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Abstract 
Abrasive wear is largely involved in many industrial processes, and has 

far reaching economic consequences which involve not only the costs of 

replacement, but also the costs involved in machine downtime and lost 

production. Constructions and machines like conveyers, chutes and 

dumper truck bodies are often exposed to abrasive wear during handling 

of industrial raw granular material flow e.g. sand, rocks, pebbles etc.  

Different theoretical models and numerical models have been established 

to study wear phenomena in different cases. However, simulation and 

prediction of wear at large scale are seldom presented.  

In order to effectively predict abrasive wear in large scale applications, 

models for solid structure, material flow and wear behaviour have to be 

coupled together. To effectively study sliding abrasive wear of steel plates 

from interaction with granular material, numerical simulations can be an 

option. In this work both smoothed particle hydrodynamics (SPH) and 

discrete element method (DEM) is used to mimic the granular material 

flow behaviour. The finite element method (FEM) represents the 

surrounding solid material. To create models that reproduce interaction 

between solid and granular material both SPH and DEM are one at the 

time coupled to FEM.  

This gives a new opportunity to study abrasive wear in steel structures 

and also a possibility to estimate the absolute wear in large scale 

applications. In this work, simulation and field measurements has been 

done on tipper and dumper trucks working with rock material. Wear 

pattern from dumper bodies obtained from numerical simulation shows 

a reasonably good correspondence to experimental measurements. An 

advanced analysis tool that takes into account both the actual material 

flows, wear calculation and optimize equipment against wear is 

developed. This is done within the multi-physics software LS-Dyna. 

In paper A the SPH/FEM interaction is used to describe an unloading of 

a dumper truck. In this paper the “load intensity” is found and used to 

describe the areas in the structure that is subjected to the highest wear.  

Paper B uses the DEM/FEM interaction to find the load intensity in the 

structure of a tipper body.  
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Paper C is a continuation of paper B, were the Archard’s sliding wear 

law is applied on the load intensity to find the absolute sliding wear in 

the structure. In summary, numerical methods used to calculate local 

wear in industrial raw material handling systems is developed. 
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1. Introduction  
The steel industry directly employs more than two million people 

worldwide, plus two million contractors and four million people in 

supporting industries. Including industries such as construction, 

transport and energy, the steel industry is a source of employment for 

more than 50 million people [1]. In 2013 the world steel industry 

produced 1.6 billion tons of crude steel and almost 50% of this is 

produced in china [2]. SSAB is a relative small Swedish steel company on 

the world market with a production capacity of 6 million ton (2013) and 

of this about 4,7 million ton is plate products and of this a large section is 

wear plats. SSAB has for a long time been one of the leading companies 

in the development of wear plates, with the brand HARDOX wear plate. 

The wear plate affair is mainly focused on mining industry and earth 

moving machinery. The mining sector is one of the largest consumers of 

wear plates. The sector can be divided into two different parts, 

underground and open pits mines. In both under and over ground 

mining there are a lot of different machineries that needs wear protection 

as shown in Figure 1 and Figure 2. 

 

Figure 1. Showing the material process chain in open pit mining.  

 

Figure 2. Showing the material process chain in underground mining.   
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As shown in the figures above there are many different applications 

involved in the mining process. These applications can be divided into 

two different subgroups, stationary machinery and moving machinery. 

For stationary machinery, the mainly importance is to withstand abrasive 

wear from the ore, in these cases thick heavy wear plates can be a 

solution. In the case of moving machinery e.g. dumper trucks, tippers 

and loaders not only wear protection is of interest, but also weight 

savings and optimizing the design. In the wear engineering area, research 

has extended rapidly over the years, mainly thanks to the industry and its 

optimization and cost saving programs. A large part of the costs in the 

mining industry is associated to wear material. In order to support the 

industry in optimizing the design against wear, increase life, descries 

weight and work for an environment-friendly product, more research is 

necessary.  

 Objective 1.1.

To predict wear in the early design stages of a bulk handling transport 

system can save both time and money. Today, the relative life of 

constructions exposed to sliding abrasive wear from bulk material 

increase mostly with the relative hardness of the steel. One major issue 

closely connected to sliding abrasive wear is the bulk material flow 

behaviour during its transport in the handling system. The main 

objective of the thesis work is to implement numerical tools for large 

scale prediction of sliding abrasive wear from interaction with granular 

material. 

 Scope and limitations 1.2.

The scope of this work is directed towards sliding wear in structural 

applications subjected to granular flows such as mining chutes and tipper 

bodies. The wear process is very complex and there are many important 

aspects to take into account. For a large scale simulation the main wear 

mechanisms have to be included. The scope with this research presented 

in this thesis is to find a numerical method to simulate the wear 

behaviour in large scale steel structures exposed to interaction of 

granular material. In order to do this, two types of particle based 

methods has been studied and how they work together with finite 

elements. An important condition is that the models are calibrated and 
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validated by lab- and field tests. This work has been limited to only look 

in to large scale calculations in the macroscopic level.  

 Outline 1.3.

This thesis work has been focused on combining different numerical 

methods to capture main behaviour of the interaction between solid and 

granular material. This thesis consists of a summary part and three 

appended papers. The summary part is disposed to comprehensively tie 

the appended papers together focusing on the sliding abrasive wear 

process and numerical modelling. The summary provides a background 

and introduction to the problem. Different numerical methods and 

measurement cases are reviewed. The thesis continues with summary of 

appended papers and discussion, conclusion and future work. 

2. Wear material 
High hardness, high strength and good toughness make Hardox wear 

plate the good choice for applications subjected to wear and structural 

loads e.g. tipper bodies, crushing mills, mining chutes etc. The hardness 

of the steel plate is achieved by water quenching by fast cooling from 

austenite structure to the martensitic crystalline structure, were the 

carbon atoms is trapped. Toughness is achieved by consequent 

tempering for certain time depending on different steel grades and 

thickness of the wear plate. 

 Wear classification 2.1.

Depending on the mechanical contact, wear can be classified into groups 

and subgroups. There are many ways to structure wear and the most 

common is shown in Figure 3. In this work the abrasive wear is the most 

important group and can be divided into the subgroups sliding-, impact- 

and squeezing-wear and this work is focus on sliding wear.   
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Figure 3. Structure cart, showing the different wear modes.  

 Abrasive wear 2.2.

In this work the wear effect has been studied on a macroscopic level, this 

to obtain more understanding and knowledge about the effect of granular 

sliding wear of different structures. The study has been focused on 

sliding wear caused by granular material flows.  

The abrasive wear is defined as the interaction between hard particles 

and softer surfaces, for example grinding is one type of abrasive wear. 

Abrasive wear often occurs in open surfaces, where the surface are in 

contact with for instance rock, gravel or concrete see Figure 4. 

 

Figure 4. Illustrating open surface sliding wear on a steel plate caused by granular 

material.  

This type of wear is one of the most common wear types in the mining 

and earthmoving industry [3]. The definition states that the abrasive 

material for instance a rock material can slide or roll across the surface 
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but rolling contributes less to the wear. Two main types of surface 

damage occur during sliding wear. One is defined as cutting and the 

other is defined as plastic deformation. Cutting occurs when an abrasive 

material has enough hardness in the edge and enough sharpness to 

penetrate deep into the counter surface, as described by e.g. Atkinson [4]. 

During a sliding movement this edge may be able to cut out a groove in 

the counter surface. Plastic deformation occurs when there is a lesser 

degree of penetration because either the abrasive material’s edge radius 

is large or the minerals are too soft, this is shown in Figure 5. 

 

Figure 5. Two types of surface damages, to the left micro cutting and to the right 

plastic deformation.   

In case of two body abrasion the steel material is cut away and a typical 

lined wear pattern occurs. When it comes to three-body wear phenomena 

this can lead to a different type of surface damage. It is not necessary any 

material loss at once, but after further interaction between the surface 

and the granular material. This leads to subsurface cracking and micro 

flanging of the surface. These two types of surface damage are often 

mixed up together and for all types of steel material, but micro flanging 

only appears in hard and brittle materials.       

3. Numerical modelling 
To develop numerical simulations for predicting wear in large scale 

material handling systems is a challenge. The strategy used in this work 

is to combine different numerical methods. Below follows a brief 

description of the numerical methods used in this work. 

 FEM 3.1.

