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ABSTRACT 11 

In this paper, an experimental micromechanical study is presented investigating the contact 12 

mechanics and tribological behaviour of highly/completely decomposed tuff granules 13 

(denoted as H/CDT). The parent material was taken from two locations – named the top and 14 

bottom – from a recent landslide in Hong Kong and in this study the tested granules were 15 

obtainedfrom the parent material after drying and sieving processes. Basic material 16 

characterization was conducted quantifying the particle shape, the surface roughness and the 17 

strength of a set of grains. A set of twenty-nine monotonic inter-particle shearing tests were 18 

conducted on pairs of granules taken from the top and bottom of the landslide. It was found 19 

that the granules had very high friction angles at their contacts, in general greater in 20 

comparison to other materials reported in the literature. The slightly greater inter-particle 21 

friction for the granules taken from the top of the landslide might be because of their higher 22 

roughness in comparison to the ones from the bottom. Additional experiments were 23 

conducted to investigate the normal and tangential load-displacement response of the 24 

granules subjected to cyclic loading. A good curve fitting for the normal load-displacement 25 
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response could be obtained by using very low apparent Young’s moduli in the Hertzian 26 

model. In general, the decomposed tuff granules showed significant plastic response during 27 

the first normal load cycle, and this plastic behaviour continued for the subsequent third and 28 

fourth cycles. In the cyclic inter-particle shearing tests, the non-linearity and hysteresis 29 

increased for larger cyclic displacements, but the effect of the number of shearing cycles on 30 

the energy loss was generally small. Finally, a limited discussion is presented on the 31 

applicability of a theoretical model on the tangential load – displacement behaviour of the 32 

granules.  33 

 34 
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 47 

1. Introduction  48 

The development of the discrete element method (DEM) (after Cundall and Strack, 1979), 49 

has allowed the geotechnical research community to obtain insights into the complex 50 

behaviour of geological materials. Researchers have explored over the past decades different 51 

aspects of the behaviour of uncemented and cemented soils as well as problems related to the 52 

stability of geo-systems using DEM or coupled DEM/FEM models. One of the major 53 

problems in geotechnical engineering, which is quite complex, is the study of landslides and 54 

other natural granular flows; understanding of the mechanisms behind these soil/rock 55 

movements is challenging and it has attracted the attention by the scientific community in 56 

recent years including both numerical and large-scale or centrifuge model studies (e.g., 57 

Iverson, 1997, Calvetti and Nova, 2004, Van Asch et al., 2007, Hungr, 2008, Zhao and Shan, 58 

2013, Turnbull et al., 2014, Alonso et al., 2015, Choi et al., 2015, 2016, Calvetti et al., 2017).  59 

 60 

Using DEM for the study of landslide problems as well as other applications in geotechnical 61 

engineering, some important input parameters in the modelling are based on the grain contact 62 

behaviour, which include friction, normal and tangential load – deflection relationship and 63 

grain crushing. However, it was only recently achieved to build experimental apparatus 64 

which allowed the quantification of grain contact properties such as friction and stiffness, 65 

particularly in the study of sphere-sphere (or grain-grain) types of contacts (e.g., Cavarretta et 66 

al., 2010, 2011, Cole et al., 2010, Senetakis et al., 2013a, 2013b, Cole and Hopkins, 2016, 67 

Yang et al., 2016a, Sandeep and Senetakis, 2017, Nardelli et al., 2017). It is highlighted that 68 

even though significant new knowledge may be gained from numerical simulations of 69 

problems involving granular materials, experimental studies at the grain scale may also 70 
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provide useful information as well as fundamental input parameters to be further utilized in 71 

DEM analyses. This may be particularly important if real soil grains are examined, which 72 

was one of the motivations of this study.  73 

 74 

In their recent study, Sandeep et al. (2017) noticed relatively high friction angles at the 75 

contacts of decomposed (weathered) volcanic granules, which material is a type of coarse ash 76 

tuff and it was taken from the top of a recent landslide in Hong Kong. The high surface 77 

roughness of those granules as well as their soft nature might have contributed to this 78 

observed behaviour with reported inter-particle coefficient of friction (μ) ranging from about 79 

0.30 to 0.60. Prior to this work, Senetakis et al. (2013b) reported μ values for Leighton 80 

Buzzard sand quartz grains, which material has much smoother surfaces, of the order of 0.17 81 

as an average value. Based on many studies including the works by Cavarretta et al. (2011), 82 

Yang et al. (2016a), Cole and Hopkins (2016), Nardelli and Coop (2016) or Nardelli et al. 83 

(2017), it is acknowledged that the inter-particle friction may vary a lot depending on the 84 

nature and morphological characteristics of the grains in consideration. In general, brands of 85 

grains with more consistent surface characteristics may also have more consistent resultant 86 

inter-particle friction (for example, the quartz grains tested by Senetakis et al., 2013b). 87 

Materials with more inconsistent surface characteristics are also expected to demonstrate 88 

greater scatter in terms of inter-particle friction and other micromechanical parameters (e.g., 89 

