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Abstract
This paper investigates the influence of particle shape on the multi-scale shear behavior of sand–geomembrane interfaces 
through advanced imaging techniques. Two sand specimens with similar particle size distribution but varying particle shapes 
were scanned using X-ray micro-computed tomography (µCT). The data were processed and analyzed using MATLAB to 
extract relevant shape parameters like sphericity, roundness, and fractal dimension. Interface shear tests were conducted 
using a modified direct shear apparatus, which allows image analysis of sand–geomembrane interactions by capturing the 
kinematics of particles at the contact plane. Additionally, micro-topographical analysis was carried out using a digital pro-
filometer to measure the surface changes of the geomembranes after shearing. By combining the findings from the µCT of 
sands and micro-topographical analyses of sheared geomembranes, this study aims to gain insights into the macroscopic 
shear behavior and relate it to the underlying micro-mechanisms. The findings indicated that the increased shear strength 
observed in irregular particles has a direct correlation with the deeper indentations caused by these particles and the larger 
localized shear zones associated with these particles.

Keywords  Geomembrane · Fractal dimension · Micro-computed tomography · Non-dilative interface · Digital image 
correlation · Profilometer

Introduction

The application of geomembranes in combination with 
soils poses an interesting problem of interaction of soil 
and polymer at the interface, which plays a crucial role 
in determining the overall stability and performance of 
various geotechnical structures, including landfills. Sev-
eral researchers have categorized geosynthetic interfaces 
into two groups: “non-dilative” and “dilative”, depending 
on the surface characteristics of the geosynthetic mate-
rial and related volumetric changes of the reinforced sys-
tems during shear [1–3]. Non-dilative interfaces refer to 
interfaces where soil particles undergo shear with a geo-
synthetic material, such as a geomembrane, without expe-
riencing any significant volume changes. Interfaces that 

facilitate volume change during shear are referred to as 
dilative, such as a geotextile. The current study deals with 
soil–geomembrane interfaces, which are non-dilative. The 
load transfer mechanism occurring at non-dilative inter-
faces is primarily influenced by friction, with no asso-
ciated changes in volume observed during the process 
of shearing. The frictional mechanisms encompass the 
processes of sliding and plowing of the surfaces of the 
geomembrane due to the presence of granular material. 
These mechanisms are influenced by factors, such as the 
shape and the size of the particles [2, 4–8], the magni-
tude of the normal stress applied [8–13], and the surface 
characteristics of the continuum material [1, 4, 8, 10, 14]. 
Markou and Evangelou [8] performed an extensive study 
on different sand–geomembrane interfaces considering the 
effect of particle shape and geomembrane surface rough-
ness. They observed that interface shear resistance of sand 
grains of sub-angular shape and geomembranes with rough 
surfaces is more compared to that of rounded sand grains 
and smooth geomembranes. Dove and Frost [4] and Vangla 
and Latha [5] have demonstrated that the transition from 
sliding to plowing in frictional mechanisms occurs at a 
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critical normal stress. They have further proposed that, 
in the case of materials of low hardness such as geomem-
branes, the frictional behavior at the critical normal stress 
and beyond is influenced by the micro-level shear-induced 
surface changes resulting from effective particle contacts 
within the geomembrane.

Most of the past researches on soil–geosynthetic interface 
shear response either neglected the particle morphology or 
used two-dimensional (2D) morphological descriptors com-
puted based on 2D particle projections [15–20]. Most studies 
considering the 2D particle shape characterizations in litera-
ture used photographs of the particles resting on their planes 
of maximum stability or size. Such measurements have seri-
ous limitations since they miss morphological data from all 
other orientations. Even in studies in which images taken 
in many orientations were used, the mean shape parame-
ters from 2D image analysis cannot adequately capture the 
particle shape. Thus, reliable particle morphological quan-
tification requires measurement of 3D shape parameters. 
Micro-computed tomography (μCT) allows 3D viewing and 
measurement of geometrical properties of granular materi-
als [21–26].

The occurrence of a highly concentrated shear zone in 
close proximity to the continuum material is a significant 
deformation phenomenon at the mesoscale. This phenome-
non leads to gradual failure at the interfaces between soil and 
structures [27–31]. The occurrence of such failures can have 
significant implications for various soil–reinforcement inter-
faces. According to Tehrani et al. [32], the shear zone thick-
ness (ts) varies between 3.9 and 5.2 times the mean particle 
size (d50) when non-displacement piles are tested in sands of 
medium to high density. Lashkari and Jamali [30] conducted 
an investigation of sand–geomembrane interfaces through a 
series of direct interface tests. Their findings revealed that 
the ts/d50 values for sand–geomembrane interfaces range 
from 3.85 to 11.87. Recently, Kandpal and Vangla [2] con-
ducted interface shear tests involving sand–geomembrane 
and sand–transparent acrylic plate to explore the impact of 
sand particle morphology and geomembrane hardness on 
particle kinematics and frictional behavior. They found that 
angular particles exhibit a greater tendency for translational 
movement during shear, with very less rotational movement. 
This behavior was attributed to the increased interlocking 
ability of angular particles, which promoted higher resist-
ance to rotational motion.

