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Abstract 21 

Several researchers have studied the behavior of particles during shearing to have better insight 22 

on the Mohr-Coulomb (MC) strength parameters. In most cases, the movements of particles 23 

along the shear band were studied by means of numerical modeling to obtain the velocities and 24 

directions of the soil particles. The use of a transparent shear box highlights the original 25 

enhancement and contribution in this paper to study the mechanical behavior of particles using 26 

particle image velocimetry (PIV) along the shear zone. Earlier literature on research utilizing 27 

“transparent shear box” consisted of several limitations such as obstructed view of the shear 28 

zone or using numerical simulation. The tested specimens consisted of sand and reconstituted 29 

rock spoils of metagreywacke and shale origins, which were classified according to their shapes 30 

and mineralogy contents. Particle shearing behavior were analyzed in detail at various stages 31 

throughout the direct shear tests with results complementing the PIV assessments. This novel 32 

interpretation technique has successfully demonstrated how particle shapes and angularity, 33 

mineralogy as well as effects of particle dilation and compression under shear, can influence 34 

the strength parameters.   35 

36 
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Introduction 39 

Particle behavior along shear bands has been studied by many researchers. In order to obtain 40 

better insights into particle behavior during shearing, laboratory tests and numerical modeling 41 

are usually performed. However, in the course of such studies, many limitations were 42 

identified. These limitations include (i) non-uniformities of stress produced during direct shear 43 

testing being apparent only through numerical simulations (Potts et al. 1987, Indraratna et al. 44 

2014); (ii) views of shear zones being obstructed due to equipment fittings (Fukuoka et al. 45 

2006); (iii) isolated discontinuous observations of shear band development and particulate 46 

activities (Wang and Sassa 2002, Wafiq et. Al 2004); and (iv) studies being limited to plane-47 

strain assumptions of granular specimens (Yuan et. al 2017).  48 

The limitations showed that there is a need for physical tests to act as crucial experimental 49 

validation of simulated particle behaviors, and to provide continuous and unobstructed views 50 

of granular materials when subjected to shearing. Therefore, in order to address the 51 

shortcomings highlighted earlier, it is crucial to acquire clear evidence of the test specimens 52 

during shearing for the analysis of particle movements along the shear zone. In the current 53 

study, this was achieved through the acquisition of continuous sequential high-resolution 54 

images from direct shear tests performed on actual granular materials by using a fully 55 

transparent shear box. The authors agree that PIV is not a new technique, but the supplementary 56 

use of PIV in validating a usual shear box test and subsequently with interpreted parameters 57 

and techniques developed for the accurate analyses of real-life pipe-jacking works (Choo and 58 

Ong 2015, 2017; Ong and Choo 2016, 2018), is indeed original and important in advancing 59 

fundamental understanding in this research area. Usually the shear box is considered as a ‘black 60 

box’ due to the unknown particle interaction and only the results can be relied on. Previous 61 

studies conducted partial analysis or numerical simulation while this study is unique where for 62 
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the first time, the best judgement can be made about particles behavior along the shear zone 63 

unobstructed, using the transparent shear box.  64 

This paper discusses the contributions of particle image velocimetry (PIV) technology in 65 

providing better insights to particle behavior during shear and how this phenomenon affects 66 

the Mohr-Coulomb strength parameters. This was achieved by studying the mechanical 67 

behavior of granular soils during different shearing stages using a purpose-built, transparent 68 

shear box and with the aid of PIV technique to analyze particle movements in the shear box. 69 

The transparent shear box gives a technical enhancement to this study, where all activities along 70 

the shear band can be captured via continuous sequential images throughout the tests. The well-71 

calibrated PIV method is then used to analyze the images acquired during the shearing process 72 

of the specimens at various well-defined stages, namely (i) end zone deformation, (ii) particle 73 

interlocking, (iii) shear zone formation and (iv) steady shear (Li and Aydin 2010). The PIV 74 

analyses and outcomes were then used to interpret the direct shear test results in order to 75 

develop detailed understanding of how the Mohr-Coulomb parameters could be influenced by 76 

a typical geology, mineralogical content, particle shape and angularity as well as effects of 77 

particle dilation and compression during shear under various normal stresses. 78 

Tested Materials 79 

Three types of granular materials were chosen as testing specimens, namely sand, 80 

metagreywacke spoils and shale spoils. Well-graded sand was used while spoils of 81 

metagreywacke and shale origins were obtained from various sites in Kuching city, on the 82 

island of Borneo. The sand was classified as rounded and sub-angular smooth particles with 83 

main constituent of quartz, whereas metagreywacke and shale particles were more angular and 84 

had rougher surfaces.  85 
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Petrographic analyses carried out on sand showed that sand can be considered as orthoquartzite, 86 

where the high content of pure quartz cemented by silica produces extremely strong particles 87 

(Pfeffer 2014). Petrographic analyses also showed that metagreywacke sample comprised of 88 

poorly sorted angular to subangular quartz grains, feldspar grains and rock fragments in a 89 

matrix of fine-grained quartz, sericite, chlorite and clay minerals. Shale being more fissile (can 90 

be easily split apart), is more prone to weathering effects that makes it relatively weaker 91 

(Pfeffer 2014). Shale spoils comprised mainly of clay minerals, silt-sized quartz grains, tiny 92 

flakes of mica and carbonaceous materials.  93 

The test specimens were oven-dried and scalped with a distribution of particle sizes passing 94 

2.36 mm sieve and retained by 75 µm sieve according to Section 6.2.1 – 6.2.3 of ASTM D 95 

