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Design of waste rock barriers forming safety berms for haul trucks requires knowledge of complex in-
teractions which cannot readily be tested by physical means. An advanced numerical model based on
non-smooth multi-domain mechanics is presented together with model calibration using limited full-
scale experimental data. Waste rock is represented by spherical particles with rolling resistance, and
an ultra-class haul truck is represented by a rigid multibody system interconnected with mechanical
joints. The model components are first calibrated and then the calibrated model is used for simulating
various collision scenarios with different approach conditions and safety berm geometries. Numerical
predictions indicate that the width of the berm is most critical for efficiently stopping a runaway truck.
The model can also predict if a certain berm geometry is capable of stopping a runaway truck. Results are
summarised in a series of diagrams intended for use as design guidelines by practitioners and engineers.
� 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Waste rock barriers, such as safety berms or windrows, are a
crucial component of any surface mining environment. They are
used around dump points and along haul roads to protect heavy
mining vehicles from running over an edge. However, incidents
happen on a regular basis (see Fig. 1). The behaviour of waste rock
barriers is poorly understood, with rational methods for predicting
their stability upon vehicle impact being absent. It is common sense
that the current design guidelines might not apply to the new
generation of ultra-class haul trucks, but it is unclear how safety
berms need to be designed for efficiently stopping a runaway haul
truck. Hence, the need for a more rigorous design approach is
emerging within the mining industry (NSW Mine Safety, 2017;
Queensland Government, 2010).

The design of safety berms is currently based on rules of thumb,
and the height of the berm is considered as the main factor in the
design. The rules of thumb were established by Kaufman and Ault
(1977). They suggested that in order to efficiently stop or redirect
(K. Thoeni), martin.servin@
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a haulage vehicle upon impact, the height of a safety berm should
be at least equal to the rolling radius of the vehicle’s tyre. In 1999,
the U.S. Department of Labour’s Mine Safety and Health Adminis-
tration released the Haul road inspection handbook (MSHA, 1999). It
states that safety berms must be at least as high as the mid-axle
height of the largest piece of equipment using the haul road. The
material of the berms should be firm and the inside slope of the
berm must be steep. In addition, the handbook clearly states that
equipment operators should know that due to the large size and
weight of mining equipment, the typical axle height berms cannot
be relied on, by themselves, to completely stop a vehicle except at
low speeds. Berms much larger than axle height would be required
to completely restrain a vehicle for the full range of possible con-
ditions of speed and impact. For this reason, larger than typical
berms should be used in areas where it is reasonable to expect
more adverse conditions, such as where equipment would have
more speed or would contact the berm more head-on. However,
the handbook does not indicate how much larger these berms
should be. Later, other guidelines were developed based on the
handbook and some provided updated dimensions for safety
berms. Tannant and Regensburg (2001) focused on haul road
design for haul truck payload capacities greater than 200 t. They
recommended increasing the height of safety berms from 2 m for
240 t trucks to 2.9 m for 360 t trucks. Chapter 10.6 of the SME
Mining Engineering Handbook (Thompson, 2011a) instead suggests
that for large haul trucks, the berm height should be at least 66% of
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. Typical incidents (after Thoeni and Giacomini, 2017): (a) collision between haul
truck and waste rock material, (b) haul truck stopped at the edge by safety berm, and
(c) fatal accident where safety berm was not effective.
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the truck wheel diameter. More recently, dimensions for high risk
area safety berms have been suggested, where for a 360 t truck (e.g.
CAT 797F), the height should be 4.1 m (Reynoldson, 2015). Never-
theless, all the guidelines are based on experience and not on
geotechnical design, and thus there is still a need to develop a more
rigorous design method.

In order to provide more accurate design guidelines, it is crucial
to better understand the behaviour of waste rock barriers upon
collision with a haul truck under various approach conditions.
Experimental testing can provide valuable information, but it is
generally limited to specific scenarios such as backwardmotion and
low velocities up to around 10 km/h (Giacomini and Thoeni, 2015).
Scenarios where the haul truck travels at higher speeds cannot be
considered in an experiment due to safety issues and costs (i.e.
damage to the truck). Hence, numerical modelling is a good
alternative to investigate the phenomenon. The problem of a haul
truck colliding with a waste rock barrier is very complex. Large
displacements of the granular materials and the dynamic interac-
tion of such materials with moving large-scale mobile equipment
need to be taken into account. In addition, the discrete nature of the
safety berms and particle size and shape of the waste rock material
need to be considered. The discrete element method (DEM) is
widely used to study the dynamic behaviour of granular materials
such as waste rocks (e.g. Effeindzourou et al., 2017). The material is
represented by particles, which interact with neighbouring parti-
cles via defined contact models. After calculation of the contact
forces, the positions of the particles are updated using the equa-
tions of motion (Cundall and Strack, 1979). More recently, the DEM
has been coupled to multibody dynamics (MBD) for the investi-
gation of soilestructure interaction problems (Alsaleh, 2011), the
simulation of the working process of construction machines
(Gruening et al., 2010; Burger et al., 2017) and interaction between
heavymachinery and bulk material (Coetzee et al., 2010; Hess et al.,
2016; Curry and Deng, 2017). MBD allows the dynamic behaviour of
interconnected rigid or flexible bodies to be studied, each of which
can undergo large translations and rotations. Coupled with the
DEM, it permits the dynamic behaviour of the machine and its
interaction with granular material to be captured in an efficient
way. The most common way of coupling DEM with MBD is by co-
simulation. This means that the equations for DEM and MBD are
solved independently but information is exchanged during the
solution process. The DEM calculates the contact forces from the
bulk material on the equipment geometry and feeds these values
into the MBD model. The latter takes the loads and calculates the
corresponding movements of the equipment. The updated equip-
ment geometry is sent back to the DEM solver which updates the
discrete elements accordingly (Lommen et al., 2018).

This paper presents an advanced numerical model for investi-
gation of collisions between haul trucks and waste rock barriers.
The model is based on non-smooth multi-domain mechanics,
hence no co-simulation is required, and it allows for a more
rigorous design of safety berms. Section 2 outlines the numerical
framework and discusses the representation of a typical waste rock
material and the ultra-class haul truck considered in the current
study. Section 3 presents a calibration and validation of the model
where numerical predictions of the calibrated model are compared
to data from full-scale experimental tests. Section 4 introduces the
various berm geometries and scenarios included in the parameter
study. Section 5 outlines how the various simulation data are
analysed to infer information that can be used in the development
of new design guidelines. The final results and proposed design
charts are presented in Section 6 and conclusions are drawn in
Section 7.

