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On the role of sphericity of falling rock
clusters—insights from experimental and numerical
investigations

Abstract In this study, the dynamic behavior of rock clusters falling
on rough slopes and impacting a vertical barrier is investigated exper-
imentally and numerically using discrete element analysis. A specially
designed laboratory setup that involves a flume of adjustable slope
lined with a bumpy surface and equippedwith an instrumented wall at
the toe is used in the experimental investigation. The velocity profiles
and impact forces were measured for three inclination angles using
two different rock clusters. Three-dimensional discrete element anal-
ysis is then conducted to investigate the mechanical behavior of the
rockfall and examine the role of sphericity of the rock cluster on the
overall behavior of the system. This was achieved by explicitly simu-
lating the complex shapes of the used rocks and the rough surface of
the slope. The material coefficient of friction wasmeasured using heap
tests, and the results are compared with those obtained numerically
using four different particle sphericities. Conclusions aremade regard-
ing the effect of slope inclination angle and the volume of the cluster
on the impact forces exerted on rigid barriers. This study suggests that
rock sphericity plays important roles on the dynamic behavior of the
system and should be taken into consideration in simulating rockfall
problems.

Keywords Rockfall . Impact force . Rigid barrier . Rock
sphericity . Dynamic behavior . Heap test . Coefficient of
restitution . Discrete-element method

Introduction
Rockfall is a common gravity-driven mass movement event in moun-
tainous regions. These events usually involve a sudden movement of
either a single rock or a group of rocks that become detached from the
rock face and can lead to property damage, personal injury, or even
loss of life. Mitigation measures are, therefore, critical at these vulner-
able locations and may include the installation of flexible rock fences,
catchment ditches, and rigid barriers. Understanding themechanics of
rockfall under various conditions is important to the design of these
protection systems. Previous studies (e.g., Basson 2012; Wei et al. 2014)
and field observations (e.g., Giani et al. 2004; Alejano et al. 2007;
Spadari et al. 2012) show that falling rocks experience different types
of motions along its path, including free falling, bouncing, rolling, and
sliding. The falling trajectory is controlled mainly by the geometry of
the slope, the rock shape, and the energy dissipated at each contact of
the rock with the slope. Using small scale experiments, Glover (2015)
concluded that rock shape is a key component in determining the
dynamics and runout trajectories of rockfall.

A considerable number of studies have been performed over
the last few decades to investigate rockfall dynamics or the impact
on protection systems and infrastructure using experimental, an-
alytical, and numerical methods (e.g., Ritchie 1963; Erismann 1986;
Azzoni et al. 1995; Dorren et al. 2004; Wang and Cavers 2008;
Tagliavini et al. 2009; Chen et al. 2013; Lambert et al. 2013;
Thoeni et al. 2014; Mateos et al. 2016; Mavrouli et al. 2017).

Discrete element method (DEM) has demonstrated efficiency in
replicating rockfall trajectories in addition to modeling crack
propagation and breakage of the falling body. McDowell et al.
(2011) and Li et al. (2012) used three-dimensional DEM to simulate
the movement of gravel material along an inclined chute. Al-
though the analysis provided useful information related to the
material behavior, the gravel was modeled using uniform four-
ball clumps, which resulted in a simplified shape and particle size
distribution. Moreover, the surface of the chute was simply
modeled using a rigid wall, leading to inadequate simulation of
the frictional-collisional dynamic modes usually observed in ex-
periments. Therefore, there is a need for the development of an
improved 3D discrete element analysis of the problem that con-
siders the effect of particle sphericity and angularity and the slope
surface roughness such that the response of the system is realisti-
cally replicated.

Scope and objectives
This research focuses on investigating the dynamics and impact
behavior of falling rock clusters on a rough slope considering the
role of rock sphericity and angularity on the movement pattern
and the forces exerted on rigid barriers. This is achieved using a
combination of laboratory experiments and numerical
simulations.

Description of the laboratory experiments and summary of the
methodology used to measure impact forces for different slope
angles and surface conditions are presented herewith. The test
results including the recorded trajectories of the monitored rocks
and the impact forces induced by two different rock clusters are
summarized. A three-dimensional discrete element model is then
developed and used to replicate the conditions of the experiments
and the performance of the model is validated by comparing the
calculated and measured results. The rough surface is modeled
using spherical balls arranged in a hexagonal pattern, and a clump
generation procedure is developed to reconstitute three Platonic
solids—tetrahedron, hexahedron (cube), and octahedron—which
varied in sphericities and angularities to represent the rocks used
in experiments. Finally, material calibration is conducted using
heap tests to determine the essential numerical parameters needed
for the analysis including the friction coefficient that governs the
rock movement on the rough slope. The results of the experimen-
tal and numerical investigations are then analyzed and conclu-
sions are made regarding the dynamics and impact behavior of the
rock clusters.

