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ABSTRACT

Shear band thickness is a critical parameter governing strain localisation and post-peak strength degradation in

granular soils. However, its relationship with fines content and the consistency between surface- and volume-

based measurement techniques remain insufficiently understood. This study investigates the evolution and

residual thickness of shear bands in gap-graded sands with fines contents ranging from 0% to 40%, using triaxial

tests equipped with either digital image correlation (DIC) or digital volume correlation (DVC). The stress-strain

response and friction angle variations with varying mean particle size and fines content align well with, and further

validate, previous experimental and numerical studies. DIC measurements, derived from surface strain fields, are

compared with DVC measurements obtained from internal deformation fields reconstructed via X-ray computed

tomography. Results show that increasing fines content promotes both the development and thickening of shear

bands, with trends consistently captured by both techniques. Shear bands became clearly identifiable at axial

strains of 5.0-5.8%, coinciding with the end of strain softening and transition to residual strength. DVC revealed

early, non-uniform internal strain localisation and secondary shear plane formation, features not captured by DIC.

The residual shear band thickness normalised with mean particle size increased linearly with fines content from

~7.6 to ~11.7, showing that the shear band of sand is not only controlled by the mean particle size but also from

fines content. These findings provide new insights into the role of fines in strain localisation, guide the selection

of experimental methods for shear band characterisation, and offer valuable data for calibrating and validating

numerical models of soil failure mechanisms.

Keywords: gap-graded soil; strain localisation; shear band thickness; digital image correlation; digital volume

correlation
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1. Introduction

Strain localisation in soils, often manifested as shear bands, is a critical phenomenon governing the failure and

post-peak response of geomaterials [17, 19, 45, 59, 64]. Accurate characterisation of shear band size is essential

for linking microscale particle movements with macroscale failure [24, 60], validating constitutive and numerical

models [21, 22, 42], and improving the design and safety of geotechnical structures [13, 43, 50].

The thickness of shear bands, as reported from experimental observations in the literature, typically falls within

8-20 times the mean particle size [4, 19, 24, 35, 41], which is a key parameter governing strain localisation and

post-peak strength degradation in granular soils. Quantitative characterisation of this localisation process has been

pursued through a wide array of imaging-based experimental approaches. These include surface-based techniques

such as photogrammetry [19], strain markers [54], and digital image correlation (DIC) applied to external sample

surfaces [5, 12, 41, 44, 46] and photoelastic particle imaging coupled with DIC [24]. In contrast, volumetric

methods, such as X-ray computed tomography (X-ray CT) combined with digital volume correlation (DVC) [6,

18, 25, 28, 40, 51, 65], void ratio mapping [4], and photoelastic particle imaging coupled with DVC [38],

characterise internal deformation by resolving the specimen’s internal structure, enabling detailed analysis of the

strain localisation process within the volume of interest. Together, these experimental approaches offer

complementary insight into the structure and kinematics of strain localisation. Among them, DIC and DVC are

particularly well-suited for tracking the full evolution of deformation from the onset of shearing to the residual

state, respectively at the surface or within the specimen’s bulk volume. While DIC has been applied for estimating

shear band thickness from surface strain fields, DVC has predominantly been used to investigate internal

microstructural changes and only few studies explicitly quantified shear band thickness. With recent advances in

high-resolution DVC and computing technologies, alongside the growing demand for detailed internal strain
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measurements, a comparative assessment of DIC and DVC is essential to elucidate their respective strengths,

limitations, and roles in future shear band characterisation.

In addition, most experimental investigations of strain localisation in sands have focused on granular materials

with a narrow particle size distribution (PSD), typically characterised by a maximum-to-minimum particle size

ratio below 10 [4, 5, 24, 40, 65] or by a uniformity coefficient of particle size distribution close to 1 [18, 46].

However, the influence of the fines content (FC), which is increasingly recognised as a key factor affecting the

fundamental mechanical behaviour of sands [30, 33, 36, 52], has received comparatively less experimental

attention in the context of strain localisation. A few studies have explored the effect of broader particle size

distributions and observed that well-graded sands tend to develop thicker shear bands than uniform sands [46, 41].

Nevertheless, the specific role of fines in shear band formation and evolution remains unclear, and no systematic

or quantitative comparison has yet been conducted to examine how shear band thickness varies with increasing

fines content.

Despite its recognised influence on the mechanical behaviour of sands, the role of the fines content in shear band

development has not been comprehensively investigated, and existing applications of DIC to shear band

characterisation have largely been limited to capturing surface displacements, without providing direct insight

into internal microstructural evolution. This study aims to: (1) compare the methodologies and effectiveness of

characterising shear bands using triaxial shearing test with DIC (Triaxial-DIC) and DVC (Triaxial-DVC); (2)

investigate the effects of fines content on shear band evolution and residual shear band thickness. Hence, a

programme of triaxial shearing tests incorporating either DIC or DVC was performed on sand samples with

varying fines content. The development and residual thickness of shear bands were systematically compared
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between the two methods. The results provide new insights into the role of fines in strain localisation, confirm the
consistency between surface- and volume-based measurements of shear band thickness, and highlight the
respective advantages of DVC in capturing internal mechanisms. These findings also offer guidance for the design
of future experiments, the development of theoretical frameworks, and the validation and interpretation of

numerical models concerning soil failure mechanisms and strain localisation behaviour.

2. Material and methods

2.1 Testing material and sample preparation

The testing gap-graded soil was formed by mixing two base materials: the coarser fraction of North Sea Sand
(NSS) and the finer fraction consisting of Silica Gel 60 (sourced from commercial supplier Merck KGaA, with a
particle size range of 10-75 pm). Three sets of samples were prepared for different purposes. The first set (Tests
No. 1-3 in Table 1) comprised three uniform fractions of NSS with particle size ranges of 180-300 um (denoted
as NSS1), 300-425 um (denoted as NSS2), and 425-600 um (denoted as NSS3), obtained by dry sieving from a
batch of original NSS. The PSDs of the Silica Gel 60, NSS1, NSS2 and NSS3 are shown in Fig. 1(a). The second
set comprised 300-425 um NSS mixed with varying fines content yet maintained a similar ds,. NSS with similar
ds, but fines content ranges from 10%-40% refer to conditions where finer soils either loosely occupy the voids
between coarser sand grains, contributing negligibly to stress transfer during shearing (termed as “underfilled’,
typically for a FC less than ~25%), or completely fill the voids and actively participate in stress transfer (termed
‘overfilled’, for FC greater than ~35%) [53, 57]. A ‘transitional’ soil condition is recognized when the FC falls
within the 25-35% range, representing a shift in stress transfer behaviour between coarse- and fines-dominated

stress transfer regimes. The third set consists of NSS with different dg, but same fine content (20%). The PSDs
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of these soils are shown in Fig. 1 and a summary of the testing materials and conditions is given in Table 1. To
isolate the influence of fines content, all tests were conducted under consistent conditions, including standard
triaxial load path, identical confining pressure, relative density, and sample slenderness, which are known to

govern shear band thickness [19, 23, 24].

