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The examination of the meso-mechanical properties of soils is fundamental to understand its macro-behaviour.
This paper aims to evaluate the potential application of Digital Image Correlation (DIC), an optical image pro-
cessing approach, in direct shear test (DST) for soils. Hence, a new shear box was designed to investigate the
close behaviour of granular materials. The noise-floor and shear displacement accuracy were discussed to assess
the reliability of DIC, besides the effectiveness of the new box was also examined. The distribution of the dis-
placements, strains, and shear angle were measured under four different normal stresses. From the results, the

immediate settlement, and the dilative behaviour of the sand during shearing were observed. Furthermore, the
investigation revealed a strain concentration at the interface between the boxes, where a shear band was formed.
The use of DIC opens up new ways in soil mechanics, overcoming some limitations of the conventional DST.

1. Introduction

The direct shear test (DST) is one of the most widely applied labo-
ratory experiments in the field of geotechnical engineering. This testing
has many advantages, including the simplicity of set-up and sample
preparation, the possibility of being conducted under different condi-
tions, relatively quick test, and with low-cost compared to the tri-axial
test. The DST is mainly employed to determine the shear strength and
shear properties of a soil. Generally, in geotechnical and foundation
engineering, the failure patterns that occur are mostly due to the
development of shear stress within the soil mass exceeding its shear
strength [1]. Therefore, a deep understanding of the strain localization
during failure is an important issue to properly quantify and interpret
the response of the soil subjected to a shear load, in order to ensure the
safety of the ground material and optimize its behaviour.

However, the DST has some limitations, mainly associated with the
non-uniformity of stress and strain within the sample, the imposed stress
path and failure plane, and the rotation of the loading head during
shearing affecting the shear zone [2-4]. Besides, in DST there is always a
certain boundary effect, what is generally considered to be another
major limitation of this test. As a result, the internal and boundary

deformations of the soil might differ, and the relation can be only
modelled under theoretical approaches since it is impossible to visually
monitor the behaviour of the material central part. In this sense, DIC not
only represents a new tool to assess the mesoscopic performance of the
specimen under loading, but also could be a direct way to get insights
into the boundary effect. In addition, local strains within this zone
cannot be estimated accurately in the conventional DST, as it is not
possible to assess the deformation pattern within the shear zone and
calculate its thickness [5]. Since this test provides limited information,
numerical investigations of DST using Discrete Element Method (DEM)
have been employed to simulate the behaviour of granular materials
[6-13]. In their reports, the authors presented thorough quantitative
studies about the kinematics of the distinct grains, defining the macro
behaviour of the soil by investigating the micro and meso-mechanical
intergranular properties. These simulations provided insights on the
evolution of heterogeneity and anisotropy in the localized shear zones
within the samples

Nonetheless, the numerical simulations need experimental explora-
tions to validate the proposed models. Thereby, several research used
non-destructive imaging methods to analyze the internal structure and
performance of geomaterials. For instance, X-ray tomography has been
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adopted to acquire microscopic data on the inner fabric of granular
materials [14-19], and rock mass [20]. However, wide adoption of this
method is still impractical and costly, as it implies the use of complicated
research procedures and highly specialized equipment [21].

A more accessible and affordable approach for noncontact full-field
measurement is based on optical remote sensing techniques, that be-
comes more and more tempting for researchers and testing laboratories
worldwide. Digital Image Correlation (DIC) is a key technology within
this group, that combines image registration and tracking methods to
compute the displacements and deformations of a structural element/
material. DIC compares and correlates two recorded images (i.e.,
reference and deformed) and determines the similarity between them,
by considering small subsets where the displacements are going to be
estimated. Both images should carry enough optical information and
contain unique and identifiable features, hence an explicit matching
could be obtained between the reference and deformed subsets. There-
fore, grey level textured images with high dynamic range and local
contrast are generally required [22]. Some materials show naturally a
unique pattern over their surfaces (e.g., rocks and granular soils) that
contribute to meeting these requirements. Nonetheless, in other cases,
DIC might necessitate an artificial randomized speckle pattern to resolve
these issues of contrast and uniqueness (e.g., by spraying the component
surface of the tested material with contrasting colour paints).