For structural analysis, the Finite Element Method (FEM) is the most 

developed and used numerical method. FEM is a numerical solution 

method based on continuum mechanics modelling, a constitutive relation 
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for the actual material is described and the governing equations are 

solved, see Zienkiewicz and Taylor [5]. Varieties of different constitutive 

models for a large number of materials are implemented in modern 

Finite Element (FE) codes. A material model approximates a real 

physical behaviour. Many factors affect the accuracy of a mechanical 

response computation, for example: the smoothness and stability of the 

response, the inadequacies and uncertainties of the constitutive equation, 

the boundary and initial conditions and the uncertainties in the load. The 

computability of nonlinear problems in solid mechanics is investigated in 

e.g. Belytschko and Mish [6]. 

 DEM 3.2.

The discrete element method (DEM) was introduced by Cundall (1971) 

[7] and Cundall and Strack (1979) [8] for analyse of rock-mechanics 

problems. The discrete-element method is a way to simulate the 

mechanical response of system composed of discrete blocks or particles. 

In DEM, the interactions between the particles are using the force 

displacement law. The force displacement law uses the relative 

displacement between two bodies at a contact force acting on the bodies. 

This contact force emerges both in particle-particle contact and the 

contact between wall and particle. The force displacement law in the 

contact can be described in terms of a contact point, xi
[C], on a contact 

plan defined by unit vector ni. For particle-particle contact, the normal 

vector is directed along the line between the particle centres as seen in 

Figure 6. In the case of particle-wall interaction the normal vector is 

directed along the line caused by the shortest distance between the 

particle centre and the wall, see Figure 6. The contact force is divided 

into normal component acting in the normal vector and a shear 

component acting in the contact plane. The force displacement law then 

connects these components of force to the corresponding components of 

relative displacement by the normal and shear stiffness at contact. Figure 

6 shows the notations to describe a particle-particle contact between two 

spherical particles. The motion of a single rigid particle can be describe 

with the resultant force and moment vectors acting on the particle. This 

is described by the translational motion and the rotational motion in the 

particle. The translational motion is described by the position xi, velocity

ix , and acceleration ix . The rotational motion are described by the 
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angular velocity i and angular acceleration
i . The translation motion 

can be written in vector form: 

 iii gxmF    ( 1 ) 

Where Fi is the resultant force, m is the mass of the particle and gi is the 
body force acceleration vector. For the rotational motion in vector form: 
 

ii HM   ( 2 ) 

Where Mi is the resulting moment acting on the particle and iH  is the 

angular moment of the particle. In the centre of the particle a local 
coordinate system is attached. If the orientation of this local coordinate 
system is such that it lies along the principal axes of inertia then the 
Equation (2) reduces to Euler’s equation of motion: 
 

  2323111  IIIM    ( 3 ) 

 

  3131222  IIIM    ( 4 ) 

 

  1212333  IIIM    ( 5 ) 

 
Where I1, I2, and I3 are the principal moments of inertia of the particle 

and 1 , 2 , and 3  is the angular accelerations about the principal axes. 

M1, M2, and M3 are the components of the resultant moment referred to 

the principal axes. 

The DEM model each particle individually, and build up a complete 

system of particles. This approach gives detailed information of the 

system but has its limitation in numbers of particles possible to use in 

practical applications. An example of how useful DEM can be to 

understand the behaviour of particle systems was done by Rajamani 

(2000) [9] when DEM was used to study the interaction of large grinding 

balls and the lining in tumbling mils.  
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Figure 6. Notation used for particle-particle contact and to the right particle-wall 
contact. 

 

 SPH 3.3.

The smoothed particle hydrodynamics (SPH) method was invented 

independently by Lucy [10] and Gingold and Monaghan [11], 1977, to 

solve astrophysical problems in open space. It is a mesh-free, point-based 

continuum method for modelling fluid flows, and has been extended to 

solve problems with material strength. Today, the SPH is used in areas 

such as fluid mechanics (for example; free surface flow, incompressible 

flow, and compressible flow), solid mechanics (for example; high velocity 

impact and penetration problems) and high explosive detonation over 

and under water. The main advantage with SPH is the ability to virtually 

reproduce free surfaces, which is a known to be a difficult problem in 

CFD with the classical Euler approach. 

The basic idea for a numerical method is to reduce the partial differential 

equations (PDE:s) describing the field functions (for example; density, 

accelerations and internal energy) to a set of ordinary differential 

equations (ODE:s), with respect to time only. These equations can easily 

be solved with some standard integration routine. With the SPH method, 

this is carried out by the following key-steps: The problem domain is 

represented by an arbitrarily distributed set of not connected points 

(Mesh free). Each field function is rewritten as integral functions (Kernel 

approximation). The kernel approximation is then further approximated 

using the points. This is called the particle approximation. The integrals 

are replaced with summations over the neighbouring points to each 
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computational point in the system. The particle approximations are 

performed to each point at every time step, based on the local 

distribution of points, see Figure 7. By the particle approximations all 

field functions (PDE:s) are reduced to ODE:s with respect to time only 

(Lagrangian). The ODE:s are solved using an explicit integration 

algorithm. Other quantities are derived from constitutive relations. 

 

Figure 7. Particle approximation with support domain and kernel 

function. 

The kernel approximation serves to represent an arbitrary field function 

in integral form. An arbitrary function, f, is written in integral form as: 

( ) ( ) ( )f f d



   x x x x x   (6) 

Where f is a field function of the three-dimensional position vector x, and 

( ) x x  is the Dirac delta function. Ω is the volume of the integral that 

contains x. So far, the integral representation of the function is exact, as 

long as f(x) is defined and continuous in Ω. Next, the Dirac delta function 

( ) x x  is replaced with a smoothing kernel function ( , )W hx x , according 

to: 

( ) ( ) ( , )f f W h d



   x x x x x   (7) 

In the smoothing function, h is the smoothing length, defining the 

influence area of the smoothing function. The integral representation 
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approximates the field function as long as W is not the Dirac delta 

function. This is called the kernel approximation. As h approaches to zero 

the smoothing function have to satisfy the Dirac delta function condition. 

This is called the Delta function property and is defined as: 

0
lim ( , ) ( )
h

W h 


   x x x x   (8) 

This property makes sure that as the smoothing length comes close to 

zero the approximation value approaches the function value. For stability 

the smoothing function value should be positive and monotonically 

decreasing with the increase of the distance away from the centre. In this 

work the cubic B-spline is used as kernel function which also gives 

stability. For a more detailed description see Liu & Liu [12] (2003), 

Jonsén et al. [13] (2012) and LSTC [14] (2013). 

 Constitutive model for granular material 3.4.

To mimic the behaviour of granular material using the SPH method a 

constitutive model is used. For the SPH-FEM problem in paper A, a 

constitutive relation developed by Krieg [15] Eq. (9) is used to govern the 

interaction between the particles.  

2 ½

0 1 2[3( )]vmf a a p a p      (9) 

Where, p is the mean pressure, 
vm , the von Mises flow stress and a0, a1 

and a2 are yield surface parameters. An elastic shear modulus and a bulk 

modulus are used and considered constant for the actual range of density 

and loading conditions.  

4. Test methods 
The equipment used in the wear test was a custom made tumbler. The 

machine consists of a cylindrical steel drum made of 450 HB wear plate 

with dimensions of Ø800x100 mm. Inside the drum it was possible to 

install 34 samples. The samples were kept in place with a holder made of 

tool steel with a hardness of 44HRC. The steel drum was powered by a 

0.25kW engine, giving a maximum speed of 50 rotations per minute, 

RPM. The engine was also connected to a frequency converter to allow 

adjustment of the RPM. Figure 8-10 is showing the drum and the design 

of the sample and holder. The holder is design to reduce the risk of 
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unwanted edge wear. To evaluate the repeatability of a test series, 

martensitic steel samples was installed in all position in the drum. The 

drum was run for 92h and the average weight loss was measured [16].  

 
Figure 8. Schematic picture of 

the drum wear test. 

 
Figure 9. Schematic 

picture of sample. 

 
Figure 10. Schematic 

picture of sample 

holder. 

 Field measurements 4.1.

In this work, wear on a tipper body of the U shape type using a specific 

design and material from SSAB is studied. Thickness measurements wear 

done on a similar design used for the simulations. This was done using 

an ultrasonic thickness gauge, shown in Figure 11. 

 

Figure 11: ultrasonic measuring device, used for measuring the material loss in the 

tipper body. 

Measurements on the tipper where preformed after 15 months of service, 

which equals 3424 tilts of material, where each load weights about 30 

tons. One working cycle consists of a loading procedure followed by 

transportation and ending with an unloading sequence. For this type of 

working cycles unloading is the main cause for the wear. This specific 
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tipper have been transporting large fraction crushed rock, small fraction 

crushed rock and soil. The remaining thickness of the plates was 

systematically measured in a more or less rectangular mesh manner. The 

results of the thickness measurements were analysed and wear maps 

constructed, see Figure 12.  