Sandeep et al., 2017).  Previous studies using the discrete element method have shown that 90 

the magnitude of the inter-particle friction at the contacts of the grains used as input may 91 

result in substantial different responses of granular materials (e.g., Sazzad and Suzuki, 2011, 92 

Huang et al., 2014). Wang and Yan (2012), studying the crushing behaviour of granular 93 

assemblies in DEM, acknowledged the important role of the inter-particle friction on the 94 

energy dissipation mechanisms. This means that it is important to quantify the inter-particle 95 
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friction for different geological materials so that modelers can accordingly use different 96 

values (or ranges of values) in their analyses based on the problem in consideration.  97 

 98 

In this study an attempt was made to enhance the database from the previous study by 99 

Sandeep et al. (2017), including additional experiments at the contacts of decomposed tuff 100 

granules taken from another location of the landslide. Differences with respect to the 101 

morphological characteristics of the granules from the different locations of the same 102 

landslide are acknowledged (including shape of granules and surface roughness) and 103 

additional experiments are conducted including grain crushing tests as well as cyclic normal 104 

and tangential load tests. It is noticed that these morphological and mechanical differences 105 

between granules from different locations may not represent precisely the in-situ conditions 106 

since the tested grains resulted from drying and sieving processes of the original material. 107 

However, this study may comprise an important first step to obtain useful micromechanical 108 

parameters of a material from a real landslide with the potential use as input in DEM 109 

simulations.  110 

 111 

It worth noticing that for relatively smooth surfaces and of stiff contact behaviour, Sandeep 112 

and Senetakis (2018) reported a measurable initial plastic response during cyclic normal load 113 

tests on Leighton Buzzard sand quartz grains. This observation, which is in agreement with 114 

the previous study by Cavarretta et al. (2010) on reference grains, was attributed to asperity 115 

geometry and plastic response at the very early stage of the application of the normal load 116 

(with normal displacements of the order of 1 μm). However, the behaviour was fully elastic 117 

during the application of subsequent cycles (matching the elastic and non-linear behaviour of 118 

Hertzian type). So, in this study, apart from the investigation of the tribological behaviour of 119 
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the decomposed tuff granules, additional experiments were conducted to understand the 120 

nature of their normal contact behaviour which is also important to be simulated in DEM 121 

analyses.  122 

 123 

2. Materials, experimental methods and testing program  124 

Equipment 125 

Two major types of experimental apparatus were used in the study; one for the measurement 126 

of the normal and tangential contact behaviour and a second for the conduction of grain 127 

crushing tests. Several other techniques were also used for the characterisation of the 128 

materials tested. 129 

The normal and tangential inter-particle loading tests presented in this paper were performed 130 

by means of a custom-made inter-particle loading apparatus at the City University of Hong 131 

Kong (after Senetakis and Coop, 2014, Nardelli, 2017). This apparatus is capable of 132 

conducting grain-scale experiments measuring the normal and tangential load – deflection 133 

behaviour at the contacts of sand-size grains from about 1 to 5 mm. The current version of the 134 

apparatus (Figure 1) mainly consists of a stiff loading frame (a) and a sled (b), which are both 135 

made of stainless steel, and three loading arms. Each of these arms is assembled connecting a 136 

linear stepper motor (c) and a load cell using stiff connections. The horizontal arms are 137 

connected to the sled, which is placed on a bearing system made up of three chrome steel 138 

balls. During each test, one of the two particles (d) is mounted on the sled and is enabled to 139 

move, while the other is rigidly connected to the vertical arm of the apparatus. The forces are 140 

measured using three high-resolution load cells (e) having a capacity of 100 N and a 141 
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precision of 0.02 N. The displacement measurements are made using three non-contact eddy-142 

current sensors (f), which are characterised by a very high-resolution (10
-5 

mm).  143 

The whole apparatus is placed inside a Perspex chamber, which was built to enable the use of 144 

a humidity controller (Nardelli and Coop, 2016). This was installed in order to study the 145 

contact behaviour of particles under different environmental conditions, controlling the 146 

relative humidity within the range 15-85% and measuring the temperature inside the 147 

chamber. Two digital micro-cameras (g) are installed next to the apparatus to determine the 148 

precise contact location between the two particles tested and to take pictures during each test 149 

(Senetakis and Coop, 2014).  150 

The single-particle crushing tests were carried out using a modified CBR apparatus, which 151 

was upgraded in order to study the crushing behaviour of particles (Wang and Coop, 2016; 152 

Todisco et al., 2017). The apparatus is constituted of a stiff loading frame and a loading 153 

machine and it is equipped with a load cell with a capacity of 1kN and an LVDT with 154 

resolution of 10
-3 

mm for the measurements of forces and displacements, respectively, along 155 

the axial direction of the device. Single-particle crushing tests were conducted in order to 156 

provide a basic characterisation of the possible range of compressive strength of the 157 

decomposed tuff granules and define the limits of the vertical confining force to be applied 158 

during the inter-particle shearing tests, avoiding premature particle breakage during testing.  159 

