
 

 

Bachelor Thesis 

.ŀŎƘŜƭƻǊ ¢ƘŜǎƛǎ ƛƴ aŜŎƘŀƴƛŎŀƭ 9ƴƎƛƴŜŜǊƛƴƎ π
a¢слно мр ƘǇ 

¢ƘŜ ŎŀǊǊȅōŀŎƪ ǇǊƻōƭŜƳ 
9ȄǇƭƻǊƛƴƎ Ƙƻǿ ƎŜƻƳŜǘǊƛŎŀƭ ǎƻƭǳǝƻƴǎ Ŏŀƴ ǎƻƭǾŜ ǘƘŜ ŎŀǊǊȅōŀŎƪ 
ǿƛǘƘ 959a 

aŜŎƘŀƴƛŎŀƭ ŜƴƎƛƴŜŜǊƛƴƎ 

(ÁÌÍÓÔÁÄ ρυȾφȤςπςυ 
David Glad 

Karl Hällebrand



 

 

Preface 
We would like to thank our supervisor Richard Grºnevall at Halmstad University 

for his valuable guidance throughout the project. Special thanks to Mira Jhala and 

Yang Shin at Volvo for their support, insights and valuable advice. We would also 

like to thank the team at Altair for their advices regarding EDEM. 

  



 

 

Abstract 

This thesis investigates the issue of material residue in Volvo Construction 

EquipmentËs A40 dumper by exploring parameters that affect how material gets 

stuck in the dumper, then later implementing geometrical solutions to reduce this 

issue. Since full-scale testing and experimenting would be impossible due to costs 

and time limitations the majority of tests were done through DEM calculations 

using the DEM simulation software EDEM, with the chosen material for this 

project being clay. With Volvo aiming to transition to produce only fully electrical 

dumpers by 2040, current heat-based solutions using exhaust pipes will no longer 

be viable, thus alternative solutions must be pursued. Initially the project focused 

on small scale physical experiments, with the aim to create a better understanding 

how moisture affects clays cohesive and adhesive properties and also be able to 

use potential findings in later simulations. However, due to scaling and material 

compaction limitations the project moved on to full scale simulations instead. A 

realistic baseline simulation of the A40 dumper was developed, modeling 

cohesive clay material by adjusting different parameters such as particle size, 

surface energy and plasticity to reflect the correct material behavior. 

Based on a real-world case from a customer of Volvo where wear plates were 

implemented on an A60 dumper which in turn led to a reduced carryback, several 

geometrical implementations of plates to the A40 were simulated. The geometrical 

changes included adding plates to the side walls, front part and the ramp at the 

rear of the dumper, where each area was simulated separately to identify each 

plateôs impact on the carryback. Each implementation was evaluated for its impact 

on the amount and location of carryback, allowing for a systematic study of how 

geometry affects flow behavior and material detachment during the unloading 

process. The customer inspired design was further improved using the optimized 

angles found during the different angle studies, resulting in a significant reduction 

in carryback mass. It is expected that these changes can improve the already 

beneficial design of the customer dumper and reinforced the claim that smoother 

geometry and fewer sharp corners can help to prevent material buildup.  

The results suggest that DEM simulations can serve as a valuable tool for virtually 

exploring dumper design alternatives, offering insight into carryback behavior and 

the influence of key parameters. While this method allows for early evaluation of 

potential geometry changes their alignment with manufacturing constraints, it 

cannot by itself lead to design optimization. Instead, the findings should be seen 

as an initial step toward understanding the problem and lays the groundwork for 

future design improvements. Ultimately, this study contributes to Volvoôs long-

term efforts toward fossil-free and efficient construction machinery. 
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Nomenclature 

¶ A40: Volvoôs 40-tonne dumper, used as the primary simulation subject in 

this report. 

¶ A60: Volvoôs 60-tonne dumper. 

¶ Bond number: A dimensionless number that indicates the cohesion level 

in the material. 

¶ Carryback: Material that still sticks to the dumper after unloading. 

¶ DEM: Discrete Element Method, is a numerical simulation model for 

modeling granular material. 

¶ EDEM: The particle simulation software used throughout the thesis. 

¶ EEPA: Edinburgh Elasto-Plastic Adhesion model. A contact model used in 

EDEM to simulate cohesive and deformable materials. 

¶ Front part: The front part of the dumperôs interior, see Figure 10 A. 

¶ JKR V2: Hertz-Mindlin with Johnson-Kendall-Roberts version 2. A 

cohesive contact model used in EDEM. Used to model adhesion between 

particle and geometry. 

¶ Customer case: A real-world case where the implementation of wear 

plates for an A60 dumper led to a reduction of carryback. 

¶ P-G: Particle to geometry, refers to an interaction between particles and 

the dumper models geometry in the simulation software. 

¶ P-P: Particle to particle refers to the particle interactions between each 

other in the simulation software. 

¶ Plasticity ratio: A value between 0 and 1 that describes whether the 

interaction is elastic or plastic. 

¶ Ramp: The ramp for the dumper, see Figure 10 C. 

¶ Side part: The side of the dumperôs interior, see Figure 10 B. 

¶ Surface energy, Ў♬ ╙Ⱦ□ : The energy between particles, or particles 

and geometry.  A higher value indicates stronger cohesive/adhesive 

properties. 

¶ Volvo CE: Volvo construction equipment. The partnered company client 

for this thesis. 

¶ Wear plates: Added steel plates/chutes used to modify geometry of the 

dumper model to reduce carryback. 

¶ ἯἵȾ▼ : Gravitational acceleration. 

¶ ►: Mean particle radius. 

¶ ♬: Mean overlap between particles. 

¶ f0 (N): The constant pull off force between particles, used to simulate 

cohesive forces for EEPA. 

¶ n: Slope exponent used in EEPA to define non-linear force overlaps 

relationships. Either set to 1.0 or 1.5. 



 

 

¶ X: Tensile exponent, affecting how fast adhesive forces decrease when 

particles move apart. 

¶ ⱡ◄□: Tangential stiff multiplier, controls the relation between how the 

tangential stiffness compares to the normal stiffness. 

¶ esc: Coefficient of restitution between steel and clay particles. 

¶ ecc: Coefficient of restitution between clay particles and clay particles. 

¶ Ⱨ▼ͅ▼╬: Coefficient of static friction between steel and clay particles. 

¶ Ⱨ►ͅ▼╬: Coefficient of rolling friction between steel and clay particles. 

¶ Ⱨ▼ͅ╬╬: Coefficient of static friction between clay particles and clay 

particles. 

¶ Ⱨ►ͅ╬╬: Coefficient of rolling friction between clay particles and clay 

particles 
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1 Introduction 
The introduction serves as a way to introduce the carryback problem with some 

background information to put the issue into perspective, while also stating the 

goal for this project.  

1.1 Background 

For both mining and construction industries, dumpers (see Figure 1) are 

frequently used to transport materials, such as clay, soil, sand and building debris. 

During the dumpers unloading process, material gets stuck in the dumper body 

and is carried back, which is also known as the carryback problem. This results in 

a loss of productivity and an increase in emissions.  

Volvo is one of the biggest providers of dumpers and have a solution for their 

dumpers that run on fossil fuel, which is that the exhaust gas is led through the 

exhaust pipes at the bottom of the dumper body (Figure 10 D). These gases heat 

up the bed and result in less material getting stuck.  

However, Volvoôs goal for the future is that they will only manufacture dumpers 

that are 100% fossil free by 2040. This transition means that the current heat-

based solution for the carryback problem will no longer be viable. A new solution 

must therefore be developed, one that does not rely on heat or fossil fuel. 

Currently, if Volvo wants to conduct tests, they must perform physical testing, 

which would be very costly due to the large number of tests required. Recently, 

different simulation programs have been developed to fulfill this purpose, such as 

EDEM. Volvo is now interested in finding out if these simulation programs can be 

used for their problem, which will result in cost savings. If the simulations can 

represent the real world, they could also give a deeper understanding of how the 

carryback problem can be solved. 

