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Abstract

The coefficient of restitution (COR) is an important input parameter in the numerical
simulation of granular flows, as it governs the travel distance, the lateral spreading and the
design of barriers. In this study, a new custom-built micro-mechanical impact loading
apparatus is presented along with impact experiments on engineered and natural materials.
The COR and energy loss of various grains and base block combinations are studied,
including fairly regular shaped Leighton Buzzard sand (LBS) grains as a natural soil and
granite/rubber as base blocks, apart from the use of engineered materials for the grains
(chrome steel balls, glass balls) and blocks (stainless steel, brass). The repeatability of the
new micro-mechanical impact loading apparatus was checked by impacting chrome steel
balls on stainless steel block. In all the test combinations, the higher and lower values of the
COR are found for granite block (ranging between 0.75-0.95) and rubber block (ranging
between 0.37-0.44) combinations, respectively. For the tested grain-block combinations,
lower values of COR were observed for impacts between materials of low values of
composite Young’s modulus. However, within the narrow range of composite surface
roughness of the tested grain-block interfaces no particular trend was observed in the COR
values. Compared to glass balls and chrome steel balls, greater scatter in the COR values is
observed for natural sand grains. This is due to the variation of the elastic and morphological

characteristics among individual LBS grains.

Keywords: Coefficient of restitution; Energy loss; Impact velocity; Laboratory test; Sand

grains
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Contact radius

Normal displacement

Number of points in horizontal plane
Deviation of each point from mean value
Coefficient of restitution

Energy loss percentage

Elastic modulus of the grain and block
Composite Young’s modulus

Applied normal force

Air drag on grain

Acceleration due to gravity

Initial and rebound height of the grain
Mass of grain

Radius of the grain

RMS roughness

Velocity of grain and block before impact

Velocity of grain and block after impact

Poisson’s ratio of the grain and block materials

Glass ball
Chrome steel ball

Leighton Buzzard sand
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1. Introduction

The collision behaviour between grains or grains with solid objects is of interest in various
areas of geotechnical and geological engineering research, such as rock falls, landslides,
debris flows, sand dunes, volcanic eruptions, seismic hazards and meteoritic impacts (Gischig
et al. 2015; Dufek et al. 2012; Jiang et al. 2018; Asteriou et al. 2012; Durda et al. 2011; Choi
et al. 2014; Li and Zhao 2018). Debris flows and rock falls generally occur in mountainous
terrain and they cause uncountable loss of life and property. Hong Kong has a steep terrain
and debris flows can travel long distances causing loss of life and destroying infrastructure,
earthworks and disturbing traffic (Pun et al. 2011). Debris flows are rapid flows of
predominantly coarse grained material with/without water mixtures which are generally
started by a landslide. These flows often consist of processes which include initiation, flow
and deposition (Chen and Lee 2000). Due to their complex nature, debris flows generally
cannot be studied by the traditional soil mechanics methods. There are two common
approaches to study the behaviour of debris flows. First is through rheological approach and
the other method is through coupled DEM/CFD analysis. In debris flows at the microscale,
the particle dynamics involve exchange of momentum due to inertial granular collisions,
friction between grains, viscous shear and solid fluid interactions (Iverson 1997; Sanvitale
and Bowman 2016). In general, the mobilized blocks during flows/rock falls move down the

slope due to gravity with a subsequent impact and rebound (Ritchie 1963; Paronuzzi 1989).

The Discrete element method, DEM (Cundall and Strack 1979) helps to generate useful
information about granular flow behaviour due to its capabilities in capturing large particle
displacements (Calvetti and Nova 2004). In DEM, researchers use input parameters alongside
theoretical models to simulate the particle contacts; one approach is to use contact stiffnesses
along with inter-particle friction (e.g., Cheung et al. 2013) and a second common approach

is to use coefficient of restitution (COR) values (Garcia et al. 2016; Coetzee 2017). The COR
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parameter is used to understand the amount of initial kinetic energy retained post collision.
Researchers use COR values in understanding the collision behaviour between grains and
barriers. In the simulations of rock falls, both normal and tangential contact behaviour, and
COR are needed as inputs, where different types of block movements can be modelled such
as free falling, bouncing, rolling and sliding (Descoeudres and Zimmermann 1987; Asteriou
et al. 2012). Recent technical advancements have made it possible to obtain normal and
tangential behaviour at the contacts of soil grains in the laboratory using inter-particle loading
apparatus (Cavarretta et al. 2011; Senetakis and Coop 2014; Cole et al. 2010; Yang et al.
2016). However, relatively limited number of laboratory works has reported on the

coefficient of restitution of natural sand grains impacting on blocks of variable material types.

Numerous DEM models simulating granular flows use COR in their analysis (Dahl et al.
2003; Clelland and Hrenya 2002; Jasti and Higgs 2010; Karolyi and Kertesz 1998; Kozicki
and Tejchman 2005; Okura et al. 2000; Pfeiffer and Bowen 1989; Turmel and Locat 2010;
Makris and Roussos 2000). Previous studies have shown that the magnitude of the COR
influences significantly the output of a numerical study, thus predictive tools in the study of
granular flows need more systematic studies to investigate the behaviour of grains under
collision (Mitchell and Hungr 2016; Agliardi and Crosta 2003; Di Prisco and Vecchiotti
2006). However, the mechanism of impact between two bodies is a complex phenomenon as
it involves short contact durations, and localization of stresses at the contacts which cause
plastic deformations during impact (Aryaei et al. 2010). Earlier works stated that the COR
values decrease with an increase in impact velocity (Thornton and Ning 1998; Heibelmann et
al. 2010; Brilliantov et al. 2007; Wong et al. 2009). In addition, previous experiments were
also conducted to study spheres (or grains) colliding on block surfaces (Tabor 1948; Kharaz
and Gorham 2000; Koller and Kolsky 1987; Vincent 1900; Reed 1985; Sondergaard et al.