(a) (b) (c)
100 — = T 100 100 ~ > ] 7
-------- Silica Gel 60| [——NsS2 100% — - - NSSI80%, FC20%, Test8] I 1
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80 4— —NSS2, Test2| c 80 4— - =NSS2 80%, FC 20%, Test 5, Test10 g0 J— —NSS380% FC20%, Testo| | [
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Fig. 1. Particle size distribution of the testing soils: (a) Silica Gel 60, NSS1, NSS2, and NSS3; (b) NSS2 with

varying fines content; (¢c) NSS1, NSS2, and NSS3 each with 20% of fines content

Selected shape descriptors, including aspect ratio, roundness, circularity, and solidity, were analysed using Fiji
Imagel software on reconstructed 2D cross-sections of NSS particles obtained through X-ray CT scanning. An
ellipse of best fit was used to determine each particle's major and minor axes. The shape descriptors were
calculated as follows [49]: aspect ratio (major axis/minor axis), roundness (4xarea/(n * major axis?)), circularity
(4n/perimeter?), and solidity (area/convex area). Measurements averaged from 2,478 particles yielded the

following values: aspect ratio 16.7, roundness 0.65, circularity 0.74, and solidity 0.83.

The relative density, D, = (€max — €)/ (€max — €min)> Was selected as the parameter to quantify the density of

the sand-fines mixture because: (a) the global maximum and minimum void ratios (€,,4, and e;,;,, respectively)
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of the sand-fines mixture change with fines content [34, 70]; (b) soil behaviours exhibits only minor dependency

on the inter-granular void ratio [14, 58]; and (c) a consistent relative density is more experimentally practical for

sample preparation and is commonly used by others. The values of e;,,4, and e,,;, were determined following

ASTM D4253 [8] and ASTM D4254 [9]. All samples with varying fines content were prepared at a consistent

relative density of 70%. Fig. 2 shows the variations of e,,,, and e,,;, as the fines content ranges from 0—40% by

mass. These variations exhibit a trend similar to those reported in the literature for different sand-fines mixtures

[34, 57, 69, 70].

2.5

Cnax

min

2.0+

in or Cnax

< 1.0 .

0.5 1

0.0

0 10 20 30 40 50

Fine content (%)

Fig. 2. e,,;, and e, evolutions of NSS2 mixed with varying fines content.

Two sizes of cylindrical samples were prepared using these materials: 38 mm in diameter and 76 mm in height

for Triaxial-DIC, and 20 mm in diameter and 40 mm in height for Triaxial-DVC. The largest particle sizes for the

38 mm and 20 mm diameter samples were 0.6 mm and 0.425 mm, respectively. This results in the smallest ratios

of sample diameter to largest particle diameter being 63.33 and 47.06, respectively. These ratios are sufficiently

large to ensure that the triaxial test results are not significantly affected by particle size [10]. Previous studies have

demonstrated that shear band thickness is primarily governed by particle size and remains largely independent of

7 Li et al., Sep, 2025
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the overall sample size [3]. This finding provides a sound basis for comparing shear band thickness across samples

of different sizes.

Samples were prepared by first calculating the required mass of NSS and Silica Gel 60 to achieve the targeted

fines content and relative density. These calculated amounts of NSS and silica sand were thoroughly mixed by a

combination of shaking for approximately 30 minutes on a high-frequency shaker, followed by manual mixing to

ensure homogeneity. The mixture was then deposited layer by layer into a split mould, which was internally lined

with a latex membrane and maintained under negative vacuum pressure (-15 kPa). During deposition, a funnel

with a long shaft was used to minimize the effects of gravity, thereby reducing the potential for segregation

between the two types of sands [34]. After each layer was placed, the technique of ‘under-compaction’ [31] was

applied to gently tamp the sample to the target height, ensuring a relative density (D,.) of about 70%.

Table 1. A summary of testing materials and conditions

Test | Material Test type Sample dsg (um) dmax dso coarse | Visible
NO. size (mm) /A min /dso fine | shear
band?

1 NSS1 (180-300) | Triaxial-DIC | 38x76 232 1.67 - Yes

2 NSS2 (300-425) | Triaxial-DIC | 38x76 357 1.42 - Yes

3 NSS3 (425-600) | Triaxial DIC | 38x76 505 1.41 - No

4 90% NSS2, 10% | Triaxial-DIC | 38x76 350 42.5 7.98 Yes
fines

5 80% NSS2,20% | Triaxial-DIC | 38x76 341 42.5 7.98 Yes
fines

6 70% NSS2,30% | Triaxial-DIC | 38x76 331 42.5 7.98 Yes
fines

7 60% NSS2, 40% | Triaxial-DIC | 38x76 316 42.5 7.98 Yes
fines

8 80% NSS1,20% | Triaxial-DIC | 38x76 221 30 5.19 Yes
fines

9 80% NSS3,20% | Triaxial-DIC | 38x76 487 60 11.30 Yes
fines

10 80% NSS2,20% | Triaxial- 20x40 341 42.5 7.98 Yes
fines DVC

11 60% NSS2, 40% | Triaxial- 20x40 316 42.5 7.98 Yes
fines DVC

Note: d, denotes the particle size corresponding to xx% by mass for the mixed soil. dsg coarse and dsg fine

8 Li et al., Sep, 2025
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represent the particle size at 50% finer by mass for coarse NSS sand and silica fines, respectively. d,q, and d,in

denote the maximum and minimum particle sizes, respectively.

2.2 Triaxial-DIC setup and testing procedures

The Triaxial-DIC setup was broadly similar to that used by Rattez et al. [41]. It consisted of a fixed-ends triaxial
loading system with controlled cell pressure, a triaxial data acquisition system, and a DIC image acquisition
system (LIMESS Q400 Digital Image Correlation), as shown in Fig. 3 (a) and (b). Standard monotonic shearing
tests were conducted on dry samples under a consistent confining pressure of 200 kPa to observe the influence of
fines content on shear band thickness using DIC. The initial sample dimensions were 38 mm in diameter and 76

(£0.5) mm in height.

During sample installation, a negative pressure of 10 kPa was applied and maintained to hold the sample in place.
A unique and random speckle pattern was applied to the membrane using black spray paint (Fig. 3 (c¢) and (d)),
ensuring consistent pattern visibility between consecutive images and providing distinctive local texture for
accurate image analysis. The cell was then filled with de-aired water, and the cell water pressure, controlled by a
GDS pressure controller, was gradually increased to 200 kPa at a rate of 10 kPa/min, while keeping the pore
pressure open to the atmosphere. A constant axial displacement rate of 0.2 mm/min was applied by moving the
pedestal upward, corresponding to an axial strain rate of 4.4x107° s’ This axial strain rate, combined with a
camera shutter speed of 10 ms, prevented image blurring and allowed a total axial strain of 25% to be achieved

within 120 minutes under quasi-static loading conditions.