2. Numerical framework

2.1. Non-smooth multi-domain dynamics

In the classical DEM, or smooth discrete element method
(SDEM), the particles are assumed to be locally deformable, i.e. they
can overlap. Contacts between particles are modelled using penalty
forces described by viscoelastic springs obeying the Coulomb fric-
tion law (e.g. Cundall and Strack,1979). The forces generally depend
on the contact overlap, relative velocity and other reaction forces.
The equations of motion are solved using an explicit integration
scheme. The use of springs requires a simulation time step smaller
than the elastic response time for numerical stability. Hence, the
time step is limited by the contact elasticity timescale,
hSDEM < p

ffiffiffiffiffiffiffiffiffiffiffiffi
m=kn

p
, with particle massm and normal spring stiffness

kn. This means that an infinitesimal small time step would be



Fig. 2. Representation of the waste rock material: (a) in situ and numerical PSD, (b)
realistic in situ safety berm, and (c) example of generated safety berm using spherical
discrete elements (particles are coloured according to their radius).
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needed in the limit of infinitely stiff springs. This limits the smooth
approach to simulations of material with finite elasticity as smaller
time steps implymore computational time. The name smooth refers
to the motion of the particles. The trajectories of the particles are
twice differentiable with respect to time and velocity jumps are not
considered. In the non-smooth discrete element method (NDEM),
particles are assumed to be perfectly rigid and the elastic contact
response between particles is generally neglected. The contact
forces aremodelled using impact laws (i.e. impulses) and kinematic
constraints for unilateral contacts and Coulomb friction. These
equations are written as non-differentiable relations involving ve-
locity jumps, percussions and thresholds (Jean, 1999; Moreau,
1999; Servin et al., 2014). This means that indefinitely stiff mate-
rials can be simulated. The NDEM can be seen as a time-implicit
version of the SDEM. The contact forces are calculated implicitly,
which includes solving for unilateral constraint forces. The effort of
solving these contact problems is larger than in the smooth
approach, but the time step is much larger. The time step in non-
smooth simulations hNDEM is limited by

hNDEM < εdmin=vn (1)

and

hNDEM <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2dmin=gacc

q
(2)

where dmin is the smallest particle diameter, vn is the characteristic
normal contact velocity, gacc is the gravitational acceleration, and ε

is an error tolerance that is usually set in the range of 0.01e0.05.
The minimal time step in the NDEM is usually many orders of
magnitude larger than that for the SDEM, i.e. hNDEM >> hSDEM.
Another main advantage is that it allows strong dynamic coupling
with other multibody systems representing vehicles and other
machinery for transportation or processing that typically operate
on a timescale much larger than hSDEM. Hence, the non-smooth
multi-domain dynamics approach implemented in AGX Dynamics
(Algoryx Simulation, 2018) was used in the current study.

In non-smoothmulti-domain dynamics, the simulated system is
composed of multiple heterogeneous subsystems with stiff dy-
namics and unanticipated events where the connectivity and
number of variables suddenly change. Mechatronic systems, such
as a haul truck, are typically composed of rigid and flexible multi-
bodies coupled by kinematic constraints for modelling joints and
sets of differential algebraic equation (DAE) models for electronics,
hydraulics and powertrain dynamics (Layton and Fabien, 2001).
The dynamics that occur on short timescales, compared to the
simulation time step, need to be treated as non-smooth (Acary and
Brogliato, 2008). This means that velocities may change discon-
tinuously in accordance with some impact law, expressed in terms
of inequality and complementarity conditions, in addition to the
equations of motion and DAEs. This is necessary for implicit time
stepping of dynamic systems with impacts, dry friction, joint limits,
electric and hydraulic circuit switching, which cause instantaneous
impulse propagation throughout the system. The approach is
essential for full-system simulations of very complex mechatronics
and multibody systems.

The assumed equations of motion for modelling granular ma-
terials strongly coupled with rigid multibody systems are (Servin
and Wang, 2016; Lindmark and Servin, 2018):

M _v þ _Mv ¼ f ext þ GT
nln þ GT

t lt þ GT
r lr þ GT

j lj (3)

0 � εnln þ gn þ snGnvtln � 0 (4)
gtlt þ Gtv ¼ 0���lðaÞt

��� � mt

���GðaÞT
n lðaÞn

���
�

(5)

grlr þ Grv ¼ 0���lðaÞr

��� � mrr
���GðaÞT

n lðaÞn

���
�

(6)

εjlj þ hjgj þ sjGjv ¼ 0 (7)

Eq. (3) is the NewtoneEuler equation of motion for rigid bodies
with external (smooth) forces fext and constraint forces GTl with
Lagrange multipliers l and a Jacobian G. The constraint forces are
divided into normal (n), tangential (t), rolling (r) and articulated
and possibly motorised joints (j). M is the generalised mass matrix
and v is the generalised velocity vector. Eqs. (4) and (5) are the
Signorini-Coulomb conditions with constraint regularisation and
stabilisation terms εn, sn and gt. The symbol t denotes compli-
mentary condition (Murty, 1988). Each individual contact is
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indexedwith a. With εn ¼ sn ¼ 0, Eq. (4) states that bodies should
be separated or have zero overlap, i.e. gnðxÞ � 0 with gn being the
gap function, and so the normal force should be non-cohesive, i.e.
ln � 0. With gt ¼ 0, Eq. (5) states that contacts should have zero
relative slide velocity, i.e. Gtv ¼ 0, provided that the friction forces
remain bounded by the Coulomb friction law with friction coeffi-
cient mt. Similarly, Eq. (6) constrains the relative rotation of con-
tacting bodies, provided that the constraint torque does not exceed
the rolling resistance law with rolling resistance coefficient mr and
radius r. The constraint forces GT

j lj arise for articulated rigid bodies
jointed with kinematic links and motors represented with the
generic constraint of Eq. (7). With εj; sj ¼ 0 and hj ¼ 1, it becomes
an ideal holonomic constraint, i.e. gj(x)¼ 0. For εj, hj¼ 0 and sj¼ 1, it
becomes an ideal Pfaffian constraint, Gj _x ¼ 0. With εj; hj; sjs0, it
can represent a generic constraint with compliance and damping.