 

Figure 1. An A40 in a quarry. A yellow dump truck in a quarry. Volvo 

Construction Equipment. (n.d.a). 
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1.1.1 Presentation of the client 

Volvo Construction Equipment (Volvo CE) is a worldwide leader in providing 

new design and manufacture of heavy construction machinery. Volvo CE is also 

part of the Volvo group which emphasizes sustainability and innovation. They 

started 1832 in Eskilstuna and can now be found in more than 180 countries. 

Volvo CE have an extensive offer of different heavy construction equipment, for 

example excavators, wheel loaders and articulated haulers. They have committed 

to only produce electric machines by 2040, moving away from traditional diesel-

powered equipment (Volvo Construction Equipment, n.d.b, n.d.c, n.d.d, n.d.e). 

1.2 Aim and purpose 

The purpose of this thesis is to propose a solution that can reduce the carryback 

for the A40 Volvo dumper, by implementing geometrical changes of the design for 

the dumper. The solution should be realistically possible from a manufacturing 

perspective. 

As it would be almost impossible to test theories and implement new designs for 

testing in real life, instead virtual testing will be done using the simulation 

software EDEM. This software simulates the loading and offload process of a 

dumper using particles. 

The goal is to identify key parameters that influence carryback issues and to study 

the key parameters to be able to create a new geometrical design for the dumper 

body that reduces carryback. The current design of the dumper body can be seen 

in Figure 2. 

 

Figure 2. CAD model of the current A40 dumper body design. 

1.2.1 Proposed deliverables 

¶ Create a base-simulation that can reflect real world-behavior of clay and 

later used as a baseline for improvement options. 

¶ Finding and analyzing key parameters that influence carryback with  

particle simulation software. 

¶ Develop a new design for an electric A40 dumper that has as much 

carryback as the existing regular A40 or lower. 
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1.3 Limitations 

Since different materials adhere differently in the dumper bed, this study will 

focus solely on clay. This decision was made at Volvoôs request, since they have 

observed that it adheres more than other materials. 

There are a lot of different solutions for the carryback problem. For this study 

only geometrical solutions will be explored as this is what Volvo requested. When 

working with geometrical solutions it is important to note that it must be possible 

to produce as well. 

Simulation software was used in this study, which resulted in limitations 

depending on the hardware the simulations are run on. With the time frame for the 

project, the simulation runtime will be at most three hours long, as a lot of 

different testing for the simulation will be done. 

Particle shape wonôt be further investigated since, with the size of the project, 

there is not enough time to experiment with all variables that might contribute to 

the material getting stuck. 

Using a smaller particle in the simulations would be more realistic. However, it is 

impossible to simulate real size clay particles with a real size dumper, as it would 

take too long to simulate. Instead, the particle will have to be scaled up in a way 

that the bulk material keeps the same behavior as if the particles were the real 

size. With a smaller particle more particles will be created to fill up the dumper 

and result in longer simulations. The timestep also decreases when the particle 

size is reduced and results in a longer simulation (Altair Engineering Inc, 2025a). 

With the resources and time frame it wonôt be possible to perform real-scale 

experiments to get a better understanding of the carryback problem. Instead, 

pictures and videos provided by clients will have to be examined. 

The only simulation software used for this project was EDEM as specified by 

Volvo, meaning that other software or modelling approaches were not considered. 
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2 Theory 
This theory section will provide the key concepts necessary to understand the 

carryback problem and the rationale behind the chosen simulation approach. It 

begins with an explanation of carryback, followed by the material properties of 

clay, essential information about the A40, information about EDEM and its 

particle design. Lastly, it presents a real-world case study from a Volvo customer, 

where a design modification successfully reduced carryback for their A60s. 

2.1 Carryback 

The carryback problem refers to the amount of material that gets stuck in the 

dumper bed after a dump has been completed. The material then gets carried back, 

resulting in a loss of efficiency, an increase in emissions and expenses for the 

company. A customer has provided Volvo with numbers regarding the A60, which 

has a carryback of 6-14%. The A60 model is roughly the same design as the A40 

but scaled up, from this it is assumed that the percentage interval of carryback will 

be the same. The data provided by the customer can be seen in Figure 14. 

Where the material gets stuck in the dumper bed varies depending on the material 

being transported. There are some patterns between the examples of the carryback 

issue provided by Volvo. One example shows that material gets stuck in the 

bottom of the bed, the corners in the front and the corners at the ramp (Figure 15). 

Another example shows material getting stuck in all of the edges (Figure 16), 

most of the material is located at the corners in the bottom of the bed. One other 

example is from Figure 17 where the carryback is located at the front of the 

dumper bed and at the corners off the exhaust pipes. Lastly some pictures that 

were provided showcased some worst-case scenarios and really show how it 

affects productivity (Figure 18 and Figure 19). The interesting thing to note from 

one of these examples is that it has built up the most on the sides with almost the 

shape of a cylinder (Figure 18). From all these different pictures provided by 

Volvo, it can be seen that the most common places for the material to get stuck are 

in the different corners, the bottom and the front of the dumper. The figure to 

represent the pattern for carryback for this project was then chosen as Figure 15. 

2.2 Clay  

To achieve a realistic simulation that can accurately reflect clay behavior there are 

certain key parameters and properties for clay that need to be identified.  

Density for the clay particles (Dp) is a parameter that must be accurately modeled 

in EDEM to get realistic results. Research shows that if a soil only consists of clay 

particles, then the particles have a particle density of  ςȢωτχὓὫά  (Schjßnning 

et al 2017).  

Poissonôs ratio for clay is a necessary parameter for EDEM. The standard value is 

often set to 0.33 (Terzaghi et al., 1996). 



 

5 

 

Research also claims that shear modulus for soft clay can differ with an interval 

between 2.750 ï 13.750 (kPa), (Essien, U. E et al., 2023; Fayissa, A. G. 2011). 

Clay is known for being highly plastic when mixed with water, which in turn 

makes it very deformable (Andrade, F.A et al., 2011). 

The angle of repose of clay refers to the steepest angle that clay remains stable 

without sliding and increases with moisture content up to a certain threshold. 

When the water level surpasses the threshold, the water starts working as a 

lubricant and the angle decreases. A study highlighted that at moderate water 

content levels, water molecules work as a binding agent between particles. This 

increases the cohesion levels which leads to a steeper angle of repose. However, 

when the water level exceeds a certain point, the excess water reduces the friction 

between particles which causes the material to act more like fluid and leads to a 

reduction in the angle of repose (Kooistra et al., 2000). 

2.3 A40 

2.3.1 Applications 

The Volvo A40 dumper is used in incredibly harsh conditions all around the 

world, most commonly at construction sites, quarrying locations and mines (Volvo 

Construction Equipment., n.d.f). 

2.3.2 Technical specifications 

The most relevant technical specifications of the A40 dumper are the payload 

capacity, body volume, tipping angle and tipping time since these are the 

specifications that are necessary to simulate the dumping process. For exact 

details check the reference list (Volvo Construction Equipment., n.d.g).  

2.4 Physics models for EDEM 

EDEM is a simulation software that uses DEM (the discrete element method) 

calculations to model particle interactions. The DEM-method simulates the 

movement of granular materials through a series of calculations that traces 

individual particles which represent the granular material. (Altair Engineering Inc. 

2025b). 

When using the simulation program EDEM, various physics models are available 

depending on the material and conditions being simulated. For these simulations 

wet clay will be used, meaning cohesion is a significant factor for realistic results. 

There are two different models available that were recommended by EDEM that 

incorporate cohesion as a factor. These are the ñHertz-Mindlin with JKR V2 

modelò and ñEdinburgh Elasto-Plastic Adhesion Model (EEPA)ò. For further 

information on the specific parameters for the models, see appendix section 8.1. 
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2.5 Particle design 

There has been a lot of discussion about how clay should be designed in 

simulations. The particles will behave differently depending on how they are 

designed. When using EDEM there are an infinite number of designs that can be 

used. 