Description of the landslide mechanism where the landslide material was obtained 160 

Figure 2 shows the location of the landslide in the geological map of Hong Kong. Field 161 

observations reported that the landslide scarp was composed of highly to completely 162 

decomposed coarse ash tuff (H/CDT) of Jurassic/Cretaceous age (Irfan, 1999) overlain with a 163 

thin layer of residual soil (from 1.0 to 1.5m thick). The main scarp of the landslide source 164 

area was steeply inclined (<70°), while the slope of the above hillside covered by vegetation 165 
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was about 15° and that of the hillside of the landslide about 20°-25°. The landslide source 166 

volume was approximately of 263m
3
. The landslide was structurally-controlled as a relict 167 

joint plane with infills of iron and manganese oxides was visible on the failure surface. The 168 

landslide was probably triggered by the severe rainfall (409mm in 24h) that might have 169 

caused a perched water pressure to build up destabilizing further the slope. The landslide was 170 

classified as an open hillslope failure where the debris mass was not channelized, i.e. the 171 

debris mass does not flow into a stream course and therefore minimal water is added to the 172 

flow (Parry and Ng, 2010). According to GEO TGN34 (2012), this type of landslide can be 173 

provoked by initial sliding failure and the runout path can comprise intermittent sliding, 174 

rolling and bouncing of particles of different sizes. 175 

Morphological description of the landslide material  176 

The material was sampled at the top, middle and bottom of the landslide. For each location, 177 

soil was collected at the sides and middle of the runout path width in order to ensure spatial 178 

variability. This study refers to the top and bottom material taken in the middle of the runout 179 

path. Both dry and wet sieving were carried out in order to select the suitable size of the 180 

granules (based on limitations of the inter-particle loading apparatus and sample gluing 181 

technique). Based on this selection, possible differences of the morphological characteristics 182 

of the granules between the two locations could be obtained, even though it is emphasized 183 

that these differences, based on the sieved grains, are not necessarily representative of the 184 

evolution of the grain characteristics due to the land-sliding. Majorly, these differences can 185 

be only a reference for the subsequent study of particle crushing and inter-particle loading 186 

tests.  Granules ranging from 1.18 to 2.36mm were selected after dry sieving and tested using 187 

the inter-particle loading and crushing apparatus in a quasi-dry state. This size range was 188 

selected with respect to the size limit of the inter-particle loading apparatus which is able to 189 

test particles ranging from about 1 to 5mm. Special attention was given to select the most 190 
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regular in shape grains from the sieved material (in terms of normal and tangential – 191 

displacement tests) which is important to setup experiments in the apex-to-apex configuration 192 

as discussed by Senetakis and Coop (2014). The grading curves of the material referring to 193 

dry and wet sieving processes are illustrated in Figure 3. 194 

Morphology assessment of the granules from the top and bottom of the landslide was carried 195 

out using the Krumbein and Sloss method (1963) which allows identifying the sphericity (S) 196 

and roundness (R) of a particle by visual comparison with shapes and outlines of reference 197 

projected sections of sand grains. Top and bottom granules (which were randomly collected 198 

for the shape quantifications) were characterised by similar  sphericities with an average (S) 199 

value equal to 0.80, which indicates that they have a reasonably spherical shape. In terms of 200 

roundness, the top granules were in general less rounded (average R over fifteen grains = 201 

0.55) than those from the bottom (average R over fifteen grains = 0.68). This can also be 202 

observed in representative SEM images of the granule surfaces (Figures 4a and c). The SEM 203 

images at higher magnification (Figures 4b and d) do not show notable differences in surface 204 

micro-topography between the top and bottom granules. The surface microstructure can be 205 

described for both top and bottom samples as dense without visible macro-pores and 206 

heterogeneous due to the presence of clay minerals, clay clusters, dispersed platy particles 207 

and a few silt grains that make the granule surfaces rough.  208 

The roughness of the granules was quantified by means of white light interferometry. A small 209 

field of view of about 30x30μm was selected in order to minimise the percentage of 210 

undetected pixels within the images, which was quite significant for larger areas due to the 211 

low reflectivity of the material. As the percentage of the undetected pixels ranged between 5-212 

7% even if smaller areas were used, a sputter coat of gold/palladium was applied on the 213 

granules to increase the material reflectivity. This technique allowed reducing the percentage 214 

of the undetected points on the particle surface to 1-2%. However as the coating, the 215 
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thickness of which usually ranges between 2 and 20nm, might influence the surface 216 

roughness, its effect was investigated on quartz particles. The latter particles were considered 217 

as a reference material because fringes are usually easy to detect and undetected areas are less 218 

than 1% (Senetakis et al., 2013a, 2013b; Yang et al., 2016b). The roughness of fourteen 219 

coated H/CDT granules (seven from the top and seven from the bottom of the landslide) and 220 

three quartz particles was calculated as the RMS roughness, Sq (Equation (1)). This was 221 

achieved using a flattening function available in the software, which allows to separate the 222 

shape of the object from its surface topography. 223 

  2

q ij

ij

1
S = × Z

a×b
  (1) 