DIC was first exploited at the University of South Carolina, in the
early 80s [23,24], and since then, it has been employed in a large range
of domains and research areas. Numerous previous studies employed the
DIC technique to investigate the performance of concrete [25-28]. For
instance, the DIC technique was applied to examine the cracking process
and crack kinematics in prestressed [29], and reinforced [30] concrete
beams. Moreover, it was used to measure the fracture properties of
reinforced concrete [31], concrete containing fly ash [32], and geo-
polymeric recycled aggregate concrete [33]. The image-based approach
was also used to assess the behaviour of road materials [34-36]. In their
works, the authors assured the usefulness and effectiveness of this op-
tical method in testing and observing the behaviour and properties of
these materials.

Besides, in geotechnical engineering research, DIC practices were
extensively employed to measure the subpixel displacements in soils
[37-39], and to explore the crack and failure mechanism in rocks
[40-44]. Li et al. (2019) [45] designed a new direct tensile apparatus
and exploited DIC to study the deformation and strain fields within
clayey soil. They stated that the use of this method is suitable, providing
important information on different stages of tensile deformation and
strain concentration of the investigated material. Wang et al. (2019)
[46] performed a series of plane strain compressive tests on medium
dense sandy soil by implementing a new apparatus. The findings
revealed that the DIC method achieved reliable results in geotechnical
tests.

3D-DIC and photogrammetry-based techniques were also recently
applied to the triaxial apparatus to obtain accurate maps of spatial
deformation and volumetric strains of the tested specimens [47-53].
The authors authenticated the progress in the image-based methods for
soil deformation measurement, which offers significant potential for
advanced geomaterials behaviour characterization. However, the DIC
application to DST has only a few precedents. Shen et al. [54] carried out
DST on calcareous sand with a particles size of 0.5-1 mm, by using a half
mold to record and process DIC conventional images. Calcareous sand is
a type of marine sediment with high calcium carbonate content, and it is
characterized by high porosity, high grain angularity, and brittle
behaviour, which make its performance notably different from other soil
types. In their study, the authors found that a shear band of a thickness
ranging between 0.79 and 1.59 mm was formed during shearing at the
interface between the upper and lower shear boxes, where the shear
strain was mostly localized. Yet, in this laboratory investigation, they
experimented under only one normal stress of 400 kPa. Likewise, Kong
et al. [55] employed this optical technique to monitor the DST by cutting
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one side of the shear box and creating a speckled pattern by applying an
artificial paint to the sand particles. Nevertheless, the use of this
speckling method could affect the overall behavioral characteristics of
the tested soil, particularly the interfacial properties between the pain-
ted grains. The results indicated that the maximum shear strain occurred
at the junction of the upper and lower shear boxes with a clear formation
of a shear band.

The review of literature in broad domains has already proven that
the DIC technology is an indispensable and irreplaceable tool for
microscale deformation measurements, and it continues to gain bur-
geoning popularity [56]. Despite this, only a few studies investigated its
application on DST as it was documented. Additionally, in the above-
mentioned studies applying DIC to DST [54,55], the results are still
preliminary as the authors did not carry out an extensive validation of
the accuracy of the DIC measures. Hence, it is of great importance to
perform an in-depth experimental work to evaluate the meso-properties
of sandy soil subjected to direct shear loading, along with a detailed
accuracy quantification of the DIC technology. Furthermore, an assess-
ment of employing a newly designed shear box will be investigated
including a particular selection of the speckled surface.

The main aim of the present paper is to explore the potential appli-
cation of DIC in monitoring the DST on sandy soil. For that reason, a new
shearing apparatus consisting of a modified carriage and an open shear
box by using plexiglass plates was designed. Two validation assessments
were discussed to quantify the accuracy of DIC, namely, the noise-floor
analysis and the comparison of the measurements with contact methods
(i.e., transducers). Moreover, to estimate the effectiveness of the modi-
fied apparatus, the lateral deformation of the used plexiglass plate in the
new shear box was studied and the rotation of the upper shear box was
also examined and compared to the behaviour of the conventional metal
device. The full-field measurement of DIC provided suitable means to
quantitatively analyze the deformation and strain distribution before
and after shearing the specimen. Besides, the obtained localized strains
were investigated to examine the progressive shear failure process along
with the development of the shear band.

2. Materials and Methods
2.1. Soil

The soil used in the present investigation is siliceous sand. Silica sand
has in general more regular particle shape than the calcareous sand,
what could represent a drawback for DIC tracking algorithms. Instead,
potential fragmentation of the calcareous particles might also introduce
correlation issues. According to the Unified Soil Classification System,
the soil is classified as poorly graded sand (SP). Fig. 1 shows the particle
size distribution and Table 1 presents the main properties of the tested
soil, which include the shear strength parameters (c and ®) according to
Mohr-Coulomb failure criterion.