9 Li et al., Sep, 2025
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179 Fig. 3. (a) schematic Triaxial-DIC setup; (b) a photo of Triaxial-DIC setup; (c) a photo of a sample with speckle
180  pattern; (d) close-up view of the speckle pattern.
181

182

The Dantec Dynamic Flex DIC hardware (Q-400 DIC system) and software (ISTRA 4D) were used for image
183

acquisition during loading. Four digital cameras were positioned approximately 50 cm from the transparent
184  triaxial cell, with a 90° angle between them, ensuring that at least one camera could capture the initiation and
185  development of the shear band. The ISTRA 4D software allowed the calibration and synchronization of the four
186 cameras in different orientations and spatial positions to evaluate the sample geometry from the captured images.
187 Images were taken every 30 seconds, corresponding to an axial displacement of 0.1 mm (=0.13% of axial strain)
188 applied to the sample between successive images. A LED illumination system was used during image acquisition
189

to provide flicker-free, medium-intensity light and to minimize potential glare on the transparent cell and speckled
10
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membrane. Although lens distortion was negligible after calibration, the cylindrical shape of the sample and
refraction at the air-poly methyl methacrylate (PMMA) and PMMA-water interfaces could introduce small
magnification effects and variations in apparent distances across the image plane [41], which were corrected

during post-processing.

2.3 Triaxial-DVC setup and testing procedures

A compact fixed-ends triaxial and X-ray transparent testing cell (Fig. 4(a)) was developed and integrated with X-
ray CT scanning to conduct in situ monotonic shearing tests on cylindrical samples measuring 20 mm in diameter
and 40 mm in height. The system incorporates an external load cell (Deben CT5000 in-situ testing stage) equipped
with a custom-designed pedestal for applying monotonic loads to the sample. This miniaturized triaxial system is
mounted on a rotational table positioned between the X-ray source and the detector of a microfocus X-ray CT

scanner (TESCAN UniTOM XL) at the KU Leuven XCT Core Facility, as illustrated in Fig. 4 (b) and (c).

The sample was scanned prior to the initiation of shearing at a confining pressure of 200 kPa and subsequently at
every 1 mm increment of axial displacement (equivalent to about 2.5% axial strain) until a total displacement of
10 mm was reached, corresponding to a final axial strain of 25%. A constant axial displacement rate of 0.1 mm/min
was applied by moving the load cell piston upward, corresponding to an axial strain rate of 4.4x107s™!, which is
the same as that used in Triaxial-DIC test. After reaching each axial displacement increment, loading was stopped,
and a pause of at least 20 minutes was incorporated to ensure sample equilibrium prior to scanning. The scan
parameters employed in this study are detailed in Table 2. A voxel edge size of 15 um is used to image the sample,
resulting in 3D tomographic images with dimensions of 1850x 18502294 voxels. This resolution was sufficient

to clearly capture individual NSS particles (ds5, of NSS2 is 357 um). The chosen voxel size, similar to that used

11 Li et al., Sep, 2025
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212 by Wiebicke et al. [65] for contact detection of sand particles of comparable size, meets the commonly accepted
213 criterion that the voxel size should be at least an order of magnitude smaller than the particle size (i.e., voxel size
214 <ds0/20) [39], ensuring adequate resolution to observe and describe the motion of individual particles. However,
215 the silica fines particles in the gap-graded soils, with a dsy of 44.7 um, could not be distinctly identified.
216  Nevertheless, this limitation does not impede the application of DVC techniques using SPAM software [56] for
217 quantitative investigation of gap-graded soils, as demonstrated in previous studies (e.g., Nguyen et al. [37]) and
218  discussed further in Section 3.2.
219
(a)
Cell drain Mini triaxial cell
Cell pressure mgm ore pressure input ‘ i . » H
L S reservoir for leakage =
) i water pai GDS cell/back

220 ot e bl % ressure controller [
221 Fig. 4. (a) A sketch of the mini-triaxial cell; (b) The mini- triaxial cell mounted in the X-ray CT scanner; (c)
222 Overview of the test equipment, with external pressure controller and data acquisition system
223
224 Table 2 Source, camera and acquisition settings during CT scan

Parameters Value

Mode Microfocus

Voltage (kV) 120

Current (LA) 125

Power (W) 15

Exposure time (ms) 180

Time per scan (min) 26

Number of averages 3

Voxel size (um) 15

Number of projections 2400

Filter Al, 1 mm
225
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3. DIC and DVC post-processing and shear band thickness calculations

3.1. DIC post-processing and shear band thickness calculations

The numerical correspondence technique by Rattez et al.[41] was employed to track surface deformation between
successive images captured from a consistent viewpoint, enabling the extraction of the deformation field and the
quantification of shear band thickness. A brief introduction to the DIC method and shear band thickness

calculations by Rattez et al. [41] is provided here.

In these tests, although images were captured from four different angles, the image correlation was performed
using images from a single camera, ensuring that the clearest view of the shear band to be analysed. A reference
length was marked and measured on the filled membrane to determine the pixel size in the images, achieving a
photographic resolution of approximately 0.023 mm/pixel. To avoid refraction effects, which may be significant
at the sample's edges, and to focus on a region fully contained within the specimen throughout the test, the DIC
analysis was restricted to a central window in the images (represented by a square in Fig. 5 (a)). This selection

was made independently for each test and typically measured 30 mm in height and 18 mm in width.

This window was subsequently subdivided into a uniform grid of squares, containing 25 and 15 elements in each
direction, also shown in Fig. 5 (a). Each square has a side length of 50 pixels, with zero spatial distance between
two adjacent squares. This meshing procedure results in the dimensions of the field of displacement being slightly
smaller than the selected window, being 28.75 mm in height and 17.25 mm in width. The characteristic patterns

within these squares are located in the subsequent image through the application of NCC [27, 32]:

Zx,y I (x,Y)1z (x—u,y—v)

NCC(u,v) =
sz,y Ly)? Tay L (—wy-v)°

(1

where I; and I, represent two consecutive images i and i + 1 treated as matrices. The coordinates x and y
13 Li et al., Sep, 2025
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correspond to positions within the images. u and v are the integer displacement values applied to the x and y
components of I,, respectively. The coordinates (u, v) that maximize the cross-correlation function NCC provide
the best estimate for the displacement of a given subset. Implausible displacement results from the cross-
correlation function, if present, are corrected by validating against neighbouring points, with deviations exceeding

four times the neighbouring values replaced by interpolated values from surrounding nodes.