 224 

In Equation (1), a and b are the number of points in the horizontal plane and Z is the 225 

deviation of each point from the mean height value. The average Sq of quartz particles 226 

(reference particles) before and after the coating process was equal to 329 and 295nm, 227 

respectively. The difference in Sq is relatively small and probably derives from the thin layer 228 

of coating that did not distribute uniformly on the surfaces with pronounced apexes and 229 

dimples. The layer may be thicker in the dimples and thinner at the apexes, resulting in less 230 

deviation of each point of the particle surface from the mean height value. Therefore, the Sq 231 

values of the coated H/CDT granules might be slightly underestimated. The average Sq of the 232 

coated granules from the top of the landslide was equal to 773nm with a standard deviation of 233 

±131nm, while that of the bottom granules was equal to 572nm with a standard deviation of 234 

±110nm. These roughness values are on average larger than those obtained for common 235 

natural sands, such as quartz or carbonate sand (Sq=510nm also over a field of view of 236 

30x30μm-Nardelli and Coop, 2016). Figure 5 shows the flattened three-dimensional surface 237 

topography of a representative decomposed tuff granule from the bottom of the landslide. So, 238 
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it is concluded that within this limited number of tests for particle morphology 239 

characterisation, the grains taken from the bottom of the landslide were relatively more 240 

rounded and of slightly smoother surface in comparison to the particles taken from the top of 241 

the landslide.  242 

Testing programme and procedure 243 

The testing programme consisted of twenty-nine monotonic inter-particle shearing tests, four 244 

cyclic normal loading tests, four cyclic tangential loading tests and sixty single-particle 245 

crushing tests. The cyclic normal loading tests were conducted to investigate possible effects 246 

of repeating the application of the normal load on the contact behaviour of the granules and 247 

the cyclic tangential tests were performed to quantify the energy loss during shearing under a 248 

cyclic mode.   249 

Tables 1 to 3 indicate the granule size, the location in the landslide, the testing parameters 250 

and a summary of the test results. All the shearing tests (monotonic and cyclic) were 251 

conducted in a displacement-controlled mode at sliding rates that ranged from 0.03 to 252 

0.20mm/h, while a constant rate of 0.30mm/h was adopted for the cyclic normal loading tests. 253 

A displacement rate of 0.1mm/min was used for the single-particle crushing tests. Prior to 254 

inter-particle shearing, a normal force of 0.5 or 1.0N was applied to the granules and 255 

maintained constant during the test. As the decomposed tuff granules were very weak (failure 256 

stress around 1MPa), a limited range of normal forces was used in order to avoid excessive 257 

particle damage during the inter-particle shearing tests.  258 

The granules were glued on the brass mounts and left undisturbed for 24 hours before 259 

conducting the inter-particle shearing tests (Figure 1). The application of the vertical force 260 

was implemented in a way that an apex-to-apex configuration was obtained between the two 261 

particles prior to testing (Senetakis and Coop, 2014).  262 
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In the single-particle crushing tests, three descriptor diameters were measured by a Vernier 263 

calliper with a resolution of 0.01mm. In Table 1, dmax and dint indicate the Feret diameters 264 

measured in the horizontal plane in the particle at-rest position, while dmin is the diameter 265 

measured in the vertical plane (i.e. the particle thickness). The failure characteristic stress was 266 

calculated as: 267 

  
f

f
intmin

P
σ =

dd
π× ×

2 2

 
(2) 

 268 

In Equation (2), Pf is the maximum force recorded from the test. Equation (2) assumes a 269 

tensile failure (more sophisticated crushing mechanisms are beyond the purpose of this work) 270 

and adopts the geometric mean of the dmin and dint as the failure area. This allows some 271 

consideration of the effect of the particle morphology, especially in the case of elongated 272 

particles, as shown in Todisco et al. (2017).  273 

3. Results and discussion 274 

Single-particle crushing tests 275 

The single-particle crushing test results were expressed in terms of the probability of 276 

surviving of grain splitting (Weibull, 1951) against the failure characteristic stress. All the 277 

tests showed a brittle type of behaviour with a sudden drop of the load after reaching a peak 278 

value. Figure 6 presents the survival probability of granules from the top and bottom of the 279 

landslide. The characteristic stress at a survival probability of 37% is around 1MPa for both 280 

locations. The two curves tend to overlap up to a survival probability of 40% and below this 281 

value, the granules from the bottom of the landslide, which were slightly more rounded, 282 

appear stronger in comparison to the granules from the top. Wang and Coop (2016) and 283 
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Todisco et al. (2017) found that sphericity and local roundness (calculated from the asperities 284 

at the contact) could influence the particle strength. It is noted that the highly/completely 285 

decomposed (H/CDT) granules are very weak if compared to the strength of other sand 286 

particles of similar size as reported in the literature (Nakata et al., 1999, 2001, Todisco et al., 287 

