obtain the roughness free profile (Figure. 1b). Having established the roughness free profile, 

root mean squared roughness (Rq) can be computed as: 

                                                          √∑ (        )       (1) 



 

 

Where    is the value of the kth coordinate of the raw profile,     is the value of the kth 

coordinate of the smoothened profile, and n is the total number of points in the profile. The Rq is 

scale dependent value, which increases with the increase in particle size. Therefore to obtain Rq 

which is free from this scale dependence, it is normalized with length (L) of the particle, which is 

called as normalized roughness (NRq), expressed in percentage.  

                                                                           (2) 

 
Figure 1. Removing roughness from a particle outline a) binary image of particle b) raw 

profile and roughness free profile obtained by filtering roughness features at cutoff 

amplitude of 1.2% of the maximum amplitude of intensity in the frequency domain 

 

Roundness 

 

There are four main steps required to compute roundness as per Wadell (1932) definition after 

obtaining the smoothened particle outline. In the first step, dominant points along the particle 

outline are identified using linear polygonal approximation method. The dominant points are a 

set of fewer key points that contain almost complete information of the particle boundary. An 

algorithm is written for this purpose, similar to that proposed by Gerken (1994) and Altunbasak 

et al. (1997) and is implemented in MATLAB. The algorithm involves detecting boundary points 

at maximum distance (d) from a defined vector, starting from the vector representing the length 

of the particle, and iterating to obtain vectors formed by joining endpoints of the previous vector 

and the detected boundary points at maximum distances from it on either side, until d is greater 

than a predefined threshold value n. The value of n, which depends on the characteristics of the 

image captured, should be as small as possible so as to not miss the small sharp corners along the 

particle outline yet high enough to save computational cost. Its value is taken to be a fraction of 

the maximum dimension of the particle in pixels and it is found after performing numerous 

computations on various particles of different angularities, that n = 0.09 % of the maximum 

dimension of the particle is the highest possible value which manages to capture all corners of 

even the most angular particles. At the end of this iteration, the particle boundary is discretized 

into small straight lines joining the dominant points as shown in Figure. 2a. 

The second step involves identification of corner portions along the particle outline by using the 

detected dominant points. In a closed boundary, a corner is identified as any concave inward 

portion of the particle boundary having radius of curvature equal to or less than the radius of 

curvature of the maximum inscribed circle in accordance with Wadell‟s definition. A curve is 

concave inwards if a line joining any two points on the curve always lies inside the curve 

whereas a concave outwards curve is one in which a line joining any points on the curve always 

lies outside the curve. The corner detection algorithm detects all continuous set of dominant 



 

 

points that are concave inwards as a whole. The detected corner regions of the particle are shown 

in Figure. 2b. 

In the third step, the maximum inscribed circle is found. For each white pixel inside the 

boundary of the soil particle, the minimum distance to the nearest black pixel outside the particle 

boundary is computed, which produces a distance contour map as shown in Figure. 2c. The pixel 

with the maximum stored distance is the center of the maximum inscribed circle and the stored 

distance is its radius. 

The final step is to fit the best circle in each corner so as to determine its radius of 

curvature. The radius of curvature is determined at every point of each corner using a modified 

double derivative formula, to take into account the uneven spacing of discrete points along a 

closed boundary. Let the first point of the curve be (xs, ys), the middle point be (xm, ym) at a finite 

difference  k with respect to the first point and at a finite difference h with respect to the end 

point (xe, ye). Considering these points, the double derivative formula can be modified as follows 

by incorporating the average weightage of h and k (both represent a small change in x). 

                                                                     ( )     (     )   (     )       (    ) (3) 

Where, h = xe-xm, k= xm-xs. 

The above double derivative formula results in many circles at each corner. The best fit 

circle among these circles is the one, which is tangential to the local maxima of the corner and 

touches the maximum number of points along the corner boundary as shown in Figure. 2d. 

Roundness can now be computed using Wadell‟s definition as follows                                                                                    ∑         (4) 

Where Dr is the diameter of the r
th

 circle, n is the total number of circles and Di is the 

diameter of the inscribed circle. The roundness of the particle in Figure. 2d is computed to be 

0.44. 