1990; Foerster et al. 1994; Lorenz et al. 1997; Marinack et al. 2013). However, most of the
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studies are limited to engineered spheres and block surfaces. Engineered materials like metals
are highly homogeneous with microscopic flaws. By contrast, natural geological materials
including soil grains and rocks/rock fragments, are not generally homogenous, they have
internal flaws and their contacts are of brittle or elasto-plastic to brittle in nature (Cascante

and Santamarina 1996).

Yu and Tafti (2016) modelled the collision of micro size sand particles (around 0.1-0.2 mm
in diameter) on engineered surfaces of stainless steel and aluminium and found that the COR
value decreases with an increase in impact velocity. Durda et al. (2011), testing large granite
spheres (1m in diameter) impacting each other at a speed on 1m/s, obtained an average value
of COR of 0.83. Imre et al. (2008) reported an average value of COR of 0.87 for steel balls of
diameter 3mm impacting on a conglomerate from a drop height of 20cm. It is noted that a
limited amount of research is available comparing the impact behaviour between engineered
materials and natural soil grains, such as quartz particles. Due to their irregular shape and
internal defects, sand particles are difficult to test in the laboratory compared with perfect
spheres. However, for the simulation of granular flows, it is important to obtain results, apart

from perfect spheres using engineered grains, on natural sand grains.

In Hong Kong, debris flows occur most commonly in decomposed soils. The decomposed
grains will be difficult to be tested because of their irregular shape, internal defects, multi
mineral composition and presence of coating on their surfaces. In this preliminary study, we
used regular shaped (high sphericity and high roundness) quartz sand grains of known surface
roughness impacting on different types blocks, including granite and rubber, to obtain the
COR values. Banks et al. (2005) evaluated the COR for quartz sand grains impacting on
basalt surfaces to simulate the abrasion rates on Earth and Mars surfaces. They did not
provide any information about the shape or the surface roughness and reported high scatter in
the COR data (0.1-1). In static loading, Greenwood and Tripp (1967) predicted that the

7
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surface roughness influences the loading behaviour in the normal direction which was later
confirmed by recent experiments (Sandeep and Senetakis 2018; Nardelli and Coop 2018).

Therefore, the surface roughness was quantified for the grains and blocks used in this study.

Additionally, in most of the previous studies the collision of grains on blocks has
predominantly considered stiff surfaces with high Young’s moduli. By contrast, there is
limited information on the collisional behaviour against more flexible surfaces, such as
rubber-type blocks. The implications of understanding the fundamental contact mechanics in
terms of COR between grains and more flexible surfaces include improved estimates of the
impact loads and therefore the optimization of barrier designs against flow-like landslides,
such as, flexible type barriers or car tyre cushioning layers in front of concrete barriers (Lo

2000).

This paper presents the main features of a new custom-built micro-mechanical impact loading
apparatus developed by the authors. A custom-made dual-solenoid setup was used to hold
grains with a size ranging from 1 to 3mm in diameter. The current version of the apparatus
allows experiments to be carried out on grains impacting on block surfaces for drop heights
up to about 500mm. A high-speed photography technique was used to capture the drop and
rebound heights. The COR of chrome steel balls (CSB) was studied initially to check the
repeatability of the results. Subsequently, the COR and energy loss of various grain and base
block combinations were studied, which included fairly regular shaped Leighton Buzzard
sand (LBS) as a natural material and granite or rubber as base blocks, apart from the use of
engineered materials for the grains (chrome steel balls, glass balls) and blocks (stainless steel,
brass). The methodology used in this study to obtain the COR values for fairly regular shaped
LBS grains can also be used for irregular shaped granular materials. Even though the size
range (approximately 2mm in diameter) tested in this study is narrow, this forms a good basis
to analyse the behaviour of grains of greater size using numerical tools (i.e., DEM).

8
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2. Materials
2.1 Basic description of materials

The impact behaviour of various grain types of the sphere configuration against base blocks
of different material types was examined experimentally in this study (i.e. grain-block
collision). The grains included commercially available chrome steel balls (CSB) and glass
balls (GB) of 24+0.02mm in diameter and regular shaped Leighton Buzzard sand (LBS) grains
as a natural material. The LBS is a silica-rich sand with relatively smooth surfaces. The LBS
grains used in this study were of 20.2mm in diameter (average size in all three directions)
which were measured by Vernier calliper with a resolution of 0.0lmm. The LBS grains
which had reasonably high sphericity (0.9) and roundness (0.8) were selected for the impact
tests. Sphericity quantifies the degree to which particle approaches the shape of a sphere.
Roundness is a measure of the sharpness of the edges and corners. Shape descriptors of
sphericity and roundness were estimated based on visual observation of the grains and the use

of an empirical chart proposed by Krumbein and Sloss (1963).