The measurement of shear-induced surface changes of 
geomembranes provides valuable insights into the micro-
scopic shear mechanisms occurring at the interfaces between 
sand and geomembranes. Accurate measurement of the 
changes induced to the surfaces of geomembranes due to the 
movement of sand particles during shear is possible through 
profilometry. A correlation between the shear behavior of 
sand–geomembrane interfaces at a macro-scale and the 

shear-induced changes to the continuum surface can then 
be established through visual inspections and quantifications 
of roughness [2, 5, 33].

This paper deals with the multi-scale shear response of 
sand–geomembrane interfaces through direct shear experi-
ments and digital image analysis. Micro-computed tomogra-
phy (µCT) was employed for the acquisition of three-dimen-
sional (3D) images of sand particles, and multiple MATLAB 
codes were developed to quantify their shape characteristics 
and surface texture. The kinematics of particles in contact 
with the geomembrane surfaces was assessed through digi-
tal image correlation (DIC) technique. A digital profilom-
eter was used to quantify the micro-level surface changes to 
geomembrane surfaces resulting from the shearing process 
with sands, which were correlated to the macroscopic shear 
response.

Material Description

Two types of graded sands, namely manufactured sand (MS) 
and river sand (RS), with different shape characteristics 
and almost similar mean particle size were adopted for this 
study. Microscopic images and 3D visualization of scanned 
specimens of sands are shown in Fig. 1. The particle size 
distribution of both the sands obtained through sieve analy-
sis is shown in Fig. 2. As per the Unified Soil Classification 
System (USCS), both the sands were classified as poorly 
graded sands (SP). Index properties of these sands are listed 
in Table 1.

A smooth geomembrane (GMB) was used as the con-
tinuum material in this study. The scanning electron micro-
scopic (SEM) image of the geomembrane specimen along 
with its surface profile is shown in Fig. 3. The surface profile 
was obtained using the Bruker’s stylus profilometer (Dek-
takXT), and the profile was traced by a stylus tip of 12.5 µm 
radius for an evaluation length of 8 mm. Table 2 presents the 
properties of GMB, as given by the manufacturer.

The significance of evaluating the surface topological 
properties of continuum material has resulted in the formu-
lation of several indices, among which average roughness 
(Ra) is studied here. The average roughness of a profile is the 
arithmetic mean of the absolute values of the profile height 
deviations with respect to the mean line within a specified 
sampling length. It is calculated by measuring the deviations 
from the mean line, as indicated in Eq. (1)

where z(x) is the profile height at x with respect to the 
mean line and l is the sampling length. In this study, a sty-
lus profilometer was used to measure the profiles of the 

(1)Ra =

√
∫ l

0
z(x)dx

l
,
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geomembrane surfaces. The profile of the smooth virgin 
geomembrane (refer to Fig. 3) had an average roughness (Ra) 
of 4.16 µm with l = 8 mm. Several researchers [6, 11, 13, 

30, 34, 35] presented substantial experimental evidence to 
demonstrate the impact of normalized roughness (Rn) on the 
volume change and frictional characteristics of soil–struc-
ture interfaces. Equation (2) gives the normalized roughness 
(Rn) of geosynthetic materials interfacing with sands with a 
given mean particle size ( d50).

(2)Rn =
Rmax(l = d50)

d50
,

Fig. 1   Microscopic and 3D visualization of sand particles: a microscopic image of MS particles; b microscopic image of RS particles; c µCT 
image of MS sample; d µCT image of RS sample

Fig. 2   Grain size distribution of sands

Table 1   Index properties of test sands

Property MS RS

d50, mm 1.76 1.58
Specific gravity, Gs 2.62 2.67
Coefficient of curvature, Cc 1.12 1.03
Coefficient of uniformity, Cu 1.26 1.31
Minimum void ratio, emin 0.757 0.650
Maximum void ratio, emax 0.956 0.842
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where Rmax represents the maximum difference in height 
between the lowest valley and the highest peak within a pro-
file, measured over a sampling length (l) equal to d50. For 
sand–geotextile interfaces, the range of Rn values is between 
0.135 and 0.191, while for sand–GMB interfaces, the range 
is between 0.015 and 0.018 [30]. According to Martinez and 
Frost [31], when the normalized roughness (Rn) of rough 
sand–structure interfaces exceeds a threshold of 0.10 to 0.15, 
the height of the contact surface asperities is significant 
enough to induce sand dilation, resulting in shear failure. 
Conversely, when sand encounters smooth structures char-
acterized by low values of normalized roughness (Rn < 0.03), 
the size of the sand particles is larger than the asperities of 
the surface. Consequently, the primary interaction between 
the sand particles and the smooth contact surface involves 
sliding, without significant dilation occurring. In this study, 
the normalized roughness (Rn) obtained for MS-GMB was 
0.014 and for RS-GMB was 0.015, which satisfies the crite-
ria of smooth interfaces.