2.2. Sample Preparation

To prepare the sandy samples, the soil was first oven-dried at a
temperature of 105 °C for 24 h. Then water was supplemented gradually
in the quantity of 10% by dry weight of the soil according to its
compaction characteristics and mixed thoroughly with the specimen.
The samples were then prepared by using the moist tamping method in
correspondence to the compaction characteristics of the soil, in order to
obtain a constant dry density for all the specimens. The mixture was
compacted by using a tamper, in a square metal ring of 60 x 60 mm
dimensions and 23 mm thickness. Subsequently, the compacted sample
was carefully inserted into the modified shear box.

2.3. Direct Shear Test

The conventional DST apparatus was employed to conduct the
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Fig. 1. Particle size distribution of the soil.
Table 1
Soil main properties.

Properties Symbols Values
Mean particle diameter Ds( (mm) 0.269
Uniformity coefficient Cu 2.43
Coefficient of curvature Cc 0.97
Specific gravity Gs 2.65
Maximum dry density pg (g/cm®) 1.6
Optimum moisture content OMC (%) 10
Cohesion C (kPa) 4.11
Angle of internal friction @ (°) 36.05

experimental investigation, according to ASTM D 3080 [57]. However,
one side of the original metal box of 60 x 60 mm dimensions was
replaced by a transparent plate; thus, making it possible to visually
monitor the soil particles displacement and deformation with a con-
ventional (RGB) camera. In a preliminary approach, a new cost-effective
mold was manufactured for experimental purposes by employing a fused
deposition modelling (FDM) based 3-D printer, and rigid bioplastic
filament. The modified shear box was printed by using solid Polylactic
Acid (PLA) with an infill rate of 100% (no voids), whose typical tensile
strength varies from 30 to 60 MPa. Although not comparable to steel, the
solid PLA material is still rigid enough to efficiently reproduce the
considered mold. Additionally, the shape and dimensions of the new box
were identical to the original one. Therefore, it is to be expected that the
manufactured shear-box will not have any interference with the DST
results. The open side of the new box was closed by using two Plexiglass
(PMMA; Polymethyl methacrylate) plates of 4 mm thickness screwed to
the upper and lower parts of the shear box as illustrated in Fig. 2.
Moreover, half of the transparent plexiglass plate was painted with a
black/white speckled pattern to acquire a reference area for the inten-
ded measurements with DIC. Thus, the in-plane displacements detected
by DIC on these reference boards can be directly compared against the
shear box displacements registered by the transducers. The adoption of
this method was easy, fast, and practical, avoiding the alteration of the
soil properties arising from painting the soil grains. Besides, the method
could be employed under any moisture condition (dry, wet, or saturated
soils), thus increasing the efficiency of the applied speckling technique.
Whereas, by speckling the soil particles, only dry conditions could be
applied, since the paint on the grain surface will be obviously affected by
the humidity, arising more shortcomings.
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1. Speckled pattern
2. Plexiglass plates
3. Upper and lower boxes
4. Sliding carriage

{

Fig. 2. Model representing the modified shear box and carriage.

The DST was performed under the normal pressures of 100, 200, 300,
and 400 kPa and at a shear rate of 0.5 mm/min. The test was ended at 10
mm horizontal displacement, thereby a shear strain greater than 15%
had been reached, yet the shear failure took place earlier.

2.4. Digital Image Correlation Set-up

Two-dimensional DIC was applied in this study, given that the
examined material has a planar surface and only in-plane measurements
are intended to be explored. A single camera was fixed with its optical
axis perpendicular to the considered soil surface (Fig. 3). The camera
employed is a digital single-lens reflex (DSLR) Canon EOS 1200D, hav-
ing a resolution of 18.1-megapixel and provided with Canon EF lens
(image settings: focal length 21 mm, ISO-100, exposure time 1/25 s, f/
6). Cold LED light source was also mounted to illuminate the entire
targeted field of view. The lighting intensity and position were adjusted
to have sufficient and uniform contrast between the brightest and
darkest regions of the pattern. A digital intervalometer was also used to
take pictures of the shearing box with a constant frame rate of 0.5
images-s’l.