De Bono and McDowell (2022) made a model to represent kaolin clay and made a 

design to be a close copy to a real-world particle. The design is a hexagonal that 

consists of a large number of spheres, which has a close resemblance to a real 

particle. The width of the hexagon is 1.0 Õm and the thickness is 0.04 Õm. They 

concluded that their design could replicate the behavior of clay. It is important to 

note that this still is a microscopic approach as these particles are only 25 times 

larger than they would be in the reality. 

Hªrtl and Ooi (2011) investigated the influence of particle shape for dry granular 

materials with DEM. They did experiments with spherical and non-spherical 

particles, which were two overlapping spheres with different distances from each 

other. They concluded that non-spherical particles interlocking is crucial to 

increasing the bulk friction. Their approach is suitable for macroscopic DEM 

simulations since these particles could represent a lot of real particles. 

Thakur et al. (2014) conducted a study to investigate whether the elasto-plastic 

adhesive model could simulate the behavior and characteristics of cohesive 

granular material. They decided to use overlapping spheres with an aspect ratio of 

1.5 for their simulations. According to Thakur et al. (2014), this simple approach 

could realistically simulate the bulk friction behavior for complex-shaped 

particles. By using this design, the simulations become more suitable for 

macroscopic use. 

2.5.1 The soils starter pack 

Altair has provided EDEM with a soil starter pack, which consists of eight 

different models to cover a range of general materials. These different models 

could represent different granular materials such as sand or clay. The different 

examples come with pre-defined values for both material properties and physics 

models. The idea behind this starter pack is to give engineers a starting point for 

particle design, which then could later be changed to fit the userôs purpose. One of 

the models represents a compressible, soft and very sticky material which can 

serve as a good starting point to model clay. 
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2.6 A60 customer case 

There has been an interesting development with a certain custom-made dumper 

for one of Volvos customer. They reported a lot of carryback with their original 

A60s which also uses the exhaust pipe heating solution and wanted to reduce the 

amount of carryback. The solution that was applied was to change the geometry 

inside of the dumper. Additional wear plates were added to reduce the number of 

sharp corners within the dumper bed. After these changes were made, the 

customer reported that the amount of carryback was significantly reduced. The 

new design of the A60 can be seen in Figure 20 and Figure 21. The new 

geometrical design was also heated by the exhaust, however, since the original 

geometry had issues despite using the heating solution, it was concluded that the 

geometrical changes had an important impact. 
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3 Method 
This chapter outlines the methodology that was used to investigate the carryback 

problem. The following sections both provide an overview of the chosen method, 

while also describing each step of the method in detail. 

3.1 Development process 

The method that was developed (Figure 3) is based on the product development 

process from Product Design AND Development (Ulrich, K. T., Eppinger, S. D 

&Yang, M. C.,2019) 

In this project the product development method has been adapted with a 

simulation driven approach since physical testing and experiments would be 

highly expensive and inefficient. However, iterative parts of the model are kept, 

ensuring the final design has been optimized. Some small-scale physical tests 

were also conducted. 

 

Figure 3. A graphical interpretation of the chosen method. 

3.2 Data gathering 

To get more information about the issue a data gathering process had to be made. 

In this case most of the data was gathered from a previous thesisô conclusions, 

scientific articles, books. Other necessary data was provided by Volvo. It is also 

worth noting that the group has had continuous meetings with Altair and Volvo 

throughout this project and got insights into this issue from the companyôs 

employees, which will be referenced, when or if necessary, throughout the report. 

Since the group has never worked in any DEM software before, some time had to 

be contributed to learn the new software. The software provided tutorials that 

went through the basics on how to create materials, apply movements for 

geometry, generate particles, run the simulations and lastly look at relevant data 

from the simulations. 
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3.3 Baseline simulation - Dumping experiment 

With the goal of ensuring that the simulation software could accurately resemble 

real world behavior and getting a better understanding of how water content levels 

affect clay characteristics, a dumping experiment was conducted. 

The aim was to implement data gathered from the experiments into simulations 

and then replicate one chosen case of the experiments in EDEM, creating a base-

line simulation that is highly accurate to the experiment.  

The different humidity levels for the clay were calculated using a scale, weighing 

dry clay and then adding water until the wanted percentage of water content was 

reached and confirmed using the scale. 

 A simple model of a small-scale dumper bed was produced using CAD and 3D-

printing. The scale factor was 1:30 of the original size since this was the largest 

size that could be printed with the Original Prusa MK 4S. Later a layer of stainless 

steel was glued onto the interior of the dumper bed. 

 The model was then placed and fastened onto a 3D-printed platform with a 70-

degree slope, (Figure 11, Figure 12). This was done to replicate the same tipping 

angle that the A40 dumper has. The model was then filled with clay and tipped for 

a duration of 12 seconds until it reached the end of the slope and stayed there until 

the clay no longer moved. 

The experiment was done on two separate occasions, first clay with 30, 50 and 

70% water content was experimented on. Out of these humidity levels the level 

that had the most carryback was chosen to do more tests on to get normally 

distributed values (Figure 13), which was the 50% humidity clay. There were 25 

repetitions for this humidity level, while 30% and 70% were only tested to a 

limited extent. This was because the 30% humidity clay had less than 1% of 

carryback and the 70% humidity clay behaved almost like a fluid, making both 

unsuitable for further study. In this experiment, the proportion of clay residue 

remaining in the dumper after unloading was measured, relative to the total 

amount of clay initially loaded. 

Then per the supervisors at Volvos request, a second experiment with the humidity 

levels of 5, 10, 15 and 20% were also conducted since these values of humidity in 

clay are more common in the environment that the dumper performs in. In this 

experiment, the carryback was measured after each trial while repeatedly loading 

the dumper model without cleaning it between runs, to investigate if this process 

leads to a buildup of residual material over time. 
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3.3.1 Experiment methods 

The first experiment followed the method below: 

1. Weigh the dumper model with no clay content in it. 

2. Add X grams of X percentage humid clay. 

3. Dump the material from 0 ï 70Á for twelve seconds and then wait until 

there is no movement of the material. 

4. Weigh the dumper again and calculate the percentage carryback. 

5. Clean the dumper and repeat. 

Hypothesis: 

The more water content there is in the clay material the more material will get 

stuck in the model up to a certain threshold where there will be a reduction in 

carryback compared to the previous water content level.  

The second experiment followed the method below: 

1. Weigh the dumper with no clay content in it. 

2. Add X grams of X percentage humid clay.  

3. Dump the material from 0 ï 70Á for twelve seconds and then wait 

until there is no movement of the material. 

4. Weigh the dumper again and check if more material gets stuck for 

each dumping session. 

5. Repeat step 2 ï 5 until enough measurements have been taken 

Hypothesis:  

The material buildup and carryback will increase slightly after each cycle. 

3.4 Baseline simulation - EDEM 

Because of unsatisfactory results and inconclusive data from the dumping 

experiment the focus instead shifted to simulate the real-size A40 dumper in 

EDEM. This baseline simulation consists of different stages to accurately model 

the simulation until the simulation gives similar results as the data that has been 

reported by Volvo and Volvos customers. The data, being images of carryback 

from A40 and A60 dumpers and a table that presents average carryback for A60 

dumpers. The images and table of the carryback can be found in the appendix 

(Figure 14ï Figure 20). 

3.4.1 Simulation setup 

To simulate a real-world behavior, the dumper was filled with 32 tonnes of clay 

particles. How long it takes to fill up depends on how big the particles are, but it 

takes roughly eight seconds for the most sizes. The time span for the simulation 

was 35 seconds, during these 35 seconds some movements were implemented to 

the dumper to simulate transporting and dumping. As detailed below, these were: 
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¶ Vibration during the first 15 seconds. The vibrations were vertical at a 

frequency of 10 Hz, with a displacement magnitude of 10 mm. 