Experimental program
A series of laboratory experiments was performed to investigate
rockfall dynamics and impact characteristics for slope angles of
30°, 45°, and 60°. The test setup (depicted in Fig. 1a) consists of an
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adjustable flume (1.82 m in length, 0.6 m in width and 0.3 m in
depth) connected to a horizontal section of equal length with a
total width of 0.6 m. The side walls of the flume and the release
box located at the top of the slope are made of transparent
plexiglass material to allow for the rock movement to be closely
monitored using a high-speed camera. Details of the test setup are
summarized below.

Perforated sheet
In order to reproduce a realistic slope surface and capture the
different modes of rock movement (sliding, falling, rebounding,
and rolling), the slope was lined with a specially design rough and
bumpy surface. The lining material consists of an ebonite sheet,
1.5 mm in thickness with 5 cm diameter holes arranged in a
hexagonal pattern with 8 cm of center spacing (Fig. 1b).

Instrumented wall
A rigid vertical wall made out of plexiglass material fixed into
an aluminum frame (0.6 m in width and 0.3 m in height) was
fixed at the toe of the slope (Fig. 1b). The wall side facing the
slope was instrumented using TactArray pressure sensors (PPS
Inc., Los Angeles) with pressure capacity of 345 kPa (50 psi).
The sensing pad consists generally of two sets of orthogonal
electrode plates separated using a dielectric matrix that acts as a
spring allowing for the conformability and stretchability of the
pad designs. Each pad contains 256 square-shaped sensing cells

arranged in a continuous sheet and controlled using a data
acquisition system (Ahmed et al. 2015; Meguid et al. 2017). On
the basis of the change of the capacitance between the elec-
trodes, the sensing elements can detect applied loads. In addi-
tion to the manufacturer calibration, the sensing pads were also
calibrated by placing rock material of known weight (3 kg) and
the total weight recorded by the data acquisition system was
measured.

Tested material
Previous studies (e.g., Okura et al. 2000; Dussauge et al. 2003;
Hantz et al. 2003; Zhang and Yin 2013; Chai et al. 2015) demon-
strated that the volume of the falling rock plays an important role
in the mechanics of movement and impact on barrier systems.
Therefore, two different rock clusters are used in this study as
illustrated in Fig. 2. The first cluster (C1) contains 53 particles and
measures 0.006 m3 whereas the second cluster (C2) is almost twice
in size with 99 particles and measures 0.01 m3. In order to ensure
consistent particle sizes for both clusters, suitable grain-size dis-
tributions are used for both C1 and C2 as shown in Fig. 3. The
material consists of pebbles with a maximum diameter of 9.5 cm
for C1 and 10.0 cm for C2 with a minimum diameter of 3.0 cm for
both clusters. The average particle diameter (d50) is 5.1 and 5.3 cm
for C1 and C2, respectively, and the uniformity coefficient (Cu) is
1.52 for both clusters.

Sphericity and angularity
Rock sphericity is known to have a significant effect on the rockfall
behavior (Wang and Lee 2010). The sphericity (Eq. 1) is defined by
Wadell (1932) as

ψ ¼ π
1
3 6Vp
� �2

3

Ap
ð1Þ

where Vp and Ap are the volume and surface area of the particle,
respectively. The maximum value obtained using this equation is
1.0 which corresponds to the shape of a sphere. All other shapes
have values less than 1.0. In this study, the sphericity was deter-
mined using the Bintercept method^ (Krumbein 1941). For each of
the four monitored rock particles, three independent diameters
are measured: long, a, intermediate, b, and short, c, as illustrated
in Fig. 4a–d. The two ratios (b/a) and (c/b) were calculated to find
the sphericity of the particle.

The angularity represents the condition of the particle corners
which is considered to be independent of the surface area to
volume ratio. The roundness expression (Eq. 2) proposed by
Blott and Pye (2008) was utilized in this study.

ρ ¼ N

∑
R
r

� � ð2Þ

where is r is the radius of curvature of a particle corner, R is the
radius of the maximum inscribed circle in the measurement plane,
and N is the number of corners in the investigated particle in the
same plane.
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Fig. 1. (a) Experimental setup; (b) Plan view of the slope showing the
instrumented wall at the toe
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The degree of roundness has been used in reference to the
smooth curvature of the outline of a plane or a projection area.
A plane corner is considered to have reached its maximum degree

of roundness when the radius of its smooth curvature equals the
radius of the maximum inscribed circle (Wadell 1932). An example
illustrating the process used to determine the roundness of one of
the monitored particles is presented in Fig. 4e.

The average roundness of the used rock particles was deter-
mined using the above procedure and was found to be 0.38 and
0.39 for clusters C1 and C2, with standard deviation of 0.033 and
0.037, respectively. Due to the narrow range of variability in the
angularity of the rock material used in this study, more emphasis
is placed on the sphericity of the rock cluster.