For natural sand grains with irregular surface roughness, internal defects and different
morphologies, in the present study fairly regular shaped (high sphericity and high roundness)
quartz sand grains were handpicked and tested while trying to reduce the effect of shape by
handpicking regular grains. For irregular grains, image analysis techniques can be used to
obtain the shape of the particle. However, the local radius of the sand grains at the point of
contact with the block will affect the behaviour after impact and COR. With the present
available techniques it is difficult to obtain the local radius of the grain at the point of contact.

As the grains tested were regular in shape, the shape analysis is not presented in this study.

The base blocks used in this study were brass, stainless steel, rubber and granite. The

collision mechanism of grains impacting on the surfaces of granite and rubber blocks is
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helpful in various geotechnical and geological engineering applications, especially in the
design of barriers for granular flows. In this preliminary study, quartz sand grains were tested
as silica is the major constituent of weathered debris flow materials. During the debris flows
the weathered materials slide on the surfaces of fresh material, therefore, the fresh granite
base block was used. Apart from engineered and granite base blocks, the rubber block was
also used to simulate the interactions between particles and flexible type barriers. The base
blocks were of 9x9cm square and 6¢cm thick. In Table 1, the grains and base blocks used in
this study are summarized by providing some of their basic characteristics. The Poisson’s
ratio of the grains and blocks were obtained from literature sources based on the material
type. The density of the spheres and blocks were measured in the laboratory. The density of

the LBS grains is 2.65t/m?, which was obtained from the water pycnometer method.

The chemical composition and surface morphological features of the tested grain and block
materials were obtained through different techniques. The chemical composition of LBS
grains was obtained through energy-dispersive X-ray spectroscopy (EDX) analysis. Silicon
dioxide (SiO,;) was found to be the major constituent (around 80-90%) with Iron and
Aluminium oxides as minor constituents (around 5-10% each). The Iron and Aluminium
oxides present in LBS are majorly responsible for the orange colour of LBS grains. The
surface roughness of the grains and the blocks was measured with an optical surface profiler
(model: Veeco NT9300). The vertical scanning interferometry (VSI) mode was chosen, as
this mode allows the scanning of large areas of materials in a non-destructive way to quantify
roughness (Conroy and Mansfield 2008). For both the grains and blocks, a field of view of
20x20um was selected for scanning to determine the roughness. The effect of curvature was
removed for the grains and the roughness was presented as the root mean square (RMS)

roughness denoted as Sy based on Eq. (1) (as used by Senetakis et al. 2013).

10
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[y
8, =7 26 (1)
ij

where a and b are the number of points in the horizontal plane and C is the deviation of each
point from the mean height value. Typical images of flattened three-dimensional surface
profiles of an LBS grain and a rubber block are shown in Figure 1. For the different grain
types, Sq was measured by selecting randomly a total set of about ten grains from each brand.
The effect of form on roughness was removed (flattened) for spheres and LBS grains by
using a cylindrical function. For the blocks, surface roughness values were measured at ten
different locations on the block surface which were chosen randomly. Compared to the
engineered materials (chrome steel balls and glass balls), the LBS grains had greater value of
surface roughness, which was expected to be observed for naturally occurring geological

materials (Table 1).

2.2 Determination of Young’s modulus for the different material types

Sandeep and Senetakis (2018) and Sandeep et al. (2018) determined the apparent values of
Young’s modulus of the CSB, GB and LBS grains in the laboratory. However, for the
comprehensiveness of this study, the procedure is briefly presented in this section. The inter-
particle tests were conducted in the normal to the contact tangent using a micromechanical
loading apparatus developed by Senetakis and Coop (2014). The grains were glued onto brass
mounts and allowed to dry for a period of 24hr. The top mount was fixed to the loading arm
supported by a stainless steel frame, whereas the bottom mount was placed on a sled. During
the application of the normal force, the top particle was moved downwards in a displacement-

controlled mode till the target normal force was reached at the contact of the grains.

Figure 2(a) shows a microscopic image of chrome steel balls during the application of the
normal force. Representative curves of normal force against displacement along with

Hertzian fitting (Hertz 1882; after Johnson 1985) are shown in Figure 2(b). This fitting is

11
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based on the following set of expressions presented in Eqs. (2) and (3) (Hertz 1882; after

Johnson 1985):

1

3RF (1-2) |’ (2)
“T1 4E

2 (R)E5; 3)
N 3(1-v.2)

where R is the radius of the grains in contact taken as R=1mm as the grains had a diameter of
2mm, o is the contact radius, Fy and Oy are the normal force and displacement, E; and v, are
the contact Young’s modulus and Poisson’s ratio of the grains. The values of the Poisson’s
ratio from literature sources listed in Table 1 were used for the fitting. From Eq. (2) it is
observed that the contact radius (as well as contact area) increases with decreasing contact
Young’s modulus. The value of contact Young’s modulus is used as the fitting parameter to
visually match the theoretical curve (Eq. 3) to the experimental data. This value of Young’s
modulus is obtained by trial and error fitting to obtain the best fit by varying the value of Eg
presented in Eq. (3). For smooth surfaces, the contact Young’s modulus can be similar with
materials’ Young’s modulus. However, with the increase in roughness the contact Young’s

modulus is generally less than the materials’ Young’s modulus.

The average values of apparent Young’s moduli of the grains are listed in Table 1 along with
their standard deviations. The increasing order of Young’s modulus of the grains is Leighton
Buzzard sand (52GPa), glass balls (58GPa) and chrome steel balls (173GPa). For the base
blocks, the values of Young’s modulus were taken from literature sources (Gu and Yang

2013; Heyliger et al. 2003; Marinack et al. 2013; Gupta and Rao 2000; Holownia 1972).