Figure 2. Evaluating roundness of a particle a) detected dominant points from polygonal 

approximation algorithm b) final corners obtained from corner detection algorithm c) 

maximum inscribed circle of the particle d) best fit circles for all corners of the particle 

with the value of roundness 

 

 

 

 

 



 

 

Sphericity 

 

Sphericity is defined in many ways by researchers till date. Zheng and Hryciw (2015) 

investigated the usefulness and effectiveness of most widely used definitions of sphericity and 

concluded that sphericity defined as width to length ratio of the particle (Swl) is the most simple 

and practical definition. The values obtained using this definition were well matching with the 

visual chart provided by Krumbein and Sloss (1951). Hence, in the present study, the same 

definition is used for quantifying the sphericity of sand particles. The length and width of the 

sand particle are determined computationally. The length of the particle (L) is same as the main 

axis of the particle used in iterative polygonal approximation. The width of the particle is 

determined in the following way. The coordinates of the boundary points on either side of the 

main axis at maximum distance from it are stored in an array. A line is drawn parallel to main 

axis (L) and passing through any one of these points. The perpendicular distance of the other 

boundary point from the drawn line is the width of the particle „W‟. The length, width and 
sphericity of the particle is shown in Figure. 3. The values of sphericity are independent of 

roundness values and the definition yields sphericity values between 0 and 1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Sphericity of the particle 

 

Shape analysis of real particles 

 

Shape analysis is also carried out on randomly selected particles from four sand groups; Angular 

coarse sand (ACS), Coarse sand (CS), Medium Sand (MS) and Fine Sand (FS) by the new 

computational method discussed in above sections. The sands belonging to the category CS, MS 

and FS are river sands taken from the same source whereas sand belonging to category ACS is 

quarry sand taken from a different source. SEM images of 30 particles of each type of sand were 

taken for shape analysis in this study. The values of roundness are nearly same for coarse, 

medium and fine sands (CS- 0.28, MS- 0.24, FS- 0.26), classifying them as subangular 

(roundness between 0.25-0.35) as per Powers (1953). Angular coarse sand has average 

roundness value of 0.18, classifying it as angular (roundness between 0.17-0.25) as per Powers 

(1953). The average values of sphericity for coarse, medium and fine sands are 0.82, 0.83 and 

0.80, whereas angular coarse sand has average sphericity value of 0.74. The reference chart 

provided by Krumbein and Sloss (1951)classifies CS, MS and FS into the same category of 

sphericity and roundness, whereas ACS falls into the more angular and less spherical category. 

Particles from CS, MS and FS have shown almost same average NRq values (CS- 0.05, MS- 

0.06, FS- 0.07) whereas ACS particles have exhibited higher average NRq value of 0.10. The 



 

 

obtained values of sphericity, roundness and normalized roughness indicates that CS, MS and FS 

exhibit similar morphology, whereas ACS is more angular, less spherical and more rough as 

compared to the other three sands. Figure. 4 shows SEM images of typical sand particles of all 

four groups used for shape analysis along with their roundness, sphericity and normalized 

roughness values. 

 

 
Figure. 4. SEM images of typical sand particles used for shape analysis a) CS b) MS c) FS 

d) ACS 

 

DIRECT SHEAR TESTS 

 

Initially series of symmetric loading direct shear tests were performed on four sands (ACS, CS, 

MS and FS) to understand their shear behaviour and to compare with interface shear behaviour 

of these sands with smooth geomembrane. Symmetric loading test conditions and direct shear 

test setup used in this study are described in Vangla and Latha (2014, 2015). All direct shear 

tests were conducted at a relative density of 70% under three normal stresses (22, 37 and 53 

kPa). The initial void ratio and the peak and post peak friction angle obtained for these sands are 

presented in Table 1.  One can observe from Table 1that CS, MS and FS have exhibited almost 

same friction angle. Despite the fact that these three sands have very different particle sizes, they 

showed almost same friction angles due to their similar morphological characteristics and also 

because their void ratios were almost same (about 0.7) at a relative density of 70%.  Studies by 

Santamarina and Cho (2001) and Holtz and Kovacs (1981) also suggested that particle size does 

not affect the peak friction angle of sands of similar morphology if the void ratio is same.  

ACS and CS are having same size range and different particle morphology; ACS is more 

angular compared to CS. However, ACS exhibited low friction angle compared to CS. Literature 

suggests that the increase in angularity of sands generally results in increase in friction 

angle.However, the initial void ratio of ACS is 0.93, which is 28% higher compared to CS (0.67) 

at relative density (RD) of 70% because of the shape of the particles. The higher void ratio of 

ACS at 70% RD compared to CS resulted a loose state of packing, this caused decreased friction 

angle. To confirm this aspect, direct shear tests on ACS samples prepared at a higher relative 

density of 90% are performed; the void ratio corresponding to this RD is 0.85. Friction angle 

reported from this set of tests was found to be same as the friction angle reported for CS prepared 

at 70% relative density though the void ratio was 21% more, confirming the effect of angularity 

in improving the friction angle.  