The series of recorded images were processed by using the software
GOM Correlate (GOM GmbH). Non-incremental DIC was chosen as the
method of calculation after finding that no correlation issues arose when
tracking the sand pattern during shearing. Compared with incremental
DIC, direct correlation with the reference image introduces no accu-
mulated error in the measured displacements. The other main parame-
ters of DIC, namely subset size (i.e., window calculation size) and step
size (i.e., distance between subsets) were manually adjusted to 40 and

1. Transducers
2. Modified shear box and
soil sample

3. DSLR camera
4. Loading cell
5. Intervalometer

Fig. 3. Experimental set-up of the Direct Shear Test.
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18 pixels respectively for all the experiments. These values were chosen
in order to obtain an optimized balance between the spatial resolution
and the interpolation error. The criterion for setting the subset size value
should be to choose a size large enough for a subset to be clearly
distinguished from the others, thus minimizing areas with no correlation
in the region of interest (ROI). On the other hand, step size influences the
spatial resolution of the measurements and is typically two or three
times lower than subset size. It should be noted that the smaller the step
size is, the longer the calculation time.

3. Results and Discussion
3.1. Analysis of the New Shear Box

In this section, the designed shear box was examined to ensure that
the experimental work is run properly without inducing any misrepre-
sentation of the traditional DST. Consequently, the deformation of the
plexiglass plate used in the new device, as well as the rotation of the
upper shear box and the load cap were analyzed and discussed herein.

3.1.1. Glass Bending Test

The modified shear box should appropriately imitate the mechanical
behaviour of the conventional metal box employed in DST. Accordingly,
the type and thickness of the Plexiglass plate were assessed, by
measuring its lateral deformation when subjected to normal pressure.

The transducer was placed in the middle of the lower plate, which is
the critical position, where theoretically the highest lateral deformation
could be detected, as illustrated in Fig. 4 (a). The test was performed
under static condition (i.e., without shear loading), similar to the
consolidation test. The sample was vertically loaded, and the normal
stress was gradually increased up to 400 kPa. Another extensometer was
positioned at the top of the loading plate to measure the vertical
displacement of the soil specimen under the different normal stresses.

It is clear that the vertical displacement of the sample and the lateral
deformation of the plate augmented with a further increase in the ver-
tical pressure, as observed in Fig. 4 (b). The maximum lateral bending of
the plexiglass attained 0.11 mm at 400 kPa normal stress, which rep-
resents 0.183% of the lateral strain in the sample. Accordingly, it could
be concluded that the plexiglass plate of 4 mm thickness was suitable for
this test showing an insignificant lateral deformation.

3.1.2. Box Rotation Test

The rotation of the shear box and the top-loading plate on the soil
sample during DST are some primary reasons for the nonuniformity of
stresses. Historically, these criticisms have made geotechnical practi-
tioners skeptical about the reliability of the results of this test [58]. For
this reason, it is particularly important to analyze the effect of the
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modified module on the rotations of the upper box and the loading plate
during shearing. Firstly, the inclination of the top part of the box was
compared to the one measured in the traditional metal device at a
normal pressure of 200 kPa. Secondly, the effect of the applied vertical
pressure on the rotation of the new shear box was interpreted. The in-
clinations were measured with respect to the horizontal axis (X-direc-
tion), at a shear strain equal to 15%. Two segments were designated, one
on the top edge of the upper shear box, and the other on the top border of
the metal loading plate as shown in Fig. 5 (a).

On the one hand, it can be noticed that under the same conditions,
the modified shear box rotated more than the original metal device by
10.7% as displayed in Fig. 5 (a) and (b). And the loading head of the
newly designed device exhibited a 15.1% increase in inclination when
compared to the metal box at 9 mm shear displacement. The cause of
this variance is possibly due to the specific gravity of the different ma-
terials for each device, given that the metal box has an evidently higher
density and stiffness than the plastic one, resulting in less rotation.