           

Figure 12: shows the measuring pattern in the tipper, and wear map. 

The analysis shows that maximum wear is located in the bottom close to 

the outlet of the tipper which seems logical since this area is affected by 

the highest pressure. The result also show an increase of wear along the 

sliding direction which is correct since the area at the bottom of the 

tipper is affected by more sliding of abrasives. A peak at 160 cm from the 

rear door is also discovered. This can probably be explained by the beams 

located on the outside of the tippers. Measurements of the beams, 

presented in the picture of the side of the tipper, show a distance of 

150cm from the rear door. This design is probably causing the bottom 

plate to bend slightly beyond 150 cm from the rear door, hence creating a 

small bump leading to an increase in wear rate. 
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5. Summary of appended papers  
 

Paper A 

In paper A, a numerical method using SPH-FEM combination is used to 

simulate the working condition of a dump truck body. This is done to 

investigate if it is possible to use particle based methods to find the load 

intensity map and to find the expected wear points in the truck body. The 

simulations and measured truck body showed an overall good correlation 

to each other. Also, the unloading time for the unloading sequence match 

the measured times in the simulations.  

Paper B 

In Paper B, a numerical method using DEM-FEM combination is used to 

simulate the working condition of a tipper truck body. A strategy to 

calculate the load intensity in large scale simulations is presented. The 

load intensity maps given by the calculations are in agreement with the 

wear pattern measured in the experiment results. Three different load 

cases is calculated and these shows difference between size distribution 

where the smallest size of the granular material showed a more 

concentrated load intensity pattern compared to larger fraction that had 

less contact points and therefore a more distributed intensity pattern. 

Paper C 

In paper C, the same tipper as in paper B is studied. This time Archard’s 

wear law is added in the simulations, this gives the opportunity to 

simulate the sliding wear when unloading the tipper. Furthermore the 

model for sliding wear is calibrated with lab tests and then validated with 

three different load cases in the tipper unloading. The simulations show 

good correlation to the measured wear in the tipper body.   

6. Discussion  
This work aimed to find modelling techniques that captures sliding 

granular wear in structural applications subjected to large scale granular 

flows. An important issue to address during this work is how detailed 

must this type of simulations be to work as a good design tool that locates 

the problematic wear areas in a construction. In the area of granular 

wear, models for calculation and estimation of wear in different 
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applications have been developed. These models are using a relative wear 

estimation giving the relative service life in a specific work point. To 

provide broader wear estimations new methods to predict wear in 

different applications is needed. An important point is also to optimize 

design solutions to withstand wear and minimize local wear 

concentrations. This implies a step towards large scale predictions, 

material interaction and material flow prediction. Granular flow is 

difficult to predict not only for the material behaviour, but large 

deformations that occurs will make the problem difficult to solve 

numerically. The wear process is in itself complex and to include all 

phenomena that occur in during transportation of granular material with 

a single numerical model is today not possible. Therefore, modelling the 

physical interaction between the granular material and a solid structure 

is the major goal in this work.  

To have a model that mimic the real behaviour of granular material flow 

and also captures the major physics of the interaction between granular 

and solid structures can help understanding the wear process in large 

scale systems. An interesting idea that was investigated in the thesis work 

was to couple together FEM and particle based models. A continuum 

based method and a discrete method was investigated in this thesis work, 

the SPH method and DEM, respectively. It was quiet early on to the work 

that the SPH method was discarded mainly due to the lack of 

computation time. An issue with the SPH method is the instability and 

user unfriendliness, which is a rather important factor when been used 

for industrial purpose. The results from the SPH-FEM simulation 

preformed on a small dump truck showed a load intensity map correlated 

with the wear map from field measurements. This simulation could also 

be used to find the load intensity factor that corresponds to the wear life, 

this is presented in paper A. The DEM-FEM combination included in 

this thesis work show much faster in computational time and is easy to 

use. This method also shows good correlations with field measurements, 

this is presented in paper B. The DEM-FEM method also makes it 

possible to use Archard’s wear formulation to calculate the absolute wear. 

Archard’s wear law [17] is a fairly basic model, thus the simplicity of the 

model offers good results when predicting the wear pattern on a 

macroscopic level and areas with accelerated wear. It is important though 

to apprehend that it is a simplified model that doesn’t take all physical 
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aspects in the calculation. The aim of this work is to find a model that is 

usable for the industry. An interesting aspect is to further investigate the 

usability of the Archard’s wear law. For what type of condition is the wear 

model valid and is it suitable for large scale simulations. The most critical 

part of this model is the wear constant k that we need to find for each 

material combination of steel-granular material interaction to calibrate 

the model. In this work the constant is taken obtained from wear drum 

test, paper C. The drum test is used to calibrate the wear constant k for 

the numerical model and then a validation with a tipper simulation is 

performed to estimate the absolute wear. It is important to have in mind 

the complex nature of the granular wear process. To decrease the gap 

between model and reality more physically precise models are necessary. 

A step towards a more physically correct numerical description of 

granular material handling systems is obtained with the combined 

DEM–FEM model. With the DEM–FEM model, structural responses and 

their influences on the granular flow motion can be studied. The model 

gives the opportunity to optimize the selection of material for the 

structure. An important part of the work is also to validate the simulation 

results against real measurements. This give feedback on the accuracy 

and also if the model can capture different phenomena’s that occurs 

during unloading. Quality experimental measurements are important for 

future development in modelling of large scale wear problems. 

7. Conclusion  
The understanding of sliding abrasive wear in large scale material 

handling systems is improved by the work in this thesis. Studies show 

that it is promising to develop an engineering tool that can simulate the 

material flow and wear behaviour in material handling systems. 

 A numerical method using DEM-FEM combination for simulate 

granular material flows is to prefer over a SPH-FEM combination.  

 The combination of DEM-FEM can be used to find the higher load 

intensity areas caused due to structural design in the material flow.  

 The numerical method can also be used to find the wear caused by 

sliding wear in unloading of tipper trucks, this by determination of 

the wear constant in the wear drum apparatus.     

 The methods used are generic and can be used for many different 

applications. 
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 Reliable numerical models can help in designing new granular 

material handling systems, reducing product development time 

and gaining understanding of complex process problems. 

 

8. Suggestions for future work 
Modelling of wear in large scale applications is a challenging task. During 

the thesis work some new ideas of interesting research work have arisen. 

It is of interest to just not only have a model for sliding wear but also for 

impact and erosive wear. A natural step is to find a good model for 

impact wear and to calibrate and validate that model for large scale 

granular flows. Develop a combined impact and sliding abrasive wear 

model for large scale simulations. Couple the predicted erosion depth to 

incremental geometrical change to capture accelerating wear in large 

scale systems. An interesting work would also be to investigate the strain 

rate behaviour of the steel, rock and granular material behaviour during 

its interaction. Friction in blended material composition both internally 

and between the granular material and steel is interesting as this will 

affect the material flow behaviour. Investigate the effect of rolling friction 

and the use of non-spherical particles and compare its impact in the 

result. 

 

9. Scientific contribution 
There are several papers in the literature that describe modelling of wear 

and also many papers describing flow of granular material. However, 

there is to the authors knowledge few that calculate sliding abrasive wear 

by coupling particle based methods to FEM. The validation against 

experimental measurements is also unique. The thesis contributes to 

increased general knowledge of sliding abrasive wear between steel and 

granular material in large scale applications. 
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Abstract: Abrasive wear is largely involved in many industries processes, and can cause 

serious problems and economic loss. A number of theoretical models and numerical 

models have been established to study wear phenomena. However, simulation and 

prediction of wear at large scale are seldom presented. Sliding abrasive wear of steel plates 

from interaction with granular material is here studied with numerical simulations. 

Abrasive wear of unloading of two different dumper body geometries are studied with the 

smoothed particle hydrodynamics method coupled to the finite element method. These 

numerical tools are of interest as they can reproduce interaction between solid and granular 

material. Wear pattern on the dumper bodies obtained from numerical simulation shows a 

reasonably good correspondence to experimental measurements. An advanced analysis tool 

that takes into account both the actual material flows, coupled with wear calculation model 

would be a new tool to design and optimise handling equipment against wear. 

 

Key words: abrasive wear, numerical simulation, validation, dumper truck bodies. 