3080 / D3080M-11(2011) Standard Test Method for Direct Shear Test of Soils Under 96 

Consolidated Drained Conditions (ASTM 2011a). The scalping method consists of removing 97 

particle sizes beyond the allowable particle size range for the test specimen. The scalping 98 

method was previously adopted by Choo and Ong (2015) during direct shear testing of 99 

reconstituted rock spoils. Fig. 1 shows the particle size distribution curves for the tested 100 

specimens. 101 

The specimens consisted of sand-sized grains and can thus be classified as well-graded sand 102 

and poorly graded rock spoils (metagreywacke and shale) according to ASTM D2487-11 103 

Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil 104 

Classification System) (ASTM 2011). Dry density was obtained by computing the specimen 105 

dry mass and the initial specimen volume. Table 1 shows the physical properties of the test 106 

specimens.  107 

Direct Shear Testing 108 
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Direct shear tests were conducted on each specimen according to ASTM D3080 / 3080M-109 

11(2011) Standard Test Method for Direct Shear Test of Soils Under Consolidated Drained 110 

Conditions (ASTM 2011a) in order to obtain their strength characteristics. A series of direct 111 

shear test was conducted for each specimen with sample size of 63.3 mm diameter and 27 mm 112 

height at normal stresses of 100 kPa, 200 kPa, 300 kPa, 400 kPa and 500 kPa. Using a fully-113 

automated direct shear equipment, each specimen was sheared at constant rate of 0.0017 mm/s 114 

for a horizontal displacement of 15 mm.   115 

 To understand the particle behavior during shearing, the four-stage shearing model developed 116 

by Li and Aydin (2010) was used as a guideline to interpret the direct shear test results. It is 117 

hoped that better insights could be made to understand the apparent cohesion and frictional 118 

angle values of different sets of geology based on  their respective particle shapes and 119 

mineralogy contents.  120 

Understanding the Shearing Stages 121 

Theoretically, at the start of the shearing phase, the sample is in a contraction phase. The 122 

particles, especially those along the shear band, rearrange themselves into the existing voids, 123 

resulting in contraction. This first stage during shearing is called “end zone deformation”, 124 

which will end at the lowest point in volumetric strain, where particles are thought to be 125 

interlocking one another to stop further contraction (Shimizu 1997). During the second stage 126 

of shearing known as “particle interlocking” stage, the particles along the shear band have to 127 

surpass interlocking by rolling on the surrounding particles. This will result in localized dilation 128 

and hence volumetric strain will increase. Peak stress is achieved when particle movements are 129 

fully mobilized at the maximum interlocking phase within the shear band. “Shear zone 130 

formation” is the third stage during the shearing process, which starts from the peak stress until 131 

a constant stress level is achieved. The shear band develops more actively due to particle 132 



7 

movements and this results in a looser layer (Oda and Kunishi 1974; Fukuoka et al. 2006). 133 

Along the shear band, the smaller particles tend to rearrange themselves by filling the voids 134 

and larger particles will roll or rotate. This will allow the shear zone to readjust its structure 135 

and cause reduction in the shear resistance. The last stage of shearing is when “steady shear” 136 

occurs, where regular but uneven layers of particles are locked into the structure of the layer. 137 

The structure at the upper half of the shear box remains steady while the lower half moves 138 

forward at constant amplitude with negligible vertical displacement. At this point, the particles 139 

would tend to slide along the upper and lower block interfaces with an effective balance of 140 

dilation and contraction. Hence, no significant dilation occurs at this stage and hereafter, the 141 

test specimen moves with minimal vertical deformation to reach a residual state (Li and Aydin 142 

2010). 143 

Experimental Setup 144 

In order to study particle behavior during shearing, a purpose-built shear box was fabricated 145 

using Perspex, a transparent material that allows clear visibility of the particles. The shape and 146 

dimensions of the Perspex shear box are identical as compared to a conventional shear box 147 

with accordance with ASTM D3080 / D3080M-11(2011) Standard Test Method for Direct 148 

Shear Test of Soils Under Consolidated Drained Conditions (ASTM 2011a). Fig. 2 shows the 149 

drawing specifications for the (a) top half and (b) bottom half of the Perspex shear box. 150 

Although having relatively lower rigidity, acrylic has been successfully used in previous 151 

research works consisting of shearing. Fukuoka et al (2006) used acrylic to fabricate a 152 

transparent ring shear box to study shear zone formation for granular materials. However, due 153 

to the equipment constraint, part of the shear zone was obstructed by a steel plate. Sharma et 154 

al (2007) conducted interface shearing between silty sand and geomembrane. The interface 155 

material was achieved by using an acrylic block of 100 mm x 100 mm x 38 mm and the 156 

geomembrane was glued onto it. In this study, constant normal stress was achieved during 157 
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shearing which demonstrate that the acrylic shear box is strong and stable throughout the test. 158 

Any deformation would result into cracks within the shear box, which was not noticeable after 159 

conducting tests at maximum load of 500 kPa. The shear stress obtained is purely from the test 160 

specimen and not in contact with the shear box which is ensured by the allocated shear gap of 161 

0.63 mm. 162 

Particle Image Velocimetry (PIV) 163 

Particle image velocimetry is a technique developed to measure velocity by using double-flash 164 

photography (Adrian 1991). The method consists of analyzing a series of sequential images 165 

during a seeded flow using an autocorrelation function to produce displacement vectors. 166 

GeoPIV is a MATLAB module, which executes PIV in geotechnical testing applications. It 167 

uses the principles of PIV to capture vector displacement during geotechnical testing. The 168 

texture of the tested soil specimen can be tracked through a batch of images to produce a 169 

complete vector trajectories plot of the test specimen (White and Take 2002, White et al 2003). 170 