3D Shape Characterization of Sand Particles

Image Acquisition

The utilization of high-resolution X-ray technology on 
laboratory specimens enables the μCT technique to facili-
tate the scanning of objects and acquire three-dimen-
sional images that depict material composition and den-
sity through gray values. Each sand sample was scanned 
using a Bruker μCT (SkyScan 1272). During the rota-
tional movement of an object placed between an X-ray 
source and a detector, a micro-computed tomography 
(μCT) scan acquires multiple projections. The volumetric 
reconstruction software developed by SkyScan, known as 
NRecon, utilizes angular projections obtained from μCT 
scans to reconstruct the slices of the object with automatic 
scan geometry adaptation. To enhance the efficiency of 
the scanning procedure, the sand particles were densely 
packed within the acrylic tubes measuring 11 mm in diam-
eter and 15 mm in height. The scanning resolution for 
all samples was set at 10 microns per voxel. To reduce 
the noise and recover and separate the scanned particles, 
the μCT images were processed through multiple image 
processing steps. To start with, the noise in the raw μCT 
data was reduced by pre-processing the μCT images by 
applying a 3D median filter, which has a radius of three 
voxels. The segmentation technique employed in this study 
is thresholding segmentation, specifically utilizing Otsu's 
algorithm [36]. This method was utilized to differentiate 
the sand grains from the void spaces and the boundaries. 
The binary 3D μCT images were generated using voxel 
representation in which a voxel value of 1 represented the 
solid sand particle and a voxel value of 0 represented the 
background (residual material). The sand particles in con-
tact with each other were separated, and a sequential num-
ber was assigned to each particle using a modified version 
of the 3D watershed segmentation technique described by 

Fig. 3   Surface characterization of the geomembrane: a SEM image; b surface profile

Table 2   Properties of the geomembrane

Property Value

Mass per unit area, g/m2 940
Thickness, mm 1.0
Ultimate tensile strength, kN/m
 Yield 15
 Break 27

Elongation, %
 Yield 12
 Break 700
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Kong and Fonseca [22]. Figure 4 illustrates the sequence 
of image processing steps adopted in this study.

3D Shape Characterization

The biggest limitation of many earlier studies on sand par-
ticle morphology in the context of interface shear response 
with geosynthetics is that most of the shape characterizations 
were qualitative [10, 37]. The analysis of shape parameters 
in these studies was done using the morphological charts 
developed based on visual evaluation of particle images 
[38, 39]. Such analysis is time-consuming and subjective 
in nature. As stated earlier, 2D particle shape indices are 
extremely sensitive to image orientations and hence they 
are non-unique and incomplete measurements of particle 
shape. Therefore, quantification of three-dimensional par-
ticle morphology is critical for accurate representation of 
particle shape.

Sphericity refers to the extent to which a particle’s 
shape is close to a sphere, whereas roundness is a measure 

of the sharpness of the corners of the particles. The deter-
mination of a particle's sphericity in three dimensions 
requires the calculation of its surface area and volume. 
This was accomplished through reconstruction of particle 
geometry using spherical harmonics (SH) analysis. Utiliz-
ing the SH reconstructed surface of a particle, a method 
was developed to determine the necessary surface curva-
ture for the computation of three-dimensional roundness. 
Utilizing the principal curvatures to quantify the round-
ness of sand particles allowed the identification and the 
outlining of potential corners. Typical particles of MS and 
RS are shown in Fig. 5. Shape parameters were calculated 
for all particles in the scanned specimens and average val-
ues and statistical distribution are presented.

Sphericity (S) was computed as the ratio of the surface 
area of the sphere of volume equal to that of the particle 
to the surface area of the particle, using Eq. (3) proposed 
by Wadell [40].

Fig. 4   Sequence of image processing steps a µCT image; b binary image; c image after applying watershed segmentation

Fig. 5   Micro-CT images of 
typical MS and RS particles
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where V and SA are the volume of the particle and the sur-
face area of the particle, respectively.

The 3D roundness (R) is computed as per Eq. (4) pro-
posed by and Zhou et al. [25]

where c(k) is a corner coefficient, whose value is 0 for unac-
ceptable corners and 1 for acceptable corners. km is the mean 
curvature, N is the number of acceptable corners and rins is 
the radius of the largest sphere that can be inscribed within 
the particle.