12
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The contact behaviour between two bodies at the junction is governed by the Young’s
modulus and surface roughness of both bodies. The addition of moduli between the
interacting bodies provides a way to use a single variable for different material combinations
(Liu et al. 2005; Sandeep and Senetakis; 2019). The composite elastic Young’s modulus (E*)
for the grain and block combinations used in this study was obtained from Eq. (4) (after

Johnson 1985).

e 0

where v and v, define the Poisson’s ratio of the grain and block materials, and E and E,
denote the elastic modulus of the grain and block, respectively. The composite surface
roughness of the grain-block combinations in this study was obtained from Eq. (5) (after

Johnson 1985).

Composite— S, =.IS;g +S;b (5)

where Sy, and S, are the RMS roughnesses of the grain and block, respectively.

3. Experimental apparatus and testing programme
3.1 Micro-mechanical impact apparatus

Researchers have found that the value of COR changes with the impact velocity (Thornton
and Ning 1998; Heibelmann et al. 2010; Brilliantov et al. 2007; Wong et al. 2009). It is
important to use proper values of COR in the simulation of granular flows, as the energy
transfer between the colliding particles governs the travel distance, the lateral spreading and
the design of barriers (Paronuzzi 1989; Davies and McSaveney 1999). The impact
experiments were conducted to determine the coefficient of restitution by using a custom-
built micro-mechanical impact apparatus which is shown in Figure 3(a). The apparatus

consisted of various components including two solenoids, a base block, a cantilever pole,

13
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high speed cameras and focussed LED lights. The two solenoids were mounted on a steel
frame (Figure 3(b)) and they were connected to the cantilever pole which is fixed rigidly to
the base. The solenoids were of 20mm in diameter and 39mm in length with a holding force
capacity of 13N and they were used as the holding system of the grain which was dropped
onto the base block. The cantilever pole was used to adjust the height of the drop. The
apparatus can test particles ranging from about 1 to 3mm in diameter and the drop heights can

be adjusted up to about 500mm.

A schematic view of the apparatus is given in Figure 4, showing the initial drop height hy,
which was calculated from the centre of the solenoids system to the surface of the base block.
The particle was initially held in position by the plungers of the solenoids before the drop.
The plungers were of 7.7mm in diameter and they were wrapped with a coil spring. The
solenoids were controlled by an external switch which allowed the flow of electric current.
As the electric current flowed into the solenoids, electro-magnetic energy was generated,
which then pulled both the plungers backwards into the solenoids at the same time and the
particle was released to drop onto the base block. This type of setup could minimize the
initial spin during the drop. The whole experimental apparatus was placed into a Perspex
chamber to minimize air flow effects. In most of the previously developed apparatus by other
researchers (Aryaei et al. 2010; Marinack et al. 2013), mainly spherical grains were impacted
on blocks and the collision behaviour was analysed with the use of single high speed camera.
The advantage of the newly developed apparatus compared with those from previous studies
is the use of a simple solenoid system to hold the particles and the ability to track the path of
the particle in the out of the plane direction as well to analyse the rebound height of the grain
from both directions. This is particularly necessary for the LBS grains and other types of soil

grains where the rebound path generally differs from the initial drop path.

3.2 Testing programme

14
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Twelve different grain-block combinations were tested in this study at four different drop
heights of 155, 190, 240 and 300 mm. Five trials were performed on CSB and GB grains and
ten to twelve trials were performed on LBS particles at different drop heights for each grain-
block combination. For the whole range of tests conducted using CSB and GB, a total of
around 160 tests were performed and for the whole range of tests conducted using LBS
grains, a total of around 190 tests were performed. The drop and rebound of the grain were
captured by high speed cameras with a shutter speed of one thousand frames per second. The
video was later used to analyse the grain initial drop and rebound paths. The high speed
cameras were placed perpendicularly to each other to ensure the verticality of the rebounding
path of the grains in the out of plane view, which was particularly important in the
experiments with natural sand grains. LED lights were focussed on the travel path of the
grain to increase the exposure time without compromising the frame rate. For a given grain-
block combination, a new grain and a different position of the block were chosen for each
new test. During the impact tests indentations were observed visually on the surface of the
brass block after impact. However, for the experiments conducted in this testing programme,
the blocks were always shifted/rotated in position to prevent the effect of plastic hardening.
Since the grains were dropped from different heights, a study of the influence of impact

velocity on the COR could also be conducted.

4. Analytical expressions

The coefficient of restitution (COR) between two impacting bodies (the sphere and the block

in this study) is given by Eq. (6).

COR — V2b B VZS (6)

ls _I/lb

15
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where, Vi Vipand Vo, Vo, are the velocities of the grain and block before and after impact,

respectively.

In the present experimental program, as the base blocks are stationary, Eq. (6) is simplified to

Eq. (7):

-V,
COR=—2= (7)

There is a possibility of errors in calculating COR even with the minimum possible difference
in the measurement of velocities based on particle tracking. Hence, in this study, the value of
COR was calculated by using drop and rebound heights. If a grain is released from an initial
height h; on a base block and it rebounds to height h, the impact and rebound velocities of the
grain can be determined from kinematics as presented in Egs. (8 and 9). For the drop heights
of 155, 190, 240 and 300mm, the initial velocity of drop is calculated (Eq. 8) as 1.74, 1.93,

2.17 and 2.43m/s, respectively.