¶ Angular acceleration (from 20-22 sec). For two seconds, the dumper was 

tilted with an angular acceleration of σȢυЈȾί. The rotation axis was as 

Figure 22.  

¶ Constant angular velocity (22-30 sec). Between the time 22 to 30 seconds, 

the dumper tilted with a constant velocity of χЈȾί. 

¶ Angular deceleration (30-32 sec). Lastly the dumper decelerated with a 

rate of σȢυЈȾί, bringing the dumper to a stop at 70Á. 

The different dynamic movements were determined in collaboration with Volvo 

and Altair, as well as based on the technical specifications of the A40 dumper. 

These were made in order to simulate the filling, transportation and unloading 

process. The acceleration and deceleration were estimated to represent the 

dumperôs movement at the beginning and at the end of the unloading process. The 

vibration was estimated to simulate different vibrations during transport. 

For the interactions between particle to particle (P-P), EEPA was chosen and for 

particle to geometry (P-G), Hertz-Mindlin with JKR V2 was selected. Due to the 

time constraints, some parameters for P-P and P-G were kept consistent during all 

the tests. These parameters were taken from the soils starter pack and are listed in 

Table 1. All of these movements, physic models and parameters were kept 

constant for all the simulation if it wasnôt mentioned otherwise. 

Table 1. Constant values throughout the different simulations. Sc stands for the 

interaction between steel and clay, cc stands for the interaction between clay 

particles. 

f0 (N) n ╧  ⱡ◄□ esc Ⱨ▼ͅ▼╬ Ⱨ►ͅ▼╬ ecc Ⱨ▼ͅ╬╬ Ⱨ►ͅ╬╬ 

0 1.5 5 0.28571 0.55 0.5 0.05 0.55 0.5 0.05 
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3.4.2 Study of the particle sizes 

The first step included studying the optimal particle size for the simulations. In 

this stage, an original simulation was created with the material being inspired 

from the soilôs starter pack as a starting point but with two spheres instead of 

three, then multiple different sizes of particles were tested in the software (Figure 

23) with the same cohesive bond number and correlating surface energy settings 

as Table 17 which were calculated with the equations from appendix 8.2. The aim 

was to find a critical point where almost the same amount of material gets stuck 

between two different particle sizes while still having an acceptable computational 

time.  

A couple of demanding simulations were simulated through VolvoËs servers since 

the simulations would take up too much memory and the simulation time would 

also be too long. Volvoôs server has a lot more computational power than the 

hardware available, making it a lot faster at performing simulations. The only 

issue is that the server is not always available. 

3.4.3 Study of surface energy for P-P, P-G and plasticity ratio of P-P 

The second step was to model the surface energy for P-P and then P-G, to a point 

where more material gets stuck while still ensuring that the material gets stuck in 

the correct areas. 

Thirdly, the plasticity ratio for P-P was experimented with to see how a lower 

versus higher plasticity affects the carryback and behavior of the material. The 

aim was to create a more accurate material that resembles clay while also 

increasing the accuracy where the material gets stuck. 

When the plasticity ratio, surface energy for P-P and P-G was studied the different 

parameters were used as Table 18. 

The simulation study was conducted as a screening experiment using a one factor 

at a time (OFAT) design. Each parameter was studied individually, keeping every 

other parameter constant, to see how each parameter individually affected the 

carryback. This method was chosen due to its ease of implementation within the 

constraints of the simulation software, the available computational resources and 

time limitations. However, it is acknowledged that OFAT is inferior to designed 

factorial experiments in terms of statistical power, precision and its inability to 

detect interaction effects between variables. A fractional factorial design would 

have been more appropriate to implement for identifying parameter interactions 

and also reducing biases. The selected constant values for the parameters were 

based on one of the eight models values in the soilôs starter pack. 
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3.4.4 Conclusion of a baseline simulation 

With all the parameters above thoroughly researched, an interval for each 

parameter was created between the values that gave the most realistic and accurate 

results from the OFAT phase. 

To explore the parameters further and identify a suitable reference case, eight 

randomized parameter sets were created by assigning each parameter a random 

value within its specified interval. The combinations were then simulated to 

evaluate their effects on the carryback mass and material behavior. This approach 

does not follow a formal design of experiments and served as an exploratory 

screening model within the constraints of time and computational resources.  

The best case was then finally chosen as the baseline simulation for the project, 

being the reference point for all future simulations. 

 

 

 

3.5 Identify parameters 

Once the baseline simulation had been completed the focus shifted to identifying 

key parameters. 

When trying to identify different parameters, the team focused on reviewing 

existing solutions that have been implemented already for the carryback. As 

discussed in section 0, one solution, provided to a customer, has shown promising 

results for the A60. This new design was examined to find out what had been 

altered from the original design. The changes were the implementation of wear 

plates at different angles to the dumperôs geometry.  

Different transport scenarios were also discussed and how these could affect the 

carryback. Based on these discussions with Volvo, three cases were developed as 

follows: 

1. Tipping the A40 without vibration to see if vibration during transport 

affects the carryback. 

2. Tipping the A40 with a huge increase in gravity (4g) for one second to 

simulate driving over a pothole. 

3. Having an increased gravity of 1.6g during the first 15 seconds to try to 

replicate a longer transportation time. 
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3.6 Study parameters 

With key parameters identified the project moved on to study the identified 

parameters. This was done by iteratively changing a known parameter until an 

acceptable level of carryback for each parameter was reached. 

With inspiration from the A60 customer case, a similar model for the A40 was 

created with wear plates with equal angles as the A60 customer case (Figure 85). 

This new customer design was then evaluated and gave inspiration to further 

study the wear plates and their angles. 

The key parameters that were then studied were different angles of the 

implemented plates in the A40 dumper. The goal was to create less areas where 

material can accumulate while at the same time creating a better flow throughout 

the dumper. The idea came from the design of the customer case which has added 

plates to make smoother corners with a better flow (Figure 20 and Figure 21). 

The different studies consisted of experimenting with various angles for a plate 

intersecting different parts of the dumper. A plate intersecting the front part of the 

dumper and the bottom of the dumper (Figure 62) was first studied. Secondly, a 

plate intersecting the side and the bottom of the dumper was tested (Figure 69). 

Finally, the ramp design was explored, starting with a single plate (Figure 76) and 

then with two plates (Figure 77). 

3.7 New design and evaluation 

The last step was to implement the studied angles into a redesign of the already 

promising customer dumper design (Figure 86). The new dumper design was then 

evaluated by simulating it in EDEM to see how well it performs in contrast to the 

baseline simulation with the original dumper and the older version of the customer 

design.  
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4 Results 
 The relevant and representative results that has been gathered throughout the 

project are listed below. This includes results from both the physical tests and 

simulations. 

4.1  Dumping experiment one 

Below, all the results for the different humidity levels for the dumping 

experiments can be found.  

4.1.1 30% humidity 

Less than one percent of material got stuck in the dumper for the clay that 

consisted of 30% water content3 

Table 2. Carryback for clay with 30% moisture. 

Test nr Operator Mass 

model (g) 

Mass clay before 

dump (g) 

Total Mass 

after dump (g) 

Mass clay after 

dump (g) 

% of 

carryback 

1 1 564 718 566 2 0,29 

 

 

Figure 4. Carryback of 30% humidity clay in the small-scale model. 
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4.1.2 50% humidity 

The clay with 50% water content had the most carryback out of the different 

humidity levels experimented on, differing from 19% to 49% with a mean value 

of 36%. 25 different tests were done for this humidity. To study the results further, 

see Table 19. 

 

Figure 5. Carryback in the small-scale model, clay with 50% humidity. 
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4.1.3 70% humidity 

The clay with 70% water content yielded a small amount of carryback, only 17%. 

Table 3. Carryback for clay with moisture content of 70%. 