Complete description of the methodology used for par-
ticle shape reconstruction and computing 3D sphericity 
and 3D roundness were presented by Khan and Latha [41]. 
The characterization of the surface texture of the particles 
was done by defining a fractal dimension for the closed 
curvilinear boundaries of the sand particles, as explained 
in the following section.

The surface texture of the natural sand particles can be 
measured using 3D fractal analysis. Zhou et al. [25] have 
made significant advances in the quantification of the three-
dimensional fractal dimension of sand particles. A novel 
methodology was developed utilizing the concept of the 
slit island method (SIM) to compute the three-dimensional 
fractal dimension of the closed curvilinear boundaries of the 
sand particles. Nevertheless, the utilization of this technique 
presents significant challenges and requires substantial com-
putational resources. Additionally, operators must possess a 
proficient understanding of image processing to successfully 
implement it. The empirical methodology proposed by Russ 
[42], Chan [43], and Quevedo et al. [44] requires the utiliza-
tion of the Fourier power spectrum of 2D gray level images 
to quantify the fractal dimension. In this study, this approach 
has been further refined and examined to enhance the preci-
sion of fractal dimension within the context of 3D images.

Particle morphology can be efficiently represented 
through a spherical harmonic (SH) function encompassing 
a range of spherical harmonic frequencies. The morphologi-
cal parameters in their respective frequency bands are deter-
mined from the amplitudes associated with these frequencies 
[45]. The amplitude ( ln) corresponding to a spherical har-
monic frequency can be calculated using Eq. (5).

where the symbol * represents the conjugate transpose. am
n
 

represents the SH coefficients, n and m denote the SH degree 

(3)S =
3
√
36�V2∕SA,

(4)R =

∑
c(k)��km

�
�
−1

Nrins
,

(5)ln =

√√√
√

n∑

m=−n

am
n
am

∗

n
,

and order, respectively and Dn is the spherical harmonic 
descriptor given by Eq. (6).

The detailed description of SH analysis was introduced 
in our previous work [41] in which it was found that the 
parameter l1 does not have a significant effect on the mor-
phology of the particles. The primary objective of this 
analysis is to demonstrate the displacement of the recon-
structed particle profile relative to the original particle 
profile using spherical harmonic analysis [46, 47]. The 
parameter l0 is a quantitative measure of the particle vol-
ume, which is used to normalize the values of ln to elimi-
nate the effects of particle volume, as shown in Eq. (6). 
Furthermore, the inclusion of l1 was disregarded due to its 
lack of impact on the morphology of the particle recon-
structed using spherical harmonics. The present study 
establishes clear definitions for the spherical harmonic 
descriptors that can effectively characterize the morphol-
ogy of particles.

The spherical harmonic descriptor Dn and the spherical 
harmonic degree n are exponentially correlated, as given 
in Eq. (7)

where β is equal to − 2H, and H represents the Hurst coef-
ficient [43, 44]. The fractal dimension (FD) can be deter-
mined if a linear relationship is observed from the graph of 
the logarithm of Dn versus the logarithm of n, as depicted 
in Fig. 6. The formula to calculate the fractal dimension is 
given by Eq. (8).

(6)Dn =
ln

l0
(where n = 2… .18).

(7)Dn ∝ n
� ,

Fig. 6   Relationship between the mean spherical harmonic descriptor 
and spherical harmonic degree for MS particles
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The consideration of sphericity as a crucial shape param-
eter is imperative in the description of three-dimensional 
particle morphology. Figure  7 displays the cumulative 
distribution of shape parameters for MS and RS particles. 
The interdependence of grain shape parameters exhibits a 
significant level of complexity. While previous research 
indicated a relationship between sphericity and roundness, 
with both characteristics tending to increase as grain size 
increases [48], it is well accepted that developing a mathe-
matical relationship between these two variables is a difficult 
task. Numerous additional studies have demonstrated that 
sphericity and roundness are two unique shape descriptors, 
roundness closely associated with the degree of weathering 
and sphericity linked to the depositional history [49]. A soil 
grain has the potential to exhibit a rounded shape without 
being perfectly spherical, or conversely, it can possess a 
spherical shape without being perfectly rounded. Neverthe-
less, it is important to note that relying solely on any individ-
ual 3D shape parameter does not provide a comprehensive 
understanding of the particle’s morphology. To fully assess 
the shape of the grains, it is imperative to quantify their char-
acteristics across various scales. Literature recommends the 
use of regularity as a descriptor of the overall particle shape, 
which is calculated as the mean of the shape parameters 
[50]. The present study examines the particle regularity (ρ) 
by considering the average of sphericity and roundness, with 
its reciprocal indicating the particle irregularity. Based on 
the analysis of the cumulative distribution of shape param-
eters, it can be observed that MS particles exhibit a lower 
degree of sphericity and possess a less rounded shape, sug-
gesting that their morphology is characterized by a higher 
degree of angularity and irregularity compared to the RS 

(8)FD =
6 + �

2
.

particles. When comparing the particles from both speci-
mens, it is observed that most RS particles exhibit spheric-
ity values exceeding 0.8, while most MS particles exhibit 
sphericity values ranging from 0.6 to 0.8.