Mo =—2eh ®)

Voo =~28h, )

where g is the acceleration due to gravity. Incorporating Egs. (8) and (9) in Eq. (7), COR can
be expressed as Eq. (10):

hZ

COR= |-*
h]

(10)

However, air drag can also affect the COR of the grain-block impact as the grains are

dropped from rest. If the air drag is included in Eq. (10), it will produce Eq. (11).

16
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COR = ﬁ} (11)

where Fp; and Fp, are the drag forces and my is the mass of the sphere. Based on the drop
heights and the grain sizes, the gravitational acceleration force is much greater than the
acceleration due to air drag. Hence, the air drag terms (Fp;/m; and Fp,/my) are neglected, and
Eq. (11) will reduce back to Eq. (10). The analysis by Marinack et al. (2013) and Patil and
Higgs (2017) of similar drop velocities showed that the air drag is negligible, and the COR
values only differ less than 1% if air drag is considered. The impact of the grain on the block
can vary from perfectly elastic to perfectly plastic. When the impact between grain and block
is perfectly elastic, then the COR is equal to unity. However, for elastic-plastic impacts, the
COR value varies between zero and one, and for perfectly plastic impacts, the COR value is
zero. With reference to several experimental and theoretical works during impact, a
substantial amount of kinetic energy is transformed as elastic waves propagate in the solid
bodies (Raman 1920; Zener 1941; Reed 1985; Stronge 2000). The loss of energy (AD)
during the impact of grain on the block surface can be calculated from Eq. (12), and the

energy loss percentage (%AD) is give in Eq. (13).

AD =m g(h ~h,)=m gh(1-COR’) (12)

%AD =100(1- COR?) (13)

5. Results and discussion

In this work several experiments were conducted to determine the COR values of different
grain types impacting different surfaces. The results of the current testing programme are

listed in Table 2 and 3 showing average values of COR for CSB, GB and LBS grains
17
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impacting on various base blocks, respectively. All the tests were conducted under normal

atmospheric pressure and room temperature (23-24°C).

5.1 Coefficient of restitution of engineered grains

Figure 5 shows the various stages of impact of CSB on the surface of stainless steel block.
The initial path of drop is shown in Figures 5(a and b), while the rebound path is presented in
Figures 5 (¢ and d). It was observed that after the impact, the CSB grain rebounded following
the exact same path. Figure 6 shows the repeatability in COR values of CSB impacting on
stainless steel and granite blocks. Within the minimal scatter of the results, the COR values
of CSB-stainless steel collisions decreased with the increase in impact velocity. However, no

such trend was observed for CSB-granite collisions.

Figure 7 gives the COR values of CSB and GB impacting on brass and stainless steel base
blocks at different velocities. In the legends of the Figures (6, 7, 8, 11 and12), the grain-block
combinations are specified with grain in the first position and base block in the second
position. For example, in the legend of Figure 7, CSB-brass denotes the grain type to be

chrome steel ball (CSB) and the base block to be brass.

It was observed from Figure 7 that the COR values of CSB impacting on metal blocks were
lower compared to GB. For GB and CSB grains impacting on a stainless steel block, greater
values of COR were observed compared to impacts on a brass block. For both GB and CSB,
there was a steady and continuous drop of COR values with the increase in impact velocity.
For different combinations, the decrease in COR values with change in velocity from 1.74 to
2.43m/s was equal to 5%, 6%, 6% and 10% for GB-brass, GB-stainless steel, CSB-brass and
CSB-stainless steel, respectively. Previous works (Wong et al. 2009; Aryaei et al. 2010;
Marinack et al. 2013; Patil and Higgs 2017) also found that the COR values for metallic
collisions decrease with the increase in impact velocity. In the present work, for CSB

impacting on the surfaces of stainless steel, the average values of COR for different impact
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heights ranged from 0.63 to 0.69. The present values of experimental COR for metallic
collisions agree with the previous experimental work by Wong et al. (2009). For steel balls
colliding with a steel block, Wong et al. (2009) reported values of COR ranging between 0.63

(2.5m/s) and 0.68 (1.5m/s) and that COR decreased with the increase in impact velocity.

Figure 8 shows the COR values against the impact velocity for CSB grains impacting on
different surfaces. From Figure 8 it was observed that the lower and higher values of COR
were found for CSB impacting on rubber block (average COR=0.42) and granite block
(average COR=0.90). Similar results could be observed when the glass balls impacted on
rubber block (average COR=0.37) and granite block (average COR=0.94) (Table 2).
Nonetheless, the impact of GB on various block combinations had higher value of COR when
compared with CSB. For GB and CSB impacting on the surfaces of granite and rubber base
blocks with varying the impact velocities, no significant changes were observed in the COR
values. For the GB and CSB combinations the scatter in the COR values was very small in
magnitude, for example, for CSB-stainless steel impacts (velocity =1.74m/s) the minimum
and maximum values of COR were equal to 0.68 and 0.72, respectively. Similarly, for GB-
stainless steel impacts (velocity =1.74m/s), the minimum and maximum values of COR were
equal to 0.85 and 0.87, respectively. The values of standard deviations were not specified
separately for grain-block combinations of CSB and GB impacts as they are based on five
trials only. Thereby the values of standard deviations are not totally reliable. However, the
minimum and maximum values of standard deviation in COR values for GB and CSB
impacts on all base block combinations are 0.003 and 0.012, respectively. This small scatter
in COR values is generally expected for engineered grains as they are spherical in shape with

consistent morphological and elastic characteristics.