A quantitative comparison of the shear band thickness results, calculated from the axial, volumetric, and shear
strain increments by Rattez et al. [41], indicated that the measured shear band size is not dependent on the
deformation field chosen for the calculation. For the DIC analysis, the incremental axial strain field was calculated
at intervals of every three images, corresponding to an approximate axial strain increment of 0.4%. Three cross-
sections along the x- and y-axes were analysed by selecting points (1, 2, 3 in Fig. 5 (b)) located on the shear band.
The deformation field in these sections was then interpolated using the least-squares method with a Gaussian
equation (Fig. 5 (¢) and (d)) [23]:

Agy, (x;) = Aie_[(xi_ui)/vi]z ()
where A; denotes the amplitude; u; denotes the centre position, and V; denotes variance of the Gaussian
distribution. x; represents the position along the x- or y-axis. The variance V; , as shown in Fig. 5 (d), represents
the Gaussian distribution’s width at half its height, allowing the full width of the Gaussian distribution along a
selected cross-section to be determined by [41, 42]:

w; = 27 @V, 3)
The Gaussian distribution widths in the horizontal and vertical directions across the three cross-sections allow for
the evaluation of the shear band width, w, for a specific cross-section using the relation:

WxWy

w2+w2 4)

H
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270 The overall shear band thickness at a particular time step is then determined by averaging the values obtained

271  from the three points analysed, as shown in Fig. 5 (b).

272
(b) Aeyy
0.1
_______ R 0.08
0.06
0.04
0.02
0
X
0.10
(C) (d) lg’l;il:: ;‘Tt(tii:;%quation 2)
0.08 4
0.06 4
0.04 4
0.02 4
0.00
0 18
273

274 Fig. 5. Triaxial-DIC techniques: (a) Shear band captured by a camera, with the region of interest (dashed square
275 window) and discretization mesh; (b) the incremental deformation field (Ae,,) derived from the window in (a),
276  illustrating three measurement points and the corresponding vertical and horizontal cross-sections used for
277 determining the shear band thickness; (c) a schematic representation of the procedure for calculating the shear
278 band thickness using vertical and horizontal cross-sections and Gaussian fitting; (d) an example of Gaussian

279  function fitting applied to the Ag,,, data for one selected cross-section.

280
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3.2. DVC post-processing and shear band calculations

For each scan, 2400 radiographs were acquired at evenly spaced angular increments over a full 360° rotation, with
each projection obtained by averaging three radiographs. The dataset was reconstructed into a 3D image volume
using TESCAN’s Panthera reconstruction software, which employs the Feldkamp-Davis-Kress (FDK) cone-beam
filtered back projection algorithm for volumetric reconstruction [29]. A Shepp-Logan filter was applied within the
algorithm to balance spatial resolution and noise amplification, while additional processing steps included ring
artifact reduction and a post-reconstruction noise filtering (typically set to 0.2) to improve image quality. All the
observations and quantitative analyses presented in this study are based on these greyscale volume datasets. Image
processing for visualization was performed using Python and ImagelJ. Displacement and strain calculations
described in the following sections were conducted using the open-source software SPAM [56]. The
approximation of shear band thickness is consistent with the method described in Section 3.1, based on

deformation field.

3.2.1 Segmentation and three phase visualization

A binning factor of 2 was applied to the reconstructed greyscale CT images to downscale the resolution for more
efficient histogram processing. A representative two-dimensional (2D) slice, taken at the midplane along the Z-

axis, was extracted and visualized to provide a qualitative overview of the internal structure.

To characterize the material phases, namely NSS sand particles (coarser grains), silica fines, and voids, the grey
level intensity distribution of the downscaled image was analysed by identifying characteristic peaks

corresponding to each phase on the histogram. Histogram equalization [1] was then applied to enhance contrast,
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with the three main peaks normalized to 0.25, 0.5, and 0.75. This normalization enabled three-phase segmentation

by applying threshold values at 0.375 and 0.625. Through histogram equalization, pixel intensity values were then

redistributed to broaden the dynamic range and produce a flatter, more uniform histogram, thereby improving the

visual separability of phases based on their greyscale values (Fig. 6 (b)).

Phase segmentation was subsequently performed based on the two threshold values, which separated the image

into three distinct phases: low-density phase (voids), intermediate-density phase (silica fines), and high-density

phase (NSS sand particles), as shown in Fig. 6 (c). Each phase was represented by a binary mask according to its

assigned intensity range.

A median filter was applied to reduce isolated noise while preserving the integrity of phase boundaries to further

improve the quality of the segmented images. Finally, a composite mixed-phase image was generated, wherein

the intermediate- and high-density regions were combined and visually distinguished using different grey levels,

as shown in Fig. 6 (d).

All processed images, including the original XZ plane, individual phase masks, and the mixed-phase composite,

were saved in high resolution for visualization. Two-dimensional (2D) slices (specifically, the midplane along the

Z-axis) were extracted and visualized to provide qualitative visualization of the evolution of the internal structure

for Test 10 and Test11, as shown in Fig. 7.
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3.2.2 Calculation of displacement filed and strain tensor

Displacement measurements and strain calculations were conducted using the open-source software SPAM [56].

Regular grid local DVC was applied to each pair of consecutive images, corresponding to an approximate axial

strain increment of 2.5%. The earlier image in each pair serves as the reference and the later image as the deformed

image. A general workflow for how the various image correlation scripts are applied is illustrated in Fig. 8, with

further details provided by Stamati et al. [56]. Convergence at corresponding steps were assessed using two criteria:

(a) a maximum of 50 iterations, or (b) a norm of the change in deformation function|| §®||, smaller than 0.001.

The process starts with a non-rigid registration between two greyscale images to obtain an initial estimate of the

deformation field, represented by a single linear and homogeneous deformation function, ®,. Eye-registration

was only used as an initial step to roughly align the volumes. Specifically, if convergence is not achieved, a rigid

eye-registration is applied to correct for misalignments in the z-direction using ®,, resulting in an updated

transformation @, . This is followed by a repeated registration step to compute a refined deformation function ®,.

Subsequently, a local non-rigid correlation and/or pixel search is conducted on a grid of regularly spaced

measurement points defined in the reference image. Each of these points is the center point of a cubic correlation

window. In this step, a sub-volume centred on each grid point in the reference image is matched to the deformed

image using cross-correlation, evaluated through a brute-force search with a 1-pixel sensitivity, over a specific

search range: for example, (Znin, Zmaxs Xmins Xmax; Ymin» Ymazx) = (=30, 30; -15, 15; -15, 15). For correlation, the

grid spacing between the points is set to 20 pixels, with a correlation window of half window size 10 pixels. This

corresponds to a physical window size of 600 um (binning factor=2, voxel size=30 um), which is slightly larger

than the dq, of the NSS2. This selection minimizes the influence of window size while maintaining correlation
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effectiveness and efficiency. Since the shear band thickness of sand at residual state is approximately 10 to 20

times ds,, depending on the PSD, a minimum of 10 correlation windows are contained within the shear band [4,

5, 41, 63], which will be shown later in this section. Correlation is skipped in regions where the mean grey value

of the window falls below a threshold (typically set to 12000 for most greyscale images), as these regions are

identified as exterior to the sample.