GeoPIV can be used to help develop understanding on the dynamics of particles in the shear 171 

box. Localized activities such as dilation and compression, which are due to particle behavior 172 

during shear can be observed. Although the software cannot quantify such localized activities, 173 

it provides a good representation of the particle movements for better visualization when 174 

evaluating particle behavior in conjunction with the shearing test results. Therefore, better 175 

understanding and judgement on particle behavior and strength development can be developed. 176 

GeoPIV uses the first image as the reference point and compares the subsequent images with 177 

the first reference image to produce relative displacement between the images. Hence, as stated 178 

by Mehdizadeth et al (2015), any possible distortion due to curvature, camera lens and light 179 

refraction are eliminated. 180 

Testing Procedure 181 
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Sample Preparation 182 

The specimens were poured into the shear box by means of dry pluviation method, using a 183 

funnel of 0.35 mm opening diameter and a fall height of 100 mm, to achieve a dense sample 184 

(DeGregorio 1990). Dry pluviation method was adopted to ensure consistency within the test 185 

samples where constant weight and void ratio was achieved for each specimen. From Table 1, 186 

sand produced the highest dry density, followed by metagreywacke and shale being the least 187 

dense specimen. Each material was reconstituted and sheared at 100 kPa, 200 kPa, 300 kPa, 188 

400 kPa, and 500 kPa normal stresses. The range of normal stresses was adopted to demonstrate 189 

the changes in particles behavior at varying normal stresses from relatively low to high stresses 190 

and to also represent the depth of the jacking process performed in the field. 191 

Image Acquisition 192 

Sequential images were captured at an interval of 150 s while the specimen was subjected to 193 

shear for a maximum displacement of 15 mm. The images were remotely taken using a Canon 194 

EOS 450D camera with linear kit lens. Fig. 3 shows the image acquisition with the highlighted 195 

region of interest (ROI). A larger image resolution will produce greater number of patches and 196 

hence more information can be obtained (Grognet 2011). The images obtained from the camera 197 

were of 72 dpi resolution, with dimensions of 4272 × 2848 pixels and a region of interest as 198 

shown in Fig. 3.  199 

Naturally textured soils like sand which consist of various grain colors, does not require 200 

addition modification to produce pseudotexture as opposed to clayey soils (Mirzababaei et al 201 

2017). Hence, no markers or dyed particles were added to the tested specimens. To avoid any 202 

possible light reflection or shaded area on the transparent shear box, light shades were placed 203 

near the shear box. The dim lighting condition was maintained constant throughout the tests 204 

while other sources of lights were restricted. This was to ensure suitable images with consistent 205 

light density were obtained for GeoPIV analyses. 206 
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The Region of Interest (ROI) was set between the upper half and lower half of the shear box 207 

since particle activities such as interlocking and rolling occur along the shear zone. Such 208 

activities are used to justify the specimen’s apparent cohesion and friction angle. Similar 209 

approach was made by Fukuoka et al (2006) where image processing was used to measure 210 

velocity distribution within shear zone during ring shear tests. A predetermined shear plane of 211 

4.0 cm thickness was studied for a sample height of 11 cm. Obtaining a 2D section view 212 

representation of the particle mechanism during shearing is the most realistic approach while a 213 

3D view of the particles can only be achieved through numerical simulation and not an actual 214 

physical test. DeJong and Westgate (2009) have previously used a section view of the shear 215 

box to describe localized soil-structure interaction during a batch of interface shear tests. 216 

Vangla and Gali (2015) adopted similar side view of the shear box to demonstrate shear band 217 

formation during interface shearing tests. Fukuoka et al (2006) used video image analysis to 218 

study the shear-zone formation of granular materials during a series of ring shear test using a 219 

transparent shear box. Hence, the 2D section-view was analyzed and thus can confidently 220 

represent particle activities within the whole specimen. 221 

The size and position of the ROI were maintained for all the tests. To convert the image-space 222 

coordinates into object-space coordinates during PIV analysis, a set of reference targets with 223 

its known object-space coordinates is required (White et al 2003). As seen in Fig. 3, the grids 224 

above and below the Region of interest (ROI) were purposely placed and with known 225 

dimension of 5 mm by 5 mm to facilitate the conversion from pixel to mm. The measurement 226 

precision error, ρ obtained was 0.038 with 47526 measurement points, n which is acceptable 227 

due to its low precision error and yet larger number of measurement points (Peerun et al 2016, 228 

Peerun, M. I. 2016). 229 

Results 230 
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Direct shear test results 231 

Figs. 4 (a), (b) and (c) show the shear stress and volumetric plots for well-graded sand, 232 

metagreywacke and shale, respectively. Well-graded sand showed distinct peak shear stress 233 

and produced a constant residual shear stress state. Almost no compression was found at the 234 

initial shearing stage, followed by dilation at Stage 2 and compression to almost zero vertical 235 

displacement at the end stage of shearing. Metagreywacke and shale spoils exhibited similar 236 

trends at different normal stresses but with less distinct peak stresses compared to results from 237 

tests on sand. The samples were compressed to a maximum vertical displacement of 0.45 mm. 238 

With increasing normal stress, dilation was reduced significantly. 239 

Metagreywacke and shale produced higher residual shear stresses (for metagreywacke, τresidual 240 