5.2 Coefficient of restitution of natural soil grains
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Figure 9 shows the various stages of an LBS grain impacting on the surface of brass block.
Figure 9 (a and b) shows the path of the particle after release and Figure 9 (c and d) shows the
position of the particle after rebounding. Unlike CSB and GB, where the grains after impact
rebound following the exact same paths as that during the initial drop travel path, some of the
LBS particles deviated slightly from the initial drop path after rebounding as shown in Figure
9 (c and d). For the sand particles deviating from the initial path of drop, the rebound height
‘h,’ is calculated based on the resultant change in the horizontal and vertical distances (as
used by Banks et al. 2005). For LBS grain impacts, the rebounding path was checked from
the out-of-plane direction as well. Experiments which showed deviations in the out-of-plane

view were excluded from the data analysis.

Figure 10 shows a schematic representation of an LBS grain after impact, which is deviating
from the initial drop path. Even though regular shaped LBS grains were tested in this study,
the deviation from the path of drop after rebound was due to natural variabilities, internal
flaws and small irregularities in the shape of the LBS grains compared with a perfectly
spherical shape without any irregularities of CSB and GB grains. This is a major difference in
the collision behaviour between natural LBS grains and engineered grains like GB and CSB.
Even though in this study the tests are conducted on fairly regular shaped LBS grains, similar
methodology to measure the resultant rebound height can be used to obtain the values of

COR for irregular shaped LBS grains and other granular materials as well.

Figure 11 shows the average COR values of LBS grains when impacted on different base
blocks at different velocities. The average values of COR along with their standard deviations
for different combinations with LBS grains are presented in Table 3. For the velocities used
in this testing programme, the average values of COR of LBS impacting on surfaces of brass,
stainless steel, granite and rubber blocks were equal to 0.56, 0.68, 0.79 and 0.43, respectively.
The spectrum of COR values of LBS grains impacting on stainless steel surfaces lies in the
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same range of values obtained by Yu and Tafti (2016) for quartz sand grains at similar
velocities. Similar to CSB and GB, the COR values of LBS were higher and lower when
they were impacting on surfaces of granite and rubber blocks, respectively. Among LBS
particles impacting on metal surfaces, higher values of COR were observed when impacting
on the surfaces of stainless steel compared with brass. From Table 3, a greater degree of
scatter was observed for LBS grains compared to impacts of CSB and GB. The values of
standard deviation observed for LBS grains were approximately one order of magnitude
greater than the CSB and GB impacts. The minimum and maximum values of standard
deviations in COR values for LBS grain impacts are 0.020 and 0.080 respectively.
Correspondingly, the minimum and maximum values of COR for LBS-stainless steel block
impacts were equal to 0.52 and 0.78, respectively. Similar degree of scatter in COR values

was observed for all the test combinations with LBS grains.

5.3 Coefficient of restitution and energy loss

Figure 12 shows the COR values for all the grain types against different base block impacts.
From Figure 12 it is observed that, for all the combinations, the COR values can be
segregated into three categories based on the base blocks used. The higher and lower values
of COR were found for granite block (0.75-0.95) and rubber (0.37-0.44) combinations,
respectively. The values of COR between GB and granite block were the greatest in
magnitude among all the test combinations used. These observations might be due to the
brittle nature of glass and granite which results in very small to negligible plastic
deformations of asperities during the impact, reaching in this way greater rebound heights
after impact by retaining a large part of the initial kinetic energy. Marinack et al. (2013)
testing the impact behaviour of glass balls, observed similar high values of COR and they

attributed this behaviour to the brittle nature of glass. For the brass and stainless steel blocks
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visible plastic deformations were observed on the surface after impact. However, for the
granite blocks no visible changes were observed on the surface after impact. The maximum
area that can be scanned with the optical surface profiler is approximately 200um?. Without
any observable changes it is difficult to obtain the exact contact location of the impact on the
surface of the block or the grains used. Therefore the surface roughness was not measured

after impact.

Figures 13 and 14 show the variation of the average COR values with composite Young’s
modulus and composite surface roughness, respectively. The values of composite Young’s
modulus and composite surface roughness are calculated from Egs. (4) and (5). From Figure
13, for low values of composite Young’s modulus (around 0.1GPa for impacts on the rubber
block) the average values of COR were relatively low in magnitude. The lower values of
COR for impacts on the rubber block are possibly due to the dissipation of energy because of
the greater contact area; this greater contact area is related to the low composite Young’s
modulus (Eq. 2) of the grain-rubber block interface. As highlighted earlier, in static normal
loading tests from recent studies, the effect of surface roughness was quantified on the
contact behaviour of grains (Sandeep and Senetakis 2018; Nardelli and Coop 2018).
However, for the narrow range of composite surface roughness of the grain-block interfaces
in the present study no particular trend was observed in the COR values (Figure 14). Hence,
from Figures 13 and 14 for the tested grain-block combinations, it is concluded that the COR
values did not show specific trends within the narrow range of variation of the composite
surface roughness, yet, low values of COR were observed for impacts with lower values of

composite Young’s modulus.

The average values of percentage of energy loss (%AD) for all the grains impacting on block
at the tested velocities are illustrated in the form of histograms in Figure 15. From Figure 15,
it was observed that for all the grain-block combinations, the energy loss was maximum
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when rubber block was used as the base material. The grains after impacting the rubber block
lost at least 80% of the initial kinetic energy due to greater contact area (Eq. 2), probably in

the form of heat due to elastic hysteresis.