The Lagrangemultipliers l become an auxiliary variable to solve
for, in addition to position and velocity. The regularisation and
stabilisation terms, ε and g, introduce compliance and dissipation
in motion orthogonal to the constraint manifold. In the absence of
the inequality and complementarity conditions, the regularised
constraints may be viewed as Legendre transforms of a potential
and Rayleigh dissipation function of the form UεðxÞ ¼ 1

2εg
Tg and

Rgðx; vÞ ¼ 1
2gðGvÞTðGvÞ (Bornemann and Schütte, 1997), where g

represents any of the constraints in Eqs. (4)e(7). This enables
modelling of arbitrarily stiff elastic and viscous interactions in
terms of constraint forces with direct mapping between the regu-
larisation and stabilisation terms to physical material parameters.
This is applied to map the stiffness and damping terms from the
Fig. 3. CAT 797F: (a) picture of the real haul truck, and (b) the geometric model seen
from front, side, back and bottom.
nonlinear Hertzian contact law, or linear spring and dashpot, from
conventional SDEM to the constraint based NDEM. The NDEM
contact constraint forces can be understood as the time-average of
SDEM contact forces:

GT
nln)fn ¼ kn

�
g3=2n þ cgn1=2 _gn

�
n! (8)

GT
t lt)ft ¼ proj

mt

�� f!n

��
�
�
Z

kt u
!

tdt
�

(9)

GT
r lr)sr ¼ proj

mr

�� f!n

��
�
�
Z

krw
!

rdt
�

(10)

where n! is the contact normal; gn is the normal overlap (corre-
sponds to gap function of the individual contact); and u!t and w!r

are the tangential relative velocity and relative angular velocity at
the contact point, respectively; and kt and kr are the corresponding
contact stiffnesses. Assuming Hertzian contact and spherical par-
ticles, the normal spring stiffness kn and damping coefficient c are

kn ¼ E
ffiffiffiffiffiffi
2d

p .h
3
�
1� m2

�i
(11)

c ¼ 4
�
1� m2

�
ð1� 2mÞn

.�
15Em2

�
(12)

where E is the Young’s modulus, m is the Poisson’s ratio, n is the
material viscosity constant, and d ¼ ðd�1

½a� þ d�1
½b� Þ

�1
is the effective

diameter from the interaction between spheres with diameter d�1
½a�

and d�1
½b� of particle a and b, respectively. The contacts are divided

into impacts and continuous contacts, depending on themagnitude
of the incoming relative normal velocities Gnv�. The impulse
transfer through the system should satisfy the Newton impact law
GðnÞ
n vþ ¼ � eGðnÞ

n v�, with coefficient of restitution e for the im-
pacts (n), as well as preserve all remaining constraints (m) on ve-
locity level, GðmÞ

n vþ ¼ 0.
The implicit numerical time integration scheme is based on the

SPOOK stepper (Lacoursière, 2007) derived from discrete varia-
tional principle for the augmented system (x;v;l; _l) and applying a
semi-implicit discretisation. The stepper is linearly stable and
O ðh2Þ accurate for constraint violations. Stepping the system
positions and velocities, ðxi; viÞ/ðxiþ1; viþ1Þ, from time ti to
tiþ1 ¼ ti þ h involves solving a mixed complementarity problem
(Murty,1988). This is solved using a hybrid solver where a projected
Gauss-Seidel solver is applied for the NDEM subsystem and a direct
solver is used for articulated rigid multibodies (Lindmark and
Servin, 2018).
2.2. Representation of the wast rock material

The waste rock material with which the safety berm is con-
structed of is modelled using spherical particles. Each particle is
represented by a dynamic discrete element obeying the equations
of motion introduced in Section 2.1. The particle shape effect (in
reality the particles are not spherical) is taken into account by
applying a rolling resistance model. Generally, more realistic sha-
ped particles could also be taken into account. However, the
simulation time would increase considerably.

The particle size distribution (PSD) of the waste rock material
can be approximated and only particles in a certain range are
considered in order to keep the computational costs at a manage-
able level. The particle size of real waste rock material generally
varies considerably and ranges from sub-millimetre particles (silt
and sand) to large boulders in excess of 2 m (Simmons and



Table 1
Key dimensions of the CAT 797F haul truck model (CAT, 2018).

Wheelbase
length (m)

Overall
length (m)

Overall rear
tyre width (m)

Tyre
diameter (m)

Tyre
width (m)

7.195 15.08 9.529 4.02 1.47

Table 2
The bodies of the vehicle model.

Name Mass (inertial) Number DoFs

Chassis 180 t 1 6
Empty or loaded body 52.9 t or 412.9 t 1 6
Rear bogie 1 t 1 6
Steering kingpin 0.28 t 2 6
Wheel hub 0.5 t 6 6
Tyre 5.3 t 6 6
Engine shaft 10 kg m2 1 1
Main shaft 10 kg m2 1 1
Rear shaft 10 kg m2 1 1
Total 269.3 t or 629.3 t 20 105

Table 3
The constraints of the vehicle model.

Name Constraint type Number DoFs removed

Chassis-body lock Lock6D 1 6
Front suspension Prism þ lock1D 2 4 þ 1
Rear suspension Prism þ lock1D 2 4 þ 1
Wheel axle Hinge 6 5
Tyre-hub lock Locktyre 6 6
Torque converter 1D Pfaffian 1 1
Gear box 1D Pfaffian 1 1
Differential 1D Pfaffian 1 1
Total 22 95

Table 4
Parameters of the suspension and the tyre model.

Name Elasticity Damping

Front suspension 26 � 106 N/m 0.2 � 106 N s/m
Rear suspension 52 � 106 N/m 0.4 � 106 N s/m
Radial tyre deflection mode 27 � 106 N/m 0.6 � 106 N s/m
Lateral tyre deflection mode 135 � 106 N/m 2 � 106 N s/m
Bending tyre deflection mode 135 � 106 N m/rad 2 � 106 N m s/rad
Torsion tyre deflection mode 108 � 106 N m/rad 2 � 106 N m s/rad

Table 5
Validation of weight distribution.