It should be noted that for most of the scans, pixel search was found to be necessary as the deformation between

two consecutive images is non-homogeneous and cannot be adequately captured by a single global deformation

function ®. The local displacements obtained from the pixel search define the final deformation field ®,,. If some

points fail to converge, interpolation is used to fill in missing values and produce a complete displacement field.

DVC analysis was completed by determining the strain tensor. A finite strain tensor U, along with its first two

invariants-the volumetric strain U,,; and deviator strain Uy,,,, are calculated from the local displacement filed

defined by &;:
U= Uy " Ugev ©)
Upor = J*/* X 1 (6)
User = 555 X U (7

where ] is the determinant of the strain tensor, and I is the identity matrix.
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369 Fig. 8. Workflow diagram for DVC analysis using SPAM and shear band thickness analysis and visualization

370  using ParaView.

371

372 The visualization and analysis of the shear band based on the strain field were performed using the open-source

373 software ParaView. As the X-ray CT scanning is applied on a cubic volume, a lower strain threshold of 107 is

374 applied to exclude regions outside the sample boundaries, allowing clear visualization of the strain field within

375 the sample volume, as shown in Fig. 9 (a) and (b). For Tests 10 and 11, the deviator strain field was selected to

376  visualize and analyze shear band evolution and to measure shear band thickness measurements, as it provides

377 higher average strain values and clearer contrast. This choice does not influence the measured thickness of the

378  shear band [41].

379
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Additional lower and upper strain thresholds were applied to isolate the shear band, as illustrated in Fig. 9 (c).

These thresholds were individually calibrated for Test 10 and Test 11 but held constant across all incremental

strain fields within each test to ensure consistency in shear band visualization. A transparency coefficient of 0.5

was applied to the full strain field, upon which the isolated shear band was overlaid (Fig. 9 (c)).

®)

L Deviator strain
f | 1.0
|-

— 0.6

Volumetric strain
0.5
[ 0.4
—0.3

— 04

[ 0.2
0

Deviator sfréin field Apply thresholds Transparent deviator
strain field + shear band

Fig. 9. Visualization of shear band development based on strain fields: (a) volumetric strain filed; (b) deviator

strain field; (c) deviator strain field with shear band highlighted.

Once the deviator strain field and a clear view of the shear band were obtained, a strike is drawn along the shear
plane, and slices perpendicular to it were extracted, as shown in Fig. 10 (a) and Fig. 10 (c). In this study, three
slices were taken for each strain field, and three measure points were selected in the middle of the shear band for
thickness approximation. The thickness was calculated using the same method described in Section 3.1 for DIC,

where points along the shear band (Fig. 10) were used to extract strain profiles, and the shear band thickness was
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approximated by fitting a Gaussian curve to the strain distribution in horizontal and vertical direction. For Test 11,

where multiple shear bands developed, two sets of measurement points were used to determine the thickness of

each band, as shown in Fig. 10 (d). It should be noted that in Fig. 10 (c), some regions near the bottom exhibit

excessively large strains and failed to correlate successfully (a limitation also encountered by others, e.g., Desrues

et al., [18]), however, this does not affect the measurement of shear band thickness. Fig. 11 shows the effect of

DVC half window size on deviator strain measurement. In Fig. 11 (a), the 5-pixel window produces a noisy field,

while 40-pixels yield a smooth but less detailed band. The 10-pixel case provides a clear and continuous shear

band, balancing resolution and stability. In Fig. 11 (b), strain profiles extracted along the marked line confirm that

the 10- and 40-pixel results follow Gaussian distributions, with a variance difference (V;= 61.82 and 61.93,

respectively) of less than 0.18% and high R? values. Considering both resolution and stability, a half window size

of 10 pixels was adopted in this study.
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Fig. 10. Illustration of the measurements of shear band thickness from DVC results: (a) selection of a

representative 2D slice from the 3D deviator strain field (Test 10, S5-S6); (b) three measurement points on shear

band in the extracted 2D slice; (c) selection of a 2D slice from the 3D deviator strain field showing multiple shear

planes (Test 11, S5-S6); (d) measurement points for two shear bands in extracted 2D slice.
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412  Fig. 11. Effect of DVC half window size on strain measurement and Gaussian fitting. (a) 2D slices of deviator
413 strain fields obtained with half window sizes of 5, 10 and 40 pixels, with the green line indicating the location for
414  extracting strain profiles; (b) deviator strain profiles along the selected line for different half window sizes,
415  together with their Gaussian fits.

416

417 4. Results

418  4.1. Stress-strain results

419 In this study, the triaxial test results are presented using conventional triaxial p’ — q notations: mean effective
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stress p' = (0] + 203)/3 and deviator stress ¢ = g{ — 03; axial strain &, = 100Al/l, and volumetric strain &, =

—1001n (V/Vy), where o{ and o3 are principal effective stresses, Al and [, are the change in sample length and

the initial sample length prior to shearing, and V and V;, are the current and the initial sample volume. The friction

! !
01703

angle @ is given by sin@ =

[ I
g;+03

4.1.1 Triaxial-DIC stress-strain responses

Fig. 12 plots the stress-strain responses from Tests 1-9, and Fig. 13 plots the friction angles at peak and residual

strength conditions as a function of ds, and fines content. For the samples composed 100% NSS, but with different

dsg (Test 1-3, Fig. 12 (a) and (b) and Fig. 13 (a)), the initial stiffness, peak deviator stress (ranging from 772 to

806 kPa), peak friction angle, residual strength (ranging from 485 to 507 kPa at 22.5% axial strain) and residual

friction angle are generally similar and comparable. A slight decreasing trend in peak and residual strength and

friction angles is observed with increasing of ds, similar to Rattez et al [41]. Notably, Test 1 and Test 2 exhibit

strain-softening followed by an asymptotic approach to a constant deviator stress, whereas Test 3 (coarser NSS,

425-600 um) continues to soften beyond the peak. This difference is attributed to the link between strain softening

and the formation of a dominant shear band [11, 17, 41]: Tests 1 and 2 developed a dominant and well-defined

shear band, while Test 3 consistently showed a bulging-type failure in repeated tests without a dominant shear

band. The volumetric strain exhibits similar behaviour at small strains (<2%), after which dilation becomes more

pronounced with increasing particle size.