Test 

nr 

Operator Mass 

model (g) 

Mass clay  

before dump (g) 

Total mass after 

dump (g) 

Mass clay after 

dump (g) 

% of 

carryback 

1 1 564 400 633 69 17.25 

 

 

Figure 6 Carryback of clay with 70% humidity. 
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4.2 Dumping experiment two 

For all the experiments with humidity 5-20% there was zero carryback, except 

when pressure was applied to 20% then the carryback was 100%.  

4.2.1 20% with applied pressure 

 

Figure 7. Carryback of 20% humidity clay with applied pressure in the small-

scale model. 

4.3 Sensitivity studies 

4.3.1 Particle size 

The results for the particle size can be found in Table 4 to see the output from 

EDEM for the different particle sizes see (Figure 24, Figure 25, Figure 26, Figure 

27, Figure 28, Figure 29, Figure 30, Figure 31, Figure 32) 

Table 4. Study of the particle size. 

Size 30%  

(H) 

60% 

(G) 

70% 

(F) 

80% 

(E) 

85% 

(D) 

90% 

(C) 

100% 

(Original) 

110% 

(B) 

120% 

(A) 

kg left 224.082 327.7 372,2 402 395.1 382 382 362.6 345.6 

Simulation 

time (h) 

6 

(Server) 

2.78 1.23 0.699 0.604 0.446 0.324 0.229 0.21 
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4.3.2 Surface energy P-P 

The results from the surface energy study for particle-to-particle interactions can 

be seen in Table 5. The output from the EDEM simulations can be seen in (Figure 

33, Figure 34, Figure 35, Figure 36, Figure 37, Figure 38, Figure 39, Figure 40) 

Table 5. Study of the surface energy for Particle-Particle. 

Surface energy  

P-P ╙Ⱦ□  

1 50 100 149 250 350 600 1200 

kg left 830.9 778.48 791.7 770.64 821.84 799.95 427.38 1.99 

 

4.3.3 Surface energy P-G 

The results from the surface energy study for particle to geometry interactions can 

be seen in Table 6. The EDEM output for the different surface energies can be 

found in (Figure 41, Figure 42, Figure 43, Figure 44, Figure 45) 

Table 6. Study of the surface energy for Particle-Geometry. 

Surface energy  

P-G ╙Ⱦ□  

55.375 83.0625 110.75 199.35 299.025 450 

kg left 9.04 164.47 268.5 791.7  756.1  1433.1 

 

4.3.4 Plasticity ratio 

In Table 7, the results from the plasticity ratio study can be found, for the EDEM 

simulation output see (Figure 46, Figure 47, Figure 48, Figure 49, Figure 50) 

Table 7. Study of the Plasticity ratio. 

Plasticity ratio (0-1) 0.2 0.85 0.925 0.95 0.999 

kg left 791.7 791.7 725.85 1041.9 1078.8 

4.3.5 Interval conclusion 

Table 8 shows the chosen interval for each studied parameter. 

Table 8. Interval for parameters. 

Surface energy P-P  

╙Ⱦ□  

Surface energy P-G  

╙Ⱦ□  

Plasticity ratio 

50-350 110.75-299.025 0.85-0.95 
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4.3.6 Combinations 

The result of the different randomized combinations can be found in Table 9, to 

see the EDEM simulation output for each combination see Figure 51, Figure 52, 

Figure 53, Figure 54, Figure 55, Figure 56, Figure 57, Figure 58) 

Table 9. Different combinations based on the interval of parameters using a 

randomized screening design to assign random values for each combination 

within the parameter intervals. 

Combination Surface Energy 

P-P  

╙Ⱦ□  

Surface Energy 

P-G ╙Ⱦ□  

Plasticity Ratio kg left inside the 

dumper 

1  63.81 189.52 0.9387 762  

2 161.07 135.42 0.93646 494.3  

3 122.7 165.43 0.94405 660.4  

4 238.54 204 0.86058 826.1  

5 347.03 292.81 0.91132 1037.0  

6 89.18 166.74 0.86786 593.3  

7 102.08 233.47 0.85742 594.3  

8 127.49 211.59 0.94959 1156.2 

 

4.4 Transportation scenarios 

The result from the different transportation scenarios can be found in Table 10. 

The output from EDEM can be found in (Figure 59 , Figure 60, Figure 61). 

Table 10. Carryback of different transportation scenarios. 

Cases Baseline 1.6g for 15 seconds 4g applied for 1 second  No vibration 

kg left 593.3 589.7 580.5 548.9 
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4.5 Study Parameters 

4.5.1 Customer Design 

The carryback for the customer inspired design were 435.29 kg. The simulation 

result is seen in Figure 8. 

 

Figure 8. Simulation of the design inspired by the A60 customer case. 

4.5.2 Front plate angle study 

The result from the front plate angle study can be found in Table 11. The 

simulation result can be viewed in (Figure 63, Figure 64, Figure 65, Figure 66, 

Figure 67, Figure 68) 

Table 11. Carryback of different angles for the front plate. 

Angle No plates 

(Figure 63) 

120Á 

(Figure 64) 

135Á 

(Figure 65) 

145Á 

(Figure 66) 

150Á 

(Figure 67) 

160Á 

(Figure 68) 

kg left 464.0 478.3 472.98 472.98 480.1 686 

4.5.3 Side plate angle study 

The side plate angle study result can be seen in Table 12. To see the results in 

EDEM see (Figure 70, Figure 71, Figure 72, Figure 73, Figure 74, Figure 75) 

Table 12. Carryback of different angles for the side plate. 

Angle No sides 165Á 160Á 157.5Á 150Á 145Á 

kg left 531.1 529.1 509.75 496.91 483.5 583.32 
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4.5.4 Ramp angle study 

Table 13 shows the result from the one ramp angle study while the result from 

EDEM can be found in (Figure 78, Figure 79, Figure 80). The result from the two-

ramp study can be found in Table 14 and the simulation results in Figure 82 and 

Figure 83. 

Table 13. Carryback of different angles for the one ramp study. 

Angle 161.541Á 165Á 170Á 

kg left 549.6 449.0 446.1 

 

Table 14. Carryback of different angles for the two-ramp study. 

Angles 165 Á (A) and 172.5 Á (B) 161.541 Á (A) and 170.25Á (B) 

kg left 443.5 470.51 

 

For further clarification of the angles A and B see Figure 77. 
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4.6 Final design 

With the new final design, the carryback was 417.0 kg (Figure 9). 

Table 15. Angles for the final design of the customer case. 

Plate Front (Figure 84) Side (Figure 69) Ramp (Figure 77) 

Angle(s) 160Á (A) and 135Á (B) 150Á 165Á(A) and 172.5Á(B) 

 

 

 

Figure 9. Final design of the A40 dumper, consisting of the best performing angles 

for the side plate and ramp plate, also the same kind of design for the customer 

front part.  
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5 Discussion 
This chapter discusses the most important findings and how they relate to 

previous research. Limitations of the chosen methods and implications for a 

potential future design of the dumper is also brought up and discussed. 

5.1 Dumping experiment one 

The first dumping experiment aimed to determine what moisture level for clay 

that produces the most carryback, under the hypothesis that increased moisture 

would enhance adhesion up to a threshold. This approach was intended to identify 

the worst-case scenario to simulate and improve upon. 

At 30% water content, nearly no carryback occurred (Table 2). The clay formed 

into a cohesive mass during the unloading process and exited the dumper as one 

big lump, leaving less than 1% residue in the model (Figure 4). As a result, this 

moisture level was excluded from further consideration. 

At 50% moisture, a significant amount of carryback was observed (Figure 5). 

Across the 25 trials, the carryback ranged between 19% and 49%, with an average 

of 36% as shown in Table 19. The clay displayed strong cohesion and adhesion, 

which suggest that the water acted as a binding agent, consistent with previous 

findings on moistureôs effect on fine grained soils (Kooistra et al., 2000) 

At 70% moisture the carryback decreased again, yielding only 17% (Table 3 and 

Figure 6). The clay acted more like a slurry and flowed out of the dumper easily, 

aligning with the literature that describes water as a lubricant at higher saturation 

levels. 