Test procedure
Prior to each test, the rock particles were held in the transparent
release box and allowed to travel down the slope and towards the
rigid barrier. For the purpose of capturing the rockfall dynamics,
four representative rocks were selected from each cluster and
painted in different colors (red, yellow, blue, and green) to facili-
tate particle tracking during the experiments. The tests were con-
ducted for three different slope inclination angles, namely, 30°, 45°,
and 60° for each of the studied rock clusters.

(b) C2: 99 particles

26 mm coin 

C1: 53 particles 

26 mm coin 

(a) 

Fig. 2. The tested material: (a) cluster C1; (b) cluster C2.

d50 = 5.1 to 5.3 cm 
dmax = 9.5 to 10 cm
Cu = 1.52 

     Cluster C1 

     Cluster C2 

Fig. 3. Particle size distribution of the two rock clusters used in the experiments

r1 = 0.875 cm 

r2 = 0.788 cm 

r3 = 0.788 cm 

r4 = 0.543 cm 

r5 = 0.718 cm 

r6 = 1.138 cm 

r7 = 0.735 cm 

r8 = 0.49 cm 

r9 = 0.385 cm 

a: 81.35 mm       b: 77.11 mm 

c: 57.48 mm       sphericity 0.89 

b 

(a) (b) 

c 

a: 58.76 mm      b: 49.61 mm 

c: 36.94 mm       sphericity 0.85 

b 

a: 74.92 mm    b: 53.98 mm 

c: 46.65 mm    sphericity 0.79 

a: 67.53 mm     b: 49.24 mm 

c: 34.79 mm     sphericity 0.72 

a 

(d)(c)

(e) 

9

= 0.35

Fig. 4. (a through d) Measuring the sphericity for the monitored rocks; (e) An
example illustrating the process used to determine the roundness of one rock.
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Rock mobility was recorded for each test using high speed
video camera (Canon T3i) located at a distance of about 2.9 m
above the base of the slope and remotely controlled using a
computer unit such that recording is synchronized with the release
of the rock cluster. A special software is then used for the digital
image analysis after the completion of each experiment. The
velocity of the moving rocks is determined by subdividing the
recorded videos into still images taken at time intervals of 0.04 s.
Similar approach was used by Bozzolo and Lugano (1986), Giani
et al. (2004), and Wyllie (2014) for the interpretation of rockfall
movement results. The impact forces exerted by the rock on the
vertical barrier are measured using the tactile sensing pad placed
against the wall and connected to a data acquisition system.

Using digital image processing, the rock velocity is obtained by
tracking the position of the rock centroids with respect to a
Cartesian coordinate (X-Y) system for each slope inclination an-
gle. The four marked rocks were monitored using the camera
located above the slope as illustrated in Fig. 5a. It should be noted
that since the top of the slope is located closer to the camera, the
slope width appears larger near the top and decreases gradually
with distance from the camera. This geometric distortion has been
corrected as shown in Fig. 5b to maintain the same width along the
entire slope.

Discrete element analysis
Particle flow code (PFC3D) has been used throughout this study to
model the three-dimensional behavior of the rock cluster as it
moves down the bumpy slope. Translational and rotational mo-
tions are determined using Newton’s second law and the contact
forces caused by the relative movement of particles are updated
using force-displacement relationships at each contact point
(Potyondy and Cundall 2004). The translational and rotational
motions can be generally described using the following equations

mi
d2xi
dt2

−gi

� �
¼ ∑

j¼1

ni

Fl
n;ij þ Fls;ij þ Fd

n;ij þ Fd
s;ij

� �
ð3Þ

and

Ii
d2θr
dt2

¼ ∑
j¼1

ni dHi

dt
ð4Þ

wheremi, xi, and Ii are, respectively, the mass, the location, and the
moment of inertia of particle i. Gravitational and inter-particle
forces between particles i and j in Eq. (3) involve normal and shear
components of the elastic forces Fln;ij and Fl

s;ij and similar compo-

nents of the damping forces Fd
n;ij and Fd

s;ij. In Eq. (4), θr represents

the relative rolling angles between two contacting particles i and j
and Hi is the angular momentum of the particle.

Clump template and sphericity
Realistic particle shapes play an important role in representing
the material behavior using DEM (Taghavi 2011). An individual
particle of irregular shape can be simulated in 3D by clumping
spheres of different sizes. The resulting clump is a rigid entity

with deformable boundary that consists of rigid spherical peb-
bles overlapping without generating contact forces. Wensrich
and Katterfeld (2012) used binary and ternary clumps to
simplify particle shape in a repose angle modeling tests.
Indraratna et al. (2014) created a subroutine using MATLAB to
build clump templates based on the radii and coordinates of the
spherical balls in a Cartesian system. Albaba et al. (2015) devel-
oped a relation between particle microstructure and the loading
applied by a granular flow to a rigid wall. Lu and McDowell
(2010) used ten-ball tetrahedral clumps with eight asperities to
represent the irregular shape of railway ballast in a triaxial test.
Cho et al. (2007) used clumped particles to predict the complete
nonlinear failure envelope of granite material and synthetic rock.
Indraratna et al. (2010) also studied the behavior of railway
ballast by projecting images of each stone in two-dimensional
space.