= 355.3 kPa; for shale, τresidual = 359.5 kPa) as opposed to sand (τresidual = 292.1 kPa), which 241 

was expected as metagreywacke and shale consisted of angular particles with higher surface 242 

roughness. As mentioned by Djipov (2012), angular particles when subjected to compression 243 

were prone to breakages. Therefore, it is consistent to note that at the highest normal stress, 244 

spoils of metagreywacke and shale achieved a maximum vertical compression of 0.46 mm and 245 

0.53 mm, respectively, whereas sand compressed vertically by only 0.06 mm. This could mean 246 

that poorly sorted angular shale particles were more prone to breakages during the shearing 247 

process. Dilatancy angle, 𝜓 was computed from Eq. (1), as defined by Bolton (1986). 248 

tan 𝜓 = −
d 𝜀𝑦

𝑑𝛾𝑦𝑧
 (1) 249 

where 𝜀𝑦 is the vertical strain and 𝛾𝑦𝑧 is the shear strain. Both parameters were measured at the 250 

occurrence of peak shear stresses during the tests. A positive value of 𝜓 would indicate dilating 251 

behavior while a negative value would show contracting behavior of the specimen. Table 2 252 

shows that sand produced greater dilatancy angle, while metagreywacke and shale produced 253 

relatively lower dilatancy angles and exhibited compression at higher normal stresses. A 254 
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reduction in dilatancy angle was observed with increasing normal stress. Similar observations 255 

could be made from Fig. 4, where sand specimens demonstrated dilation while metagreywacke 256 

and shale specimen were compressed. At higher normal stresses, the specimens produced 257 

greater compression, which was also demonstrated by a reduction in dilatancy angle, as 258 

reported in Table 2. 259 

Void Ratio 260 

Void ratio was used to quantify which specimen dilated or compressed more during the direct 261 

shear test. The void ratio was calculated before and after the test. Due to the sample preparation 262 

method, the initial weights were constant. The initial void ratio was obtained from Eq. (2) (Das 263 

2008), where Gs is the specific gravity, w is the unit weight of water and d is the dry unit 264 

weight of the specimen.  265 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑖𝑑 𝑟𝑎𝑡𝑖𝑜 =
𝐺𝑠× 𝛾𝑤

𝛾𝑑
− 1 (2) 266 

The void ratio after the direct shear test was computed based on the change in specimen height 267 

due to dilation or compression. Hence, producing a change in specimen volume. Table 3 shows 268 

the void ratio before and after direct shear test for the tested specimens. 269 

Figs. 5 (a), (b) and (c) show the strength envelopes for sand, metagreywacke and shale, 270 

respectively. Choo and Ong (2015) found that by using the best-fit MC strength criterion, over-271 

estimation of shear strength may occur at lower and higher normal stresses, while under-272 

estimation occurs at intermediate stresses for materials with non-linear strength development. 273 

Therefore, to avoid these potential inaccuracies, a power law function was used for 274 

characterizing non-linear shear strength behavior of tested samples (De Mello, 1977).  The 275 

simplified power-type function is defined as 276 

𝜏 = 𝐴 . (𝜎′)𝐵 (3)277 
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where A is a dimensionless constant that governs the magnitude of the power function and B is 278 

a dimensionless constant that governs the curvature of the power function (Choo and Ong 279 

2017). Since the MC strength parameters are usually required, a generalized tangential 280 

technique proposed by Yang and Yin (2004) was used to define the internal frictional angle 281 

and cohesion of the tested specimens. This technique requires a tangent to the power law 282 

strength envelope to be drawn at the desired in-situ pressure to obtain the corresponding MC 283 

parameters. The power law function was applied to sand and metagreywacke as the strength 284 

envelopes showed non-linearity. Tangents were drawn at 100 kPa, 300 kPa and 500 kPa for 285 

peak and residual stresses, to demonstrate the difference in tangential MC parameters between 286 

low and high normal stresses. This technique has been successfully used by Choo and Ong 287 

(2015) as well as Ong and Choo (2016) to interpret the c’ and ϕ’ values of reconstituted rock 288 

spoils. For the shale specimens, additional tests were performed at low normal stresses (25 kPa, 289 

50 kPa, 75 kPa and 100 kPa) in order to ascertain whether the tested shale demonstrated any 290 

possible nonlinearity in its stress-strain behavior. The eight tests on reconstituted shale 291 

specimens produced a linear behavior even when using the power law function. Hence, a MC 292 

plot was sufficient to obtain the friction angle and cohesion of shale. Similar linear behavior 293 

was observed for shale by Choo and Ong (2015). An apparent cohesion of c’ = 0 suggested 294 

that particle breakage was significant, with little to no interlocking. This was due to the 295 

presence of angular flaky mica and sericite minerals, which are susceptible to particle breakage 296 

(Choo and Ong, 2015; Ong and Choo, 2018). This was corroborated by the minimal dilation 297 

demonstrated throughout the tests, culminating in overall volumetric compression by the end 298 

of each test on shale. By using MC, a constant value of internal friction angle is obtained as 299 

opposed to the tangential technique. The friction angle for shale remained unchanged when 300 

tested at varying normal stresses because of the absence of any significant apparent cohesion. 301 
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Table 2 presents the comparison results of the MC parameters at peak and residual state for 302 

sand, metagreywacke and shale. 303 

It is apparent that an increase in normal stresses will produce higher apparent cohesion with a 304 

corresponding reduction in frictional angle. In this study, the cohesion c’, is described as an 305 

apparent cohesion instead of a true cohesion. Taylor (1948) defined apparent cohesion as a 306 

product of interlocking which is applicable to all types of soil such as clay and gravel. Lu et al 307 

(2009) recorded a small amount of apparent cohesion for dry sand based on the stress range. 308 