 

 

 

1. INTRODUCTION 

Constructions and machines like conveyers, 

chutes and dumper truck bodies are examples of 

structures that can be exposed to abrasive wear 

during handling of granular materials. Abrasive 

wear has far reaching economic consequences 

which involve not only the costs of replacement 

but also the costs involved in machine downtime 

and lost production. Investigations of fundamental 

mechanism of abrasive wear on steel grades in 

contact with granular material have been 

presented by e.g. Moore [1,2]. Models that 

describe the sliding abrasive wear from rock and 

granular materials have earlier been developed 

e.g. Atkinson [3]. These models can predict the 

relative wear of different steel grades. 

Mechanisms of erosion and abrasive impact-wear 

have also been investigated by many authors e.g. 

[4,5]. A natural next step is to couple these models 

for the relative wear with simulations of material 

flow and thus obtain a basis for further 

understanding of the real situations of abrasive 

wear found in industrial processes. In recent years 

numerical tools have been developed for large 

flow simulations for example Smoothed Particle 

Hydrodynamics (SPH) method invented 

independently by Lucy [6] and Gingold and 

Monaghan [7], Discrete Element Method (DEM) 



invented by Cundall [8] and Particle Finite 

Element Method (PFEM) by Oliver et al. [9]. 

These numerical tools are of interest as they can 

reproduce granular flow and can be used to 

realistically load different structures.  

 

For structural analysis, the Finite Element Method 

(FEM) is the most developed and used numerical 

method. FEM is a numerical solution method 

based on continuum mechanics modelling, a 

constitutive relation for the actual material is 

described and the governing equations are solved, 

see Zienkiewicz and Taylor [10]. Varieties of 

different constitutive models for a large number of 

materials are implemented in modern Finite 

Element (FE) code. A material model 

approximates a real physical behaviour. Many 

factors affect the accuracy of a mechanical 

response computation, for example: the 

smoothness and stability of the response, the 

inadequacies and uncertainties of the constitutive 

equation, the boundary and initial conditions and 

the uncertainties in the load. The computability of 

nonlinear problems in solid mechanics is 

investigated in e.g. Belytschko and Mish [11]. 

 

In order to effectively analyse and simulate a 

structural wear process of dumper truck bodies, 

solid structures, material flows and wear 

calculation models have to be coupled. Such tool 

would open up entirely new possible areas of 

work. The ability to use numerical simulation to 

optimise material selection, geometry on designs 

is another advantage that would increase 

functionality and life of wear applications. 

 

The main objective with this work is to investigate 

the ability of couple SPH-FEM models to predict 

wear in realistic large scale simulation. This 

includes having correct material flow and contact 

conditions in order to predict wear. An important 

part is also to validate the computational models 

against experimental measurements of material 

flows and wear. 

 

2. EXPERIMENTS 

In this work, wear on a dumper truck body with 

commercial name A35 from Volvo CE here 

referred as Case A and a concept SSAB dumper 

truck body here referred as Case B is studied. 

Thickness measurements were done on the two 

different designs, using ultrasonic thickness gauge 

showed in Fig.1 

 
Figure 1. Ultra sonic thickness device. 

 

The measurements were done during service on a 

dumper truck after 3500 working hours. Both 

dumper truck bodies have been working on road 

sight, and suffered similar work conditions. One 

working cycle consists of a loading procedure 

followed by transportation and ending with an 

unloading sequence. For this type of working 

cycles the unloading is the main cause for the 

wear. One loading consists of about 35 tons of 

material mainly blasted granite rock, but also mud  

and sand. The remaining thickness of the plates 

was systematically measured in a more or less 

rectangular mesh manner. The results of the 

thickness measurements were analyzed and wear 

maps constructed. Wear maps from the two cases 

are shown in Figs. 2 and 3.  

 

 
Figure 2. Case 1: The areas that are subjected to higher 

wear are coloured. Yellow are areas that experience 

slightly higher wear, towards red, wear rate increases. 



The analysis shows that the highest wear was 

located at entrance (from the sliding direction) of 

plate 1 and 2. This is mainly due to the change in 

angle of the material flow, casing a higher contact 

pressure. The measurements also showed that the 

wear rate was highest on the sides at both plate 1 

and 2. At the rock box sides the material slides 

from the sides as the red arrows shows and will hit 

the side on plate 1 and 2. The impact angle is 

sharper and the material flow is higher. In Case B, 

the area exposed to wear is larger. Compared to 

Case B the magnitude of wear is lower, see Fig. 3. 

The area of wear is also more distributed 

compared to Case A. 

 

 
Figure 3. Case B: The areas subjected to wear in this 

design are more extended, and not of the same 

magnitude as in Case A.  

 

3. MODELLING 

Numerical analysis has been performed on the two 

cases above to study how material flow will affect 

the wear. From CAD models have the shell 

element FEM meshes been constructed , see Figs 

4 and 5. To facilitate numerical calculation both 

cases have been modelled with rigid material. A 

rigid body is an idealization of a solid body in 

which deformation is neglected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Both cases have a load of 12 m
3
 gravel modelled 

with SPH elements. Unloading of dumper bodies 

are usually a gravity driven process where the 

dumper body is tilted and the material slides off. 

In the simulation, the platform remains in a fixed 

position while the gravity vector is rotated to 

simulate tipping. The maximum tilt angle is 70° 

and the unloading time is 10 seconds. The 

simulations have been done in the nonlinear FE 

program LS-Dyna [12]. 

 

3.1. Smoothed Particle Hydrodynamics 

The smoothed particle hydrodynamics method is a 

mesh-free, point-based method for modelling fluid 

flows, and has been extended to solve problems 

with solid material. This extention implies that the 

mechanical properties of the material are changed 

to withstand applied stress without failure. Today, 

the SPH is used in areas such as fluid mechanics 

(for example; free surface flow, incompressible 

flow, and compressible flow)[13], solid mechanics 

(for example; high velocity impact and penetration 

problems) and high explosive detonation over and 

under water. The main advantage with SPH is the 

ability to virtually reproduce free surfaces, which 

is known to be a difficult problem to solve with 

CFD using an Euler approach. 

 

The ability of SPH-FEM models to numerically 

reproduce granular material flow and its 

interaction with solid material is demonstrated by 

Jonsén et al. [14]. The difference between particle 

 

 

Figure 4. Case A, dumper truck body, A35 from Volvo CE  

Figure 5. Case B, dumper truck body from SSAB. 



and grid based methods as the finite element 

method, is that the problem domain is represented 

by a set of particles or points instead of a grid. 

Besides representing the problem domain, the 

points also act as the computational frame for the 

field approximation. Each point is given a mass 

and carries information about spatial coordinate, 

velocity, density and internal energy. Other 

quantities as stresses and strains are derived from 

constitutive relations.  

  

3.2. Granular material model 

To mimic the behaviour of granular material 

during unloading the SPH method is used. Each 

particle has an initial radius of 50 mm and the 

model contains about 50 000 particles. In 3D, a 

sphere represents the SPH element with its radius 

controlled by the value of the smoothing length, h. 

A constitutive relation developed by Krieg [15] 

Eq. (1) is used to govern the interaction between 

the particles.  

 
2 ½

0 1 2[3( )]vmf a a p a p     (1) 

 

Where, p is the mean pressure, vm , the von Mises 

flow stress and a0, a1 and a2 are yield surface 

parameters. An elastic shear modulus and a bulk 

modulus are used and considered constant for the 

actual range of density and loading conditions. 

Material parameters used in the simulations are 

presented in Table 1. The bulk density of the 

particles is 2200 kg/m
3
.  

 
Table 1: Constitutive model parameters of the granular 

material.  

 

3.3. Wear model 

The abrasive wear involves the interaction 

between a hard edge or particle and a softer 

surface causing a cutting or plowing effect. This 

type of wear results in a high material loss, 

compared to adhesive wear. How the surface 

respond to the abrasive wear is controlled by a 

number of factors such as mechanical properties 

of the affected surface and the abrading particles. 

In this study the sliding wear mechanism is looked 

in to.  The sliding wear occurs both in adhesive 

wear and abrasive wear and involves, in both of 

the cases, a material that is sliding on another 

material causing alteration or material loss of the 

worn surface. The sliding wear can further be 

divided into two wear modes depending on the 

abrasive’s ability to move and interact, figure 6. 

For the two-body wear the abrasive particles are 

fixed into one surface and can only slide over the 

opposite surface. In the three-body wear the 

abrasives particle are free to move and gives a 

combination of rolling and sliding wear. 

 

 
Figure 6. illustration of 2-body and 3-body abrasion. 

 

An important matter in numerical modelling of 

mechanical problems is to mimic the real 

behaviour of a process. In this case the behaviour 

of a granular material as it unloads and flow of a 

dumper truck body is important. For this large 

scale application the SPH method is chosen to 

represent the granular behaviour.  