In this study, the rocks were modeled using four distinct clump
templates of different shapes (10-ball tetrahedral clump, 27-ball
cubic clump, 19-ball octahedral clump, and a sphere). The sphe-
ricities and angularities were selected to resemble the shapes of the
rock used in the experiments, as illustrated in Fig. 6. The spheric-
ities of the Platonic solids (tetrahedron, cube, and octahedron) as
well as ideal sphere are determined using Eq. (1) and are presented
in Fig. 6a–d, respectively.

(a) Original geometry 

(b) Reconstructed geometry 

Difference in slope width 

Y 

X 

Corrected slope width 

Y 

X 

Fig. 5. Top view of the slope a) original geometry b) reconstructed geometry

Original Paper

Landslides 15 & (2018)222

Author's personal copy



Angle of repose test
Heap tests have been used by researchers to determine the angle of
repose and inter-particle friction coefficient needed for the DEM
analysis (e.g., Stahl and Konietzky 2011; Ferellec and McDowell
2010; McDowell et al. 2011). In this study, a total of 35 laboratory
heap tests are conducted on the rock material using a glass funnel
17.4 cm in diameter and 40 cm in height placed above a perforated
sheet and the average angle of repose of the heap was measured as
illustrated in Fig. 7. Experimental results revealed that the material
has an average angle of repose of about 25.2°.

A discrete element analysis of the repose angle test was then
performed using PFC3D (Itasca Consulting Group 2014) where the
funnel was modeled using a cylindrical wall, and the perforated
sheet was simulated using solid spheres arranged in a hexagonal
pattern. To ensure an optimal spreading of the material, the funnel
was lifted using a small velocity of 0.0075 m/s as suggested by Stahl
and Konietzky (2011). The effect of sphericity, brought about by the
particle shape, on the rolling resistance was examined by
performing a series of tests using spherical shaped particles, and
the results are compared with those obtained using the created
clump templates. Initially, a very small friction coefficient was
used to produce a relatively dense state (Itasca Consulting Group
2014) considering linear contact model and effective modulus of
400 MPa such that all possible contact would be rigid. The friction
coefficient was incrementally changed to bring the calculated angle
of repose close to the average measured value. Figure 8 illustrates
the relationship between the calculated particle friction coefficient

and angle of repose using the Platonic-solid clumps and spherical
particles. Based on the experimental results, the friction coeffi-
cients in pebble-pebble contact mode that corresponds to an angle
of repose of 25.2° are found to be approximately 0.55, 0.35, and 0.25
for 10-ball tetrahedral, 27-ball cubical, and 19-ball octahedral
clumps, respectively. When spherical particles are used to model
the heap test, the rolling resistance does not essentially exist and,
therefore, the maximum angle of repose is found to be about 21°
and the corresponding friction coefficient was about 0.9.

Coefficient of restitution and drop tests
One of the most crucial input parameters controlling rockfall
analysis is the coefficient of restitution (Chau et al. 2002; Lo
et al. 2010; McDowell et al. 2011). In general, the coefficient of
restitution (COR) is defined as the decimal fractional value
representing the ratio of velocities before and after an impact of
two colliding entities or a body and a rigid surface. The various
definitions of the COR including kinematic, kinetic, and energy
coefficients are expressed in Eqs. (5)–(7), of which the kinematic
coefficient of restitution derived from the lumped-mass (or
stereomechanical) impact theory is the most commonly used for
rockfall applications (Asteriou et al. 2012).

Kinematic coefficient of restitution

α ¼
ffiffiffiffiffiffi
Hr

Hi

r
orα ¼ Vr

Vi
ð5Þ

(d) Sphere 

2r 

Volume:   Surface area:  

(a) Tetrahedron Sphericity 0.671 

a

Volume:  Surface area: 

(c) Octahedron 

a 

Volume:       Surface area:

(b) Cube 

a

Sphericity 0.806 

Volume:   Surface area:  

Sphericity 0.846 Sphericity 1.0 

Fig. 6. Platonic-solids used to build clumps of different sphericity for the PFC3D analysis
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where Hr is the rebound height, and Hi indicates the drop height;
Vr and Vi are the magnitudes of the post- and pre-collision veloc-
ities, respectively.

The kinetic coefficient of restitution:

α ¼ Pt
Pn

ð6Þ

where Pt and Pn denote the tangential and normal impulses,
respectively.

