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Abstract 26 

A large amount of research has been done on conforming surfaces in rock joints as well as on the contact between 27 

individual grains, however, not much exist in nonconforming contact surfaces subjected to friction, such as flat 28 

contacts between ballast particles, stone columns or riprap; applications that involve the use of coarse gravel subjected 29 

to low vertical stresses. Therefore, this article aims to study changes in contact properties between non- conforming 30 

flat contacts between large geomaterial particles that have been subjected to cyclic shearing under a constant low 31 

vertical force, using a direct shear apparatus. Two different silica carbide sandpapers that do not loose particles were 32 

used, to simulate different morphologies, a nominally fine and a coarse surface texture. The results show a passivation 33 

of the shear strength where a constant value of friction coefficient is reached after around 15 to 17 cycles for all tests, 34 

except the tests at the lowest vertical force. For the tests at the highest vertical force similar friction coefficients were 35 

determined for the coarse and fine surfaces. The mass broken during the 10th and 20th cycles was collected at the end 36 

of the tests and seem to show a linear relationship with the vertical force used in the test. Particle analysis, determined 37 

via microscopy, show that the grading is dependent on the initial topography of the surfaces. Despite being subjected 38 

to 10 and 20 cycles of shearing, the broken particles look similar in shape with sharp, jagged edges and having different 39 

shapes and roundness values with a large variation, indicating that the breakage was not enough to fill in the space 40 

between the particles.   41 
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µc is the friction coefficient 45 

Fh is the shear force 46 

N is the normal force 47 

ML is the mass loss 48 

PSD  is the particle size distribution 49 

 50 

1 Introduction 51 

Cyclic shearing in the contacts between particles of geo-materials (aggregates, ballast, stone columns, rocks, etc.) are 52 

applied either naturally through earthquakes, thermal cycles, wave loading, etc, or are a consequence of its intended 53 

use, for example through railway motion or construction processes. Cyclic shear loadings will lead to wearing and the 54 

passivation of the contact surfaces of granular materials or rock interfaces. This deterioration of the shear strength is 55 

related to changes in the mechanical parameters of the geo-material strata and has been the subject of many research 56 

articles.  57 

The effect of asperity morphology (Zhang et al. 2019), influence of boundary conditions such as monotonic shearing 58 

under constant normal loading (Barton 1973; Jiang et al. 2020), led to the development of many equations to describe 59 

the shear strength of rock joints under monotonic shearing and constant normal load as a function of the asperities 60 

shape. Similar approaches were also adopted by Indraratna et al. (1999) on surfaces with different fillings and Liu et 61 

al.(2019) on the shear of multi-joint specimens. 62 

Cyclic shearing under a constant normal loading was investigated by Jaeger (1971) and Plesha (1987). Their results 63 

showed that specimens have a high shear stress in the first cycle, with obvious peaks and residual shear stresses until 64 

the number of cycles (N) is larger than 15. Han et al. (2020) carried out a similar study on unfilled and infilled rock 65 

joints under constant normal stiffness, concluding that the shear stress (t), normal stress (σn) and vertical displacement 66 

(δv) for both cases decrease with the increase in the number of cycles. This phenomenon is caused by the shearing of 67 

asperities in the initial cycles with subsequent cycles subjected to lower friction. Sliding behavior is also likely to 68 

occur on asperities with low amplitude, under low normal stresses, as observed by Zhang et al. (2019). Xiao et al. 69 

(2020) stated that crushing leads to a change in grading resulting in a decrease in strength and dilatancy as well as an 70 

increase in compressibility, with the amount of grain crushing, experienced during shearing, influenced by the stress 71 

level, coordination number, shape, grain size, specimen size and stress path. Niktabar et al. (2017) showed that shear 72 
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strength is seen to be higher when the asperity angle was higher, however, higher angles experienced faster decreases 73 

in shearing strength in subsequent cycles. Utilizing experimental results from previous studies Wang and Tonon 74 

(2009)  created  a 3D DEM model using spherical particles. Furthermore, Kazerani and Zhao (2010) stated that the 75 

main problem is the definition of micro-parameters for DEM codes using bonded particle modeling to simulate 76 

breakage. More recently, polygonal rigid particles were used by Maciejewski et al. (2020) to model the interface of 77 

rock joints under cyclic loading where good results were obtained. 78 

In recent years, researchers developed custom-built apparatus to explore the mechanics of grain contact behavior of a 79 

broad range of geo-materials, achieving significant development on the contact response of single grains (Cole and 80 