The fractal dimension was measured in this study using 
spherical harmonic-based fractal analysis. Figure 8 displays 
the histograms and cumulative distributions of the fractal 
dimension for both RS and MS samples. The findings sug-
gest that the fractal dimension is slightly higher for MS par-
ticles compared to that of RS particles, indicating that the 
surface of the MS particles has a rougher texture compared 
to that of the RS particles. The mean values and the standard 
deviation of different morphological descriptors for particles 
of MS and RS are provided in Table 3.

Interface Direct Shear Tests

Direct shear tests were performed on non-dilative interfaces 
with the aim of obtaining a deeper understanding of the 
interactions between sand and smooth geomembrane at vari-
ous scales. Many researchers have extensively documented 
the inherent limitations of the conventional direct shear test 
configuration for soil–geosynthetic interface testing [2, 13, 
51]. The present study involves modifying the traditional 
direct shear configuration by substituting the lower shear 
box with a 190 mm × 160 mm stiff steel plate. In order to 
prevent sagging and wrinkling caused by shear stresses, the 
geomembrane was securely fastened to the steel plate. Dur-
ing the sample preparation process, the top shear box with 
80 mm × 80 mm plan dimensions and 44 mm height was 
firmly fixed to the rigid steel platform using holders. An 
adjustable shaft was used to enhance the passive resistance, 
thereby mitigating the risk of tilting and rotation of the shear 
box during the shearing process. The front side of the shear 

Fig. 7   Cumulative distribution of shape parameters: a Sphericity; b Roundness
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box was created using a transparent Perspex sheet to facili-
tate the observation of particle motion and simplify the pro-
cess of capturing images for shear band analysis. In all the 
experiments, the sample preparation involved the sequential 
filling of the shear box with three uniform layers of dry sand. 
Subsequently, each of these layers was compacted with a 

wooden hammer to attain the target relative density (Dr). 
Prior to shearing, the initial void ratio (e0) of the speci-
mens was calculated by directly measuring the soil mass 
and the specimen's height after applying the normal stress, 
as described by Afzali-Nejad et al. [27]. This produced 
e0 = 0.794 (Dr ≈ 81%) for all MS specimens and e0 = 0.688 
(Dr ≈ 80%) for all RS specimens. The experiments were 
carried out at normal stress levels of 40 kPa, 80 kPa, and 
120 kPa, with a displacement rate of 1.25 mm/min, conclud-
ing a shear displacement of 15 mm, as per ASTM D5321/
D5321M-14. While the specimens were sheared, videos of 
the interface were captured using Olympus OMD-EM-1-
Mark-III camera. For the purpose of shear band analysis, 
high-resolution images were obtained by extracting frames 
from the recorded videos at different displacement inter-
vals. Figure 9 presents a photographic representation of 
the experimental arrangement employed for the purpose of 
video recording during the course of the experiment.
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Fig. 8   Variation of fractal dimension of sand particles: a Histogram; b cumulative distribution

Table 3   Shape descriptors of the tested sand particles

3D shape descrip-
tor

MS RS

Mean value Standard 
deviation

Mean value Standard 
deviation

Sphericity, S 0.76 0.055 0.84 0.039
Roundness, R 0.53 0.048 0.58 0.033
Regularity, ρ 0.64 0.052 0.71 0.036
Fractal dimension, 

FD
2.300 0.051 2.283 0.062

Fig. 9   Experimental set-up used in this study: a video capturing arrangement; b close up view of the shear box with the Region of Interest (ROI) 
marked
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Digital Image Correlation (DIC) Analysis

The analysis of shear bands, which are associated with the 
concentrated deformation of granular materials, carries 
substantial significance in various fields including mate-
rials science, mechanics, industrial engineering, hydrau-
lic engineering, and civil engineering. The present study 
employs the Digital Image Correlation (DIC) technique to 
determine the localized thickness of shear zones in experi-
ments conducted on the sand–geomembrane interfaces. The 
DIC analysis was conducted in MATLAB using the open-
source software “Ncorr”, which was developed by Blaber 
et al. [52]. The particle kinematic behavior at the interface 
was recorded using the Olympus OMD-EM-1-Mark-III 
camera, which was placed at a distance of 18 cm from the 
transparent side of the shear box. Throughout the shearing 
procedure, high-definition videos were captured at a 4 k 
resolution (3840 pixels × 2160 pixels) and at 30 frames/s, 
equating to an approximate magnification of 0.023 mm per 
pixel. An additional light source was used to improve the 
degree of illumination, thereby enhancing the visual clarity 
of the resultant images. The Ncorr software offers a circular 
subset for image analysis. In this study, the radius of the sub-
set was set to 90 pixels, with a spacing of 10 pixels between 
each consecutive measurement point.