Truck Force (kN) Distribution front:rear (%)

Front Rear Total Model CAT (2018)

Unloaded truck 1188 1461 2649 45:55 47.2:52.8
Loaded truck 2123 4056 6180 34:66 33.3:66.7
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McManus, 2004; Fityus et al., 2008). In the following, a typical fresh
waste rock material is considered, e.g. the Fresh Spoil Site A in
Giacomini and Thoeni (2015). A comparison of the PSD of the
original material with the PSD used in the numerical model is
shown in Fig. 2a. The in situ PSD ranges from 0.08 mm to 1200 mm
whereas the PSD in the numerical model ranges from 60 to
700 mm. Fig. 2b and c shows, respectively, a realistic in situ safety
berm and its numerical representation using spherical discrete
Fig. 4. Illustration of the two-body tyre model (wheel hub and tyre are treated as two disti
deformation is a combination of four modes of deformation: (c) torsional, (d) radial, (e) lat
elements. It should be noted that in reality the shape (i.e. triangle or
trapezoid) of the in situ safety berm is quite irregular whereas its
numerical representation is rather regular. This is because in the
numerical model, the safety berm was generated within a smooth
mould with a specific geometry.
2.3. Representation of the haul truck

The ultra-class haul truck considered in this study is a CAT 797F
(Fig. 3a). It was also one of the models considered in the experi-
mental study presented in Giacomini and Thoeni (2015). A CAD
model (CAT, 2018) was adapted to represent the haul truck in the
numerical simulation. The truck model was parameterised based
on the technical specifications from the manufacturer. The key di-
mensions used in the numerical model are listed in Table 1. The
total mass of the truck without load is assumed to be 269.3 t and
the weight distribution according to the technical specifications is
45% on the front axle and 55% on the rear axle. A fully-loaded truck
is assumed to weigh 629.3 t. The load, i.e. the material inside the
body, is not modelled explicitly. Instead, the load is considered by
giving the truck body an additional mass of 360 t such that the total
mass is 629.3 t, and by displacing its centre of mass to achieve an
approximate weight distribution with 34% on the front axle and
66% on the rear axle. The maximum speed according to the speci-
fications is 67.6 km/h for forward driving and 11.9 km/h for
reversing.

The geometric model of the truck is depicted in Fig. 3b. It con-
sists of 20 rigid bodies. Some minor parts such as handrail and
ladder are not included for simplicity. The main bodies and their
masses are listed in Table 2. The three drivetrain shafts have only a
single (rotational) degree of freedom (DoF). The other 17 bodies
have 6 DoFs. This gives a total of 105 DoFs for the whole truck
model.

The rigid bodies are interconnected by kinematic constraints
which restrict their relative movement. Constraint compliance and
damping are introduced and parameterised to physical viscoelas-
ticity. The constraints and the number of DoFs they remove are
listed in Table 3. The constraints include standard joints like hinges,
locks and prisms. The suspension joint is a combination of a pris-
matic joint and a one-dimensional (1D) lock constraint which re-
stricts the motion along the prismatic sliding axis. The drivetrain is
modelled using Pfaffian constraints on the rotational velocities u,
i.e. Gu ¼ 0. The resulting total number of DoFs for the truck model
after applying all constraints is 10.
nct rigid bodies): (a) reference configuration, and (b) general deformation. The general
eral and (f) bending deflection of the tyre relative to the hub.



Fig. 5. Tiltbox test for calibrating the rolling friction coefficient mr of the spherical
particles: (a) experimental test, (b) numerical model (colour scale indicates particle
velocity), and (c) summary of the parametric study.
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The suspension is modelled by prismatic constraints with stiff
elasticity and damping of the relative motion in the direction of the
cylinder axis. The corresponding parameters were adopted from
the literature (Hugo et al., 2008) and are listed in Table 4. The tyres
are represented as cylinders. The tyre elasticity and damping are
very important for the vehicle dynamics. Hence, a two-body tyre
model is used. The model treats the wheel hub and tyre as two
distinct rigid bodies that may be displaced relatively to each other
(Fig. 4). The model has four modes of deformation, corresponding
to radial, lateral, bending and torsional deflection of the tyre to the
hub. For the sake of numerical stability, the tyre elasticity and
damping are introduced as regularisation of a 6D lock constraint to
impose the mentioned deflection modes. The parameters of the
tyre model are also listed in Table 4.

The terrain is assumed to be infinitely stiff compared to the tyre
elasticity. Nevertheless, for the sake of numerical stability, the
terrain is assigned a finite elasticity of 1010 N/m2 that is translated
into a small compliance in the contact constraints between tyre and
terrain. In the current study, a linear elastic model independent of
the contact patch area is assumed and the value should thus not be
interpreted as the real Young’s modulus of the terrain. In addition,
the tyreeterrain interaction is assigned a coefficient of restitution
of 0 and a tangential friction coefficient of 0.8.

3. Back analysis and parameter calibration

3.1. Validation of the model of the haul truck

Firstly, the weight distribution of the truck model with and
without payload is validated. The centre of mass of the loaded
truck body was displaced 0.8 m towards the rear such that the
weight distribution corresponds to the technical specifications
from the manufacturer (CAT, 2018). The contact forces between
tyre and terrain were measured after the truck achieved static
equilibrium. The results are presented in Table 5. It can be seen
that the weight distribution corresponds to the specifications. It is
noted again that the loaded truck is not actually loaded with
material but additional weight is assigned to the truck body to
account for the load.

Secondly, the effective rolling resistance from the tyre defor-
mation model is examined. The truck is propelled at 50 km/h and
left to roll in neutral gear on a flat terrain. The velocity decreases
linearly over time and the resistance is linearly related to the
weight of the truck. This is consistent with conventional tyre rolling
resistance models. The effective rolling resistance in the numerical
model is around 0.5%. This value is smaller than the values reported
in the literature, which are generally within 1%e4% (Thompson,
2011b). The reason for the difference can be attributed to the fact
that, in the numerical model, the ground is represented by a
perfectly smooth and rigid plane. This means that the tyre pene-
tration in the model is zero. This is an approximation, as in reality
some tyre penetration will occur and this will increase the rolling
resistance of the truck. Nevertheless, the assumption is on the safe
side, i.e. the model dissipates less energy due to rolling and hence,
more energy needs to be dissipated by the safety berm, and the
parameters of the truck are not refined further.

3.2. Calibration of the waste rock material

In the following, the rolling resistance model for the particles is
calibrated. This is a necessary step because, as mentioned in Section
2.2, the particles in the simulations are assumed to be spheres,
which does not match reality. The rolling resistance model allows
the shape effect to be approximated by applying a rolling friction in
addition to the classical Coulomb surface friction. The friction



Table 6
Particleeparticle contact parameters of the waste rock material.

Elasticity (N/m2) Restitution Surface friction Rolling resistance
1010 0.3 0.5 0.2

Fig. 6. Back analysis: (a) initialised numerical model before impact, (b) numeri-
cal simulation during impact, and (c) corresponding full-scale experiment at the
maximum wheel climb.

Table 7
Contact parameters for the interactions of the spherical particles with other bodies.