 

 

 



 

 

Table 1.Peak and post peak friction angles for sands used in study 

Type of 

sand 

Initial void 

ratio ‘e’ 
Peak friction 

angle, degrees 

Post peak friction 

angle, degrees 

CS 0.67 40.8 38.9 

MS 0.67 40.7 37.2 

FS 0.70 40.4 35.9 

ACS 0.93 36.5 35.8 

 

INTERFACE DIRECT SHEAR TESTS 

 

Systematic investigations carried out to study the effect of particle shape on the shear behaviour 

of non-dilative interfaces through a series of symmetric loading direct shear tests and surface 

roughness studies of the geomembrane. All interface shear tests were conducted under three 

normal stresses (22, 37 and 53 kPa) at relative density (RD) of 70%.A smooth high density 

polyethylene geomembrane (GM) of 1.5 mm thickness, which is commercially available and 

more often used in engineering applications due to its more favorable properties like high tensile 

strength at low strain, is used in this study.  

Some of the earlier studies (e.g. Uesugi and Kishida, 1986;Vaid and Rinne 1995; Zettler 

et al. 2000; Frost et al. 2012) have brought out the influence of morphological properties of 

sands, especially their angularity on their interface shear strength with continuum materials. To 

understand the effect of particle morphology alone two sands ACS and CS having same mean 

particle size (D50) of 3 mm and similar particle size range (2 mm - 4.75 mm) but distinct in 

morphological characteristics were selected. The effect of morphology is more pronounced in 

case of smooth geomembranes than any other continuum materials because sands can easily 

plow and form deeper grooves to offer higher interface shear resistance.  

The peak shear stress envelopes of CS-GM and ACS-GM interfaces under three normal 

stresses are shown in Figure. 5. The peak and post peak friction angles measured assuming 

straight line envelopes for ACS-GM are 27.1 and 24.8 degrees respectively. The peak and post 

peak friction angles for CS-GM are 18.7 and 18.6 degrees respectively.  This demonstrations that 

ACS has shown significantly higher interface shear strength than CS-GM interface despite 

higher void ratio and lesser peak friction angle at 70% RD compared to CS at same RD. This fact 

emphasizes that morphology of the particulate materials is highly influential than the initial void 

ratio or packing of the sand particles in sample. ACS is less rounded, less spherical and rough 

compared to CS and classified as angular sand and CS is classified as sub-angular based on their 

sphericity and roundness values. Hence the higher shear resistance of ACS-GM interfaces can be 

attributed to its higher angularity and roughness. The influence of morphology of the sands on 

non-dilative interface systems can also be understood in terms of efficiency parameter (E) 

defined as the ratio of Tan δ/Tan ϕ (Koerner 2005) to have relative comparison between the 

interface friction angle (δ) and sand alone friction angle (ϕ), eliminating the variations due to soil 

properties. The efficiency parameter calculated for CS is 0.38 and it is 0.69 for ACS. As the 

particle size distribution for both these sands is same, the increased efficiency can be attributed 

to the effect of morphology alone.  

The reasons for higher shear strength for ACS-GM interface when compared to CS-GM 

interface was investigated by quantifying the surface changes induced by ACS and CS while 

shearing using 3D optical profilometer as explained in (Vangla and Latha, 2016). Figure. 6a and 

Figure. 6b present the 3D images of the surface topography of the GM samples formed due to 



 

 

shearing by ACS and CS respectively at a normal stress of 53 kPa. These figures very clearly 

show that ACS caused deeper grooves than CS. The 3D quantitative measurement of surface 

changes is given by areal measurement Sa, the average surface roughness. Average surface 

roughness (Sa) is the arithmetic average of the absolute values of profile height deviations 

recorded within the evaluation area and measured from the mean surface area, which is a 

horizontal plane. Average surface roughness (Sa) values obtained for GM sheared by ACS and 

CS are 1.09 µm and 0.77 µmrespectively. It is evident from these values and visual observations 

(Figure. 6) that due to higher angularity of ACS compared to CS induced more surface changes 

and thus developed higher interface shear resistance than CS.  

 

 

 

 

 

 

 

 

Figure5.Peak shear stress envelopes CS-GM and ACS-GM interfaces 

 
Figure 6.3D images of shear induced surface changes and 2D surface relief profiles of GM 

samples sheared by a) CS and b) ACS 

In case of an interface failure leading to the failure of a reinforced soil structure, the 

friction mobilized at the interface can be computed by quantifying the surface changes in the 

geosynthetic material and correlating it to the interface friction through image analysis. These 

correlations can be established through single particle interface shear tests. The present study 

provides directions to such future investigations, which could aid the forensic investigations of 

failed soil-geosynthetic interfaces. 
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SUMMARY AND CONCLUSIONS 

A new computational method is developed for quantifying the shape of sand particles and this 

method is demonstrated through real sand particles. Effect of sand particle morphology on the 

shear mechanisms at the sand-geomembrane interfaces is studied through interface shear tests 

and surface topographical analysis on sheared geomembranes. Results from this study showed 

that the morphology of sand particles affects the interface friction significantly by governing the 

microscopic shear mechanisms at the interface, which can be understood through surface 

roughness studies. These results provide important insights into the interface shear mechanisms, 

understanding which is very important in forensic investigations of failure of geosynthetic 

reinforced soil structures. 
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