Peters 2007; Cole et al. 2010; Cavarretta et al. 2011; Senetakis and Coop 2014; Yang et al. 2016; Cole and Hopkins 81 

2017; Nardelli et al. 2017). Results from experimental research have shown significant influence from the material 82 

type and the morphological characteristics of the contacts, similar to the response of granular materials are rock 83 

interfaces (Cavarretta et al. 2010; Hanaor et al. 2013; Sandeep and Senetakis 2018; Sandeep et al. 2018, Sandeep et 84 

al. 2021). These experimental tests have helped the development of numerical models and contact relationships that 85 

better explain the shear behavior of contact points in geo-materials. 86 

Furthermore, there have been a lot of work on friction between nonconforming surfaces in the geophysics research 87 

community (focusing on the dynamics of earthquake fault gouges) in the context of rate-and-state friction laws. Those 88 

studies looked at many frictional scenarios between nonconforming rock surfaces, including cyclic loading. The 89 

generation of fines have also been studied where authors looked at the grain size distribution produced from shear 90 

surfaces (Marone 1998; Collettini et al. 2009; Im et al. 2020; Trugman et al. 2020; Zoet et al. 2020). 91 

This study is an initial attempt to understand the shearing properties of non-matching or non-conforming surfaces, 92 

equivalent to the behavior of flat multi mineral contacts that occur in large granular materials used for ballast, stone 93 

columns and riprap, during cyclic or thermal loads, normally subjected to low vertical forces. Something very difficult 94 

to find in the literature. Therefore, this paper shows results of cyclic shearing under low and constant normal force 95 

conditions. This was obtained by using a conventional direct shearing equipment and artificially manufactured 96 

samples. The broken particles are also analyzed, using images from a microscope and a free to download software. 97 

This work makes a significant contribution to understand factors effecting variations in friction coefficient such as 98 

vertical forces, particle breakage, morphology and minerology. Results will lead to development of an assessment 99 
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method that will allow representation of geo-material surface behavior to calibrate current DEM models and notably 100 

affect the accuracy of the DEM analysis. 101 

2 Methodology 102 

2.1 Sample preparation  103 

Metal disks manufactured to a tight fit in a 64mm diameter shear box had Coarse sandpaper #40 (0.425mm grain size) 104 

and fine sandpaper #80 (0.201mm grain size) glued to one of the flat surfaces. The sandpaper used in the experiment 105 

is for use in wet sanding of metals and it was selected because it is almost impossible to remove particles from the 106 

sandpaper. Different grades of sandpaper were used to represent different surface morphologies that could be 107 

identified by a single number that represent the coarseness of the mineral particles. Once the sandpaper was glued to 108 

the metal blocks, these were fixed into the shear box, preventing displacement and rotation during shearing. 109 

2.2 Direct shear testing  110 

A conventional semi-automatic direct shear apparatus was used to shear the samples. Figure 1 shows the schematic 111 

diagram of the shear box setup. Tests were carried out using normal forces of 200 N, 400 N and 600 N, for 10 and 20 112 

cycles on both surfaces, from now on designated coarse and fine.  113 

A 1mm/min shearing rate was used until 3mm of displacement were achieved and the direction of shearing was 114 

reversed until the initial starting point was reached. The shear displacement and the shear force were only recorded 115 

during the forward motion of each cycle. After 10 or 20 cycles, the test was finished and the shear box was carefully 116 

disassembled, and the broken particles were collected and weighed. 117 

It was reported by Jaeger (1971) and Plesha (1987) that specimens have a high shear stress in the first cycle, with 118 

obvious peaks and residual shear stresses until the number of cycles (N) is larger than 15. Therefore, it was decided 119 

to finish the tests at 10 and 20 cycles. Where 10 cycles were considered enough in the stability zone to generate a good 120 

breakage and 20 cycles was considered enough to have achieved a constant friction. 121 

2.3 Microscopy 122 

To investigate changes in the surface morphology, microscopic images using an Olympus™ SZX16 Stereo 123 