Particleeterrain Particleetyre

Elasticity (N/m2) Restitution Surface friction Rolling resistance Elasticity (N/m2)

1010 0.3 1 0.5 108
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coefficients are calibrated using a tiltbox test as this is a particularly
relevant test for low-stress waste rock and rockfill material (Barton
and Kjaernsli, 1981). In the tiltbox test, a box comprising of
two compartments is filled with granular material. The upper
compartment of the box is not connected to the lower compart-
ment. During the test, the lower compartment is tilted until the
upper compartment slides off (Fig. 5a). The achieved tilt angle is
related to the internal friction angle of the material.

A numerical model of the tiltbox test was developed and the
numerical predictions were compared to experimentally measured
tilt angles. The tilt angle measured during the experiments was
between 39� and 43�. The dimensions of the compartments used
for the test were 0.72 m (inside dimension of the compartments),
0.2 m (height of each compartment), and 0.035 m (thickness of the
walls). The same dimensions are used in the numerical model.
However, the PSD in the tiltbox model was scaled down by a factor
of 0.1. This roughly corresponds to a scalped PSD of the in situ PSD
with a maximum size of 70 mm. The maximum diameter in the
experimental test was around 75 mm. Fig. 5a shows one of the
experimental tests during tilting.

A parametric study similar to the one in Thoeni et al. (2015) is
performed for determining the best parameter combination. The
surface friction coefficient ms is varied between 0.1 and 0.9 and
the rolling friction coefficient mr between 0 and 0.3. The elasticity
of the particles is assumed to be 1010 N/m2 and the normal co-
efficient of restitution is set to 0.3. Fig. 5c summarises the results
of the parametric study. It can be seen that the tilt angle is
generally increasing with increasing friction coefficient and
increasing rolling friction coefficient. The parametric study sug-
gests that particle surface friction and rolling resistance should be
in the range of 0.4e0.5 and 0.1e0.2, respectively. In the following,
it is assumed that ms ¼ 0.5 and mr ¼ 0.2. The final set of param-
eters used for the particleeparticle interaction is summarised in
Table 6. Fig. 5b shows an example of the simulation before the
actual failure, where the shear strength of the upper box is fully
mobilised.

3.3. Back analysis of full-scale test

The numerical model is very complex and has many parameters.
Some parameters were calibrated and others were assumed ac-
cording to the literature. Nevertheless, some parameters had to be
selected based on experience and engineering judgement. Hence, a
back analysis is performed by simulating one of the full-scale tests
presented in Giacomini and Thoeni (2015).

During the test, a CAT 797F haul truck was reversing into a
trapezoidal safety berm made of waste rock material. The same
scenario is simulated with the numerical model and the observed
behaviour of the truck is compared to the predicted behaviour. The
safety berm is approximated by a trapezoidal shape with a height
of 1.8 m, a top width of 3.2 m, and a base width of 9.5 m. The
length of the berm in the model is 30 m. The truck has an initial
velocity of 11.5 km/h, and is shown with the safety berm in Fig. 6a.
The truck is rolling freely towards the safety berm and impacts it
at a velocity of approximately 11 km/h. Note that once the truck is
rolling, its velocity cannot be controlled. Also, the approach ve-
locity in the numerical model is slightly higher than the one
Particleetruck body

Restitution Surface friction Elasticity (N/m2) Restitution Surface friction

0.75 1 108 0.75 1
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Fig. 8. Sketch of the safety berm dimensions: (a) equilateral triangle, and (b) equi-
lateral trapezium.

Table 8
Key dimensions of the safety berm considered in the parametric study.

Type Geometry Batter
angle, a (�)

Top width,
B (m)

Berm height,
H (m)

Resulting base
width, W (m)

Triangle Tri 40 e 2 4.8
3 7.2
4 9.5

Trapezium Tra1 40 1 2 5.8
3 8.2
4 10.5

Trapezium Tra2 40 2 2 6.8
3 9.2
4 11.5
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measured during the experiment. This is to compensate for the
lower rolling resistance of the truck in the numerical model
(Thoeni et al., 2017). The parameters relevant for the collision
between the spherical particles and other bodies are listed in
Table 7.

A sensitivity analysis is performed to identify the most critical
parameters. Hence, the values of the key parameters are changed
slightly, one at the time (i.e., only one parameter is changed all
others are kept constant), and their influence on the results is
investigated (Thoeni et al., 2017). The analysis showed that the
contact parameters (e.g. elasticity, friction, and rolling) have a
secondary influence on the results. The two important parame-
ters are the centre of mass of the vehicle and the geometry of
the berm. The former is not known exactly and is assumed ac-
cording to manufacturer specifications. The latter is crucial,
especially around the area where the truck first contacts the
berm. The numerical model of the berm introduces a sharp kink
between the terrain and the berm. In the experimental tests, the
transition from the terrain to the berm is slightly smoother, and
the shape of the berm in the experiment is not a perfect trap-
ezoid (cf. Section 2.2).

Fig. 6b and c shows a comparison between the numerical
simulation and the experimental tests during the impact at
maximum wheel climb. Fig. 7 summarises the results in more
detail where numerical predictions of the final calibrated
model are compared to measurements of the full-scale exper-
iment. It can be seen that the numerical model is able to
predict the general trend of the experimental test reasonably
well. Nevertheless, the predicted wheel climb and horizontal
wheel displacement are slightly lower. The numerical model
gives almost identical results for both the left hand side (LHS)
and right hand side (RHS), whereas the experimental values
vary between the two sides. The predicted wheel climb is
around 0.54 m while the measured values are 0.57 m and
0.7 m on the RHS and LHS, respectively. The predicted hori-
zontal wheel displacement, i.e. the distance from the initial
contact with the waste rock material to the maximum, is 1.6 m
whereas measurements gave values of 1.64 m on the LHS and
2.03 m on the RHS. It can also be seen that in the experiment
the wheels do not impact the berm at exactly the same time.
As mentioned in Section 2.2, the real geometry of the berm is
not regular, whereas an idealised regular shape is used in the
numerical model. The response of the suspension and the tyres
is also captured reasonably well. Both the numerical pre-
dictions and the experimental results show some oscillation
(i.e. bouncing) with a similar magnitude after the impact (i.e.
after time t > 2 s).
Fig. 7. Comparison of the experimental results with the
4. Berm geometries and scenarios