For the samples with varying fines content but similar dg, (Test 2, 4-7), the peak deviator stress increases with

fines content up to 20%, consistent with experimental findings by Salgado et al. [48], Carraro et al. [14], Chang
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and Yin [15] and Xiao et al. [67]. However, when the fines content exceeds 20%, up to 40% in this study, the peak
deviator stress decreases with further increases in fines content, in agreement with experimental results by Vallejo
[61] and numerical simulations by Zhu et al. [71] and Sufian et al. [57]. Some experimental [68] and numerical
studies [2, 57] have shown that the threshold fines content may vary and depends on the particle size ratio between

coarse and fine fractions. A similar trend is observed in residual stress and friction angle.

The effect of cohesionless fines on volumetric strain under shearing remains somewhat contradictory in the
literature. Some studies have reported that the addition of fines increase dilation for dense silty sand, e.g., Salgado
et al. [48] and Carraro et al. [14]; others found that fines reduces the dilation behaviour, e.g., Yilmaz et al. [68].
The volumetric strain at residual state (¢, > 20%) in this study generally decreases with increasing fines content

in agreement with Yilmaz et al. [68].

For the samples with 20% of fines content but different ds, (Test 8, 5 and 9), the peak deviator stress and friction
angle increases with dsg, or dsg cogrse/dso fine> Which is 5.19, 7.98 and 11.3 for Test 8, 5 and 9, respectively.
Similarly, Yilmaz et al. [68] reported a slight increase in peak deviator stress for silica sand mixtures containing
20% fines, with comparable dsg coarse/dso fine 0f 4.52,7.93 and 11.93. The increase in this size ratio appears to
enhance both compressive and dilative behaviour, consistent with the observations by Yilmaz et al. [68]. The

dilation at large strain increases with ds.
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Fig. 12. Stress-strain and volumetric strain responses from Triaxial-DIC tests (Test 1-9). (a), (b): NSS1, NSS2,

and NSS3; (c), (d): NSS2 with varying fines content; (e), (f): NSS1, NSS2 and NSS3 with 20% of fines content.
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Fig. 13. Friction angles at peak and residual strength conditions plotted as a function of (a) ds, for Test 1-3
(without fines); (b) fines content for Test2, 4-7, and Test 10 and 11 from Triaxial-DVC (similar ds); (¢) ds, for

Test 5, 8 and 9 (with same fines content of 20%)

4.1.2 Triaxial-DVC stress-strain responses

Fig. 14 shows the deviator stress plotted against axial strain for Test 10 and 11 obtained from triaxial shearing
with in situ X-ray CT scanning, alongside the results from Test 5 and Test 7 obtained using Triaxial-DIC, for
comparison. The repeated, evenly spaced drops in deviator stress reflect stress relaxation that occurred during the
loading pauses prior to each X-ray scan, ensuring that relaxation during scanning was avoided. The labels near
each stress drop mark the sequential scanning points. Both curves exhibit strain-softening behaviour after reaching
the peak strength: the deviator stress in Test 10 oscillates around a constant residual stress value once ¢, exceeds
about 7%, whereas in the Test 11, it continues to decline until the end of the test, attributed to the continuous
development of multiple shear planes within the sample. The friction angles at peak and large strain (i.e., £,>15%)
for Tests 10 and 11 are shown in Fig. 13. The discrepancies in stress compared to the Triaxial-DIC results may be

attributed to differences in sample size and the inherent uncertainty of soil behaviour.
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Fig. 14. Deviator stress plotted against axial strain for triaxial tests with DVC.

4.2. Shear band evolution and thickness measurements

4.2.1. Shear band evolution

Fig. 15 shows the captured images at different axial strains for Test 5 (80% NSS2 and 20% fines) and the

corresponding strain field resulted from DIC. Fig. 16 presents the deviator strain field for Test 10 (80% NSS2 and

20% fines), illustrating the development and evolution of the shear band based on DVC results. Fig. 17 compares

the development and evolution of shear bands in a sand mixture comprising 60% NSS2 and 40% fines, as observed

in Test 7 (Triaxial-DIC) and Test 11 (Triaxial-DVC), at various levels of axial strain.

In Test 5, a distinct shear plane is observed at 5.8% axial strain, while in Test 10, it is captured at 5%. These axial

strain values correspond to the points where strain-softening ends and the deviator stress transitions to a more

stable, residual state, as shown in Fig. 14 (a). From Fig. 15 (b), relatively homogeneous deformation throughout

the observation window is observed at 2.5% axial strain, corresponding to 87.8% of the peak strength. Desrues et

al. [18], using Triaxial-DVC with intensive scans at 0.5% axial strain intervals, reported the formation of multiple
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shear planes as early as 96% of the peak strength during the pre-peak stage. It is noted that the strain localization

along the shear band is not uniform during its initiation, as shown in Fig. 15 (b) at £,=5.8%, where a higher

concentration of strain is observed in the upper section.

In comparison, the DVC results in Fig. 16 show relatively higher strain localization scattered within the sample

at £,=2.5%, indicating the early signs of shear band formation. A similar pattern is observed in the Triaxial-DIC

and Triaxial-DVC comparisons for sands comprising 40% fines (Fig. 17 (b) and Fig. 17 (c) at £,=5.85%. This

internal strain development cannot be captured by Triaxial-DIC, which is limited to surface deformation on the

membrane. Notably, after a clear primary shear plane develops, a secondary shear plane begins to form at £,=12.5%

(Fig. 16). This becomes more pronounced in the sand with 40%, where multiple shear bands are clearly captured

at £,=13% Fig. 17 (c) (also see Fig. 10 (c) and Fig. 10 (d)).
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511 different axial strains; (b) strain field computed within the DIC window, illustrating the development of the shear

512  band
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519  Fig. 17. Comparison of the development and evolution of shear bands in a sand mixture comprising 60% NSS2

520 and 40% fines, as observed in Test 7 (Triaxial-DIC) and Test 11 (Triaxial-DVC) at different axial strain levels. (a)

521 Triaxial-DIC images; (b) Strain fields obtained from Triaxial-DIC; (c) Strain fields obtained from Triaxial-DVC.
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Fig. 18 shows a comparison of the evolution of residual shear band thickness measured using Triaxial-DIC (Test

5) and Triaxial-DVC (Test 10) for samples containing 80% NSS2 and 20% silica fines. Both measurement

methods yield similar mean values, i.e., 3.408 mm for DIC and 3.420 mm for DVC, indicating only a minor

difference in the estimation of shear band thickness. The DVC data exhibit slightly lower variability

(variance=0.0244) compared to DIC (variance=0.0352), suggesting that DVC provides more consistent internal

measurements. This result is obtained under conditions the ratio of the area of an individual mesh between DIC

and DVC is 3.8:1, closely matching the ratio of the sample’s vertical cross-sectional areas (3.6:1). Nonetheless,

the overall agreement between the two methods confirms the reliability of surface-based DIC in capturing shear

band thickness, especially in cases where 3D internal imaging may not be feasible.