Microscope were taken from all samples tested under 600 N of normal force. Images were obtained from 5 different 124 

points on the surface of the bottom sandpaper at a magnification of 3.2X. The images were taken before shearing and, 125 
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after shearing, before and after removal of the broken particles. Under the microscope, the longest dimension of 100 126 

randomly selected broken off particles, from both samples, were measured along their longest length (similar to the 127 

Feret’s diameter), given the limitation of the software version used. ImageJ software was later used to analyse and 128 

determine the particle size distribution of the broken particles using the same images  129 

3 Results and Discussion 130 

3.1 Effect of Cyclic Shearing 131 

Figures 2 compares the variation of horizontal shearing force versus horizontal displacement for all samples tested to 132 

20 cycles. The colours represent groups of 5 cycles with the first 5 cycles plotted in blue, the second set of 5 cycles 133 

plotted in brown, followed by followed by grey and yellows to represent the third and fourth set of cycles.  All tests 134 

show an increase in the shearing force with an increase in normal force, consistent with results by Jiang et al. (2020) 135 

and others. With the colour system is easy to see that with the increase of number of cycles, a stabilization and a 136 

reduction in the shear force was observed. Also, a closer observation of the initial linear portion of the graphs, show 137 

that the shear stiffness is seen to be linear and proportional to the applied normal load. Despite the difficulty in 138 

determining the starting point in some of the loading stages, this observation aligns with those made by Kulatilake et 139 

al. (2016), in which joint shear stiffness was found to be a linear function of the applied normal stress. Furthermore, 140 

the first 5 cycles applied to the coarse sample show a large variation in shear force for the vertical force of 200N, not 141 

seen in the fine sample.  This large variation is likely to be caused by the breaking of the asperities in the initial cycles 142 

as observed by Han et al. (2020). Under the 200 N force, a frictional sliding was observed for the fine sample, with 143 

very low breakage. This is consistent with observations made by Zhang et al. (2019). With an increase in the number 144 

of cycles, breakage starts reducing and less variations are observed in the curves, similar to the observations made by 145 

Han et al. (2020).  146 

The friction coefficient was calculated as µc = Fh/N, where N is the normal force and Fh is the shear force and Figure 147 

3a shows the average shear force and the friction coefficient response after 1mm displacement on each cycle, for all 148 

tests. The shear force is reducing with the increase in number of cycles and this reduction is steeper for the higher 149 

normal force. This arises as asperities are being crushed, leading to a change in the morphology of the contact surface; 150 

broken particles fill the voids, rotate and create more contact points, reducing the resistance to shearing, as seen also 151 

in the literature. These observations are consistent with those of Niktabar et al. (2017). 152 
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Figure 3b also shows that in the first cycle, the initial friction coefficient seems to be dependent on the asperities; 153 

being much higher for the coarse than the finer samples. The difference between the friction coefficients of the coarse 154 

and fine samples, at 200N, seem to be constant after 15 cycles, despite the scatter in the data. These findings confirm 155 

those of earlier studies, such as Jaeger (1971) and Plesha (1987). As the vertical force increases this difference reduces 156 

and, at 600N, the friction coefficient for fine and coarse samples is similar and approximately equal to 0.58. This result 157 

is similar to the results obtained by Bian and Wu (2015), for a clutch friction test on Silica Carbide (SiC), the same 158 

material used in the manufacture of this sandpaper. Their results show a variation from approximately 1 to around 159 

0.58 to 0.62 after a large number of cycles. This shows that the dependence of the friction coefficient in the surface 160 

morphology reduces as the vertical force increases, becoming dominated by the vertical force after a threshold is 161 

reached. If the vertical force is high enough the minimum friction coefficient of the material can be reached at a lower 162 

number of cycles. Table 1 shows the average rate of variation of the friction coefficient with the number of cycles. It 163 

is clear, however clear in the picture that the friction coefficient has a much larger variation between the few initial 164 

cycles, therefore the average variation may not be a good parameter to determine how the friction coefficient changes 165 

with the number of cycles and can only be used between cycles 15 and 17 as afterwards changes seen are very small 166 

for all tests. Nevertheless, the table shows a linear correlation between the average value and the number of cycles. 167 