4.1. Safety berm geometries

Equilateral triangles and equilateral trapeziums with various
dimensions are considered in the parametric study. A sketch indi-
cating the dimensions is shown in Fig. 8. The corresponding values
are listed in Table 8. The top width of the trapezoidal berms is 1 m
and 2m. Berm heights of 2 m, 3 m and 4m are considered. A height
of 2 m corresponds to the traditional rule of thumb (Giacomini and
Thoeni, 2015). The trapezoidal bermwith top width 1 m and height
4 m roughly corresponds to a safety berm for a high risk area
(Reynoldson, 2015). In order to minimise the computational time,
the length of the berm is adapted according to each scenario. It
varies between 30 m and 60 m. The maximum number of particles
used in a simulation of a 60 m long berm (Tra2, H ¼ 4 m) is around
700,000. The batter angle of the considered safety berms after
generation and relaxation is around 37�. This is consistent with the
natural angle of repose of typical waste rock material and in situ
numerical predictions of the final calibrated model.
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nario S4 skidding.
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measurements (Giacomini and Thoeni, 2014). Nevertheless, for
consistency, the batter angle of the mould of 40� is reported in the
following, as this is the actual input parameter. It should also be
mentioned that a preliminary study by Thoeni and Giacomini
(2017), based on rigid berms, indicated that berms with a batter
angle of 40� are most efficient for redirecting an approaching truck.
Hence, only one batter angle is considered in the parametric study.

4.2. Scenarios and approach conditions

Four different scenarios are considered based on a review of past
incidents (Thoeni and Giacomini, 2017). Sketches of the scenarios
are depicted in Fig. 9 and the configurations investigated in each
scenario are listed in Table 9. Scenario S1 represents a typical tip-
head dumping scenario where a truck is reversing into a safety
berm at moderate speed (Fig. 9a). The maximum reversing speed of
a CAT 797F according to manufacturer specifications is 11.9 km/h,
but velocities in the model are increased to up to 30 km/h in order
to identify when the truck will run over the safety berm. The
approach angle investigated is 90� (i.e. the travel direction of the
truck is normal to the berm) and only a triangular safety berm is
considered. Scenario S2 consists of a head-on collision between the
haul truck and the safety berm (Fig. 9b). Approach velocities up to
70 km/h and an approach angle of 90� are considered. Scenario S3
considers a haul truck running into a safety berm at shallow
approach angles (Fig. 9c). This is a very common scenario along
haul roads where trucks are travelling parallel to the berm at
relatively high speed. The approach velocities considered in the
model vary from 10 km/h to 70 km/h. The considered approach
angles b, measured between the safety berm and the direction of
travel of the truck, are equal to 10� and 30�. Scenario S4 is the most
complex scenario and considers the collision of a sliding or skidding
truckwith the safety berm. In this case, the truck is sliding sideways
into the safety berm with its body parallel to it. In this idealised
scenario, both the front and rear tyres are contacting the safety
berm at the same time. A skid-ratio of 0.5 is assumed, i.e. the ve-
locity in the skidding direction is half the velocity that the haul
truck is travelling with. A sketch of the scenario is shown in Fig. 9d.
Note that the length of the safety berms was adapted according to
the specific scenario, i.e. the safety berms for scenarios S1 and S2
can be shorter than the ones used for scenarios S3 and S4. The truck
is assumed to be fully loaded in all scenarios, as this would corre-
spond to the worst case.

5. Data analysis

In total, more than 250 simulations were carried out and ana-
lysed. Each configuration (i.e. combination of berm geometry and
scenario) was run several times by gradually increasing the
approach velocity of the truck. The aim was to evaluate the effec-
tiveness of the specific berm geometry in stopping the truck and to
identify a critical velocity at which the truck would pass the berm
(i.e. the berm would fail). Two passing criteria, C1 and C2 (see
Fig. 10), are used to identify two corresponding critical velocities.
Both criteria are based on one of the wheels of the truck passing a
specific line (i.e. exceeding a specific horizontal wheel position
which is measured from the centre of the wheels). For the trian-
gular berm, C1 and C2 indicate the critical velocity before passing
the centreline and the end of the berm, respectively (Fig. 10a). For
the trapezoidal berm, C1 and C2 indicate the critical velocity before
passing the top width and the end of the berm, respectively
(Fig.10b). Criterion C1 ismore conservative than criterion C2.When
using criterion C1, the truck is definitely stopped by the safety
berm. When using criterion C2, it is very likely that the truck is
stopped by the safety berm, but the likelihood generally depends



Table 9
Configurations used in the considered scenarios.

Scenario Berm geometry Approach direction Approach angle, b (�) Approach velocity, v (km/h) Skidding ratio

S1 Tri Reversing 90 5 to 30 e

S2 Tri, Tra1, Tra2 Forward 90 10 to 70 e

S3 Tri, Tra1, Tra2 Forward 10, 30 10 to 70 e

S4 Tri, Tra1, Tra2 Skidding 0 10 to 70 0.5

C2

Approach direction

C1 C2

Approach direction

C1

(a) (b)
Fig. 10. Definition of criteria C1 and C2 for: (a) triangular, and (b) trapezoidal safety
berms.

Fig. 11. Example of typical data obtained from the simulations: (a) velocities and positions o
wheel has passed the line of criterion C1), and (b) summary of stopping positions (condensed
(corresponding point to (a) is marked with the orange star). Orange and red circles in (b
respectively.
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on the scenario. It shows that there is a significant difference be-
tween scenario S1 (tip-head dumping, where a truck is extremely
unlikely to be in a runaway condition unless it is reversing downhill
or deliberately reverses at maximum speed) and Scenarios S2, S3,
and S4, where the primary issue is safely stopping a truck that is
out-of-control in one of three potential modes. It should also be
mentioned that the current simulations do not include any actions
of the driver. In reality, the driver might react and the truck would
most likely stop earlier. Hence, criterion C2 can be used in most of
the cases.

The velocities and the centres of all six wheels are monitored
during the simulations. A typical example of such data is shown in
Fig.11a for scenario S3. In this particular case, it can be seen that the
f the wheels of the truck in one simulation (the orange star indicates that the front left
into one abscissa) for various approach velocities and different safety berm geometries
) indicate determined interpolated critical velocities according to criteria C1 and C2,



Fig. 12. Berm height vs. critical reversing velocity for scenario S1. vmax indicates the
maximum modelled velocity.

Fig. 14. Berm height vs. critical forward velocity for scenario S2.
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haul truck is initialised with a velocity of 30 km/h and approaching
the berm in forward motion at an angle of 30�. The truck stops just
after the front left wheel passes the line for criterion C1. The
stopping positions are then summarised in one graph for the
Fig. 13. Typical screenshots of scenario S1 Tri, H ¼ 2 m, v ¼ 10 km/h: (a) just before
contact with the safety berm, (b) during the impact, and (c) configuration at the
maximum horizontal wheel position (v ¼ 0). See Appendix online version for video.