Micro‑Topographical Analysis of Sheared 
Geomembranes

The importance of quantifying the surface roughness of the 
geosynthetic materials in their virgin and sheared states for 
establishing precise interface shear mechanisms is well-
understood by the researchers in recent years [1, 3, 5, 7, 15, 
29, 33, 53]. This interest originates from the measurement of 
surface topographical characteristics associated with these 

materials. Figure 10 depicts the changes to the surface of 
typical geomembrane samples caused by shear stress, as 
observed through microscopic images.

Stylus profilometry, optical profile microscopy (OPM), 
atomic force microscopy (AFM), and non-contact optical 
profilometry are commonly employed techniques for evalu-
ating the surface roughness of sheared geomembranes. The 
utilization of contact-based stylus profilometers limits the 
surface profile acquired during the traversal of the stylus 
profiler tip to two-dimensional (2D) data. The OPM method 
measures the roughness by measuring three cross sections 
positioned at an angular orientation of 120° relative to one 
another. However, it should be noted that this approach is 
both time-consuming and lacks comprehensiveness. In their 
study, Dove and Frost [7] utilized atomic force microscopy 
(AFM), a technique characterized by a limited scanning area 
and applicability restricted to a specific range of geomem-
branes. Among the various approaches that have been dis-
cussed here, the optical profilometer stands out as the most 
advanced tool. Non-contact image-based profilometry is uti-
lized to collect comprehensive data on small regions, which 
may then be integrated to assess the overall roughness of a 
surface. Nevertheless, this technique necessitates the use of 
surfaces that possess a high degree of reflectivity in order to 
achieve images that exhibit adequate levels of contrast. In 
a recent study conducted by Vangla and Latha [33], optical 
profilometry was utilized to determine the changes occur-
ring on geomembrane surfaces as a result of shear forces. 
To improve the reflectance characteristics, a thin coating of 
gold was applied onto the samples of geomembrane. The 
gold coating, however thin it is, can induce error into the sur-
face roughness measurements. In the current study, surface 
roughness of the geomembrane specimens was measured 
using Bruker's stylus profilometer DektakXT. The study 
involved tracing 160 surface profiles for each sample using 
a stylus tip with a radius of 12.5 µm and a resolution of 
4 µm per point. The profilometer used a 3D map option to 

Fig. 10   Microscopic images of geomembrane surface: a before shearing; b after shearing against MS particles at a normal stress of 120 kPa



	 International Journal of Geosynthetics and Ground Engineering (2023) 9:81

1 3

81  Page 10 of 15

automatically gather extensive data on the surface roughness 
of the geomembrane to create the 3D surface profiles of the 
geomembranes.

Results and Discussion

The shear stress and the shear displacement measured from 
interface shear tests conducted at different normal stresses 
are shown in Fig. 11. The interfaces exhibited an elastic-
perfectly plastic shear behavior. Since the surface asperi-
ties of the geomembrane are significantly smaller in size 
compared to the sand particles, the surface can be treated 
as a smooth surface, which causes peak and residual shear 
stresses to be almost equal at all normal stresses. These 
interfaces are non-dilative since negligible volume change 
was seen during shearing. The peak shear strength is noted 
to be higher for MS–GMB interfaces because MS particles 
are relatively more irregular and rougher. The peak angle 

of friction observed for MS–GMB interfaces was approxi-
mately 33% more than that observed for RS-GMB interfaces.

Figure 12 illustrates the relationship between normal 
stress and interface friction coefficient (µ). Interface fric-
tion coefficient is defined as µ = tan(δp) where δp is the peak 
friction angle. The observed trend indicates a decrease in 
the friction coefficient with an increase in the normal stress 
till a point denoted as the critical normal stress, followed 
by an increase [2, 4]. Roberts [54] offers a comprehensive 
explanation to the decrease in the interfacial friction coef-
ficient of bulk solids at higher normal stresses. The shape 
of the yield locus in solids is convex upward, thus inter-
secting with the shear stress axis at a point corresponding 
to the internal friction angle of the sand. Furthermore, an 
increase in the normal stress initially leads to a decrease in 
the friction angle due to the characteristics of the yield locus 
and leads to the formation of more pronounced grooves on 
the surface of the geomembrane. When the normal stress 
reaches the critical value, the interaction of sand particles 
with the geomembrane, which is mainly sliding at lower 

Fig. 11   Behavior of sand–geomembrane interfaces in direct shear: a stress–displacement response; b peak shear stress envelopes

Fig. 12   Transformation of shearing mechanisms and critical normal stress: a MS–GMB interface; b RS–GMB interface