2017). For example, characteristic stresses at 37% survival probability of 11 and 45MPa were 288 

found for similar size limestone (shown in the figure) and quartz sand grains, respectively 289 

(Todisco et al., 2017).  290 

Normal load-displacement cyclic tests 291 

For two (out of four) experiments where the normal load-displacement response of the 292 

granules was investigated, the plots are provided in Figures 7 and 8 for H/CDT granules from 293 

the top and bottom of the landslide, respectively. Both tests showed a highly non-linear 294 

response (i.e. non-linear increase of the normal load against the displacement). The response 295 

was found to be highly plastic with a substantial increase of the modulus at the contact from 296 

the first to the second loading (similar observations were recorded for the other two pairs of 297 

grains). For simplicity, the modulus computation, which in reality corresponds to an apparent 298 

value, was derived based on Hertzian fitting (Hertz, 1882), based on Equation (3):  299 

  
 

31
* * 224× R ×E ×δ

P =
3

 
(3) 

where R
*
 is the equivalent particle radius computed from Equation (4), P is the normal load, δ 300 

is the normal displacement and E
*
 is the equivalent Young’s modulus (the latter being the 301 

fitting parameter of the model to the experimental curve).  302 

  
*

1 2

1 1 1
= +

R R R
 (4) 
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In Equation (4), R1 and R2 corresponded to the average radius of the three dimensions of the 303 

two particles in contact, measured using a Vernier calliper. The average radius of pairs of 304 

granules from both top and bottom of the landslide was equal to about 1 mm. The equivalent 305 

Young’s modulus E* is correlated with the apparent Young’s modulus (E1 and E2) through 306 

Equation (5): 307 

  
2 2

1 2

*

1 2

1 1- 1-
= +

E E E

 
 (5) 

where, it is assumed that E1 = E2, for the Poisson ratio ν1 = ν2 which was taken equal to 0.3 as 308 

reported by Irfan (1983) for decomposed volcanic rocks in Hong Kong. Although the 309 

Hertzian curves could fit reasonably well the experimental ones, it is highlighted that the 310 

values of Young’s moduli are only apparent, as the normal-loading response of this material 311 

exhibits plasticity. Currently a direct comparison with the real (mineral) Young’s modulus 312 

would be difficult to make due to the complex mineralogy of this material. 313 

During the first normal loading cycle, the apparent Young’s modulus was found equal to 180 314 

and 160 MPa for the material from top (Figure 7) and bottom (Figure 8) of the landslide, 315 

respectively. After reloading, the grains were found to have much higher values of Young’s 316 

modulus,
 
i.e.,

 
1700 and 1400 MPa for the top and bottom material shown in Figures 7 and 8, 317 

respectively. This means that the apparent stiffness at the contacts of the H/CDT granules had 318 

an increase of one order in magnitude from the first to the second loading and that these 319 

moduli were found markedly smaller in magnitude in comparison to the corresponding 320 

normal load-displacement tests conducted on other types of grains reported in the literature. 321 

For example, testing Eglin grains, which are mainly constituted of silica, Nardelli et al. 322 

(2017) reported values of apparent E between 52 to 94GPa, whilst a value of 11GPa was 323 

obtained for a biogenic carbonate sand (Nardelli and Coop, 2016).  324 
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 325 

Figure 9 gives a summary of the total set of four cyclic normal loading tests showing the 326 

effect of the number of loading cycle on the apparent Young’s modulus for the decomposed 327 

tuff granules. It is noticed that even though the major change of Young’s modulus took place 328 

from the first to the second cycle, some increase is still observed for the third and fourth 329 

cycles for all the tested samples (for example from about 1.4 to 1.5 GPa and from about 1.7 330 

to 1.8 GPa). In their recent study, Sandeep and Senetakis (2018) showed that for Leighton 331 

Buzzard sand quartz grains, there was only a slight increase of Young’s modulus from the 332 

first to the second cycle (from about 70 to 73 GPa), but thereafter, no further change was 333 

observed for subsequent cycles. So that for the quartz grains tested by Sandeep and Senetakis 334 

(2018), which consist of very smooth surfaces, the normal contact response was majorly 335 

elastic with traces of some plastic deformation during the first cycle. But for the very soft and 336 

rough tuff granules of this study, plastic deformations are predominant during the first cycle 337 

and they continue to be observable in subsequent cycles of normal loading.  338 

 339 

Inter-particle friction and tangential stiffness during monotonic shearing tests 340 

Typical horizontal (or shearing) force-displacement curves of granules from the bottom and 341 

top of the landslide are presented in Figure 10, where no significant difference can be 342 

observed between the materials from the two locations. On average, large displacements were 343 

needed before reaching constant values of horizontal forces, i.e. the steady-state condition. 344 