These results support the initial hypothesis. 

After the results from the three different humidity levels had been recorded, the 

results were presented to Volvo. In the presentation meeting it was decided that a 

second experiment should be conducted since the humidity levels tested were to 

high and not representative of the conditions of the clay material normally 

transported by the dumper. 

5.2 Dumping experiment two 

In this experiment there was no carryback for any of the humidity levels. 

However, when applying pressure to the 20% humid clay, it yielded a one 100% 

carryback (Figure 7). This result points to some errors in the experiments that 

were not considered in the process of setting up these experiments. The biggest 

neglected parameter is the self-weight of a larger mass of clay and the impact this 

would have on the compaction effect. More mass leads to the clay becoming more 

compacted which in turn leads to an increase in cohesiveness. The self-weight 

also generates a downward force, it pushes the clay harder against the steel, 

thereby increasing the adhesion between the two. 
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It was therefore concluded that a bigger model is needed to get a more accurate 

behavior of the clay, since the way that the material behaved in the existing 

experiments did not behave the same way as it should for bigger loads that the 

A40 experiences. 

The results do not tie in with the hypothesis since there was no increase in 

carryback after consecutive refills. 

5.3 Discontinuation of the experiments 

Downscaling was found to be unsuitable when replicating a compaction effect in 

cohesive materials such as clay. This is due to the fact that vertical stress under 

self-weight depends on gravitational acceleration and model depth, and these do 

not scale linearly with geometry of small-scale models. To accurately replicate 

these stresses an increase in gravity would have to be implemented, similar to 

centrifuge testing to maintain dynamic similarity between the small-scale model 

and real size A40 model, (Garnier et al,. 2007). 

With no facilities to create a bigger model and no real data on how big the model 

would have to be or what amount of material that creates accurate conditions in 

regards of self-weight, it was decided to discontinue the physical experiments.  

After the discontinuation of the physical experiments, it was decided to instead 

create a baseline simulation in EDEM with 1:1 scale of the dumper and compare 

these simulations with pictures of the carryback reported from customers. 

5.4 Sensitivity study  

To improve the realism and reliability of the EDEM simulation, a sensitivity study 

was conducted using a OFAT approach. Each key parameter, such as particle size, 

surface energy and plasticity ratio was studied with this method. This allowed for 

clear identification of how each factor influenced both the mass and carryback 

pattern withing the dumper body.  The results from these studies were used to 

develop the baseline simulation. 

5.4.1 Particle size 

The purpose of the particle size study was to determine the optimal particle size 

for simulations that balance realistic behavior, carryback patterns, and 

computational efficiency. Larger particles reduce simulation time but may not 

represent clay behavior, while smaller particles provide more detail but increases 

simulation time. 

Simulations showed that larger particles failed to capture realistic carryback 

behavior. In particular, they did not fit into the dumperôs edges and corners. This 

issue led to less material sticking to the surface (Figure 24 and Figure 25). The 

lack of surface contact and inability to chafe into corners makes bigger particles 

unsuitable. 
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As particle sized decreased, both the carryback mass and accuracy of the sticking 

pattern improved. For example, smaller particles such as Particle G and H (Figure 

31 and Figure 32) produced patterns similar to those seen in real-world reference 

images provided by Volvo (Figure 15 and Figure 16). However, the total mass of 

stuck material began to decrease again at the smallest sizes. This was likely due to 

only one particle layer adhering to the surface, even though more particles stuck, 

the lower particle volume resulted in reduced overall mass. 

To find a practical middle ground, Particle D was selected as the standard for the 

remainder of the simulations. It showed: 

¶ A realistic carryback pattern. 

¶ A sufficient mass of stuck material for analysis. 

¶ A reasonable simulation time, making it suitable for broader parameter 

studies. 

Smaller particles may have provided more realistic sticking behavior, but would 

have drastically increased simulation time (Table 4). Given the scope of the 

project, using Particle D allowed for a wider range of simulations to be conducted 

without compromising pattern quality or time constraints. 

5.4.2 Surface energy P-P 

In the surface energy for particle-to-particle interaction there was no clear 

difference between most of the simulated values (Table 5). This was at the time an 

unexpected result, as a lower surface energy for P-P interactions typically reduces 

the cohesiveness for the material, which in turn should lead to a decrease in the 

mass left in the dumper (Morrisey et al., 2014). However, since the issue of only 

one layer of particles getting stuck to the dumper persists this is probably the 

reason for no clear difference in carryback when lowering the surface energy. 

Since no second layer is created the cohesiveness between particles does not 

matter and only the surface energy between particle to geometry seems to matter. 

Some interesting values were nevertheless recorded, namely 600 and 1200 ὐȾά . 
These surface energy values led to a significant decrease in carryback. Upon 

inspecting the simulations, it was evident that the material was considerably more 

cohesive compared to simulations with lower surface energy levels. The material 

acted like a single large lump, displaying such a strong cohesion that it even 

pulled along most of the material that would normally remain stuck in the dumper 

normally, resulting in reduced carryback. These results led to the conclusion that a 

too high value on the surface energy for P-P is not optimal since there will be a 

too low level of carryback to get definitive results with.  

It is worth noting that more research could be done in this area since the key to 

adding more layers to the simulation probably lies in finding precise values 

between the surface energy for P-P and P-G. In this part of the study the P-G 
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value was kept constant while changing the P-P to single out the effect of different 

P-P values.  

A study that takes both these parameters into account simultaneously would be 

highly time consuming and therefore in this baseline simulation setup they were 

studied separately. 

5.4.3 Surface energy P-G  

The surface energy for P-G was studied by only changing the P-G value, keeping 

the P-P value constant. The study showed that increasing the surface energy 

generally gives a higher mass of carryback (Table 6), but at a certain threshold the 

pattern gets compromised and unnatural. At the amount of 450 ὐȾά  in surface 

energy the whole dumper had one big layer of particles which clearly does not 

reflect reality. With this in mind, it was clear that a relatively high value of P-G 

was not to be preferred in this project.  

The study also unveiled an irregularity in the pattern that was highly concerning. 

Throughout this project, there has been an irregularity in the pattern, which is that 

a large amount of the particles sticks to the front. It was expected that there would 

be some material residue on the lower front but during the simulations, the whole 

front had been covered with particles. To investigate this the surface energy was 

lowered to see at what level the particles on the front would be released, with the 

expectation that these particles would release before the particles in the bottom of 

the dumper. This expectation was due to the fact that the particles in the front, 

when the dumper has rotated 70Á, should experience almost a freefall effect, with 

the only force keeping them stuck being the surface energy. The particles in the 

bottom should experience both surface energy and a larger frictional force than the 

particle in the front, while also being more compacted because of the self-weight, 

which should lead to a higher adhesive force to the bottom. However, the result 

showed that the last particle area to release from the dumper was the particles at 

the front when lowering the surface energy for P-G (Figure 44). 

The reason for this issue must be further researched but the theory is as previously 

mentioned that this irregularity could be due to the inability to create a second 

layer of particles. A second layer of particles could create lumps of particles which 

in turn could have the necessary mass to induce an earlier release for the particles 

at the front, while the particles still adhere to the bottom since the friction force 

should increase accordingly to the increase in mass. 

5.4.4 Plasticity ratio 

The plasticity ratio study showed that a low plasticity value, which essentially 

makes the material elastic, was not to prefer. The elastic particles had a spring-like 

effect and started to bounce in a highly unnatural way. Increasing the plasticity 

ratio generally led to an increase in carryback (Table 7) and the particle pattern 

getting significantly more compact. This is because a higher plasticity ratio makes 
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the particles more deformable under stress, in this case the stress from the self-

weight, allowing them to be reshaped and packed more tightly together. To see the 

different patterns of the plasticity ratio see Figure 46 - Figure 50. 