 

When the SPH particles interact with each other or 

the rigid structure the variation of the stress state 

can be calculated. The local mean pressure and 

velocity of the material sliding over the rear of the 

truck bed, the so called chute, is saved during 

unloading. This is done in a number of distributed 

measurement points (tracer points) placed a 

particle radius above the plate of the chute. For the 

different cases the position of these points is 

indicated in Figs. 7 and 8 with the large white 

elements.  
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One approach to estimate load intensity I from 

contact between different interfaces is to calculate 

the integral of mean pressure and velocity, v, see 

Eq. 2. This is done for all measurement points in 

the numerical model:  

 
 I pv dt    (2) 

 

The values of p and v are sampled by 0.01 s 

intervals. For Case A, an additional analysis was 

conducted where the results collected with 0.001 s 

intervals and a finer division of the chute was 

made (half the distance between the measurement 

points). In addition, for this case the pressure are 

filtered by an averaging over 50 values. The value  

of I will not give the amount of wear, but an idea 

of how the load intensity is distributed in the 

dumper body. 

 

 

4. RESULT AND DISCUSSION 

For the studied application the material flow is 

driven by gravity. During this motion particle-

particle and particle-structure interactions occurs 

in the material system. The contact between 

particles and structure of the dumper truck body 

results in a load to the structure of the dumper 

body. A set of particles or points represents the 

problem domain for the granular material. 

Initially, each point is given mass and coordinate 

information. Throughout calculation, each point 

stores information about spatial coordinate, 

velocity, density and internal energy. The 

behavior of the granular material is controlled by a 

constitutive relation from which stresses and 

strains are derived. A snapshot of the pressure 

distribution obtained from material flow during 

unloading for Case A is shown in Fig. 9. Close to 

the plate in the area of interaction between the 

dumper truck body and the granular material, the 

highest pressure is found. Especially, high 

pressures are found where the material flow 

direction is changed. 

 

 
Figure 9. Material flow and pressure in the middle of 

dumper truck body for Case A. For the areas where the 

flow changes direction a change in pressure is shown. 

 

At the tracer points, local pressures and velocities 

are saved for the unloading process. By numerical 

integration of Eq. 2, the load intensity can be 

calculated for each tracer point. Delaunay 

triangulation of the load intensity data at the 

positions of the tracer points is used to construct 

maps of the load intensity for both cases. For Case 

A, a load intensity map is presented in Fig. 10. A 

quantitative  Comparison between the wear map 

obtained from experimental measurements on 

Case A and the numerically calculated load 

intensity map, shows that the location of the 

highest wear and the highest load intensity agree.  

 

Figure 7. For Case A, wear is studied in the area 

with large white elements. The area contains tracer 

points that record the local pressure and particle 

velocity. 

Figure 8. For Case B, wear is studied in the area with 

large white elements. The area contains tracer points 

that record the local pressure and particle velocity. 



 
Figure 10. Calculated load intensity for Case A. Red 

represents the highest load intensity and blue the lowest. 

A snapshot of the pressure distribution obtained 

from material flow during unloading for Case B is 

shown in Fig. 11. As for Case A, the highest 

pressure is found close to the plate in the area of 

interaction between the dumper truck body and the 

granular material. In Case B geometry is smoother 

and no large change in the flow direction is found. 

This will also give an evenly distributed pressure. 

 

 
Figure 11. Material flow and pressure in the middle of 

dumper truck body for Case B. For the areas where the 

flow changes direction a change in pressure is shown. 

 

The load intensity map calculated by numerical 

integration of Eq. 2 and Delaunay triangulation 

also show more distributed load intensity, see Fig. 

12. A design that even out the contact pressure 

over a larger area like Case B usually gives 

improved wear resistance. Comparing the 

numerically obtained results with the experimental 

results it is obvious that the wear pattern is 

distributed and no high local wear are shown. 

 

 
Figure 12. Calculated load intensity for Case B. Red 

represents the highest load intensity and blue the lowest. 

 

From comparing the numerical result with field 

measurements shows that it is possible to 

numerically predict wear pattern in large scale 

simulations of abrasive wear. An additional 

numerical investigation on the resolution of the 

wear map was done on Case A. The result show 

that the high resolution gives a closer agreement 

to the experimental result, see Fig. 13. More local 

phenomenon can be observed with the high 

resolution.  

 

 
Figure 13. Calculated load intensity for Case A with high 

resolution. Red represents the highest load intensity and 

blue the lowest. 
 

It is important to have in mind the complex nature 

of the abrasive wear process. To decrease the gap 

between model and reality, physically accurate 

models are necessary. This implies complex 



models that require high accuracy experimental 

measurements for the validation.  

 

5. CONCLUSION 

A numerical method using SPH-FEM combination 

is used to simulate the working condition of a 

dump truck body. The load intensity maps given 

by the calculations are in agreement with the wear 

pattern measured in the experimental results. Case 

A show more local wear, especially where the 

flow direction changes. For Case B the wear is 

more distributed due to a smoother design. In 

conclusion, the SPH-FEM model can be used to 

model solid material interacting with granular 

material. This result is highly promising for future 

calculation of abrasive wear. Also the unloading 

time for the unloading sequence match the 

measured times in the simulations. These results 

agree qualitatively, but to improve models further 

measurements and modeling have to be done. 

Numerical tools that accurately can calculate wear 

from interaction with granular material would 

facilitate design and improve life of dumper 

bodies and other applications handling granular 

material. 
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Abstract.  
Constructions and machines like conveyers, chutes and dumper truck bodies are examples of 
structures that can be exposed to abrasive wear during handling of granular materials. 
Abrasive wear has far reaching economic consequences which involve not only the costs of 
replacement, but also the costs involved in machine downtime and lost production. In order to 
effectively predict abrasive wear in large scale applications, models for solid structure, 
material flow and wear behaviour have to be coupled together. In this work the discrete 
element method is used to represent the granular material and finite element method is used to 
model the structure of the tipper body. The methods are coupled together with a contact 
model to mimic real unloading. Physical interaction between the granular material and the 
tipper body is studied in three different cases. A validation of the load intensity pattern and 
the wear pattern of a real tipper body is done. The comparison shows a close agreement 
between the position and size of areas with highest load intensity and highest wear. This 
combination of numerical methods gives new possibilities to understand the wear process and 
is a step towards more physically correct models for large scale predictions between tipper 
bodies and granular material. The ability to use improved numerical tools can give future 
opportunities to optimise material selections and geometry with the intension to increase 
functionality and life of wear applications. 
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1 INTRODUCTION 

Constructions and machines like conveyers, chutes and dumper truck bodies are examples of 
structures that can be exposed to abrasive wear during handling of granular materials. 
Abrasive wear has far reaching economic consequences which involve not only the costs of 
replacement, but also the costs involved in machine downtime and lost production. 
Investigations of fundamental mechanism of abrasive wear on steel grades in contact with 
granular material have been presented by e.g. Moore [1, 2]. Models that describe the sliding 
abrasive wear from rock and granular materials have earlier been developed e.g. Atkinson [3]. 
These models can predict the relative wear of different steel grades. Large scale simulations 
with a combination of numerical models of truck bodies have been done before [4]. In that 
case the smoothed particle hydrodynamic method (SPH) and the finite element method (FEM) 
were combined to study unloading of dumper truck bodies. In this paper the focus is on tipper 
trucks, this mainly due to the fact that these types of structures are commonly used and faces 
major changes in the design to suite the new demands on the market. 
 
In the numerical simulations, FEM is used to represent the tipper body structure and the 
discrete element method (DEM) represents the granular material. An important issue is to 
mimic the granular flow and its loading to the tipper structure and the treatment of sliding and 
impact along the interfaces are essential for the response of the model. Coupling FEM with 
DEM elements is done using a penalty based “nodes to surface” contact algorithm. This type 
of contact is a so-called one-way contact. In this kind of contact the DEM-elements are 
defined as the slave side and the FEM defined as the master side.  
 
Three different load cases with different fractions of the granular material are modelled and 
used to load the structure. The simulations of unloading is carried out using the commercial 
program LS-Dyna, from this simulation a pressure map and relative velocities between the 
structure and granular material is obtained. At each spatial point and time step, pressure and 
velocity is integrated to obtain the load intensity. The different load intensity maps are then 
correlated with field measurement maps of tipper body working in similar conditions. These 
simulations are also used to study the deflection caused by the load on the structure. This 
knowledge is then used in designing new tippers with lighter and more optimised design both 
in structural and wear life.  
 