The difference in shear force (ΔFh) and friction coefficient (Δµc) with regards to the first cycle, were plotted in Figure 168 

4, against the normal force on cycles 10 and 20. It is clear that by increasing the normal force there is an increase in 169 

ΔFh and Δµc with the coarse surface showing larger differences in all parameters. The linear regressions presented in 170 

Figure 4 are just to show that the data seems to be linear with the slope of the line not showing a variation as large as 171 

the intercept, since the number of cycles will control the location of the line. 172 

Figure 5 shows the measured mass loss (ML) plotted against the normal force for cycles 10 and 20. ML is a 173 

measurement of breakage on the surface and the figure shows that increasing the vertical force creates more breakage 174 

with the coarser surface showing the largest breakage values. The relationship between ML and vertical force seems 175 

to be linear, however a dashed line was plotted from 200N to zero, to indicate that the breakage is not linear at lower 176 

forces and tests at lower stresses would be needed to determine it. Although there are no values of ML for every cycle, 177 

it is clear that every cycle would have a line parallel to the ones plotted in the graph and, at a large enough number of 178 

cycles, breakage should cease. Similar trends have been reported by Ferreira and Coop (2020) in their work on factors 179 
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effecting terminal grading of sands. From figures 4 and 5, the data from the 10th cycle was plotted against the data 180 

from the 20th cycle in Figure 6, since there seems to be a linear correlation between the reduction of shear force and 181 

friction coefficient and an increase in mass loss reduction between these cycles. The results show that despite the 182 

initial starting point, the changes from 10th cycle plotted against the 20th seem to align on a straight line passing through 183 

the origin, indicating a unique relationship between any number of cycles.  184 

The initial group of points represents the fine surface whilst the points located further to the origin represent the coarse 185 

surface. Within their groups, the points are organized by vertical force with the highest force being the furthest away 186 

from the origin. Knowing the relationship between the number of cycles would allow the prediction of the mobilized 187 

quantities at higher number of cycles, without the need to test the samples. To improve this relationships, plots of 188 

different number of cycles can be prepared in order to understand how the slope of these lines change and if it is 189 

possible to determine a limit on this variation, indicating that these parameters achieved a critical value. 190 

Therefore, this will enable the determination of the current condition of the granular material with simple 191 

measurements and the prediction of how long it will take until the resistance reaches a critical value or maintenance 192 

is required. Furthermore, these relationships can be useful to obtain parameters via simple tests for numerical analysis 193 

of the current and future conditions of the granular material. 194 

3.2 Microscopic Observations 195 

To understand the breakage caused by the shearing, the surfaces before and after 10 and 20 cycles were analysed under 196 

a microscope. Figure 7 show the microscopy images using a 3.2x magnification and 600N vertical force: on the left 197 

images of the sand paper before shearing;  in the middle, images of the shearing area with the broken particles for 10 198 

and 20 cycles  and, on the right, images of the same area after collecting the broken particles. For the coarse samples 199 

the broken particles after 10 cycles seem to have had the asperities chipped of from the edges of larger particles 200 

whereas after 20 cycles the damage to the particles seem to have increased, although it is difficult to detect. This 201 

observation can be correlated to Figure 5, where the ML difference between 10 and 20 cycles is not very large. For 202 

the fine sample, it is difficult to see large changes; the pictures with broken particles clearly show a larger number of 203 

broken particles for cycle 20 and this is confirmed by Figure 5. However, once these are removed, the differences are 204 

subtle, as they are more concentrated at the tips of the protruding grains. 205 
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The results of the measurements of the longest dimension of 100 randomly selected particles was plotted as a particle 206 

size distribution (PSD) in Figure 8. The dimensions of the particles from the coarse samples have the widest variation 207 

in size with the smallest being around 0.026mm and the largest being around 0.364mm, with an average size equal to 208 