On the other hand, the inclination angle increased with increasing
the shear displacement as observed in Fig. 6. Moreover, this figure
revealed that during shearing, the rotation of the upper part of the
specimen augmented with increasing the applied vertical pressure. The
lowest inclination of the new box was found at 100 kPa normal stress
(1°) and increased by 37.5% at 400 kPa (1.6°). The non-uniform stress

Angle Loading Head (LH)
LXY 1.98 °

Angle Upper Box (UB)
ZLXY 1.21

P1 f Y P2
dX  +0.0586 mm { dx
-0.2 dy

+0.1444 mm|
+1.8597 mm|

L
ZXY 2.28 ° '

=
3 i

Angle Upper Box (UB)
ZLXY 1.34 °

Fig. 5. Rotation of the upper shear box under 200 kPa normal stress and at 15%
strain in the DST using: (a) the original metal box, and (b) the modified
shear box.
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Fig. 4. (a) Transducer position (b) Plexiglass plate deformation and vertical displacement in the sample vs. the applied normal stress.
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Fig. 6. The inclination angles of the upper modified shear box and loading plate at normal stresses of (a) 100 kPa, (b) 200 kPa, (c) 300 kPa, and (d) 400 kPa. The red
vertical lines represent the image step corresponding to 15% shear strain (i.e., 9 mm horizontal displacement).

distribution induced moments and accordingly led to the inclination of
the tested specimen. With an ongoing shear displacement, the area of
contact in the sample is diminishing, hence, the stresses at the interface
increase and the uneven distribution is more pronounced, leading to
higher rotation. These findings are in good agreement with other
research [59].

It is also worth mentioning that for all the tests, the loading plate
rotated more than the upper shear box as illustrated in Fig. 7. Since the
load cap is positioned above the soil specimen, its movement is directly
influenced by the behaviour of the sand beneath it. The greater rotation
could probably be affected by the sample preparation phase, particularly
the degree and consistency of compaction of the tested soil. Moreover,
this finding could be justified by the initial angles of the load cap which
are not set to zero as it is practically difficult, consequently resulting in
higher inclination.

3.5

= Upper Box
3.0
mLoad Cap
25
20
1.5 4
1.0
0.5
0.0
100 200 300 400

Normal Stress (kPa)

Angle of rotation (°)

Fig. 7. Variation of rotational angle under different normal pressures at 15%
shear strain.

3.2. Analysis of DIC Setup

Quantifying the uncertainty attributed to the image-based method is
critical for a rational assessment of the DIC results. The noise floor at the
pre-test stage, and the displacement measured by processing the recor-
ded images during the shear stage, were evaluated in this section.

3.2.1. Noise-Floor Analysis

An in-depth revision of the fundamentals, error sources and uncer-
tainty quantification for DIC can be found in previous research [60,61].
Although the error sources in DIC are varied, a common approach for
their quantification is the determination of the noise floor. The funda-
mental concept of the noise-floor analysis, also known as variance error
quantification, is to correlate static digital images that were obtained
under the same conditions of the conducted test. Therefore, to analyze
the noise floor, a series of approximately forty pre-test photos were
taken for the static shear box in the unloaded condition. In the image
processing, the expectable displacement calculated by DIC technique
must be zero, hence any computed displacement is considered noise.

The noise level is normally similar between the horizontal and ver-
tical directions. However, it is advisable to calculate these indicators
distinctly for each direction, selecting the maximum or the average
between these directions [62]. Therefore, twelve points were designated
to perform the noise floor analysis of the planar components in the
stationary image series. Three points, on the middle and sides, were
chosen on each relevant part (i.e., upper, and lower) of the shear box, in
both the speckled and sand ROIs, as observed in Fig. 8. The resulting
noise baseline is displayed in Fig. 9 for the selected points in both
directions.

The standard deviation (SD) was computed to quantify the variance
errors, and it was calculated for the sections of sand and speckled pattern
separately. Table 2 summarizes the statistics of the noise analysis for the
displacement in the horizontal and vertical directions. It can be noticed
that the noise SD for the soil is marginally greater than the painted
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Fig. 8. Selected check points distributed on both sides and at the middle of the
upper and lower shear boxes.
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Fig. 9. Variation of baseline noise at 12 checkpoints for (a) horizontal

displacement (b) vertical displacement.

Table 2
Overall Statistics for noise floor levels.

Section Sand section Speckled section

Direction X-displ. Y-displ. X-displ. Y-displ.
Min. (mm) —0.0054 —0.0131 —0.0027 —0.0064
Max. (mm) 0.006 0.0145 0.0052 0.0084
Mean (mm) 0.00031429 5.7143E-05 0.00032857 0.00027143
SD (mm) 0.00100857 0.00169429 0.00075714 0.00116857

section in both directions. However, the low standard deviation values
are indicative of the precision of the applied optical method.