The energy coefficient of restitution:

α ¼ Er

Ei
¼

1
2
mVr

2

1
2
mVi

2
¼ Vr

2

Vi
2 ð7Þ

where Ei and Er are the translational energies before and after
impact, and m is the particle mass.

The coefficient of restitution, α, determines the energy loss on
collision. In this work, a viscous damping system is used to model
the coefficient of restitution by adding normal and shear dashpots
at each contact. This damping system is characterized by the
critical damping ratio β, given by (Itasca Consulting Group 2014)

β ¼ c
cc

ð8Þ

(a) 

(c) (d) 

Sphere

Tetrahedron

Octahedron
0.0075 m/s 

0.0075 m/s 

0.0075 m/s 

Sphericity 0.671 

Sphericity 0.846 Sphericity 1.0 

(b) 

Sphericity 0.806 

0.0075 m/s 

(f)(e)

Fig. 7. Experimental and numerical modeling of the repose angle tests: (a) 10-ball tetrahedral clumps; (b) 27-ball cubic clumps; (c) 19-ball octahedral clumps; (d) sphere;
(e) & (f) experimental observations
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where c ¼ 2
ffiffiffiffiffi
mk

p
ln αð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln2 αð Þþπ2
p defined as the damping constant (coefficient

of viscous damping), and cc ¼ 2m
ffiffiffi
k
m

q
¼ 2

ffiffiffiffiffiffiffi
km

p ¼ 2mωn defined as

the critical damping constant.
where k is the stiffness, and ωn is the natural frequency of the
system.

The coefficient of restitution α is related to the critical damping
ratio β such that

α ¼ e
− βπffiffiffiffiffiffi

1−β2
p ð9Þ

Correlation between the kinematic coefficient of restitution, α,
and the critical damping ratio, β, was determined in this study
using drop tests carried out by allowing rock particles to drop
freely at a set distance of 1 m above the surface. An average COR
value of 0.30 was obtained based on 40 laboratory tests. The
experimental results including the measured rebound heights used
to calculate the kinematic COR are shown in Fig. 9a. A summary of
all measured and calculated impact forces is presented in Fig. 9b.
The observed scatter in the experimental data could be attributed
to the random variations in the geometry of individual rock
particles (Perera et al. 2016). The mean of the impact forces

measured in the laboratory was found to be generally consistent
with that calculated using numerical analysis. It is worth noting
that the forces calculated for the spherical shaped particles were
just around the mean value as compared to those calculated for
other shapes (tetrahedrons and cubes) with relatively low spheric-
ities. This can be explained by the approximate geometric repre-
sentation of these rock particles in the DEM simulation.

To further illustrate the effect of particle shape on the critical
damping ratio and the overall response to drop tests, numerical
simulations were performed using Platonic-shaped clumps of dif-
ferent sphericities as illustrated in Fig. 10. The critical damping
ratio was found to vary from 0.0 to 1.0 as x increases. The maxi-
mum rebound height was calculated for particles close to x = 0.0
where no energy dissipation exists during impact. A summary of
the micromechanical parameters needed for the DEM simulation
is given in Table 1. It is noted that the effective contact modulus Ec
used in this study is based on that reported by Stahl and Konietzky
(2011).

The relationship between the kinematic restitution coefficients
and damping ratios using both spheres and irregular shaped
clumps is presented in Fig. 11. The measured kinematic COR value
is used to determine the corresponding damping ratio for each
shape. The critical damping ratio was found to be approximately
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0.19, 0.23, 0.27, and 0.35 for the 10-ball tetrahedral, 27-ball cubical,
19-ball octahedral, and spherical shaped particles, respectively.

Rockfall dynamics
Discrete element simulations of the experiments are performed to
understand the role of various parameters on the mobility of the
moving particles. It is worth noting that all the microparameters
are adopted from Table 1. To simulate the presence of perforated
sheet along the slope, a fixed hexagonal closed grain layer made
out of 4880 spherical particles was created so that the movement
of the rock cluster down the slope is properly simulated. This is
particularly true for the rolling behavior that is achieved through
successive particle collisions with the grain layer generated along
the slope (Lo et al. 2010). To investigate the importance of sphe-
ricity in rockfall dynamics, the diameters of the spheres within the
clump and the spherical shaped rock were determined by equating
their volume with that of the rocks used in the experiments
(McDowell et al. 2011). The simulations were performed using
two different clusters (C1 and C2) initially contained within four
rigid walls representing the release box located at the top of the
slope. The numerical procedure used to simulate the experiment is
illustrated in Fig. 12 for the three investigated slope angles. The
rock cluster was released by deleting the front face of the wall and

turning on gravity for all particles. The marked rocks were gener-
ated in various simulations using the clump templates and placed
such that the initial locations match that of the experiments.