In the cases of grains impacting on the surface of brass block the energy loss was greater
compared with collisions on stainless steel block. The lower values of Young’s modulus of
brass (100GPa) helps in generating greater contact area (Eq. 2) during impact compared to
stainless steel which might have caused the reduction in COR values. However, compared
with GB, the metallic collisions of CSB with brass and stainless steel block had lower values
of COR (E* values are lower for GB compared to CSB). This is probably due to the plastic
deformations caused during impact which resulted in the dissipation of kinetic energy.
Throughout the total set of experiments, the combinations with brittle material (granite) had
greater values of COR and less energy loss, which is due to the brittle nature of impacts and
because the grains retained large part of the initial kinetic energy. From Table 3 and Figure
15, the increasing order of energy loss for LBS grains impacting on various surfaces are
granite (37%), stainless steel (53%), brass (69%) and rubber (82%). Compared with GB and
CSB, greater degree of scatter in the COR values was observed for fairly regular shaped LBS
grains as individual grains can vary in elastic and morphological characteristics (Penumadu et
al. 2009; Yu and Tafti 2016). Additionally, the surface roughness and minor irregularities in
shape may also have contributed to these higher deviations observed. Wang et al. (2016) for
corn grains, showed experimentally that the COR is affected by the grain shape and also it
varies from position to position on the same grain, i.e. higher values of COR for round

shaped grains are observed compared with wedge shaped grains.

It is acknowledged that in the present study only engineered grains of perfect spherical shape
and natural grains of fairly regular shape were tested by impacting on blocks of variable
types, while in a real debris flow grains/fragments may have shape which deviates that of the
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sphere with high angularity. Morphology of grains in terms of sphericity and roundness is
expected to have an influence on the COR values which worth further investigation in future
studies. The current study can be used as a reference to study the COR values of real debris

flow materials and also for the calibration of DEM models.

6. Conclusions

In this work, the impact between various grain and base block types was investigated in terms
of the coefficient of restitution (COR) and energy loss percentage using a newly developed
custom-built micro-mechanical impact apparatus. The repeatability of the new micro-
mechanical impact apparatus was verified by impacting chrome steel balls on stainless steel
block. An inter-particle loading apparatus, previously presented by the authors, was used to
determine the apparent Young’s moduli of the grains, while the Young’s moduli of the blocks

were extracted from literature sources.

Based on the experimental results, it was found that the COR of glass balls was higher
compared with steel balls, as the metallic steel balls experience loss of energy due to plastic
deformations. The average value of COR of fairly regular shaped LBS grains impacting on
surfaces of brass, stainless steel, granite and rubber blocks was found to be 0.56, 0.68, 0.79
and 0.43, respectively. Compared to engineered grains, fairly regular shaped LBS, which is a
natural quartz sand, had greater degree of scatter in the COR values, which is, mostly because
of the varying elastic and morphological characteristics among different natural grains of
LBS and their relatively irregular shape when compared with the perfect spherical shape of
glass and chrome steel balls. In all the test combinations, the grains impacting on granite
surface showed higher values of the COR (0.75-0.95) due to the brittle nature of granite and

thereby grains retained most of their kinetic energy post collision. The impacts on rubber

24

Page 24 of 44



Page 25 of 44

Can. Geotech. J. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF HONG KONG LIB on 08/04/20

For personal use only. This Just-IN manuscript is the accepted manuscript prior g) copy editing and page composition. It may differ from the final official version of record.

blocks were found to result in lower values of COR (0.37-0.44) due to the low stiffness of
rubber and the significant amount of energy dissipated as heat. Within the narrow range of
composite surface roughness of the grain-block interfaces used in this study, no effect was
observed in the average COR values. However, impacts between materials with low
composite Young’s modulus showed lower values of average COR, particularly when rubber
was used as base block. The results of the study can provide useful input parameters, in terms
of the coefficient of restitution, in discrete numerical analyses of debris flow problems and
can help researchers to simulate different barrier types in studies focusing on the impact

behaviour of debris flows.
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Table 1. Material properties of the grains and blocks used in the experiments

Type Material Po;:fi(z)n S Density t/m?®) | Roughnessnm) E GPa)
Glass ball 0.30* 2.60 05428 58+7*
Grain Chrome steel ball 0.308 7.70 62+19 173+£11%*
Leighton Buzzard sand| 0.10“ 2.65 223461 52+12*
Brass 0.358 8.50 392+67 100 P
Block Stainless steel 0.30P 7.80 310+54 200
Granite 0.30° 3.00 412435 86
Rubber 0.50v 1.50 270+42 0.1

*From inter-particle normal loading tests after Sandeep and Senetakis 2018), Sandeep et al.

2018)

#Gu and Yang, 2013, * Heyliger et al. 2003, PMarinack et al. 2013, ~Gupta and Rao, 2000,
VHolownia, 1972.