Furthermore, the noise was estimated from a single image step for
both horizontal and vertical directions, in order to assess the effect of the
considered surface, namely the sand and speckled regions. In this case,
two profiles were considered in the lower shear box, highlighted with
lines where the corresponding responses are displayed in Fig. 10 (a). It
can be perceived that the noise was higher in the soil section than the
speckled one for both X and Y directions, as shown in Fig. 10 (b) and (c),
respectively. This is reasonable, considering the fact that DIC results are
less noisy when using an appropriate stochastic pattern of contrasting
features.

3.2.2. Displacement Accuracy Assessment

Although the DIC technique has shown the potential to provide a
high accuracy level comparable to contact methods in several previous
studies, the precision of DIC using consumer grade equipment (e.g.,
DSLR cameras) has not been yet fully investigated. In this work, the
accuracy is assessed by comparing the horizontal displacements recor-
ded by a conventional contact measurement device (i.e., transducer) to
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those computed by processing the images with DIC. For the accuracy
analysis, two ROIs were selected on the upper and lower shear boxes
within the speckled pattern of the plexiglass plate as seen in Fig. 11. The
figure exhibited almost a stationary position for the upper box (in blue),
however, the lower box displayed an approximately 10 mm horizontal
displacement indicating the end of the test.

The relation between the shear displacements obtained by the
transducer and the image processing technique exhibited a good fit. And
Fig. 12 Percentl2presented the percentage of error along with the brief
statistics for the difference of horizontal displacements between exten-
someter and DIC measurements. The graph depicted a low percent error,
with an overall [mean (SD)] error of —0.009 (0.026) mm. The fitted
results affirmed the accuracy of employing the DIC technique in DST.

3.3. Consolidation Phase

As for the consolidation and shear processes, a new ROI was defined
including the whole window of the shearing box corresponding to the
sand area. Fig. 13 Particles13represents the consolidation settlement of
the soil under an applied normal load of 300 kPa. The grains moved
downward rapidly indicating a volumetric compression within the soil.
Also, a marginal horizontal displacement of the particles was noticed, it
is approximately balanced between the right and left parts of the sam-
ples but in opposite directions. However, for granular materials, the
squeezing out of water is very quick and the consolidation process takes
place in a short time upon load application as seen in Fig. 13 Particles13,
5 s in this case, well known as immediate settlement. Under a specific
normal force, the end of the consolidation phase was depicted when the
readings of vertical transducer are stabilized. The completion of
consolidation was verified by interpreting the plot of the normal
displacement versus either log of time or square root of time, as specified
in ASTM D 3080 [57], when no additional settlement was noticed.

Fig. 14 Theld4illustrates the vertical displacement of the particles
measured by DIC under two different normal stresses (200 and 400 kPa)
at the end of the consolidation phase, or simply when no significant
change in the movement was induced by the applied load. The figure
also displays the variation in the displacement along five different
profiles. It is obvious that the vertical displacement augmented by
increasing the normal pressure.

Furthermore, the graphs show that the settlement was more pro-
nounced at the top edge of the box since the downward movement of the
lower part was restricted by the motionless base plate. It could be also
noticed that the repositioning of the grains was asymmetrical about the
vertical center line of all the tested samples. The right sections experi-
enced higher displacement than the left ones. The slight difference could
be attributed to the non-homogeneity in soil specimens due to the
inability to perfectly ensure an even compacted sample with an exact
straight and smooth surface. However, these observations assert the
significance of applying DIC to DST, where high precision of vision-
based data could be captured.

3.4. Shear Process

Analyzing the DIC planar displacement maps of the soil grains
throughout the test generates more profound understanding of the
meso-mechanical behaviour of the material. Fig. 15 (a) illustrates the
shear stress-horizontal displacement curves of the samples under vary-
ing normal pressures of 100, 200, 300, and 400 kPa. Fig. 15 (b) to (f)
present the incremental subset displacement diagrams in both X and Y
directions at a normal pressure of 300 kPa. In each figure, the upper one
indicates the horizontal displacement (dX), while the lower indicates the
vertical displacement (dY).

On the one hand, it can be observed that the soil grains in the upper
part of the lower shear box experienced less horizontal displacement
than those located in the center and bottom parts of it. In fact, the grains
in the bottom part moved concurrently with the shear displacement
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applied to the lower box, however, the upper portion was affected by the
fixed boundary beyond it resulting in less horizontal displacement.
Meanwhile, it was also noted that in the middle of the box, a pre-
sumptive band was created showing lateral displacement ranging from
zero at the upper border of the supposed layer to maximum displace-
ment at its lower border. The development of this layer is called shear
band formation and will be discussed later in this research. These ob-
servations agree with the findings of other studies [63].