The test specimens were oven-dried and sheared in dry state. Using a linear representation to 309 

define the true soil strength behavior of a nonlinear material would be highly reliant on the 310 

applied normal stress (Choo 2015). Hence, using ‘standard’ Mohr-Coulomb failure criterion 311 

would unnaturally force the selection of zero cohesion and will lead to inaccurate prediction of 312 

jacking forces in a mass of bedrock in the field. Therefore, it is recommended that the tangential 313 

approach developed by Yang and Yin (2004) is to be adopted to obtain the apparent cohesion 314 

at specific normal stress. This methodology has been successfully used by Choo and Ong 315 

(2015, 2017), Ong and Choo (2016, 2018). 316 

Sand exhibited relatively higher apparent cohesion as opposed to metagreywacke. This can be 317 

explained due to its coarser particles as opposed to metagreywacke and shale. The strong quartz 318 

consitituents of the sand sample produced greater interlocking and thus, higher apparent 319 

cohesion. On the other hand, the matrix of fine-grained quartz, sericite, chlorite and clay 320 

minerals from metagreywacke shows that the particles were much weaker and could possibly 321 

be prone to breakages. Shale consisted mainly of fine-grained clay minerals, silt-sized quartz 322 

grains, tiny flakes of mica and carbonaceous materials, which produced minimal cohesion as 323 

compared to the well-graded sand particles. At the highest applied normal stress, σ’n of 500 324 

kPa, shale spoils continued to demonstrate minimal apparent cohesion, suggesting that the 325 
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highly angular shale grains had minimal particulate strength. The observed peak apparent 326 

cohesion was zero, while a negative dilatancy angle was produced due to the vertical 327 

compression of the test specimen. These were further indications that spoils of shale were prone 328 

to particle breakage. For spoils of metagreywacke at a normal stress of 500 kPa, the peak 329 

apparent cohesion was 39.8 kPa before reducing to a residual apparent cohesion of 3.7 kPa. 330 

This suggests that particle breakage may have contributed to this reduction of residual apparent 331 

cohesion in the angular spoils of metagreywacke, resulting in an almost purely frictional 332 

material in the residual state. The negative dilatancy angle further supported the suggestion that 333 

metagreywacke spoils were susceptible to particle breakage. 334 

These indications of particle breakage become apparent when the angular spoils of shale and 335 

metagreywacke were contrasted against sand. For sand at a normal stress of 500 kPa, the peak 336 

apparent cohesion was highest at c’ = 57.5 kPa. There was a reduction in apparent cohesion 337 

towards the residual state, however, this residual apparent cohesion of 18.6 kPa was 338 

significantly higher than those interpreted from tests on angular spoils of metagreywacke and 339 

shale. The dilatancy angle at this normal stress was 4.1°. This suggests that the particle 340 

breakage was less significant in the orthoquartzite sand, owing to the extremely strong quartz 341 

particles (Pfeiffer 2014). With these indications of particulate mechanics and strength for the 342 

orthoquartzite sand and the highly angular spoils of metagreywacke and shale, it was therefore 343 

crucial to gain further insight from GeoPIV analysis on the performed direct shear tests. 344 

Particle Behavior During Shearing 345 

Particle breakage could have a significant influence on the structural behavior of crushable 346 

granular soil. Particle hardness, shape and size are some external factors affecting particle 347 

crushability. Particles of greater hardness will be less susceptible to breakage. Angular particles 348 

will be expected to have more breakages, as the stresses are concentrated at the edges of the 349 
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particles. On the other hand, a well-graded sample is not expected to develop such behavior 350 

since it has less voids. Hence, higher void ratio and presence of angular particles in a sample 351 

tend to experience more breakages, which could be possible for metagreywacke and shale 352 

spoils. Due to the relatively small volume of particle breakages that might have occurred, 353 

meaningful evaluation of particle size distribution tests to investigate particle breakages could 354 

not be successfully achieved. Therefore, GeoPIV technique was used to demonstrate localized 355 

movements of particles such as dilation and compression which could provide clues to possible 356 

particle breakage or interlocking occurring within the shear box during the shearing process. It 357 

is the Authors’ plan to perform Discrete Element Modeling (DEM) in the future to better 358 

understand the particle breakage or interlocking phenomenon. 359 

GeoPIV Results 360 

The most suitable set of GeoPIV parameters was defined by means of a calibration exercise 361 

and the measurement precision error, ρ obtained was 0.038 with 47526 measurement points, n 362 

which is acceptable due to its low precision error and yet larger number of measurement points 363 

(Peerun et al 2016, Peerun, M. I. 2016). Sequential images were captured during the shearing 364 

of sand, metagreywacke and shale at normal stresses of 25 kPa, 50 kPa, 75 kPa, 100 kPa, 200 365 

kPa, 300 kPa, and 500 kPa. The GeoPIV software was used to analyze the images. GeoPIV 366 

vector plots were produced at each of the four shearing stages as refences to demonstrate 367 

particle movements.  368 

Fig. 6 shows a typical vector plot for sand at normal stress of 500 kPa, during shearing at Stage 369 

3 (shear displacement: 4.983 mm - 7.620 mm). The magnitude of particle movements are 370 

represented by arrows, whose lengths are proportional to the magnitudes of each respective 371 

displacement. The upper and lower halves of the shear box can be easily distinguished; lesser 372 

movements were recorded at the upper half of the box since it was static in relation to the 373 

camera. Since the lower half of the shear box displaced 15 mm to the left, the bottom half of 374 
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the plot (see Fig. 6) displayed larger movements to the left. Localized activities were observed 375 

as the displacement vectors evolved, where particles on the right end of the shear box moved 376 

downwards and on the left end of the shear box, particles moved upwards. Such 377 

micromechanical observations were found along the shear band by several authors during 378 

discrete element modeling of granular materials (O'Sullivan et al. 2006; Kang et al. 2012; 379 