Effect of sphericity
The behavior of a single rock moving on 30° slope is first investi-
gated using spherical as well as Platonic-shaped particles. Figure 13
depicts the calculated particle trajectories using the developed
discrete element model for different particle shapes. The trajectory
resulting from the movement of a rock particle modeled using 10-
ball tetrahedral clump with a relatively low sphericity (0.671) is
found to be predominantly governed by sliding. On the other
hand, the 27-ball cubical clump (sphericity = 0.806) and 19-ball
octahedral clump (sphericity = 0.846) exhibited movement pat-
terns that are dominated by rolling and bouncing (see in Fig. 13b,
c). The results also showed that the trajectory resulting from the
19-ball octahedral clump (sphericity = 0.846) showed a pro-
nounced combination of sliding, rolling, and bouncing as com-
pared to the t ra jec tory o f the 27-ba l l cub ic c lump
(sphericity = 0.806).

Using a simplified spherical particle (sphericity = 1.0) to repre-
sent the rock resulted in a movement pattern that is characterized
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Fig. 10. DEM simulation of the drop tests using: (a) 10-ball tetrahedral clump; (b) 27-ball cubical clump; (c) 19-ball octahedral clump and (d) sphere.

Table 1 Parameters used in the discrete element analysis

Input parameters for DEM simulation

Density (kg/m3) Contact (MPa) Stiffness ratio (kn/ks) Friction coefficient Angle of repose (°)

2620 400 1.5 0.4 28
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by sliding and repeated bouncing after touching the slope with
tendency of easily detaching from the slope (Fig. 13d). This is
attributed to the fact that less energy is lost in this case due to
the absence of rolling resistance.

To further illustrate how sphericity affects the dynamics of the
rock cluster, the discrete element results obtained from the anal-
ysis of cluster C2 is shown in Fig. 14 for inclination angle of 60°.
For 10-ball tetrahedral clumps (that represents the lowest spheric-
ity), the marked rock was found to be located at a horizontal
distance of 0.38 m away from the toe of the slope at elapsed time
of 0.40 s as shown in Fig. 14a. The location of the tracked particle
in the cluster at the same elapsed time was found to be 0.29 and
0.23 m from the toe for the 27-ball cubic and the 10-ball octahedral
clumps, respectively (Fig. 14b, c). For spherical particles (Fig. 14d),
at the same time stamp, the entire rock cluster had already trav-
eled to the toe of the slope.

Effect of cluster size
Figure 15 compares the measured and calculated velocity profiles
for the two investigated clusters (C1 and C2). As the slope angle
increases, the difference between the velocity calculated using
Platonic-shaped clumps and spherical particles gradually dimin-
ishes particularly near their maximum values at a distance of
about 1.4 m from the release box. For high inclination angles, the
dynamics of the rockfall was found to be predominantly governed
more by falling motion than rolling and sliding.

By inspecting Fig. 15a, b, it can be seen that for slope angle of
30°, the measured and calculated velocity profiles are influenced
by the cluster size, whereas for inclination angles of 45° and 60°
(Fig. 15c, d, e, f), the difference in velocities for the two used
clusters became insignificant. The average calculated velocity for
the monitored (red) rock in C2 with the highest sphericity (0.89) in
the cluster is found to be about 6% larger than that observed for
the same rock in C1 for 30° inclination angle. Similarly, the velocity
measured for the monitored (yellow) rock with the lowest sphe-
ricity (0.72) in cluster C2 is found to be about 8% higher compared
to that observed in cluster C1. As the slope angle increased to 45°

and 60°, the average velocity of the monitored (red) rock with
sphericity of 0.89 is 4.5 and 1.3% higher for C2 compared to C1,
respectively. Similar trend was found for the monitored (yellow)
rock with sphericity of 0.72.

The numerical results also revealed that when the sphericity is
relatively low, the effect of the volume of the rock cluster is more
pronounced. For, instance, for slope angle of 30°, the velocities of
the four marked rocks: red (0.89), blue (0.85), green (0.8) and
yellow (0.72) in cluster C2 are higher by 5.9, 6.7, 7.4, and 8.1%,
respectively, as compared to C1. This is attributed to the fact that
low sphericity rocks have relatively more chances to dissipate
kinetic energy as a result of the higher rolling friction caused by
its shape compared to spherical shaped rocks.

Effect of slope inclination angle
By examining the measured velocity profiles for clusters C1 (Fig. 15a,
c, e) and C2 (Fig. 15b, d, f), it can be seen that as the slope angle
increased, the velocity of all monitored particles increased.When the
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traveled distance reached about 1.1 m, the calculated velocities of the
red rock (sphericity = 0.89) in cluster C1 reached 3.1, 4.0, and 5.1 m/s
for slope angles 30°, 45°, and 60°, respectively. The velocities of the
same rock in cluster C2 at the same location are found to be slightly
higher (3.5, 4.3, and 5.2 m/s) for the three slope angles.