5.4.5 Intervals 

From the findings in the P-P studies, it was decided that an interval between 50 ï 

350 ὐȾά  for the P-P surface energy was the optimal choice since these values 

gave the most realistic pattern and enough mass left in the dumper. 

From all the studies on surface energy for P-G the interval was decided to be set 

between 110.75 ï 299.025 ὐȾά since going below this interval resulted in too 
little material residue to draw conclusions from, while going above the interval 

caused an unnatural pattern for the particles adhering to the dumper. 

The surface energy for P-G was tested at different values ranging from 55.375 to 

450 ὐȾά . The values 110.75 and 299.025 ὐȾά  resulted in the most realistic 
carryback patterns and material behavior. Because of this, 110.75-299.025 was 

selected for the interval. Although a rounded interval such as 110-300 ὐȾά  could 

have been used, the specific tested values 110.75 and 299.025 ὐȾά were chosen 

instead to reflect the actual data and provide greater certainty in the parameter 

selection. 

A major increase in the plasticity ratio created an unnatural pattern while too low 

of a value resulted in irregular material behavior, therefore an interval between 

0.85 and 0.95 was chosen. The plasticity of 0.85 was the original value from the 

soils starter pack that already gave adequate results and going beyond 0.95 created 

unnatural patterns of carryback. 

A summary of the intervals for the different parameters was made in Table 8. 

5.4.6 Combinations 

From the eight combinations with different randomized parameters, combination 

six (Figure 56) yielded the best results in pattern, and had enough mass left to be 

able to draw conclusions from later trials (Table 9). The other combinations had 

either a highly irregular pattern or not enough material left in the dumper and 

were therefore excluded. With all this in mind, combination six was chosen as the 

baseline simulation. The parametric values for combination six are shown in Table 

16. 

Table 16. Parameters for Combination 6. 

Combination Surface Energy P-P  

╙Ⱦ□  

Surface Energy P-G 

╙Ⱦ□  

Plasticity Ratio 

6 89.18 166.74 0.86786 
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5.5 Identifying parameters 

With the baseline simulation established, the next step was to identify which 

parameters that have a great influence on carryback. This involved analyzing 

existing design solutions, like the customer case, and exploring different scenarios 

during transport that could affect the carryback. The goal was to pinpoint physical 

or design factors that could be altered in the future to reduce carryback. 

5.5.1 Geometry 

In the carryback section it was discussed that common areas where material get 

stuck are mainly in sharp corners, edges and at the bottom of the dumper. This 

fact, combined with the customer case where wear plates were implemented in the 

dumper with a confirmed result of reduced carryback, led to the conclusion that 

the geometry of the dumper has a high impact on the carryback.  

 

5.5.2 Humidity 

From the theory part of the report regarding clay it is concluded that humidity 

clearly affects the carryback, since up to a certain threshold the more humid a soft 

soil becomes, the more cohesive and adhesive it becomes. This was also 

confirmed by the physical experiments. 

The parameter identified within EDEM to regulate cohesion and adhesion is the 

bond-number which in turn is regulated by the surface energy for P-P and the 

constant pull off force.  

However, it is incredibly difficult with certainty to say what percentage of 

humidity the simulated material has since the bond number just gives an 

estimation of low to high cohesion. It is therefore hard to accurately research 

humidity as a parameter without compromising a large amount of time. 

Significantly more physical tests would have to be conducted, and the number of 

simulations needed for reliable results would be substantially increased. 

Humidity definitely plays an important role as a parameter in the carryback issue 

but was not further researched for two main reasons. Firstly, the project was 

constrained by a limited time. Secondly Volvo specifically asked that the primary 

focus should be on geometrical solutions in this study. With these reasons in mind, 

the project moved on to solely focus on geometrical parameters. 

5.5.3 Transportation scenarios 

Most cases created to identify more parameters did not show any increase in 

carryback (Table 10). This may be because the simulation changes to model these 

possible parameters did not accurately represent the physical effects occurring in 

reality. Another explanation could be that the simulation software cannot model 

these physical events. However, the case where no vibration was applied indicated 
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that a vibration on the dumper makes a difference in how much carryback is left in 

the dumper. With a difference of 45 kg less carryback when applying no vibration 

it is concluded that if there are possibilities to reduce vibrations during 

transportation of clay materials, these should be implemented to reduce carryback. 

With the argument that there was not enough time to vary all possible parameters, 

these parameters were not further studied either. 

5.6  Exploration of parameters 

The project moved on to focus solely on geometrical parameters as these were of 

most interest since the findings could possibly be implemented in the final 

redesign of the dumper. 

 

5.6.1 Customer design 

The implemented customer design for the A40 dumper gave a very positive result. 

With a reduction of 26.6% in carryback, this strengthened the argument that 

geometrical changes can quite heavily reduce carryback. There was a significant 

reduction in carryback at the bottom and sides of the dumper. The particles still 

stick irregularly to the front but there was a significant improvement for the rest of 

the problem areas.  

5.6.2 Geometrical solutions  

The customer result inspired the continuous work to consist mainly of 

implementing redesigned wear plates into the existing A40 body while exploring 

different angels to optimize the reduction in carryback for each wear plate.  

The reason for not creating a completely new dumper was that it will be easier to 

implement possible solutions in the manufacture process using an existing model 

with smaller changes instead of having to redesign the whole dumper. 

The dumper was stripped of the exhaust pipe covers and smaller geometries in the 

front and back to create more space for the plates since this gave a bigger range 

for possible angles of the plates. 

There were three areas of interest, the front, the sides and the ramp where 

different designs for each area were explored separately (Figure 10). 

5.6.3 The front plate angle study 

Due to the irregular pattern at the front, as previously discussed, it was not 

possible to confidently rely on the results to draw any definitive conclusions. 

Because of this there will be no key takeaways from the front plate angle study, 

since to get better results the simulated material needs to be examined further. As 

of now implementing a plate leads to an increase in carryback since it creates a 

larger area in the front for the particles to bind to (Table 11). 
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5.6.4 The side plate angle study 

The results from the side plate study show that plates angled between 165Á and 

150Á (Figure 74) reduces the carryback compared to the simulation without side 

plates (Figure 70), with 150Á reducing the carryback the most (Table 12). It was 

barely any decrease in carryback for the plate with an angle of 165Á, when looking 

at Figure 71 the material accumulates over the plate and still shows carryback for 

the sides. The same kind of pattern repeats for the 160Á (Figure 72) but there is a 

reduction of 20 kg which suggests that a higher angle will reduce it more. When 

the angle was changed to 157.5Á a significant change in the pattern occurred 

(Figure 73). With the new angle the particles did not adhere to the plate and a 

reduction of material was recorded. This angle is the same as the customer case, 

when the angle is 157.5Á the wear plate intersects the side plate and the bottom 

plate with the same angle, resulting in smother corners.  

This was presumed to be the best angle, but when the angle was decreased to 150Á 

an even lower carryback was recorded. Roughly the same kind of pattern was 

noted for the 157.5Á (Figure 73), but with a lower mass of adhering material the 

findings suggest that the 150Á angle is more optimal for the reduction of 

carryback. When the angle was then changed to 145Á a significant amount of 

material was left in the dumper (Figure 75), this was even more residue than the 

simulation without an extra plate. This could be because the material was 

concentrated in the middle and the self-weight affected a smaller area and made 

more material adhere to the surface. With these findings an angle of 150Á is 

recommended for the side plate. 

 

5.6.5 The back ramp angle study 

Modifying the back ramp angle significantly influenced the carryback (Table 13 

and Table 14).  

Initially a single large ramp was explored, removing the two existing chutes in the 

back of the dumper with the aim to determine an optimal angle for the upper 

chute. The angle study using only one chute showed a decrease in carryback 

during an increase in the angle from the existing angle for the upper ramp at 

161.541Á (Figure 78) up to 165Á (Figure 79) and then 170Á. The areas where the 

material got stuck were similar for both angles, most of the material got stuck in 

the bottom corners if the problematic front area is disregarded (Figure 80). 