This might be justified by the large contact diameter, i.e. 0.33 and 0.26mm at 1 and 0.5N 345 

normal load, respectively, calculated theoretically by the Hertz model for elastic sphere-346 

sphere contact (Hertz, 1882). By applying the Hertz theory, a Young’s modulus of the 347 

material equal to 0.16GPa was found through curve fitting of the tests (as a representative 348 
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value). For comparison, a pair of quartz grains with an apparent Young’s modulus of 50GPa, 349 

the size of the H/CDT particles (2mm) and with a Poisson’s ratio of 0.1 will have a contact 350 

diameter of 0.05mm at 1N normal load and a steady-state condition is reached at around 351 

0.02-0.03mm (Sandeep and Senetakis, 2017).   352 

In Figure 11, the mobilised inter-particle coefficient of friction (μmob) is plotted against the 353 

horizontal displacements for representative tests from both the top and bottom H/CDT 354 

granules. Beyond a horizontal displacement of about 80 to 100μm, the mobilised friction 355 

reached a steady-state, denoted as μ. For some of the tests, some slight oscillation of the 356 

horizontal force was observed, even though relatively large displacements were reached. In 357 

general, it was not observed a very clear effect of the applied normal load on the resultant 358 

μmob or μ. The μ values of the bottom material are slightly larger than the top ones, with 359 

average values over all the tests of 0.44 (bottom grains) and 0.37 (top grains), respectively. 360 

Also, the μ values of the bottom granules were less scattered than the top ones, with values 361 

that ranged from 0.35 to 0.54 with a standard deviation of ±0.05. A larger range was found 362 

for the top granules, with values of μ between 0.22 to 0.56 with a standard deviation of ±0.09. 363 

The differences in the observed μ values between top and bottom granules might be related to 364 

the greater roughness values observed for the  material taken from top of landslide.  365 

The inter-particle friction angles were found greater for the H/CDT granules, with average 366 

values between 20
o
 to 24

o
, in comparison to the data in the literature for quartz sand grains 367 

tested by Senetakis et al., (2013a, 2013b) and Sandeep and Senetakis (2018), who found 368 

friction angle values between about 7
o
 to 17

o
. But the quartz grain surfaces were much 369 

smoother and harder than the material tested in this study. On the other hand, the friction 370 

angles for the H/CDT granules are much closer to the values obtained for a biogenic 371 

carbonate and Eglin sand reported in Nardelli and Coop (2016) and Nardelli et al. (2017), the 372 

roughnesses of which (around 500-600nm) were similar to that of H/CDT grains. The values 373 
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of the inter-particle friction measured for H/CDT are also larger than those determined by 374 

Nardelli et al. (2016) for two natural scaly clays, which were characterised by a scaly 375 

mesostructure and smooth tectonised surfaces. This probably means that both shape and 376 

surface roughness have an effect on the test results for clay materials. In the case of H/CDT, 377 

roughness values of 500-700nm might be compared to the size of clay platelets that lie on the 378 

surface in a disaggregated way as shown in the SEM images (Figure 4). At such low normal 379 

loads, larger tangential forces might be needed to overcome rough asperities which could not 380 

be plastically deformed or abruptly removed. The large contact diameters of the landslide 381 

material due to their very low values of apparent Young’s modulus might also contributed to 382 

the high inter-particle friction values.  383 

Figures 12 gives representative results for the tangential stiffness (KT) plotted against the 384 

displacement. These results correspond to a nominal vertical normal load of 1N. The 385 

tangential stiffness was computed differentiating the horizontal (tangential) force over the 386 

horizontal displacement similar to Senetakis et al. (2013b). The tangential stiffness of both 387 

bottom and top granules showed similar trends and values, ranging from about 25 to 80 388 

N/mm at a horizontal displacement of 10
-4

mm. These were very low compared to the data 389 

available in the literature (e.g. Senetakis et al., 2013a, Sandeep and Senetakis, 2018, Nardelli 390 

and Coop, 2016). The rapid reduction of KT with increasing sliding displacement reflects the 391 

highly non-linear response at the contacts of the decomposed tuff granules.  392 

 393 

Application of the Mindlin and Deresiewicz model to the experimental results 394 

Figure 13 gives a comparison between the tangential force-displacement curve obtained 395 

through the present experiments (showing a representative test) and the widely used Mindlin 396 

and Deresiewicz  model (after Mindlin and Deresiewicz, 1953). According to that theory, the 397 
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horizontal force-displacement curve follows a non-linear elastic behaviour initially and 398 

purely plastic behavior afterwards. Based on the Mindlin and Deresiewicz model, the value 399 

of the initial tangential stiffness ((Kt0) was obtained using Equation (6): 400 

  
11 2

0

1 2

8
2 2

( )t
G

K
G


    

 
  (6) 

 401 

where α is the Hertzian contact area, G1 and G2 are the shear modulus of the two grains in 402 

contact (taken as 85 MPa based on that the apparent Young’s modulus was computed for the 403 

given pair as 220MPa).  Even though the theoretical curve seems to fit better the initial part 404 

of the experimental one, there is a poor agreement between two curves in the later stages. For 405 

Eglin sand, Nardelli et al. (2017) observed the similar variations between experimental and 406 