Indraratna et al. 2014; Salazar et al. 2015) and during analysis of laboratory tests using PIV 380 

technology (Peerun et al. 2015, Peerun et al. 2017). Activities such as dilation at the upper half 381 

of the shear box and localized dilation at the bottom half of the shear box were also observed 382 

in the vector plot (see Fig. 6). These observations are consistent to the work of Indraratna et al. 383 

(2014) where it was demonstrated that shear bands actually developed as slanting planes as 384 

opposed to the popular belief of being horizontal along the shear gap between the the top and 385 

bottom halves of the shear box. 386 

By showing the direct shear test and GeoPIV results side-by-side, an interpretation of the 387 

particle behavior can be associated with the specimen strength characteristics at different 388 

shearing stages. Localized particle activities such as compression and dilation were observed 389 

and associated to their respective shear stress and volumetric plots. It is understood that 390 

localized dilation would be due to particle interlocking while localized compression could be 391 

due to possible particle breakages. 392 

Fig. 7 (a) and (b) show the combination of direct shear testing and GeoPIV results for sand at 393 

300 kPa normal stress, so as to gain better insight into the particle movements during the 394 

shearing process. At the first stage of shearing, the volumetric plot showed almost no changes 395 

in vertical displacement. This was portrayed in the Stage 1 vector plot where no vertical 396 

movements were captured. Stage 2 showed an increase in shear stress until it reached peak state 397 

and the specimen expanded to about 0.15 mm (dilation) and produced a dilatancy angle of 8.2o. 398 

The vector plot confirmed sample dilation where the vectors were moving to the left and in an 399 
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upward direction. Very similar upward and downward movements at the vicinities of the shear 400 

box end walls were also identified as in the study of Indraratna et al. (2014). As described 401 

earlier, Stage 2, known as particle interlocking will produce an increase in shear stress to 402 

achieve peak state (Li and Aydin 2010). The vector plot portrayed localized compression 403 

activities at the right end of the shear box along with an overall dilation through the shear box. 404 

Such localized activities at the end of the shear band has been described previously by Shimizu 405 

(1997) as localized strains in the end zones before peak stress is achieved. Indraratna et al 406 

(2014) also described such compression as non-uniform volumetric strain which caused the 407 

back of the shear box to compress while the front of the shear box to dilate. This could be due 408 

to a contact force chain within the shear band where greater displacement and rotation occurs 409 

to particles than those beyond the shear band. The third vector plot showed a reduction in 410 

dilation, and hence, a reduction in shear stresses, as seen in Stage 3 of the shear stress plot. 411 

Further dilation can be seen from the volumetric and vector plots. The last stage of shearing, 412 

Stage 4, shows localized compression at the right end of the shear box, which is portrayed in 413 

the volumetric plot. The upper half of the shear box showed minimal vertical movements, 414 

whereas the bottom half was sheared to the left. The localized compression as shown on the 415 

right end of the vector plot confirms the compression during the last stage of the volumetric 416 

plot which also produced a reduction in shear stress instead of a steady shear. 417 

Discussion 418 

Effect of particle shapes on dilation and compression 419 

The sand specimen consisted of strong rounded and sub angular quartz particles that produced 420 

more particle interlocking. Intense particle interlocking made the sample dilate and produced 421 

higher peak stress as opposed to metagreywacke and shale. From Table 2, the dilatancy angle 422 

of sand was relatively higher than the metagreywacke and shale samples. The metagreywacke 423 

sample, consisting of angular particles, had relatively higher void ratio and the weak matrix of 424 
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fine-grained quartz, sericite, chlorite and clay minerals, was perhaps more susceptible to 425 

particle deformations. Particle size distribution before and after shearing had been conducted 426 

by Kim and Ha (2014), where they studied the effect of particle size on the shear behavior of 427 

sand and gravel. The Particle Size Distribution (PSD) results before and after shearing showed 428 

insignificant change; thus PSD could not conclusively indicate the degree of particle crushing. 429 

Hence, in this study, the vector plots obtained from GeoPIV were used to identify localized 430 

particle activities such as dilation and compression, which would possibly represent particle 431 

interactions. 432 

Figs. 8 (a) and (b) show the vector plots for sand and shale respectively, at Stage 3 under applied 433 

normal stress of 300 kPa, where dilation was observed throughout the sand specimen as 434 

opposed to shale. The sand specimen dilated due to particle interlocking, as seen in the upper 435 

half of the shear box. Localized compression was recorded within shale specimen, which could 436 

be due to particle deformations. This phenomenon would thus result in a reduction of shear 437 

stresses (Indraratna et al. 2014) and reduction in dilation as observed in Fig. 8 (b). It was also 438 

postulated from Fig. 8 (b) that any flaky mica minerals that had not undergone particle breakage 439 

had realigned parallel to the shear zone, thus demonstrating significantly more frictional 440 

behavior, thereby supporting the development of constant internal friction angles for shale. 441 