Table 2. Average values of the coefficient of restitution for chrome steel balls and glass balls
with various block combinations at different impact heights and respective velocities

Coefficient of Restitution values

Grain Block h; mm):155 190 240 300
Vel m/s):1.74 1.93 2.17 2.43

GB Brass 0.74 0.74 0.72 0.70
GB Stainless steel 0.86 0.86 0.83 0.81
GB Granite 0.93 0.95 0.95 0.92
GB Rubber 0.38 0.37 0.37 0.37
CSB Brass 0.54 0.53 0.52 0.51
CSB Stainless steel 0.69 0.66 0.65 0.63
CSB Granite 0.89 0.92 0.90 0.89
CSB Rubber 0.43 0.42 0.42 0.42
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Table 3. Average values of the coefficient of restitution for Leighton Buzzard sand with
various block combinations at different impact heights and respective velocities

Coefficient of Restitution values

Sphere Plate h; mm):155 190 240 300
Vel mis):1.74 1.03 217 2.43
LBS Brass 0.54£0.050 | 0.55£0.040 | 0.5520.030 | 0.58£0.030
LBS | Stainless steel 0.67+0.080 0.68+0.060 0.68+0.050 | 0.70+0.030
LBS Granite 0.7560.080 | 0.80£0.060 | 0.8020.070 | 0.820.060
LBS Rubber 0.44:0.030 | 044£0.040 | 0.4320.020 | 0.4020.030
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[e)]

Figure 1. Flattened three-dimensional surface profiles of an LBS grain and a rubber block
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Figure 2. a) Photograph of chrome steel balls during application of normal force using inter-
particle loading apparatus b) The typical normal force against displacement behaviour along
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19

Plunger
20
21 Figure 3. a) Photograph of micro-mechanical impact apparatus inside a Perspex chamber
22 showing major components b) Photograph of Solenoids holding chrome steel ball before the
23 drop test
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Figure 4. Schematic side view of the drop test apparatus a) Solenoids holding the particle b)
Base block ¢) Cantilever pole to adjust the height of drop d) Test grain ¢) Plunger
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Figure 5. Various stages of chrome steel ball impacting on stainless steel surface a) Initial
path of drop b) Impacting the surface of stainless steel c&d) Rebound path
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Figure 9. Various stages of LBS impacting on surface of brass block surface a) Initial path of
drop b) Impacting the surface of brass block c&d) Rebound path
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Figure 10. Schematic view of LBS grain impacting the base block and deviating from initial

1.0

0.9

Coefficient of Restitution

0.2 1

0.1 4

0.0

Figure 11. The coefficient of restitution against impact velocity for LBS on different base

0.8 1

0.7 4

06 1

05 1

04 4

0.3

:
@

So

_.<__..___<__
o®

S.:'.:H

~

<
<
<

path of drop
L 2 2
2 2
O ([ O
A A A
o o o
ALBS-Brass
OLBS-Stainless Steel
& LBS-Granite
< LBS-Rubber
15 17 19 21 23

Impact velocity (m/s)

blocks

41

25



Can. Geotech. J. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF HONG KONG LIB on 08/04/20

For personal use only. This Just-IN manuscript is the accepted manuscript prior E) copy editing and page composition. It may differ from the final official version of record.

66

67
68

69

70

Coefficient of Restitution

-
o

o
©

o
w

©
~

o
o

o
(e

o
'

o
w

0.1

0.0

Page 42 of 44

E Granite ) : ¢ °
: [ ] ]
3
_E ’
]
| S
Brass/
stainless
-steel
_____________8 ______________ g__'l
| Rubber_ o ____ O oo _____5_]
1 ® Glass-Brass @ Glass-Stainless Steel
® Glass-Granite 0O Glass-Rubber
1 B CSB-Brass CSB-Stainless steel
B CSB-Granite OCSB-Rubber
1 @LBS-Brass LBS-Stainless Steel
& | BS-Granite © .BS-Rubber
1.5 1.7 1.9 2.1 2.3

Impact velocity (m/s)

42

25

Figure 12. The average values of coefficient of restitution for all the grain and base block
combinations



Page 43 of 44

Can. Geotech. J. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF HONG KONG LIB on 08/04/20

For personal use only. This Just-IN manuscript is the accepted manuscript prior E) copy editing and page composition. It may differ from the final official version of record.

71

72
73

74

75

76
77

78

1.0
¢
*
*

c 0.8 -
2 ~
>
E= + ¢
0
m 06 .
Y— L R J
(@)
I s
(0]
8 04 1 .
@
o
o

0.2 A

00 LA R L] | L LR R L) | T LB R AL} T LB RAL)} LA L R AL

0.0 0.1 1.0 10.0  100.0 1,000.0

Composite Young’s modulus (GPa)

Figure 13. Variation of the average values of coefficient of restitution with composite
Young’s modulus of the grain and base block combinations whole set of data)

1.0
o
(]
[ }
.5 0.8 A
5 o ¢
2 *
06 -
“5 o o
€
o) ° ®
'c 0.4 1 °
=
(0]
(@]
O
0.2 1
0.0 T T
200 300 400 500

Composite surface roughness (nm)

Figure 14. Variation of the average values of coefficient of restitution with composite
surface roughness of the grain and base block combinations data excluding rubber block)

43



Page 44 of 44

ﬂ_ Jaqgny

©

5

@ lsseug
c )
gE °©
K
o N (19915 ssajuimls
Q3
-1 M

|| seqany
m_wu_:w._w

& [ sseig
il
(77]
1)
£ [ o215 ssouielg
(o]
%
O o

3]sz

[sseig

[1991s ssajuieyg

Glass ball

[g|[+2aany

o o (o] o (o] o o (o] (o] o
0 9 8 7 6 5 4 3 2 1
1

(V%) sso| ABusus jo abejuadlad

79

Figure 15. Histograms of average value of percentage energy loss for various grain and block
combinations showing rubber and granite have the highest and lowest value of energy loss in
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