Mindlin and Deresiewicz curves which they ascribed to roughness (which affects the contact 407 

area calculation), hardness and complex particle geometry.  408 

 409 

Cyclic inter-particle shearing tests 410 

Figure 14 presents the results of four cyclic shearing tests conducted on the bottom granules 411 

varying the amplitude of displacement as 0.005, 0.01, 0.02 and 0.04mm. For each test, four 412 

loading-unloading cycles were performed under a displacement rate of 0.06mm/h. Note that 413 

with increasing the displacement amplitude, higher non-linearity in the horizontal force – 414 

displacement relationship was observed with a substantial increase of the loop area, which 415 

implies an increase of energy dissipation (i.e. damping) at the contacts of the granules. The 416 

energy dissipation (D) was expressed with the following classical formula used in systems 417 

dynamics:  418 
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D % = 100
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W

W


 


 (7) 

 419 

where W is the elastic energy stored into the system and ΔW is the energy loss (ΔW is equal 420 

to the area of the closed loop). D of the second cycle was found equal to about 8%, 22%, 24% 421 

and 28% for displacement amplitude of 0.005, 0.01, 0.02 and 0.04mm, respectively. In 422 

general, the effect of the number of cycles on the energy dissipation of a given pair of H/CDT 423 

granules was found relatively small. Based on the test results shown in Figure 14, the secant 424 

stiffness (Ks) was computed which is defined as the slope connecting the end points of the 425 

closed loop. The Ks values based on the second cycle of the cyclic tests is plotted in Figure 426 

12 along with the monotonic tangential stiffness. It is shown that at a displacement of about 427 

0.005mm, the Ks value is much greater than the corresponding range of tangent values, 428 

however these differences become smaller at greater displacements.  429 

 430 

4. Conclusions 431 

The contact behaviour of highly/completely decomposed tuff granules (H/CDT) taken from a 432 

recent landslide in Hong Kong was investigated in terms of monotonic and cyclic force-433 

displacement response, inter-particle coefficient of friction and stiffness. The material 434 

characterisation showed that the H/CDT granules from the top and bottom of the landslide 435 

had similar sphericity, strength at failure (characteristic stress at 37% survival probability 436 

equal to around 1MPa) and surface roughness (500-700nm). The top granules were slightly 437 

less rounded than those from the bottom but this difference was too small to infer any link 438 

between morphology and particle strength. The inter-particle normal and tangential force-439 

displacement behaviour did not show any significant difference between top and bottom 440 
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granules. They were characterised by an average coefficient of friction of 0.44 and 0.37 for 441 

bottom and top granules, respectively, which is relatively large compared to other geo-442 

materials. Perhaps, the rough surfaces of the H/CDT granules as well as their low apparent 443 

Young’s modulus might have contributed to these high µ values. The slightly greater friction 444 

values for the top granules could be related with their greater roughness in comparison to the 445 

bottom granules.  446 

It was noticed that beyond a large horizontal displacement of about 80 to 100μm, the 447 

mobilised coefficient of friction reached a steady-state. The soft nature of the granules might 448 

have contributed to this behaviour, as larger contact areas were expected during normal 449 

loading, thus larger displacements are required to reach a steady-state during shearing. Cyclic 450 

normal contact tests for a limited set of granules indicated that the response was highly 451 

plastic and hysteretic during the first cycle which resulted in a sensible increase of the normal 452 

contact stiffness during the second cycle. A slight increase was also observed after the 453 

application of a third and fourth cycle in the normal direction, even though this increase was 454 

more moderate in comparison to the observations during the second cycle. By applying the 455 

Hertz model, the apparent Young’s modulus of the granules was found to be within a narrow 456 

range of about 0.16 to 0.22 GPa during the first loading cycle and between about 1.40 and 457 

1.70 GPa during the second cycle, respectively. These values were significantly lower in 458 

comparison to reported data in the literature for other soils. Cyclic shearing tests indicated 459 

values of the contact damping to range from about 8% to 28% for displacement amplitudes 460 

from 0.005 to 0.04mm. The model proposed by Mindlin and Deresiewicz was applied to the 461 

experimental horizontal force – displacement curve and for a representative test this 462 

comparison was shown in the study. It was revealed that even though the model matched 463 

better the experimental data at the initial part of the curve, in general the highly non-linear 464 



21 
 

response of the granules at their contacts resulted in notable differences between theoretical 465 

and measured curves at greater displacements.  466 

 467 
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 579 

TABLE 1 Single-particle crushing tests  580 

Material 

location in 

landslide 

Number of tests dmax [mm] dint [mm] dmin[mm] 

Characteristic 

stress at 37% 

survival probability 

[MPa] 

TOP 30 2.28 2.23 1.84 0.78 

BOTTOM 30 2.74 2.25 1.90 1.17 

 581 

TABLE 2 Monotonic inter-particle sliding tests  582 

Material 

location in 

landslide Test code 
Rate 

[mm/h] 

Vertical 

force, Fv [N] 

Inter-particle 

coefficient of 

friction, μ 

Total 

horizontal 

path, δh,tot 

 [mm] 