As the rock sphericity increased, the velocity of the four
monitored rocks: red (0.89), blue (0.85), green (0.8), and yellow
(0.72) increased for both clusters. For 30° slope, when the
traveled distance reached 1.4 m, the velocities of the red, blue,
green, and yellow rocks reached 3.9, 3.5, 3.2, and 2.6 m/s,

(b)

(d)(c) 

(a) 

Sphericity 0.671 Sphericity 0.806 

Sphericity 0.846 Sphericity 1.0 

Octahedron Sphere

Cube
Tetrahedron

Fig. 13. Rockfall trajectories resulting from the release of different shaped-particles on a rough surface for: (a) 10-ball tetrahedral clump; (b) 27-ball cubic clump; (c) 19-
ball octahedral clump and (d) sphere.
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Fig. 14. A snapshot showing the movement of cluster C2 and the calculated locations of the marked particles for slope inclination angle of 60°
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respectively, for C1 and 4.0, 3.7, 3.4, and 2.8 m/s, respectively, for
C2. Increasing the slope angle to 45° resulted in an increase in
the rock velocities reaching 4.5, 4.2, 4.0, and 3.5 m/s for C1 and
4.7, 4.5, 4.1, and 3.5 m/s for C2. With further increase in slope
angle to 60°, the measured velocities were found to be 6.4, 5.8,
5.6, and 4.9 m/s, respectively, for C1 and 6.6, 5.9, 5.7, and 5.0 m/s
for C2.

Comparing the experimental results for the monitored rock
particles (that have different sphericities) with the numerical
simulations based on the examined shapes (tetrahedral, cubic,
octahedral, and sphere), the velocities of the particles were
found to be overall consistent. For example, when considering
the effect of cluster size and slope inclination angle, the velocity
profile of the monitored yellow particle with the lowest sphe-
ricity (0.72) was found to be consistent with the velocity profile

of the tetrahedral clumps, which also has the lowest sphericity
(0.671) among the examined Platonic-solid clumps as shown in
Fig. 15.

To illustrate the role of the slope angle on the dynamics of
the investigated rockfall problem, the location of the rocks in
cluster C2 is examined for different inclination angles that are
depicted in Fig. 16. For inclination angle of 30° (Fig. 16a), the
position of the marked rock at elapsed time of 0.40 s was found
to be mainly in the upper half of the slope. The location of the
rock changed at the same elapsed time when the slope angle
increased to 45° (Fig. 16b). For 60° angle, the entire volume had
already traveled to the end of the slope at the same time stamp.
In all investigated cases, the velocity of the moving rocks was
found to reach its maximum value at about half way through
the slope.
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Impact forces on the rigid barrier
Following the model validation, subroutines were developed in
PFC3D using the FISH Language such that the impact information
of the two investigated rock clusters is fully recorded (e.g., particle
IDs, impact time, impact forces in different directions). To evalu-
ate the effect of rock sphericity on the forces exerted on the barrier,
the monitored rocks of different sphericities were used to in the
analysis in conjunction with the experimental data obtained using
the TactArray sensing pads. The impact locations of each of the
rocks on the sensors was determined and the magnitudes of the
impact forces are then obtained for both clusters. A summary of
the changes in impact forces for different slope inclination angles
is given in Fig. 17a, b for clusters C1 and C2, respectively. The
impact forces generally increased as the slope angle increased. For
α = 30°, the impact force of the (red) rock with the highest
sphericity (0.89) in the first C1 was found to be about 200 N and
further increased to 405 and 821 N when the slope angle reached
45° and 60°, respectively. Similarly, the impact forces of the same
rock in cluster C2 are found to be 220, 426, and 838 N for slope
angles of 30°, 45°, and 60°, respectively.

The effect of rock sphericity is examined by comparing the impact
forces exerted by four different rock models (tetrahedral, cubic,
octahedral, and sphere) with increasing sphericity from 0.67, 0.80,
and 0.85 to 1.0 as summarized in Table 2. It is worth noting that the
computed impact forces using the four different rock shapes are in
agreement with the measured results for the monitored rock parti-
cles. For instance, for cluster size C2, the impact forces induced by
the cubical (sphericity = 0.8) and octahedral (sphericity = 0.85)
shaped rocks are found to be 341 and 381 N, respectively, for inclina-
tion angle of 45° which are consistent with the measured values for
the green and blue rocks (335 and 374 N), which have sphericities of
0.80 and 0.85, respectively. It is also observed that for both clusters,
impact forces increased with the increase in particle sphericity. For

example, for slope angle of 30°, the impact forces increased by about
43% for the tetrahedral clump, about 58% for the cubical clump, and
about 68% for the octahedral clump as compared to the spherical
shaped rock. For slope inclination angles of 45°, the increase in the
impact forces for the three clump types were found to be 12, 22, and
34%, respectively. These results suggest that, for the investigated rock
clusters, the effect of particle sphericity on the impact force decreases
as the slope angle increases. For slope angles of 45° or less, both
combinations of rolling and bouncing modes govern the cluster
movements leading to more pronounced effect of rock shape on
the impact forces.