Consistently, from the direct shear tests results, Fig. 4 (a) shows that sand at 300 kPa normal 442 

stress, dilated to about 0.2 mm whereas Fig. 4 (c) shows shale was compressed to 0.55 mm 443 

instead. 444 

Effect of particle shape on cohesion 445 

A specimen with higher void ratio and angular particles is more susceptible to deformations, 446 

which will result in a reduction of the sample internal friction angle (Xiao et al. 2014). When 447 

compared with metagreywacke and shale, sand exhibited larger apparent cohesion due to it 448 

being well-graded and rounded with smooth surfaced particles, thus producing relatively lower 449 
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void ratio than the metagreywacke and shale. Higher shear stresses are produced due to greater 450 

dilation caused by particle interlocking activities in sand and hence, contributes positively to 451 

cohesion (Taylor, 1948).  Based on this understanding, Fig. 9 (a) and (b) for sand as well as 452 

metagreywacke and shale, respectively, at particle interlocking stage (σ’n = 300kPa), are now 453 

assessed. It was evident that micromechanical activities could be observed where particles 454 

moved downwards towards the right end of the shear box while upwards particle movements 455 

were captured towards the left end of the shear box. Such phenomenon was also evidently 456 

observed by Indraratna et al. (2014), indicating that the development of the shear band is in 457 

fact orientated at a slanting plane, rather than at a horizontal plane within the shear gap that 458 

exists between the two halves of the shear box. This observation verifies the test results 459 

obtained in this research, which uses both the purpose-built transparent shear box combined 460 

with GeoPIV as a novel methodology to develop further understanding on particle behavior 461 

during shearing. 462 

 The degree of interlocking activities for each material defines the apparent cohesion obtained 463 

from the Mohr-Coulomb envelope. Sand exhibited the highest interlocking activities. It is 464 

postulated that shale and metagreywacke were subjected to greater particle deformations during 465 

Stage 1 due to the relatively greater compression, which subsequently reduced the interlocking 466 

activities significantly. Reduction in interlocking activities as opposed to sand, produced 467 

limited cohesion for metagreywacke and shale. Table 2 confirms that sand produced the highest 468 

apparent cohesion, followed by metagreywacke spoils and zero apparent cohesion for the shale 469 

spoils. Additionally, at σ’n = 500 kPa, sand exhibited relatively larger dilatancy angle while 470 

metagreywacke and shale exhibited contracting behavior. 471 

Effect of normal stress on cohesion 472 

Fig. 10 shows the peak power law strength envelope for well-graded sand, with tangential MC 473 

failure criteria obtained using the generalized tangent technique at applied normal stresses of 474 
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100 kPa, 300 kPa and 500 kPa. At higher normal stress, soil specimens compressed and 475 

interlocking amongst particles increased the shear strength of the sample (Xiao et al. 2014). 476 

Similar observations were made for the sand and metagreywacke specimens, where increasing 477 

normal stresses resulted in increasing tangential peak cohesion, c’t,p and reducing peak 478 

tangential friction angle, ϕ’t,p. This confirms that at higher normal stresses, particle interlocking 479 

(from apparent cohesion) was more significant than particle rolling (from friction) in 480 

contributing to the shear strength of the tested specimens. Note that this observation applied to 481 

non-linear strength behavior materials using the power law and tangential method. For the 482 

linear behavior of shale, the MC envelope produced zero cohesion as shown in Fig. 5 (c). This 483 

also suggests that particle shape and strength were factors in the degree of interlocking. As 484 

mentioned above, the strong rounded quartz particles of sand had a lower void ratio and 485 

produced the highest amount of dilation due to greater particle interlocking as opposed to 486 

metagreywacke and shale. The relatively weaker and angular particles of metagreywacke and 487 

shale had higher void ratio and made the specimens to compress due to possible particle 488 

deformations. Hence, reduced interlocking produced lower and zero apparent cohesion for 489 

metagreywacke and shale respectively. 490 

The dilatancy angles for each specimen at the onset of peak shear stresses in reported in Table 491 

2. Generally, the specimens compressed more with increasing normal stresses, as shown by the 492 

reducing dilatancy angles. From the GeoPIV vector plots, similar observations were made for 493 

the tested specimens. However, for greater clarity, only the vector plots for well-graded sand 494 

are shown (see Fig. 11) and discussed, hereinafter. 495 

These vector plots were obtained at the onset of peak shear stresses at each of the normal 496 

stresses, which was the point where dilatancy angle was interpreted. At 100 kPa (see Fig. 11 497 

(a)), the specimen demonstrated significant dilation as shown by the sub-vertical vectors 498 

particularly in the top half of the ROI. Some dilatancy was also observed in the bottom half of 499 



22 

the ROI. At 300 kPa (see Fig. 11 (b)), slight localized compression was observed at the right 500 

side of the top half of the ROI. Dilation was still observed throughout the specimen but 501 

particularly in the top half of the ROI. There was minimal dilation in the bottom half of the 502 

ROI. At 500 kPa (see Fig. 11 (c)), the specimen seemed to experience mainly reduced dilation 503 

as compared to Figs. 11 (a) and (b). Almost no dilation was observed in the bottom half of the 504 

ROI. 505 

From the GeoPIV vector plots it can be seen that the particles needed to dilate in order to 506 

overcome particle interlocking. The increasing normal stresses resulted in increased particle 507 

interlocking, thus resulting in increased apparent cohesion. From the GeoPIV vector plots, this 508 

increase in apparent cohesion was coupled with reducing dilation angles, owing to reduced 509 

vertical movement and rolling of the particles. Therefore, this resulted in the reduction of 510 

friction angles with increasing normal stresses. 511 

Conclusions 512 

Particle behavior of sand, metagreywacke, and shale were studied in direct shear tests by means 513 

of particle image velocimetry technique. Sand was classified as smooth, rounded to sub-angular 514 

particles, while metagreywacke and shale were both classified as rough, angular particles. 515 