International Journal of Geosynthetics and Ground Engineering (2023) 9:81	

1 3

Page 11 of 15  81

normal stresses, transforms into plowing at higher normal 
stresses. Consequently, this transition resulted in an increase 
of the interface friction coefficient, as depicted in Fig. 12. 
The hardness of the continuum material and the shape of the 
particles primarily govern these changes to the friction coef-
ficient [2]. Considering the influence of particle shape, the 
MS particles, characterized by their increased angularity and 
surface texture, demonstrated higher shear stress and friction 
coefficient in comparison to the RS particles. In order to 
evaluate the critical normal stress, few additional tests were 
conducted at normal stress levels of 50 kPa and 60 kPa, and 
the results are presented in Fig. 12. This study indicates that 
the critical normal stress is 50 kPa for MS–GMB interfaces 
and 60 kPa for RS–GMB interfaces as shown in Fig. 12a, b, 
respectively. The reason for the lower critical normal stress 
in MS–GMB interfaces is attributed to the more pronounced 
grooves caused by their sharp edges, even at reduced nor-
mal stresses. This shift in turn leads to an earlier initiation 
of the plowing mechanism at lower normal stresses in MS 
interfaces, confirming the observations from similar studies 
reported earlier [2, 4, 5].

Additionally, in order to obtain a deeper understanding of 
the shearing mechanism and the impact of normal stress on 
the friction coefficient at the interface, the deformation of 
particles at the interface was examined using Digital Image 
Correlation (DIC) analysis. Figure 13 illustrates the varia-
tion of the shear strain field at a normal stress of 120 kPa, 
obtained at the limiting shear displacement of 15 mm. The 
plot clearly shows a zone of intense shear strain near the 
interface, which diminished after a certain vertical distance. 
In a typical plot depicting the variation of shear strain with 
vertical distance shown in Fig. 13b, the thickness of the 
shear zone (ts) is measured as the vertical distance above the 
interface within which the shear strains are visualized. The 

plots of variation of shear strain with vertical distance at dif-
ferent normal stresses for sand–GMB interfaces are shown 
in Fig. 14 and the measured valued of ts for these interfaces 
are presented in Table 4. It can be seen that the thickness of 
the localized shear zone decreases at higher normal stresses 
due to increased confinement effect, which limits the defor-
mation behavior of the sample. The value of ts/d50 varied 
from 4.26 to 4.66 for MS–GMB interfaces and 3.67 to 4.11 
for RS–GMB interfaces. The particle kinematics observed 
at the interface were further supported by the measured sur-
face changes induced by shear in the tested geomembranes. 
In addition, it can be observed from Fig. 14 and Table 4 
that the localized shear zone is thicker for MS–GMB inter-
faces in comparison to RS–GMB interfaces. The reduced 
interaction between particle asperities and the surface of the 
geomembrane can be attributed to the lower fractal dimen-
sion, or surface roughness, of RS particles. This leads to a 
decrease in the force generated, because of which the rota-
tional movement of particles at the interface gets restricted. 
This observation provides conclusive evidence that the shear 
force generated at the interface governs the kinematics of the 
particles at the interface.  

After finishing the interface shear tests, the geomem-
brane specimens were removed and the central parts of the 
specimens which displayed the most pronounced surface 
abrasion were carefully cut for surface analyses. As antici-
pated, geomembrane surfaces exhibited greater wear when 
subjected to shear stresses from MS particles as opposed to 
RS particles. This can be primarily attributed to the higher 
irregularity and complex surface texture of the MS particles. 
The surface height maps for both the original geomembrane 
and the geomembranes subjected to shearing under a 120 kPa 
normal stress are depicted in Fig. 15. As explained earlier, 
these 3D surface profiles were constructed using multiple 2D 

Fig. 13   Strain localization and shear zone evolution at the sand–geomembrane interface: a shear strain field; b shear strain variation along the 
vertical distance of ROI
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surface profile measurements made using the contact profilom-
eter. Comparisons showed that tested geomembranes showed 
clear tracks of sand particle plowing, the depth and the width 
of these tracks being significantly higher for MS particles. 
In Fig. 15c, a highly pronounced groove is visible, and this 
groove has been formed due to the shearing action of a very 
sharp edge of the MS particle on the geomembrane surface. 
The roughness parameters were computed by analyzing the 

Fig. 14   Shear strain variation along the vertical distance of ROI for sand–geomembrane interfaces

Table 4   Thickness of localized shear zone measured for different 
sand-geomembrane interfaces

Interface Normal stress, σn, kPa Thickness of the localized 
shear zone

ts, mm ts/d50

MS–GMB 40, 80, 120 8.2, 7.9, 7.5 4.7, 4.5, 4.3
RS–GMB 40, 80, 120 6.5, 6.3, 5.8 4.1, 4.0, 3.7

Fig. 15   Typical images showing the micro-topography of geomembrane specimens: a virgin GMB; b GMB sheared against RS particles at 
120 kPa; c GMB sheared against MS particles at 120 kPa
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profiles of surface heights for virgin and tested geomembrane 
surfaces. The three different roughness parameters, namely 
average roughness (Sa), root mean square roughness (Sq), and 
the greatest peak to valley height (Sz), measured for the virgin 
and tested geomembranes are presented in Table 5.