The main objective with this work is to investigate the ability of couple DEM-FEM models to 
find the load intensity in realistic large scale simulations. This includes having correct 
material flow and contact conditions in order to do find the load intensity on the structure. In 
the end, have the ability to use numerical tools to optimise material selections and geometry 
with the intension to improve functionality and life of wear applications. 
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2 TIPPER BODYS  

Tipper trucks are used for transporting material on roads. There are different types of 
bodyworks used and in this specific case the tipper body is of the free hanging U shaped type. 
This means that the design is in high strength steel with a modern design without any 
unnecessary beams and stiffeners. The free hanging design uses the steel structure abilities to 
deflect and absorb the load. In this specific case the tipper is used to transport blasted rocks on 
a road working site. The tipper model used in this case is showed in Figure 1.  
 

 
Figure 1: U-shaped tipper body.   

 
 
 

3   EXPERIMENTSAL MEASUREMENTS  

In this work, wear on a tipper body of the U shape type using a specific design and material 
from SSAB is studied. Thickness measurements wear done on a similar design used for the 
simulations this was done using ultrasonic thickness gauge. Measurements on the tipper wear 
preformed after 15 months of service, which equals 3424 tilts of material, and each load 
weights about 30 tons. One working cycle consists of a loading procedure followed by 
transportation and ending with an unloading sequence. For this type of working cycles the 
unloading is the main cause for the wear. This specific tipper have been transporting large 
fraction crushed rock, small fraction crushed rock and soil. The remaining thickness of the 
plates was systematically measured in a more or less rectangular mesh manner. The results of 
the thickness measurements were analyzed and wear maps constructed, see Figure 2.  
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Figure 2: shows the measuring pattern in the tipper, and wear map. 

 
The analysis shows that maximum wear is located in the bottom close to the outlet of the 
tipper which seems logical since this area is affected by the highest force. The result also 
show an increase of wear along the sliding direction which is correct since the area at the 
bottom of the tipper is affected by more sliding of abrasives. A peak at 160 cm from the rear 
door is also discovered. This can probably be explained by the beams located on the outside 
of the tippers. Measurements of the beams, presented in the picture of the side of the tipper, 
show a distance of 150cm from the rear door. This design is probably causing the bottom 
plate to bend slightly beyond 150 cm, but not bellow 150 cm, hence creating a small bump 
leading to an increase in wear rate. 
 

3 MODELING 

In the finite element (FE) model, the tipper body structure is represented with a shell element 
mesh. To virtually reproduce a realistic load to the tipper body, discrete element (DE) is used. 
A penalty based “nodes to surface” contact algorithm is used to couple the methods. All 
simulations are done in the commercial multi-physics program LS-Dyna [5]. 

3.1 Discrete element method  

DEM has been developed and used over the past 30 years for modeling many applications, 
starting with simple geometries in two dimensions and small scale (100-1000s of particles). In 
DEM, calculations alternate between the application of Newton’s second law and a force-
displacement law at the contacts. Newton’s second law is used to determine the motions of 
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each particle arising from body and contact forces acting upon it, while the force-
displacement law is used to update the contact forces arising from the relative motion of each 
contact. For particle-wall contacts, the force-displacement law is only required since the wall 
motion is specified by the user. For a more detailed description see Cundall (1971) [6] and 
Cundall and Strack (1979) [7]. More recently DEM has been able to be used for industrial 
applications in complex processes such as tumbling mills [8].       
 
In LS-DYNA, DEM is realized using rigid spherical particles, while interactions with other 
rigid or deformable structures are accomplished using penalty-based contact algorithms. In 
these simulations the DEM formulation is used to simulate the granular material in this case 
stone material. As measured above the unloading is divided into 3 different load cases with 
different diameters on the DEM elements with the diameter of A: 50 B: 200 and C: 300 mm, 
see Figure 3. 

 
Figure 3: Three different load cases with granular material, from left 50mm, 200mm and 300mm.   

 
The characteristics of the granular material are taken from the LS-DYNA pre-defined models 
for dry sand [9]. Rigid material model is used for the DEM elements, with density and 
Poisson’s ratio taken from a material model for sand.      

3.2 Finite element method 

For structural analysis, FEM is the most developed and used numerical method. FEM is a 
numerical solution method based on continuum mechanics modeling, a constitutive relation 
for the actual material is described and the governing equations are solved (Zienkiewicz and 
Taylor, 2000)[10]. Varieties of different constitutive models for a large number of materials 
are implemented in modern finite element (FE) code. A material model approximates a real 
physical behavior. Many factors affect the accuracy of a mechanical response computation, 
for example: the smoothness and stability of the response, the inadequacies and uncertainties 
of the constitutive equation, the boundary and initial conditions, the uncertainties in the load. 
The computability of nonlinear problems in solid mechanics is investigated in e.g. Belytschko 
and Mish (2001)[11]. 
 
For the tipper body shell elements in two different thicknesses are used to build the structure 
such a model are showed below in Figure 4. The bottom floor has the thickness of 10 mm and 
the sides are in 8 mm. The material model used is an Elastic-plastic material model for 
HARDOX 450. 
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Figure 4: FEM model used in the simulations, green color representing the first stiffener end blue representing 

the second stiffener beam.  

3.3 Elastic-plastic structure model 

The material model used in the finite element structure is a common material card in LS-Dyna 
with an arbitrary stress versus strain curve and arbitrary strain rate dependency can be 
defined, in this case given by SSAB. 

4 LOAD INTENSITY  

One approach to estimate load intensity (I) from contact between different interfaces is to 
calculate the integral of pressure and velocity. From the DEM simulations the contact 
pressure and velocities are taken from the point-net of tracer nodes for every time step. Data is 
imported into Matlab and for every spatial point is a numerically calculate load intensity value 
obtained using the equation: 
 

� = ���	��          (1) 
 
Where P is the contact pressure (Mpa), v is the velocity (m/s). A load intensity distribution 
can then be obtained for the current granular unloading of the tipper body.  
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5 RESULTS AND DISCUSSION 

For the studied application the material flow is driven by gravity. During this motion particle-
particle and particle-structure interactions occurs in the material system. The contact between 
particles and structure of the tipper body results in a load to the structure of the tipper body. 
The contact pressure and velocities are saved for every time step for each point in the net in 
the tipper body floor when unloading of a load. This is used to make a colour map that 
represents the distribution of load intensity in the tipper bottom. The influence of particle size 
on the load intensity is studied with three different load cases, Case A has a particle diameter 
of 50 mm, Case B has particle diameter of 200 mm in diameter and Case C a particle diameter 
of 300 mm. A comparison of the load intensity distribution for simulated tipper body load 
cases is shown in Figure 5. Increased load intensity is located in the back end of the tipper 
body. The beam located in the back end of the tipper body makes the structure stiffer and 
therefore leads to increase in load intensity just before the beam in the flow direction. As 
shown in the comparison of load intensity between the different load-cases, a smaller and 
finer granular material give a more localised and detailed pattern, in load case B the intensity 
is more intense but spread out. In the load case C the intensity map is more stochastic and 
there are not so easy to see a pattern, this is showed in Figure 5. 

 

Figure 5: Load intensity plots for the different load cases. From the left granular material of 50mm, 200mm and 
300mm. 
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Figure 6: Load intensity plot of the tipper loaded with granular material with the diameter of 50mm.  

Validation of the numerical model is done by comparing the load intensity pattern to the 
experimentally obtained wear map. A comparison for the 50 mm case is shown in Figure 6. 
An interesting observation, the wear map in Figure 6 corresponds with load intensity 
distribution of case A and B in the way that the highest wear are in the area of the highest load 
intensity and lowest wear are in the area of the lowest load intensity. The enhanced wear 
before the first stiffener that is measured can be spotted in the simulations and the increased 
wear at the back end is captured, this is showed in Figures 5 and 6.  

 

Figure 7: Shows the displacement of the tipper body under the influence of granular load.  



D. Forsström and P. Jonsén. 

 9

When looking on the deflection on the structure in the different load scenarios an even 
distributed deflection of 17mm in the middle of the structure is localised, see Figure 7. This is 
what to expect in real life. The deflection is one of the reasons for the increased load intensity 
before the stiffener, this because of the change of material flow direction leading to higher 
contact pressure. In this area the material flow also has quite high speed, this two together 
leads to high load intensity. The deflection of the structure is important to include as it will 
affect the granular flow and by that the load intensity. 

An interesting development would be to calculate absolute wear on a large scale application. 
This will demand coupling of load intensity to the wear process. Models for large scale 
simulations and a coupling to the wear process between structure and granular material is 
interesting. Such models would open up opportunities to optimise the structure to minimise 
abrasive wear in e.g. tipper bodies.  