Metagreywacke and shale consisted of relatively weaker matrices of fine-grain materials 516 

cemented together, whereas the well-graded sand consisted mainly of relatively stronger quartz 517 

particles. This study focused on providing better insights into particle behavior, which could 518 

be used to explain the development of shear strength in different materials. Particle shape and 519 

mineralogy were found to be of great influence on the development of apparent cohesion, 520 

where strong rounded particles were seen to produce relatively greater apparent cohesion. 521 

In this research, shear stress and volumetric plots were discussed in relation to the results 522 

obtained from the PIV outputs. The following observations have been made:  523 
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a) Materials having rounded to sub-angular particles with relatively high quartz content 524 

produce relatively greater dilation behavior as opposed to fine-grained materials bound by 525 

relatively weaker matrices; b) Materials with angular particles and relatively high void ratio 526 

are more prone to compression; c) Greater dilation due to particle interlocking will produce 527 

greater apparent cohesion; d) Compression due to possible particle deformations will result in 528 

a reduction in peak shear stresses; e) At higher normal stresses, dilation due to particle 529 

interlocking produce greater apparent cohesion, while the magnitude of internal friction angle 530 

decreases with increasing normal stresses. 531 

Using a purpose-built transparent shear box combined with reliable GeoPIV analyses as a novel 532 

methodology, this paper has successfully developed further understanding on particle behavior 533 

during shearing. 534 
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Table 1. Physical properties of samples tested 

Specimen D60 
(mm) 

D30 
(mm) 

D10 
(mm) 

Dav 
(mm) 

Coefficient of 
uniformity 

Cu 

Coefficient 
of curvature 

Cc 

Dry 
density 
(kg/m3) 

Material 
classification 
(ASTM 2011) 

Sand 0.70 0.27 0.10 0.60 7.00 1.04 1,995 Well-graded 
sand 

Metagrey-
wacke 

0.65 0.28 0.15 0.48 4.33 0.80 1,878 Poorly graded 
sand-sized spoils 

Shale 0.90 0.40 0.20 0.70 4.50 0.89 1,819 Poorly graded 
sand-sized spoils 

Table 1
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Table 2. Comparison of results of peak and residual shear strength for sand, metagreywacke and shale 

Material 
Tangent at 
confining 

pressure (kPa) 

Dilatancy 
angle, ψ (°)a 

Apparent cohesion c’ 
(kPa) 

Internal friction angle 
ϕ’ (°) 

Peak Residual Peak Residual 

Well-graded 
Sand 

100 8.2 14.7 4.1 39.4 30.9 
300 6.4 37.3 11.5 34.8 29.2 
500 4.1 57.5 18.6 32.8 28.4 

Metagreywacke 
100 3.8 9.5 0.8 37.7 35.0 
300 0.7 25.3 2.2 34.7 34.5 
500 -0.2 39.8 3.7 33.0 34.5 

Shaleb 
100 2.4 0.0 0.0 37.3 35.0 
300 2.0 0.0 0.0 37.3 35.0 
500 -0.1 0.0 0.0 37.3 35.0 

Note: aMeasured at occurrence of peak shear stresses.
bLine of best fit was sufficient to develop M-C failure criterion. 

Table 2
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Table 3. Void ratio before and after shearing of tested specimens 

Specimen Normal Stress 
(kPa) 

Volume of 
Specimen (m3) 

Weight of 
Specimen 

(Kg) 

Initial 
Void 
Ratio 

Change in 
Void 
Ratio 

Void Ratio 
after 

Shearing 

Sand 
100 

0.0000852 

0.170 0.353 
0.005 0.358 

300 0.001 0.354 
500 -0.002 0.351 

Metagreywacke 
100 

0.160 0.438 
0.005 0.443 

300 -0.013 0.424 
500 -0.024 0.414 

Shale 
100 

0.155 0.484 
-0.004 0.480 

300 -0.016 0.468 
500 -0.029 0.455 

Table 3
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Fig. 1. Particle size distribution curve for sand, metagreywacke, and shale. 

Figure 1
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Fig. 2. Drawing specifications of (a) top half and (b) bottom half of the Perspex shear box 

(a) 

(b) 

All dimensions are in millimetres 

Figure 2
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Fig. 3. Image acquisition with highlighted region of interest 

Figure 3
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Fig. 4. Results of direct shear testing for (a) well-graded sand, (b) sand-sized spoils of metagreywacke and (c) 
sand-sized spoils of shale 

Figure 4
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Fig. 5. Non-linear behavior of (a) sand, (b) metagreywacke at normal stresses of 100 kPa, 300 kPa and 500 kPa 
and (c) Mohr-Coulomb behavior for shale 

Figure 5
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Fig. 6. Typical vector plot of well-graded sand (σ’n = 500kPa) at Stage 3 showing localized dilation 

Figure 6
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Fig. 7. (a) Direct shear test results and (b) vector plots for each shearing stage of sand at 300 kPa normal stress 

Figure 7
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Fig. 8. Vector plots showing localized interlocking for (a) sand and (b) shale at Stage 3 and normal stress of 300 
kPa 

Figure 8
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Fig. 9. (a) Mobilized peak shear stresses and (b) vector plots at Stage 2 shearing for sand, shale and 
metagreywacke at normal stress of 300 kPa 
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Fig. 10. Effect of increasing normal stresses on apparent cohesion, c' for well-graded sand 

Figure 10
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Fig. 11. Dilation due to interlocking activities for sand during peak shear stress at normal stresses of (a) 100 
kPa, (b) 300 kPa and (c) 500 kPa 

Figure 11
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