— o— Test 5, DIC
— — Average of Test 5

4.0 ---@--Test 10, DVC
e o —-—- Average of Test 10
g L
= I '||
% RN ! 0
g 33 N )
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Fig. 18. Comparison of residual shear band thickness measured using Triaxial-DIC and Triaxial-DVC for samples

containing 80% NSS2 and 20% silica fines.
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4.2.2. Residual shear band thickness

Fig. 19 (a) presents the measured residual shear band thickness of NSS2 with varying fines content, together with

the ratio of this thickness to that of pure NSS2, plotted against the fines content. A general increasing trend is

observed, with shear band thickness growing as fines content increases under similar ds, conditions. For fines

content ranging from 0-40%, the trend is best described by a linear relationship with R2=0.761. It is worth noting

that the secondary shear band (shear plane B in Fig. 11 (d)) observed in Test 11 using Triaxial-DVC appears

slightly thicker than both the main shear band and the thickness measured using Triaxial-DIC. The authors

attribute this to the secondary shear band still being in the process of development. As the fines content increases

from 0% to 40%, the ratio of the residual shear band thickness of NSS2 with fines to that of pure NSS2 increases

from approximately 1.0 to 1.3. Fig. 19 (b) shows a comparison of residual shear band thickness plotted against

dso of NSS sand, both with and without the addition of 20% of fines. The residual shear band thickness increases

with dgo, in agreement with others [41, 46]. The addition of fines leads to a slight reduction in dsy and a

corresponding increase in residual shear band thickness. For pure NSS3 (400-625 um), no distinct shear band was

observed through visual inspection during triaxial shearing tests on samples with diameters of 38 mm and 20 mm.

However, the addition of 40% fines significantly altered the deformation behaviour, as evidenced by the formation

of multiple shear bands.
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Fig. 19. (a) residual shear band thickness plotted against fines content; (b) residual shear band thickness plotted

against ds

Fig. 20 summarizes the relationship between the residual shear band thickness normalized by ds,, mean particle

size dsg, and fines content. For samples with 0% and 20% fines content, the normalized shear band thickness

decreases with increasing dsg, as shown in Fig. 20(a). This trend aligns with the experimental observations by

Alshibli and Sture [5] and the discrete element method (DEM) simulation by Guo [24]. The addition of fines (from

0-20%) leads to an increase in normalized shear band thickness.

Data points in Fig. 20(b) include results from both Triaxial-DIC and -DVC measurements for NSS2 with varying

fines contents, as well as samples with fixed (or zero) fines content and different ds,. Regardless of the coarse

fraction’s particle size, a general increasing trend is observed, with the normalized shear band thickness rising

approximately 7.6 to 11.66 as the fines content increases. The trend can be represented by a linear fit, with a

coefficient of R2=0.575. Despite a moderate R?, the relationship between fines content and normalized residual

shear band thickness is statistically significant (with significance p=0.00687 and F-statistic=12.15), indicating

that the fitted slope is unlikely to arise from random variation. This trend suggests that increasing fines content

broadens the normalized shear band thickness.
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It is worth noting that these observations are consistent with previous studies on the shear band thickness in sands

with uniform and well-graded PSD. Rechenmacher et al. [46] observed that shear band thickness in uniform sands

typically ranges from 6-9 ds, increasing slightly to 8-9.5 ds, in well-graded sands, which can be interpreted as

the effect of increasing fines across a range of consecutive smaller sizes. Rattez et al. [41] further confirmed this

trend, reporting shear band thicknesses of 9-14 ds, for uniform sands and 14-20 ds, for well graded sands. These

findings highlight that increased gradation in particle size tends to result in wider shear bands.

20 (a) 15 (b
A NSS with 20% fines content dL =8+ 0.08FC R?=0.575, p =0.0069, F; 9=12.15
O 100% NSS sand N
5 &
RS
Fi Fi
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] A\ ]
5 \ g
S 10+ A S
5 ° ' 5
0 Increasing A 0
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Fig. 20. Normalized shear band thickness: (a) the ratio of residual shear band thickness and dg plotted against

dso; (b) the ratio of residual shear band thickness and d plotted against fines content

5. Discussion

5.1 Comparison of DIC and DVC for shear band thickness evaluation

A series of triaxial tests with digital image correlation (DIC), along with in situ mini-triaxial tests with digital
volume correlation (DVC), have been performed on dense sands with varying fines content to investigate the

effects of fines content on shear band thickness. The mechanical behaviour of the mixed sands was consistent
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with trends reported in the literature: both the peak deviator stress and peak friction angle increased with fines

content up to 20%, beyond which both parameters decreased with further addition of fines. For the samples

containing 20% fines but differing in mean particle size, both the peak deviator stress and peak friction angle were

found to increase with increasing mean particle size. The mechanical responses observed from Triaxial-DIC and

Triaxial-DVC were generally comparable, with both sets of tests exhibiting strain-softening behaviour following

similar peak deviator stresses reached at similar axial strains.

The measurements of shear band thickness using DIC and DVC were compared in this study. The results show

that the shear band thickness measured from both methods exhibit close values, validating the effectiveness of

approximating shear band thickness using surface displacement information captured from membrane’s speckle

pattern. However, each method has its advantages and limitations. Triaxial-DIC method uses high-resolution

cameras, together with a conventional triaxial apparatus, to capture continuous changes in the speckle pattern

applied to the sample membrane. Accurate DIC measurements require careful control of lighting conditions (e.g.,

consistent exposure, minimal reflection, and optimal camera angles to reduce distortion), as well as slow

displacement rates and short shutter speeds. Once the imaging system is initiated, no interruption of the loading

process is necessary, allowing for automatic and undisturbed image acquisition. The short imaging interval (e.g.,

30 seconds in this study) enables the collection of a large number of sequential images from multiple angles