 

6 CONCLUSION 

A numerical method using DEM-FEM combination is used to simulate the working condition 
of a tipper truck body. A strategy to calculate the load intensity in large scale simulations is 
presented. The load intensity maps given by the calculations are in agreement with the wear 
pattern measured in the experiment results. In load case A, the load intensity is concentrated 
and shows increased load intensity were the flow direction changes. In load case B and C the 
high load intensity zones are more distributed due to less contact points and higher contact 
mass. In conclusion the size of the granular material is of greater importance. When using 
larger particle size there are less contact points contributing to the load intensity but the 
contact points has greater contact pressure leading to higher load intensity. 
 
The main difference with using SPH-FEM and DEM-FEM model combination is that the 
computational time is much lower for the DEM-FEM combination. The DEM-FEM 
combination is also a step forward when it comes to precision due to the fact that the contact 
pressure at the contact interface between DEM and FEM structure is used. For the SPH-FEM 
the pressure inside the granular material (SPH) is used.    
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Abstract.  
Handling of granular materials like rocks, pebbles and sand can expose equipment to abrasive 

wear. In some cases this can have far reaching economic consequences which involve not 

only the costs of replacement, but also the costs involved in machine downtime and lost 

production. Models for predicting wear can be found, but are difficult to apply in large scale 

applications. An important property is the flow behaviour of the granular material during its 

transportation in a granular material handling system. In order to effectively predict abrasive 

wear in large scale applications, models for solid structure, granular material flow and wear 

behaviour can be coupled together. In this work the finite element method is used to model 

the structure of the tipper body and the discrete element method is used to model the granular 

material. To couple the structure response to granular flow behaviour a contact model is used. 

A calibration of the wear constant in Archard’s wear law is obtained from measurement data 

of rotating drum tests using the representative material combination used in a tipper unloading 

case. This model is then validated in a full scale tipper body simulation. In a comparison 

between the simulation and a field measurement the results shows a close agreement between 

the position and size of areas and highest wear depth. This combination of numerical methods 

gives new possibilities to understand the wear process and is a step towards more physically 

correct models for large scale predictions between tipper bodies and granular material. 

Numerical tools can give future opportunities to optimise material selections and geometry 

with the intension to increase functionality and life of large scale wear applications. 
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1 INTRODUCTION 

Bulk material handling systems like conveyers, chutes and dumper truck bodies are examples 

of constructions and machines exposed to abrasive wear during handling of granular 

materials. Abrasive wear has far reaching economic consequences which involve not only the 

costs of replacement, but also the costs involved in machine downtime and lost production. 

Understanding of the abrasive wear process is of importance in granular material handling 

systems. Wear of the machines are closely linked to the granular material flow. To study these 

phenomena in a physically correct way, suitable numerical models for different parts of the 

system have to be utilised. Abrasive wear on steel grades in contact with granular material 

have been investigated by e.g. Moore [1, 2]. Models that describe the sliding abrasive relative 

wear from rock and granular materials of different steel grades have earlier been developed 

e.g. Atkinson [3]. Large scale simulations to investigate the load intensity between granular 

material and steel of truck bodies have been done in [4] using a combination of numerical 

models. In that case the smoothed particle hydrodynamic method (SPH) and the finite element 

method (FEM) were combined to study unloading of dumper truck bodies. This paper focus 

on calibrating Archard’s wear law and validate against unloading of a full scale tipper truck 

body. 

 

Discrete element methods (DEM) have been used as simulation tools to gain insight into 

particulate flow processes. Cundall (1971) introduced DEM for analyses of rock mechanic 

problems. When applied to granular material systems, DEM gives an opportunity to study 

many more aspects interaction between solid and granular material in detail than has been 

possible to date, e.g. material movement, collision forces, energy loss spectra and power 

consumption. For structural analysis in the present work, FEM is used. FEM is a well-

established numerical solution method for mechanics modelling, a constitutive relation for the 

actual material is described and the governing equations are solved. FEM codes are well 

developed and already used for optimisation of mechanical responses of structural parts, e.g., 

stress and strain can be identified. When working with numerical modelling of physical 

systems many factors affects the accuracy of a mechanical response computation. Validation 

of the models is, therefore, important for building confidence in numerical results. 

 

In the numerical studies a test apparatus (rotating drum test) for testing abrasive sliding wear 

is modelled and simulated to calibrate the internal wear models. The wear model is then used 

in the simulation of tipper bodies to obtain the wear depth. In the numerical simulations, FEM 

is used to represent the tipper body structure and the discrete element method (DEM) 

represents the granular material. An important issue is to mimic the granular flow and its 

loading to the tipper structure and the treatment of sliding and impact along the interfaces are 

essential for the response of the model. Coupling FEM with DEM elements is done using a 

penalty based “nodes to surface” contact algorithm. This type of contact is a so-called one-

way contact. In this kind of contact the DEM-elements are defined as the slave side and the 

FEM defined as the master side.  

 

Simulation of a wear test drum is performed in LS-DYNA using the latest solver that includes 

a sliding wear model. The drum test is simulated for 30 seconds and the wear pattern is then 
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analysed and scaled to be compared with the lab tests of the drum. If the wear pattern differs 

this procedure is repeated until a match is found. From these simulations a wear constant k is 

obtained. This constant is then used to simulate the wear of tipper bodies when being 

unloaded. The wear map obtained in the tipper simulations are then compared with the wear 

map obtained from the field measurements. The main objective with this work is to calibrate 

and validate a wear model for large-scale abrasive sliding wear. This includes having correct 

material flow and contact conditions in order to do find the wear on the structure. In the end, 

have the ability to use numerical tools to optimise material selections and geometry with the 

intension to improve functionality and life of wear applications. 

 

2   WEAR DRUM TEST  

 

The equipment used in the wear test was a custom made tumbler. The machine consists of a 

cylindrical steel drum made of 450 HB wear plate with dimensions of Ø800x100 mm. Inside 

the drum it was possible to install 34 samples. The samples were kept in place with a holder 

made of tool steel with a hardness of 44HRC. The steel drum was powered by a 0.25kW 

engine, giving a maximum speed of 50 rotations per minute, RPM. The engine was also 

connected to a frequency converter to allow adjustment of the rotational speed. An illustration 

of the rotating drum is shown in Figure 1. Inside the drum the sample and holder is placed, 

see Figures. 2 and 3 for a detailed view. The holder is design to reduce the risk of unwanted 

edge wear. To evaluate the repeatability of a test series, martensitic steel samples was 

installed in all position in the drum. The drum was run for 92h and the average weight loss 

was measured [5].  

 

  
Figure 1: Schematic picture of the drum wear test 
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Figure 2: Schematic picture of sample 

 
Figure 3: Schematic picture of sample holder 

 

 

3 TIPPER BODYS  

For transporting material on roads tipper trucks are often used. There are different types of 

bodyworks used and in this specific case the tipper body is of the free hanging U shaped type. 

This means that the design is in high strength steel with a modern design without any 

unnecessary beams and stiffeners. The free hanging design uses the steel structure abilities to 

deflect and absorb the load. In this specific case the tipper is used to transport blasted rocks on 

a road working site. The tipper model used in this case is showed in Figure 4.  

 

 
Figure 4: U-shaped tipper body.   

 

 

 

3   TIPPER BODIE MEASURMENTS  

Wear on a tipper body of the U shape type using a specific design and material from SSAB is 

studied. Thickness measurements were done using ultrasonic thickness gauge on a similar 



D. Forsström and P. Jonsén. 

 5 

design used for the simulations. After 15 months of service which equals 3424 tilts of 

material, measurements on the remaining thickness was performed. Each load weights about 

30 tons and one working cycle consists of a loading procedure followed by transportation and 

ending with an unloading sequence. For this type of working cycles the unloading is the main 

cause for the wear. This specific tipper have been transporting large fraction crushed rock, 

small fraction crushed rock and soil. The remaining thickness of the plates was systematically 

measured in a more or less rectangular mesh manner. The results of the thickness 

measurements were analysed and wear maps constructed, see Figure 5.  

 

 
Figure 5: The tipper body with measurement points and wear map. 

 

The analysis shows that maximum wear is located in the bottom close to the outlet of the 

tipper which seems logical since this area is affected by the highest force. The result also 

show an increase of wear along the sliding direction which is correct since the area close to 

the outlet of the tipper is affected by more sliding of abrasives then the upper part of the 

tipper. A peak at 160 cm from the rear door is also discovered. This can probably be 

explained by the beams located on the outside of the tippers. Measurements of the beams, 

presented in the picture of the side of the tipper, show a distance of 150cm from the rear door. 