As observed in Table  5, the Sz parameter showed an 
increase with the increase in normal stress magnitude and the 
irregularity of the sand grains, indicating that the presence of 
sharp corners on the MS particles caused more abrasion on 
the geomembrane surface, leading to deeper indentations. In 
addition, the surface roughness parameters Sq and Sa of the 
geomembrane samples sheared by MS particles were greater 
than those of the samples sheared by RS particles, suggesting 
that the MS particles resulted in a rougher geomembrane sur-
face compared to the RS particles. The difference in roughness 
increased nonlinearly with the increase in the normal stress, 
because of the deeper indentations of sand particles. For exam-
ple, the additional average surface roughness of the geomem-
brane tested with MS at 40 kPa normal stress compared to the 
virgin geomembrane is 1.8 times to the corresponding value 
for RS and it increased to 2.6 times and 4.9 times, respectively 
at 80 kPa and 120 kPa. Surface roughness ratio, which is the 
ratio of the additional roughness imparted to the geomembrane 
by shearing with MS particles to that imparted by RS parti-
cles, measured in terms of Sa, Sq and Sz is plotted in Fig. 16. 
While all roughness ratios increased with the normal stress, 
the variation is substantially visible for Sq, because of its 
composition. The 33% higher peak interface friction angle for 
GMB–MS interfaces is a result of this increased roughness, 
which increases particle interlocking with the surface asperi-
ties, thereby offering higher resistance to shear. The higher 
shear resistance of MS interfaces was evident through thicker 
local shear zone observed in the tests. All these observations 
and correlations suggest that the higher interface shear strength 
derived from MS particles can be directly linked to the highly 
irregular shape of these particles.

Conclusions

The objective of this study is to investigate the quantita-
tive influence of particle shape and normal stress levels on 
the shear response of non-dilative interface systems across 
different length scales to establish meaningful correlations 
between shear interactions at a micro-scale and the frictional 
response at a macro-scale. To achieve this objective, X-ray 
micro-CT is utilized for the characterization of particle shape 

in three dimensions. Digital Image Correlation (DIC) analysis 
is employed to investigate the localized deformation of sand 
occurring at the interfaces between sand and geomembranes. 
In addition, micro-topographical analysis is performed on vir-
gin and tested geomembranes using a digital profiler. Follow-
ing major conclusions can be drawn from this study:

a)	 The effect of particle shape on the multi-scale shear 
behavior of non-dilative interfaces is evident. MS par-
ticles have higher interlocking tendency derived from 
their highly irregular particle shape and rougher surface 
texture, which is the reason for the higher interface shear 
resistance exhibited by them as compared to RS parti-
cles. The sharper edges of MS particles caused deeper 
grooves on geomembrane surfaces after shearing, which 
resulted in 33% higher peak friction angle of the MS 
interfaces compared to RS interfaces.

b)	 The effects of normal stress levels on the interface fric-
tion can be correlated to the shear strain localization 
at the interface coupled with micro-level shear-induced 
changes to geomembrane surfaces. With the increase 
in the normal stress, the friction coefficient initially 
decreased and then increased due to the transformation 
of shearing mechanism from sliding along the interface 
to plowing through the geomembrane surface. The local-
ized shear zones are observed to shrink at higher normal 
stress levels due to the increased confinement effect.

c)	 Thickness of the localized shear zone (ts) is higher for 
irregular particles due to their ability to cause deeper 
grooves on the geomembrane surface, resulting in a 

Table 5   Surface roughness 
parameters of geomembrane 
specimens in their virgin and 
sheared states

GMB type Normal stress, σn, kPa Sa (µm) Sq (µm) Sz (µm)

Virgin – 2.04 2.85 24.11
Tested with MS 40, 80, 120 3.75, 4.69, 7.6 5.45, 6.61, 13.75 64.18, 92.49, 122.18
Tested with RS 40, 80, 120 2.98, 3.06, 3.18 3.81, 3.95, 4.12 41.05, 49.77, 51.16

Fig. 16   Variation of roughness ratios with the normal stress
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thicker zone of intense shear deformations. The ts/d50 
ratios varied from 4.3 to 4.7 for MS–GMB interfaces 
and 3.7 to 4.1 for RS–GMB interfaces.

d)	 Surface roughness ratio, which is the ratio of the addi-
tional roughness induced by shearing a geomembrane 
with MS particles to the corresponding value with RS 
particles, is about 2 at a lower normal stress of 40 kPa, 
and it increased nonlinearly with the normal stress, the 
effect being more prominent for the root mean square 
roughness.
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