Fig. 15. Typical screenshots of scenario S Tra1, H ¼ 2 m, B ¼ 1 m, v ¼ 40 km/h: (a) just
before contact with the safety berm, (b) during the impact, and (c) final configuration
after the truck has stopped (v ¼ 0). Appendix online version for video.
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different velocities (Fig. 11b). Only velocity increments of 5 km/h
are considered in the simulations and hence, the values for critical
velocities are linearly interpolated in-between if the stopping point
is not close enough to the line of criteria C1 or C2 (orange and red
circles in Fig. 11b). The calculated critical velocities are then re-
ported in a separate graph for all safety berm geometries for each
scenario. These graphs summarise the main results and can be used
to develop design guidelines. They are discussed in Section 6 below.

6. Results and discussion

6.1. Scenario S1

Scenario S1 represents a typical tip-head dumping scenario
where the haul truck is reversing into the safety berm. Approach
velocities from 5 km/h to 30 km/h and triangular safety berms
with 2 m, 3 m and 4 m height are considered. Only triangular
berms are considered since trapezoidal berms prevent free dump
tray movement and are difficult to construct for scenario S1. The
main results are summarised in Fig. 12. Although results for criteria
C1 and C2 are reported, it should be pointed out that for this
Fig. 16. Typical screenshots of scenario S2 Tra2, H ¼ 2 m, B ¼ 2 m, v ¼ 40 km/h: (a) just
before contact with the safety berm, (b) during the impact, and (c) final configuration
after the truck has stopped (v ¼ 0). See Appendix online version for video.
specific scenario, only C1 should be applied as the truck is
approaching the berm with its rear wheels at more or less 90�. If
loaded, the rear axle carries most of the load and any passing of the
berm increases the risk of a slope failure. In addition, in a tip-head
dumping scenario, a truck is extremely unlikely to be in a runaway
condition unless it is reversing downhill or deliberately reverses at
the maximum speed.

Fig. 12 shows that a typical safety berm with 2 m height is
effective in stopping a CAT 797F travelling at its maximum
reversing speed of 11.9 km/h. The predicted critical approach
velocity for criterion C1 is 13.9 km/h. It is worth noting that
Giacomini and Thoeni (2014) observed a critical velocity between
12 km/h and 15 km/h in small-scale experimental tests. The nu-
merical prediction is within this range and gives some confidence
that the complex numerical model provides reasonable pre-
dictions. The predicted critical velocity is very close to the
maximum reversing speed. Hence, increasing the berm height
would be beneficial. Simulations with berm heights of 3 m and
4 m predict critical velocities for C1 of 19 km/h and 25.9 km/h,
respectively. It can also be noted that the increase in velocity is
almost linear. Fig. 13 shows typical screenshots of simulations of
scenario S1. In this particular case, the truck is reversing into a
triangular berm of 2 m height at a speed of 10 km/h. It can be
seen that the truck is stopped before the rear wheels pass the
centre of the berm.
6.2. Scenario S2

In scenario S2, the truck is approaching the berm in a for-
ward motion and impacts it in a normal direction. All three
Fig. 17. Berm height vs. critical forward velocity for scenario S3 and approach angle:
(a) b ¼ 10� and (b) b ¼ 30� . vmax indicates the maximum modelled velocity.
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berm geometries are considered in this scenario. Fig. 14 sum-
marises the main results. Similar to scenario S1, an almost linear
increase of velocity is observed with increasing height for all
geometries and both criteria, C1 and C2. When comparing the
results of the triangular berm to those of scenario S1 in more
detail, it can clearly be seen that the values for the critical ve-
locity are decreased by about 30%. This can be related to the
ploughing effect of the front body of the truck which is also
evident in Figs. 15b and 16b. This effect was also observed in
small-scale experimental tests (Giacomini and Thoeni, 2014) and
can also be seen in Fig. 1a. This suggests that berms along haul
roads should be designed differently to berms at dump points.
Fig. 14 also shows that by increasing the width of the berm, i.e.
using trapezoidal berms, the performance of the berm in
Fig. 18. Typical screenshots of scenario S3 Tri, H ¼ 3 m, v ¼ 40 km/h, b ¼ 10�: (a) just
before contact with the safety berm, (b) during the impact, and (c) final configuration
after the truck has stopped (v ¼ 0). See Appendix online version for video.
stopping the truck increases. As an example, for criterion C2, the
critical velocity increases from 30.8 km/h (Tri) to 34.8 km/h and
44.2 km/h for the trapezoidal berms with a top width B of 1 m
(Tra1) and 2 m (Tra2), respectively. The effect of an increase of
the top berm width from 1 m to 2 m can also be seen in Figs. 15
and 16. Clearly, the truck in Fig. 15c stops about one tyre
diameter after the one in Fig. 16c. Finally, Fig. 14 also indicates
that a trapezoidal berm would perform very similarly to a
triangular berm that is 1 m higher. This is related to the fact
that the base width of the two geometries is very similar. As an
example, a 3 m high triangular berm has the same critical ve-
locity as that of a 2 m high trapezoidal berm with top width
2 m. The base width of the two berms is 7.2 m and 6.8 m,
respectively (see Table 8).
Fig. 19. Typical screenshots of scenario S3 Tri, H ¼ 3 m, v ¼ 40 km/h, b ¼ 30�: (a) just
before contact with the safety berm, (b) during the impact, and (c) final configuration
after the truck has stopped (v ¼ 0). See Appendix online version for video.