(typically 240 per angle for one test). The DIC analysis is based on 2D surface data, making it computationally

efficient and relatively straightforward compared to DVC. Additionally, both open-source and commercial DIC

software packages are widely available. The quality of DIC results depends heavily on the speckle pattern size,

camera resolution, and lighting conditions [16, 20, 41, 47].
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In contrast, the Triaxial-DVC method is more technically complex, more time consuming, and cost intensive. It

requires a specially designed mini-triaxial apparatus that fits within an X-ray CT scanner, as well as a compatible

loading frame. Prior to each in-situ X-ray CT scan, the loading must be paused to allow the sample to reach stress

equilibrium, which introduces slight disturbances in the smoothness of the stress-strain curves. Each scan takes a

considerable amount of time (e.g., 26 minutes in this study with a voxel size of 15 um), and a typical DVC test in

this study involves 10 scans over 10 hours. This represents a trade-off between the number of scans and the

incremental strain between them to ensure both practical feasibility and adequate spatial resolution. For higher-

resolution scans with smaller strain intervals, aimed at improving the convergence rate in correlation calculations,

the scanning duration can extend to several working days [6, 40, 66]. Before DVC processing, extensive 3D image

reconstruction and preprocessing are required, including histogram analysis, segmentation, denoising, and phase

combination (as shown in Fig. 6). The DVC analysis itself is computationally demanding and highly sensitive to

image quality and resolution. As demonstrated in Fig. 9, the accuracy of the DVC output depends on both the

sample size and the ability to resolve individual grains and local strains between image pairs [7]. Nevertheless,

Triaxial-DVC provides full-field 3D displacement and strain measurements throughout the sample volume,

capturing internal deformation that is inaccessible to surface-based DIC. This makes DVC particularly valuable

for investigating strain localization patterns, internal shear band development, and micro-mechanical mechanisms

in granular materials. While more complex and resource-intensive, DVC complements DIC by providing insights

that enhance the understanding of the internal structure and evolution of deformation, especially in cases where

surface observations alone may be insufficient (for example when multiple shear planes develop).

Rattez et al. [41] proposed Gaussian distribution fitting of the strain field obtained from Triaxial-DIC to

approximate shear band thickness. This study extends that approach to the three-dimensional strain field derived
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from Triaxial-DVC. The combined use of DIC and DVC to measure shear band thickness during triaxial shearing
is demonstrated here for the first time. One original contribution of this combined approach is that the DVC results
validate the effectiveness of approximating shear band thickness based on surface displacement data. Previous
research have established that shear band thickness scales with the mean particle size ds, [4, 5, 6, 23, 26, 35, 41,
55, 62]. The findings of this study have extended that knowledge by demonstrating that both absolute and
normalized shear band thickness increase with fines content. Moreover, the presence of fines fundamentally alters
the deformation behaviour, even in samples that initially do not exhibit distinct shear bands.

The normalized shear band thickness was found in the range of 7.62 to 11.66 ds,, which agrees with previous
quantitative investigations of the effect of PSD on shear band development and measurement [41, 46]. Uniquely,
this study quantifies the influence of fines content on both absolute and normalized shear band thickness through

Triaxial-DIC and Triaxial-DVC.

5.2 Shear band thickening due to increase in fine content

Combining Triaxial-DIC and Triaxial-DVC also enables a mechanistic interpretation of how increasing fines
content leads to a thickening of the shear band. A schematic illustration from macro-, meso-, and micro-scale
perspectives is presented in Fig. 21. Fig. 21 (a) shows a representative macroscopic stress-strain response from
triaxial shearing, annotated with the three-stage strain localization and shear band formation framework proposed
by Tordesillas [59] based on DEM simulations. Stage 1 is characterized by homogeneous (affine) deformation and
rapid linear stress increasing. In Stage 2, strain localization initiates through non-affine motion accompanied by
mesoscale features such as microbands, although rearrangements remain local. Force chains form without
buckling until shear banding begins near peak stress. Stage 3 corresponds to the development and persistence of

a fully formed shear band, where buckling of force chains drives unjamming-jamming cycles, and large dilatation.
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Experimental and numerical studies, e.g., Rechenmacher [45] and Guo [24], have shown that the shear band

thickness is governed by the critical particle-column length aligned in the direction of shear and compression.

Here, this concept is adopted to interpret the observed increase in shear band thickness with fines content. Fig. 21

(¢)-(d) illustrates the meso- and micro-scale mechanisms. In clean, coarse-grained soils without fines, shear bands

form through the buckling of aligned columns of coarse particles. The critical length of these columns determines

the shear band thickness, which is primarily a function of particle size and arrangement. When fines are introduced

(Fig. 21 (e)), they fill the voids between coarse particles and begin to participate in load transfer during shearing.

These fine particles interact with neighbouring grains via sliding and rotation, effectively becoming part of the

load-bearing force chains. A force chain may be approximated as a three-particle segment, and the critical buckling

threshold of such a segment can be estimated using an Euler-like expression:

E, = akL,;R3 (8)
where F_, represents critical normal contact force required to trigger buckling of the force chain segment, k,, is
the normal contact stiffness between particles, R is the particle radius, L is the critical particle-column length and
a is a coefficient dependent on boundary conditions and particle geometry, typically determined through DEM
calibration. The presence of fines reduces the effective normal contact force within force chain [57], which,
according to the above relation, increases the critical column length required for buckling. Additionally, fines
increase the number of particles per column, extending the length and complexity of the force chains. As a result,
the effective thickness of the shear band increases due to the broader spatial extent of strain localization, as shown
in Fig. 21 (e). These results, obtained both from Triaxial-DVC and Triaxial-DIC, corroborate the three-stage

deformation process from both experimental and microstructural perspectives, transitioning from homogeneous

strain to localized deformation and finally to a persistent shear band.
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Fig. 21. (a) macroscopic stress-strain behaviour; (b-d) schematic interpretation of mesoscopic mechanism within

a fully developed shear band under shearing; (e) strain field obtained from Triaxial-DIC and -DVC.

6. Conclusion

This study examined the influence of fines content on shear band formation and thickness in sands, and compared

the capabilities of Triaxial-DIC and Triaxial-DVC for shear band characterisation. A series of triaxial shearing
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tests was performed on gap-graded sand samples with varying fines content, with shear band development and

residual thickness quantified from surface strain fields using DIC and from internal deformation fields using DVC.

The main conclusions are:

Residual shear band thicknesses measured by DIC and DVC were nearly identical. For example, at 20%

fines content, DIC and DVC gave mean values of 3.408 mm and 3.420 mm, respectively, with

comparable variance, confirming that DIC can reliably quantify thickness when volumetric

measurements are not feasible.

Increasing fines content systematically broadened the normalised residual shear band thickness

(thickness / mean particle size), which increased linearly from ~7.62 to ~11.66 as fines content rose from

0% to 40%. This relationship was consistently captured by both DIC and DVC, indicating fines as a

primary control on strain localisation extent.

DVC revealed early, spatially non-uniform strain localisation and secondary shear plane formation prior

to peak strength, features not detected by DIC, highlighting its capacity for microstructural and 3D

deformation analysis.

DIC offers efficient, fast, and low-cost surface measurements, while DVC provides detailed volumetric

characterisation. Their combined use yields both efficiency and completeness in experimental

programmes.

An example interpretation is presented to mechanistically explain why increasing fines content in sands

promotes shear band thickening, integrating macro-, meso-, and micro-scale observations.
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