On the other hand, at the start of the shear test, the particles showed
non uniform vertical displacement along the X-axis (Points A and B in
Fig. 15 (a)). An upward (positive) movement was detected on the right
side, while a downward (negative) movement was seen on the left part
of the box. As the test continued, the nonuniformity of the normal
displacement is rotated counterclockwise to be in some way symmetrical
about the diagonal of the box from the upper right to lower left. How-
ever, the upward displacement was more perceived, explaining the
commonly dilative behaviour of the sandy soil where some particles
must slide upon the others during shearing. Moreover, the nonunifor-
mity of the vertical movement is certainly influenced by the rotation of
the top cap and the box discussed previously.

Throughout the shear process, the soil particles undergo both
translational and rotational movements. The GOM software computes
the shear angle from the stretch tensor at several points. Theoretically,
at least three points are required (triangle), yet the software uses addi-
tional adjacent points to the individual targeted one, for improved
verified measurement. Consequently, an equilateral hexagon enclosed
by the surface is considered, where the strains must be computed as
represented in Fig. 16 (a).

The shear angle maps of the investigated soil are illustrated in Fig. 16
(b) to (f) with a close-up of the shear zone for the same selected points as
in Fig. 15 (a). As observed in the next figure, with a further induced
horizontal displacement, the shear angle is increased to reach its
maximum value at the residual state (Point E). The large shear
displacement induced the distortions of the grids at the intersection
between the upper and lower boxes. Similar trends were noticed for all
the applied normal stresses (100, 200, and 400 kPa).

The analyses of the shear process are based on the observation of in-
plane particle behaviour, yet we cannot ignore that out-of-plane in-
teractions also occur during DST. What seems reasonable to state, based
on our experiments, is that the out-of-plane displacements were not
significant. Otherwise, problems would have been detected in the subset
matching process.

3.5. Shear Band Analysis

3.5.1. Strain Localization

Fig. 17 displays the distribution of strain in the samples subjected to
200 and 400 kPa applied normal stresses at three distinct moments,
namely, at pre-failure (a and b), at failure where a distinct peak shear
stress was exhibited (¢ and d), and at post-failure (e and f). The DIC
software converts the measured surface coordinates into strain values. In
this case the major strain was considered, which is the largest possible
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strain of a targeted element. Several points were selected in the upper,
middle, and bottom parts of the specimen to quantitatively assess the
strain variation. The strains augmented with an increase in the normal
stress, particularly in the central zone of the samples for all the phases.

The first studied stage describes the strain localization during the
plastic deformation of the sample, this stage follows the elastic phase
(linear stress-strain relation) and precedes the failure. It can be noticed
that the strain is concentrated within a specified zone around the mid-
height of the shear box. This strain localization was developed after
the soil particles relocate and rearrange to adapt to the external applied
conditions. At this stage, the development of a shear band is well
observed at the junction of the upper and lower boxes.

With a further shear displacement, the shear strains within the band
increased considerably, and the borders of the shear band became more
and more noticeable. These high strain zones propagate in the sample
along the horizontal contact area between the boxes. However, as it was

observed, the strain changes outside the shear band during the different
stages were insignificant. These results are consistent with the findings
of other research employing the X-ray-computed tomography (CT)
scanner with the DST to investigate the behaviour of sand and tire chips
[2]. Similarly to other research [54], during the post-failure phase, the
soil experienced a strain-softening behaviour, which is the critical stage
where the thickness of the shear band attains almost a constant value.

3.5.2. Shear Band Thickness

The shear band behaviour has long been an essential concern to
properly interpret the response of soil and to quantify the local strain
development. One important physical characteristic of the shear band is
the thickness that could be successfully estimated with the DIC
approach. It is generally calculated with respect to the mean grain
diameter (Dsg).

Eleven profiles were taken along the sample height as it is shown in
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Fig. 18 (a) and perpendicular to the shear band to precisely estimate its
thickness. The strain values are obtained along these sections as dis-
played in Fig. 18 (a). Subsequently, the mean curve of the strains was
also estimated and presented in Fig. 18 (b). The thickness of the shear
band is considered as the distance between the points having the
maximum gradient in the average curve. Moreover, Fig. 18 (c) sum-
marized the calculated shear band thickness under varying vertical
loads, along with the normalized shear band thickness (t/Ds).