This design is probably causing the bottom plate to bend slightly beyond 150 cm, hence 

creating a small bump leading to an increase in wear rate 

 

3 MODELING 

In the finite element (FE) model, the tipper body structure is represented with a shell element 

mesh. To virtually reproduce a realistic load to the tipper body, discrete element (DE) is used. 

A penalty based “nodes to surface” contact algorithm is used to couple the methods. All 
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simulations are done in the commercial multi-physics program LS-Dyna [6]. 

3.1 Discrete element method  

DEM has been developed and used over the past 30 years for modeling many applications, 

starting with simple geometries in two dimensions and small scale (100-1000s of particles). In 

DEM, calculations alternate between the application of Newton’s second law and a force-

displacement law at the contacts. Newton’s second law is used to determine the motions of 

each particle arising from body and contact forces acting upon it, while the force-

displacement law is used to update the contact forces arising from the relative motion of each 

contact. For particle-wall contacts, the force-displacement law is only required since the wall 

motion is specified by the user. For a more detailed description see Cundall (1971) [7] and 

Cundall and Strack (1979) [8]. More recently DEM has been able to be used for industrial 

applications in complex processes such as tumbling mills [9].       

 

 

In LS-DYNA, DEM is realized using rigid spherical particles, while interactions with other 

rigid or deformable structures are accomplished using penalty-based contact algorithms. In 

these simulations the DEM formulation is used to simulate the granular material in this case 

stone material. As measured above the unloading is divided into two different load cases with 

different diameters on the DEM elements with the diameter of A: 200 and B: 50/100/180 mm 

weighing about 32 ton per load, see Figure 6. 

 

 
 

Figure 6: Three different load cases with granular material, from left A and B.   

 

The characteristics of the granular material are taken from the LS-DYNA pre-defined models 

for dry sand [9]. Rigid material model is used for the DEM elements, with density and 

Poisson’s ratio taken from a material model for sand.      

3.2 Finite element method 

For structural analysis, FEM is the most developed and used numerical method. FEM is a 

numerical solution method based on continuum mechanics modelling, a constitutive relation 

for the actual material is described and the governing equations are solved [11]. Varieties of 

different constitutive models for a large number of materials are implemented in modern finite 
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element (FE) code. A material model approximates a real physical behaviour. Many factors 

affect the accuracy of a mechanical response computation, for example: the smoothness and 

stability of the response, the inadequacies and uncertainties of the constitutive equation, the 

boundary and initial conditions, the uncertainties in the load. The computability of nonlinear 

problems in solid mechanics is investigated in e.g. Belytschko and Mish (2001)[12]. 

 

For the tipper body shell elements in two different thicknesses are used to build the structure 

such a model are showed below in Figure 7. The bottom floor has the thickness of 10 mm and 

the sides are in 8 mm. The material model used is an Elastic-plastic material model for 

HARDOX 450. 

 
Figure 7: FEM model used in the simulations, green color representing the first stiffener end blue representing 

the second stiffener beam.  

3.3 Elastic-plastic structure model 

The material model used in the finite element structure is a common elasto-plastic material 

model with an arbitrary stress versus strain curve and arbitrary strain rate dependency can be 

defined, in this case given by SSAB. 

4 WEAR CALCULATONS IN LS-DYNA  

One approach to estimate the absolute wear depth (h) from contact between different 

interfaces is to calculate the integral of pressure and velocity and then multiply this with a 

wear constant (k). From the DEM simulations the contact pressure and velocities are taken 

from the segments that are filling the element net, this is taken for every time step. Data is 

processed in LS-DYNA and for every spatial point is a numerically calculate load intensity 

value obtained using the equation (1) and then the wear depth is calculated using equation (2): 

 

  ∫              (1) 

 

               (2) 

 

Where P is the contact pressure (MPa), v is the velocity (m/s). A load intensity distribution 

can then be obtained for the current granular unloading of the tipper body and used together 
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with k (mm
2
/kN) to obtain the wear depth h (mm), this is a rewriting of the Archard’s wear 

law. The wear depth (h) is dependent of the size of the finite element grid in the structure in 

that way that the wear depth is calculated over the element area.   

5 RESULTS AND DISCUSSION 

To investigate the ability of predicting abrasive wear in large scale models results from both 

calibration and validation is presented and discussed in this section. 

 

5.1 Calibration study of rotating drum  

The calibration experiment is performed by a drum tests. After 90 hours the sample is 

removed from the drum and cleaned in an ultrasonic cleaner and its mass is checked. The 

average wear depth is calculated over the test sample area and for the sample that we are 

interested in, the HARDOX 450 the wear depth was calculated to 117.8 um, the test sample 

are showed in Figure 8.  

 

            

 Figure 8: To the left a steel sample after drum test showing wear zone A and B, to the right the simulated steel 

sample after drum test showing wear zone A and B.  

The test sample is divided into two different wear zones, this is because of the flow effect in 

the drum showed in Figure 9 below. The two different wear types presented in FigureFigure 9 

occurs due to the change in angle between the test holder’s two different types of wear occurs, 

this is also showed in the simulations. 

 

Figure 9: Shows the phenomena from the angle change between the test holders, and the different wear zones.    

 

Zone B Zone A 

HARDOX 450 
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Calibration simulation of the wear drum test is performed in order to calibrate the sliding wear 

model, from these calibration simulations a wear constant k is found for the interaction 

between a Hardox 450 steel and granite rocks. The simulation is performed with the 

characteristics taken from visual calibration of the flow pattern and characteristics for the 

granular material is taken form dry sand model provided by LSTC[10].  

 

Figure 10: Average wear depth over time 0 sec to 30 sec.  

In FigureFigure 10 the development of and final average wear depth after 30 seconds of 

simulation process time is shown. To find the total average wear depth after 90 hours 

extrapolation of the response in done. This gives as a wear depth of 110 um, this is to be 

compared with the measured value of 117.8 um from the test run. This is a result that is within 

the acceptance and the wear constant of Archard’s wear law is then calibrated for a HARDOX 

450/granite interaction.  

5.2 Validation study of tipper body unloading 

For the studied tipper application the material flow is driven by gravity. During this motion 

particle-particle and particle-structure interactions occurs in the material system. The contact 

between particles and structure of the tipper body results in a load to the structure of the tipper 

body. The contact pressure and velocities from every element and time-step is then saved in 

LS-DYNA as an out-file to be viewed in LS-PREPOST. The wear constant is taken from the 

drum simulation described above and used in the simulation of unloading of tipper bodies. 

When unloaded with corresponding granular material there is some difference though, the 

particles are much larger and more sharp-edged than in the drum. This is compensated by 

increasing the rolling friction and by load the structure with larger particles, in this case two 

different loads. The sliding friction is also different from the drum, this due to the fact that the 

tipper bodies are not as perfect as the drums machined surfaces. In the tipper bodies corroded 

surfaces and painted are found which gives a higher friction value. This shows good 

correlation with the wear map obtained in the filed measurements as shown in Figure 11.       

W
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Figure 11: Shows the erosion depth from one unloading for the two different load cases A and B of the tipper 

body.  

The result presented in Figure 11 shows that the average wear depth in the simulations is 

lower than in the measured wear of the tipper. This can depend upon many different reasons, 

but the most obvious is that the wear constant k taken from the drum is rather conservative. 

This is due to the angle changes shown in Figure 9. The change of angle leads to an 

accelerated wear that is not found in the tipper body. Another reasoned that lead to a lower 

wear rate is the simplified load and the fact that the tipper floor is to smooth with no dents. 

Another reason for the difference is the granular material that differs between the simulations 

and field measurements. The granite used in the filed measurements has a higher content of 

quartz mineral that leads to higher hardness and more wear. This means that the k value taken 

from the drum shows less wear in the tipper compared to the measurements, it could differ so 

much as 20-25%. The simulations is as mentioned before a simplification of the real life, the 

simulations do not take welded aries with lower hardness due to heat effected zones and so on 

in to the calculations. Newer less the model shows good correlation of the wear map and 

catches the effects of how the structural design affects the wear rate.          
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6 CONCLUSION 

A numerical method using DEM-FEM combination is used to simulate the working condition 

of a tipper truck body. A strategy to calculate wear of the tipper in large scale simulations is 

presented. The wear maps given by the calculations are in agreement with the wear pattern 

measured in the experiment results. A strategy to calibrate the model for different steel 

abrasive material interactions are performed by using a wear drum test rig. This strategy is 

then validated by simulations of tipper unloading using the right characteristics and compared 

to field measurements. In conclusion the DEM-FEM combination with Archard’s wear law 

can be used to predict wear in large scale applications.  
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