0.1423mm. For the fine sample, the smallest particle measured was 0.035mm and the largest particle 0.199mm, with 209 

an average size of 0.089mmm. The same images were later analysed using ImageJ, an open-source software for image 210 

analyses that can detect edges and perform calculation of certain particle descriptors. ImageJ was used to determine 211 

the area of the particles in the images allowing the calculation of the diameter of a circle with similar area (equivalent 212 

diameter – ED). The data was converted in PSDs and plotted also in Figure 8. As expected, the ED has a distribution 213 

showing smaller sizes; the largest for the fine sample is 0.126mm and the coarse 0.233mm, compared to the previous 214 

curves. Given the high resolution of the images and the nature of the software, the number of smaller particles detected 215 

was quite large. These were included in the calculations of % passing for both curves, however the plots were truncated 216 

at 0.01mm in size. As can be seen the PSDs are quite similar in shape and seem to indicate that the PSDs of the broken 217 

particles are dependent on the initial morphology of the contact surface.  218 

Figure 9 shows a picture of the particles analysed under the microscope and the roundness 219 

[4 ∗ 𝐴𝑟𝑒𝑎 (𝜋 ∗ 𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠2)]⁄  plotted against particle size (ASTM D7971-20). The picture depicts the shape of the 220 

grains; angular with jagged sharp edges, characteristic of broken particles. Although they have been subjected to shear 221 

cycles, the results from roundness show that there is a wide variation of values in all sizes of particles and these are 222 

not dependent on the type of surface being tested. 223 

These results are important as when flat contacts are established between large aggregates the loading cycles will 224 

create a granular film between the surfaces that will reduce the friction coefficient. If the loading cycles continue, they 225 

generate an infill of granular material that should stop breakage and allow the contact to arrive at a constant friction 226 

coefficient. 227 

4 Conclusions and Recommendations 228 

• The results show that with the increase in the number of cycles there is a reduction in the shear force with a 229 

consequent reduction in the friction coefficient.  230 

• The reduction of the friction coefficient seems to be governed by the surface morphology for lower normal 231 

forces. As the normal force increases, the importance of the morphology reduces and a similar friction 232 
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coefficient between coarse and fine shear surfaces can be determined, indicating that after a force threshold 233 

exists. 234 

• The change in shear force between the 10th and 20th cycle is only 37% higher than between the beginning of 235 

the test and the 10th cycle for all samples. Similarly, the mass broken between cycle 10 and 20 is only 28% 236 

bigger than the mass broken in the first 10 cycles. 237 

• The particle size distribution of the broken particles is dependent on the surface morphology with rougher 238 

surfaces generating wider particle size distributions, this difference was seen in both, manual measurements 239 

and image analysis using ImageJ. 240 

• It is recommended that various surface textures, increased number of cycles and normal forces are applied 241 

so a "threshold" beyond which no further changes observed can be determined. It is also recommended to 242 

test materials which have different mineralogies. 243 
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Table 1 – Average variation of the friction coefficient with the normal force for fine and coarse samples. 324 

  

Normal Stress 

(kPa) 

Mean Rate 

Variation 

C
o
a
rs

e 200 -0.008 

400 -0.010 

600 -0.013 

F
in

e
 200 -0.002 

400 -0.005 

600 -0.008 
 325 

 326 
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 327 

Figure 1. Direct shear cell arrangement for the specific testing condition. 328 
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 329 

Figure 2. Horizontal force vs horizontal displacement of (a)fine and (b) coarse samples all cycles 330 
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 331 

Figure 3. (a) Shear force, (b) Friction coefficient at each cycle for coarse and fine samples subjected to 600 N, 400 N 332 

and 200 N normal force. 333 
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 334 

Figure 4. Reduction in (a) shear force and (b) friction coefficient vs normal force plots of fine and coarse sand at the 335 

end of 10th and 20th cycle. 336 

 337 

Figure 5. Reduction in mass loss vs normal force plots of fine and coarse sand at the end of 10th and 20th cycle. 338 
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 339 

Figure 6. 10th vs 20th cycle relationship of a) reduction in shear force, b) reduction in friction coefficient and c) mass 340 

loss 341 

 342 

Figure 7. Microscopic image of coarse and fine samples confined to 210 kPa and 10 - 20 cycles at 3.2x 343 

magnification 344 
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 345 

Figure 8. Particle size distribution of 100 random particles (100-Length) and the equivalent diameter (E.D. – 346 

ImageJ) for the samples tested at 600N and 20 cycles. 347 

 348 

Figure 9. Particle roundness and a picture of the grains. 349 
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