T
O

P
 

T2-1-0.2 0.2 1 0.56 0.16 

T3-1-0.2 0.2 1 0.33 0.20 

T4-1-0.2 0.2 1 0.38 0.15 

T5-1-0.2 0.2 1 0.37 0.18 

T1-1-0.06 0.06 1 0.44 0.15 

T2-1-0.06 0.06 1 0.47 0.14 

T3-1-0.06 0.06 1 0.27 0.12 

T1-1-0.03 0.03 1 0.37 0.12 

T1-1-0.04 0.04 1 0.41 0.15 

T1-0.5-0.2 0.2 0.5 0.46 0.28 

T2-0.5-0.2 0.2 0.5 0.36 0.22 

T3-0.5-0.2 0.2 0.5 0.22 0.19 

T4-0.5-0.2 0.2 0.5 0.32 0.20 

T5-0.5-0.2 0.2 0.5 0.28 0.19 

 583 

 584 

 585 
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(Continued) 586 

B
O

T
T

O
M

 

B1-1-0.2 0.2 1 0.45 0.15 

B2-1-0.2 0.2 1 0.50 0.19 

B3-1-0.2 0.2 1 0.47 0.15 

B1-1-0.06 0.06 1 0.42 0.18 

B2-1-0.06 0.06 1 0.40 0.10 

B3-1-0.06 0.06 1 0.54 0.12 

B1-1-0.03 0.03 1 0.42 0.05 

B2-1-0.03 0.03 1 0.47 0.08 

B3-1-0.03 0.03 1 0.43 0.06 

B1-0.5-0.2 0.2 0.5 0.43 0.17 

B2-0.5-0.2 0.2 0.5 0.43 0.16 

B3-0.5-0.2 0.2 0.5 0.51 0.15 

B1-0.5-0.06 0.06 0.5 0.35 0.12 

B2-0.5-0.06 0.06 0.5 0.37 0.14 

B3-0.5-0.06 0.06 0.5 0.45 0.15 

 587 

TABLE 3 Cyclic inter-particle sliding tests  588 

Material location 

in landslide 

Type of 

cycling 

Number of 

cycles 

Rate 

[mm/h] 

Vertical force, 

Fv [N] 

Amplitude of horizontal 

displacement (mm) 

Top Normal 4 0.3 1 - 

Top Normal 4 0.3 1 - 

Bottom Normal 4 0.3 1 - 

Bottom Normal 4 0.3 1 - 

Bottom Tangential 4 0.06 1 0.005 

Bottom Tangential 4 0.06 1 0.01 

Bottom Tangential 4 0.06 1 0.02 

Bottom Tangential 4 0.06 1 0.04 

  589 
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FIGURES 590 

 591 

Figure 1 Inter-particle loading apparatus: a) loading frame; b) sled; c) stepper-motor; d) sand 592 

particles; e) load cell; f) eddy-current sensor; g) digital micro-cameras.  593 

 594 
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 595 

Figure 2 Location of the landslide (where the tested material was taken) in the geological 596 

map of Hong Kong and photographs of the top and bottom of the landslide taken in 597 

September 2016. 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 
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 606 

 607 

 608 

 609 

Figure 3 Particle size distribution of the decomposed tuff granules from the top and bottom of 610 

the landslide. 611 
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 618 

a) 619 

 620 

b) 621 



31 
 

 622 

c) 623 

 624 

d) 625 

Figure 4 SEM images of decomposed tuff granules surfaces from a)-b) top and c)-d) bottom 626 

of the landslide. 627 
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 628 

Figure 5 Typical flattened interferometer image of the surface of a granule for the calculation 629 

of the root mean square roughness. 630 
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Figure 6 Single-particle crushing test results on top and bottom  granules and crushed 635 

limestone (LMS) grains. 636 

 637 

 638 

Figure 7 Normal force-displacement relationship of a pair of granules from the top of the 639 

landslide and corresponding Hertzian fitting  640 
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 643 

Figure 8 Normal force – displacement relationship of a pair of granules from the bottom of 644 

the landslide and corresponding Hertzian fitting 645 
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 648 

Figure 9 Effect of cycle number on the apparent Young’s moduli at the contacts of 649 

decomposed tuff granules based on normal loading tests 650 
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 653 

Figure 10 Typical plots of horizontal force-displacement relationship of pairs of granules 654 

from monotonic inter-particle shearing tests. 655 
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 658 

Figure 11 Typical plots of mobilised inter-particle friction angle-horizontal displacement 659 

from monotonic inter-particle shearing tests. 660 
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 663 

Figure 12 Typical plots of tangential stiffness against the horizontal displacement from 664 

monotonic inter-particle shearing tests (in the same figure secant stiffness values based on 665 

cyclic shearing tests are also plotted for comparison). 666 
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 668 

Figure 13 Comparison between an experimental horizontal force – displacement curve and 669 

the theoretical curve computed based on the Mindlin and Deresiewicz (M-D) model 670 
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 677 

 678 

Figure 14 Cyclic inter-particle shearing tests on pairs of granules  679 
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