The results showed that the shear band thickness ranged between
11.5 and 11.9Dsg. Previous experimental study of ring shear test per-
formed on three types of sand has shown that the ratio of the shear band
thickness to Dsg is equal to 10 for poorly graded sands and 14 for silty
sand [64]. Furthermore, previous research [65] investigated the shear
band thickness under plane strain loading conditions for different types
of sandy soil. They stated that the range of the ratio between the
thickness and Dsg is 10 to 11 for coarse sand, 11 to 12 for medium
grained sand, and 13 to 14 for fine sand.

It is also noteworthy that the thickness slightly rose with an increase
of the normal stress. The increase in the confining or vertical pressure
caused higher strain values in the middle of the specimens, as it was
demonstrated previously. These greater strains propagate and localize
over a relatively larger zone in the granular material. Consequently, this
explains the marginal increase of the shear band thickness.

4. Conclusions

The shear behaviour of poorly graded sand in DST was investigated
by employing 2D-DIC processing under different vertical stresses of 100,
200, 300, and 400 kPa. A new cost-effective 3D printed shear box was
created to visually monitor the meso-mechanical behaviour of the soil.
The optical approach was demonstrated to be an effective tool not only
to visualize the results but particularly to quantify the measurements
such as strains and displacements during DST.

The potential application of DIC to DST was successfully validated by
assessing the noise-floor of the pre-test stationary images, and by
comparing the shear displacement to the one measured by a transducer.
Additionally, the use of the newly designed shear box was demonstrated
to be suitable for performing the DST test, by measuring the deformation
of the plexiglass plates of the new device and by evaluating the rotation
of the upper box and the load cap.

In the consolidation stage, the immediate settlement of the granular
material was observed. During shearing, the vertical movement inside
the sample explained the dilation behaviour of the compacted siliceous
sand. Moreover, we used partially saturated samples, and under these
conditions no imaging artifacts were detected. However, it would be
interesting to investigate the possible application of the method using
samples with a high degree of saturation or even submerged samples.
DIC application on DST also opens up new possibilities for quantifying
shear expansion at different test phases and monitoring how this



G. Alhakim et al.

a
) y (%)
1.37
1.00
0.00
300
Z 20
<
= 200
Z -1.00
L™
2
R
& g -1.63

)

i 23.70

0.00

-50.00

-69.03

©)
3179

0.00

-80.83

Measurement 211 (2023) 112645

Fig. 16. (a) Schematic representation of the shear angle (b)-(f) Shear angle maps at 300 kPa vertical pressure with a detailed view of the shearing zone for (b) Point

A, (¢) Point B, (d) Point C, (e) Point D, and (f) Point E.

200 kPa 400 kPa

(%)

62.4
4

a)

0.0

d)

(%)
89.6
75.0

(%)

I2|2,7

150.0

75.0

-17.3
(%)
590.2

450.0

300.0

Fig. 17. Shear strain distribution under 200 and 400 kPa vertical pressures at different stages: (a)-(b) pre-failure, (c)-(d) failure, and (e)-(f) post-failure.

10



G. Alhakim et al.

a)

Profiles:

Measurement 211 (2023) 112645

b)

(%)

lsqo.z

450.0
300.0
150.0
€.major
-20.0
avg. curve
400 T T T T Thickness
300t -0
9 - |
§ 200 . Normal stress ¢ (mm) t/Dso
g | (kPa)
o
100 ] 100 3.09 11.5
. 200 3:13 11.61
=== 300 3.16 11.76
400 3.2 11.9
-50 :
0 20

Profile lenght (mm)

Fig. 18. Shear band thickness estimation (a) Vertical strain distribution along the selected sections, (b) Mean strain curve, (c) Shear band thickness values for

different normal pressures.

phenomenon varies under different normal stresses, yet further research
is still needed on this point.

Furthermore, the localization of strain was propagated at the junc-
tion of the upper and lower shear boxes. A clear shear band was formed
at this interface, and the ratio between the band thickness to the mean
grain diameter reached a value of 11.5 and slightly increased to 11.9
under normal stresses of 100 and 400 kPa, respectively. In the tests
performed, the thickness of the shear band increases with shear
displacement. While the justification for the occurrence of this phe-
nomenon exceeds the scope of this paper, which could be investigated
by means of DIC in future works. The results of this study demonstrated
that the employment of DIC was highly effective and suitable and could
overcome the main limitations of the conventional DST where the non-
uniformity and the localization of the strains could not be examined.
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