Limitations
It is well known that falling rocks can range from small cobbles to
large boulders of several cubic meters in size traveling at speeds of
tens of meters per second (Guzzetti et al. 2002). In addition, the
geometrical and mechanical characteristics of the slope surface
can vary dramatically in different areas (Agliardi and Crosta
2003). The experimental work presented in this study is conceptual
in nature and represents an ideal condition that involves small
rock particles moving on a uniformly rough slope with only
limited number of particles tracked during the experiments. For
the sake of simplicity, only four particles were considered for
monitoring during the experiments assuming that they represent
the movement of the cluster. This was justified by the fact that the
river pebbles used in this study were obtained from a single source
with similar material and geometric characteristics.

Simplifications were also made in the numerical analysis by
using four simple rock shapes to model the rock cluster. It has
been reported (Glover 2015) that using Platonic-solid-shaped
clumps and spheres may generate different characteristic runout
dynamics since the simplified rock shapes may have uniform
sphericities and angularities.

(b) Slope angle = 45o (c) Slope angle = 60o(a) Slope angle = 30o

t = 0.00 s t = 0.00 s t = 0.00 s 

t = 0.24 s t = 0.24 s t = 0.24 s

t = 0.40 s t = 0.40 s t = 0.40 s

Fig. 16. Sequences of rockfall for different slope angles (cluster C2)
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Finally, despite the fact that the impact forces exerted by real
rockfall events can reach tens of thousands of kilonewton (Pichler
et al. 2005), the results in this study are considered to be a step
forward towards understanding the role of rock shapes on the
impact forces induced by falling rock clusters on nearby structures.

Summary and conclusions
In this study, an experimental investigation was performed to
understand the mobility of rockfall on a rough surface for three
different slope inclination angles. A series of three-dimensional
numerical simulation was conducted using the distinct element
code PFC3D. Three Platonic-solid-shaped clumps were used to
investigate the effect of sphericity on the dynamic behavior of
the falling rock clusters as well as the impact on a rigid barrier
wall. The friction coefficient of the rock used in the experiments
was determined using heap tests. The calibration involved mea-
suring the repose angle of the rock cluster and establishing a
relationship between the angle of repose and the inter-particle
friction coefficient. Both clumps and spherical particles were used
in the discrete element analysis to fully understand the importance
of particle sphericity on the response. The velocity and trajectories
of selected rocks were recorded to understand the effect of rock
sphericity on the mobility of the clusters. In addition, the impact
pressures exerted by the falling rocks on an instrumented wall
were examined.

General agreement was found between the recorded and calcu-
lated results for the two rock clusters used in this study.

For gentle slopes with inclination angle of 30°, rolling and
sliding are found to be the prevalent mechanisms of motion.
The increase in slope angle from 30° to 45° and then to 60°
resulted in significant changes in the dominant mechanism of
movement. When the rock cluster travels over a steep slope, free
fall-like and rapid sliding behaviors were consistently observed.
It should be pointed out that the difference brought about by
the sphericity was not apparent for steep inclination angles.
This can be explained by the absence of particle rolling mech-
anism which is highly affected by both the particle shape and
surface roughness.

The effect of rock sphericity on the impact forces was also
investigated for two different rock clusters and for the range of
slope inclination angles used in this study. The results indicated
that for gentle slopes, the higher the sphericity of the falling rock
cluster, the less the interaction (and energy loss) among individual
particles leading to larger impact forces on the rigid barrier.

Finally, the developed numerical model showed that modeling
the particle shapes and the surface roughness of the slope are
important to capture the behavior of the falling rock cluster. This
modeling approach may be suitable to analyze similar rockfall
problems.

Table 2 Effect of particle sphericity on impact forces

Test Type Rock color Sphericity Cluster C1 (0.006 m3) Cluster C2 (0.01 m3)
30° 45° 60° 30° 45° 60°

Physical Yellow 0.72 60.9 281.6 704.3 63.3 303.4 706.5

Green 0.80 101.5 315.6 730.8 114.9 334.9 744.9

Blue 0.85 135.8 356.2 781.5 143.0 373.7 795.6

Red 0.89 200.3 405.4 821.9 220.2 425.3 838.3

Numerical Tetrahedral 0.67 60.4 280.3 698.7 66.5 294.3 712.8

Cubical 0.80 105.2 319.8 723.3 118.4 340.8 741.0

Octahedral 0.85 145.4 365.7 759.2 166.6 380.7 773.2

Spherical 1.0 189.9 425.8 808.9 207.9 446.8 825.7
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