Fig. 20. Berm height vs. critical forward velocity for scenario S4. vmax indicates the
maximum modelled velocity.
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6.3. Scenario S3

In scenario S3, the truck runs into the safety berm in a forward
motion but at a shallow approach angle. Two approach angles b of
10� and 30� are considered, and the corresponding results are
summarised in Fig. 17a and b. It can immediately be seen that the
critical velocity is different for the two approach angles. Whereas a
2 m high berm can be effective in stopping a truck approaching at
10� (the truck is running almost parallel to the berm), this is not the
case for a truck approaching at 30�. As an example, according to
criterion C2, the critical velocity for a 2 m high trapezoidal berm
with top width 2 m (Tra2) is reduced by more than 50% from
65.5 km/h to 30.9 km/h for b equal to 10� and 30�, respectively. This
is related to the fact that the ploughing effect is increased with
increasing approach angle (see also Figs. 18b and 19b). Another
interesting observation from Fig. 18c is that, at a very shallow
approach angle of 10�, the rear of the truck is turning outwards (i.e.
counter clockwise). This observation was also made during real
incidents (Thoeni and Giacomini, 2017). Finally, similar to the
previous scenarios S1 and S2, an almost linear trend is observed
with increasing height for b equal to 30� but this seems not to be
the case for b equal to 10�. However, the latter is partly affected by
the fact that 70 km/h is the maximum modelled velocity. Hence,
for the approach angle of 10�, the critical velocities indicated as
70 km/h could, in theory, be higher.
Fig. 21. Typical screenshots of scenario S4 Tra1, H ¼ 3 m, B ¼ 1 m, v ¼ 60 km/h: (a) just
before contact with the safety berm, (b) during the impact, and (c) final configuration
after the truck has stopped (v ¼ 0). See Appendix online version for video.
6.4. Scenario S4

In scenario S4, the truck is sliding sideways (i.e. skidding) into
the safety berm. The main results for this scenario are summarised
in Fig. 20. Again, an almost linear trend is observed with increasing
berm height and an increase of the berm width results in an in-
crease in the critical velocity. The trend is similar to the ones
observed in most other scenarios. This is surprising as this scenario
is quite different and involves forward motion and skidding. When
comparing the results to those of scenario S3, it can be noted that
the predicted critical velocities for S4 depicted in Fig. 20 are in-
between those presented in Fig. 17a and b. This indicates that the
behaviour of scenario S4 is very similar to a case where a truck is
approaching the safety berm with an approach angle b between
10� and 30�. In fact, the approach angle calculated from the skid
ratio is 26.6�. It should also be noted that the critical velocities for
criterion C2 and berm height 4 m could theoretically be higher as
the maximum considered velocity in the model was 70 km/h.
Figs. 21 and 22 show typical screenshots of the simulations for two
different berm heights of 3 m and, 4 m respectively. A trapezoidal
berm with a top width of 1 m is considered. The approach velocity
is 60 km/h. The ploughing effect observed in scenario S3 can also be
witnessed in this scenario (Figs. 21b and 22b). It can also be seen
that increasing the berm height improves the performance of the
safety berm. In Fig. 21c, the truck passes the end of the berm (cri-
terion C2), whereas in Fig. 22c it stops before. In addition, Fig. 22c
indicates that the rear of the truck is turning outwards (i.e. counter



Fig. 22. Typical screenshots of scenario S4 Tra1, H ¼ 3 m, B ¼ 1 m, v ¼ 60 km/h: (a) just
before contact with the safety berm, (b) during the impact, and (c) final configuration
after the truck has stopped (v ¼ 0). See Appendix online version for video.
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clockwise). This behaviour is similar to the one observed in scenario
S3 for b ¼ 10�.
7. Conclusions

This paper presents an advanced numerical modelling
approach which allows the interaction of waste rock barriers with
large mining equipment to be predicted. The approach is based on
non-smooth multi-domain mechanics. The waste rock material is
modelled using spherical discrete elements and the considered
ultra-class haul truck is modelled as a multibody system. The tyres
are modelled using a two-body tyre model which allows taking
into account elasticity and damping effects. The main parameters
of the numerical model are calibrated using full-scale experi-
mental tests.

A parametric study is presented considering various representa-
tive scenarios and different safety berm geometries. Scenario S1 cor-
responds to a tip-head dumping scenario where a truck is reversing
into a berm at moderate speed. In scenario S2, the truck is colliding
head-on with the safety berm whereas in scenario S3, the truck ap-
proaches the safety berm at shallow approach angles in a forward
motion. Scenario S4 simulates a truck sliding sideways into a safety
berm. In scenarios S2, S3, and S4, theprimary issue is safely stopping a
truck that is out-of-control in one of three potential modes whereas
such an out-of-control scenario is rather unlikely for scenario S1.

The simulations of scenario S1 indicate that a 2 m high trian-
gular berm is sufficient to stop a reversing ultra-class haul truck at
its maximum reversing velocity. However, the predicted critical
velocity is very close to the maximum reversing velocity of the haul
truck. Increasing the berm height is not very practical as the dump
clearance of a CAT 797F is 2 m. Hence, it is recommended to use 2m
and regularly inspect the height of the berms.

Scenario S2 is the most critical scenario, i.e. it gives the lowest
critical velocities. This is because the ploughing effect of the front
body of the truck is most dominant in this scenario. This effect re-
duces with lower approach angles. It also affects scenario S3with an
approach angle of 30� but it is almost absent with an approach angle
of 10�. It is also worth noting that scenario S4 has some similarities
with scenario S3 although the truck is sliding sideways into the berm.

Current design guidelines for safety berms are based on rules of
thumb and mainly focus on the height of the berm. However, the
current study highlights that the width of the berms is just as
important, if not more. In fact, in most scenarios, a 2 m high trape-
zoidal berm would perform as well as a 3 m high triangular berm.
This is because the base width of the two geometries is almost the
same. In addition, the ability of a berm to stop a haul truck also de-
pends on the approach direction and the approach velocity. Higher
and wider berms proved to be more efficient for all scenarios. As
expected, the amount of waste rock material (which also results in
moremass and volume) is crucial as it provides themain resistance to
the impact, particularly at high velocities where the dynamics of the
collision play a critical role. Hence, the use of high risk area safety
berms makes sense, but the simulations suggest that the top with of
the berm should be increased from 1 m to 2 m to make it more
efficient.

The geotechnical material characteristics of waste rock also in-
fluence the effectiveness of the safety berm. The current work fo-
cuses on one typical waste rock material. This is because of the
limited availability of experimental full-scale tests which are
necessary to calibrate some model parameter. However, the
developed numerical model can be applied to any other material
provided some of the model parameters are re-calibrated using
laboratory and full-scale experimental tests. Themain results of the
current study are summarised in the form of design charts which
indicate the critical or admissible velocity for a certain safety berm
geometry and a specific scenario for one typical waste rock mate-
rial. To the best of the authors’ knowledge, this is the first time that
an advanced numerical modelling approach has been used for a
more confident design of waste rock barriers. The numerical pre-
dictions seem to be reasonable and they are on the safe site as no
actions of the driver (e.g. brakes) have been considered. Improve-
ments in future work could include such actions, as well as a more
rigorous modelling of the waste rock material using non-spherical
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particles and various particle size distributions for different mate-
rial types.
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