Even though the 170Á ramp resulted in the least carryback it was not chosen as the 

optimal angle for the upper chute as the ramp became substantially longer and 

resulted in an impactful decrease in volume for the dumper. The result showed 

that during the vibration part of the simulation, over 1000 kg of material left the 

dumper before the offloading process had begun (Figure 81). It was therefore 

decided that the 170Á angle was not to be used since the amount of material that 
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was lost could have had an effect of the overall result. The 165Á angle was then 

chosen as the optimal angle for the upper ramp.  

The second chute (165Á (A) and 172.5Á (B) was then implemented and 

immediately gave an improved result (Figure 83). With the lowest carryback 

recorded yet for the back ramp study, this case was then compared to the original 

case but with a second chute implemented as well (Figure 82). This resulted in a 

higher carryback than the (165Á (A) and 172.5Á (B)) case but a notable reduction 

in carryback when compared to the original one ramp case (161.541Á). This 

heavily suggests that a back ramp consisting of two chutes improves the 

conditions to lower carryback. 

 

 

As the angle increased from 161.541Á, the carryback steadily decreased reaching 

its peak in reduction at 165Á (A) and 172.5Á (B) with 443.5 kg with two combined 

chutes. This suggests that a shallow ramp enhances the material flow during 

tipping, which in turn enables more clay to exit the dumper. However, similarly as 

for the side plates, a too steep angle seems to impair the flow of the material 

resulting in more carryback. With these findings an angle of 165Á for angle A and 

172.5 for angle B is recommended for the ramp plates. 

5.7 New design and evaluation 

The new, optimized angles were implemented into the customer design (Table 15) 

and showed a significant improvement in the reduction of carryback. Compared to 

the baseline simulation carryback results (593.3 kg) where the new modified 

customer dumper had a carryback of 417 kg, this was a reduction of 29.7%.  

When compared to the first A40 customer inspired design which had 435.3 kg of 

carryback it is still an improvement of 3.1% which clearly states that even though 

the customer design is an effective solution to combat carryback, there are 

improvements to be made in this design as well.  

The changes of the new customer design would also be easy to implement in the 

manufacturing process, since they only involve removing the exhaust pipes, which 

will be done either way when converting the A40 to a fully electrical vehicle, 

adding wear plates which already has been done in the customer case, but with 

new optimized angles. These modifications can be made without redesigning the 

entire dumper or changing existing production methods.  

With an improved design for the A40 dumper that not only exceeds the reduction 

of carryback for the original A40 but also outperforms the original customer 

inspired design, this optimized geometry is proudly presented as a robust and 

effective solution to the carryback problem. It demonstrates significant potential 

for real-world application. 
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5.8 Method discussion 

The chosen methodology used in the project followed a clear structure and 

worked well for this type of project. There were a lot of studies that gave insights 

into the subject. 

The early physical test during the baseline gave a better understanding of how 

clay behavior, but with scaling limitations, the accuracy for connecting this 

experiment to real size conditions was simply impossible.  

Shifting the focus to simulations allowed the group to study parameters more 

efficiently and with greater control. The physics model that was chosen for P-P 

was EEPA as clay is a plastic bulk material. Hertz-Mindlin with JKR V2 was 

chosen for P-G and whether this physics model was correct could be discussed, 

there is an argument that EEPA could have been used for P-G.  

There were some short tests to use EEPA as the physics model for P-G, but these 

tests did not give any promising results and it was decided to use JKR V2, as that 

would result in less parameters to be studied because of the time frame.  

During the studies for the plasticity ratio and surface energy the different 

parameters were studied individually and not together, as this would take too long 

of a time. This could have affected the results and as mentioned earlier might have 

solved the issue with how the material sticks to the front part of the dumper. 

Advice on how the parameters can be studied altogether will be discussed in 5.10. 

When different angles for the plates were experimented with, there could have 

been more parameters that were consistent during the tests. In these experiments 

the plates didnôt have a constant length, which could have affected the results.  

Only DEM simulations were used throughout the project because of its suitability 

to model particle interactions and adhesion. There is an argument to be made that 

other simulation techniques could prove useful for a project similar to this. In 

similar fields, such as landslide or debris flow modelling, methods like 

computational fluid dynamics (CFD) or multiphysics CFD-DEM-FEM couplings 

are often used to simulate fluid-particle-structure interactions, capturing both flow 

behavior and the dynamic coupling between particles, fluid and structures. (Adhav 

et al.,2024). These could have been possible alternatives for this project as well. 

However, the use of EDEM was specifically requested by Volvo. Therefore, while 

alternative methods certainly exists to study the carryback problem, the scope of 

the project was defined to focus solely on a DEM based analysis. 
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5.9 Sustainability 

5.9.1 Economical 

The project suggests that the implementation of plates will lead to a reduction in 

carryback. If this is the solution that Volvo utilizes this would probably come with 

extra costs for the company, since reconstructing the manufacturing process is 

clearly a costly investment. However, by reducing the carryback, Volvoôs 

customers will be able to increase productivity and save time. 

5.9.2 Environmental 

If this project increases the odds that Volvo will be able to manufacture only 

electrical dumpers by 2040 then this will lead to a major reduction in emissions in 

the dumper industry as a whole. It would also lead to a reduction in the 

consumption of non-renewable resources such as diesel fuel. A fully electrical 

dumper would therefore encourage renewable energy and potentially create an 

incitement for more renewable energy power sources to be built. 

 

5.9.3 Social 

With the potential reduction in emissions and use of fossil fuels due to the fact 

that there indeed are geometrical solutions for reducing carryback for electrical 

dumpers, the project could contribute to less pollution and lead to improvement in 

public health, better working conditions for operators and workers in the areas 

where the dumpers are used and also for the people living close to these areas. 

5.10  Future  

To get beneficial results from the real-world experiment that was conducted in this 

thesis, a bigger model would have to be used, since self-weight is an important 

factor. This could be a project for future research, but this would be costly.  

For a similar project in the future, it is recommended to start designing the 

baseline simulation instead of using resources and time to make a real-world 

experiment. Another suggestion would be to make a different experiment for clay. 

This would be an experiment for the angle of repose that could then be linked to 

which parameters for P-P to represent different humidities for clay. This would 

benefit Volvo CE as this would open up different kinds of studies to be made, not 

only for the carryback problem but also how other machines interact with clay. 

It is also important to recognize that the dumping process is a multi-physics and 

multi-scale phenomenon. Although DEM offers useful early-stage insights, a more 

comprehensive understanding would require physical testing and possibly 

advanced coupled simulation methods, such as CFD-DEM-FEM. Future research 

could therefore benefit from starting with carefully designed, full-scale factorial 
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experiments to better capture the underlying physical interactions before further 

computational modelling.  

As mentioned in 5.8 the parameters for P-P and P-G were explored individually, a 

recommendation for future projects is using a Design of Experiments (DOE), 

which is an approach to optimize the settings. If EDEM is used, the recommended 

software is Hyperstudy which can be linked to EDEM and optimize the different 

parameters. This program can most likely be used as well to find the best 

performing angles for the different plates and the best combination of these 

angles. 
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6 Conclusion 
This thesis aimed to find a solution to the carryback problem for Volvoôs A40 

dumper, focusing on identifying parameters that affect the carryback problem and 

what geometrical solutions could be applied. With EDEM as a tool, multiple 

experiments and sensitivity studies were made to find key parameters that affected 

the carryback. 

Physical experimenting was initially conducted with the aim to understand how 

humidity affects carryback. However, due to the small size of the experiment 

dumper model the experiment could not reflect material behavior in a real size 

dumper. The experiment was therefore discontinued. 

After the physical experiments, simulation of the real-scale dumper was pursued. 

The goal was to find a baseline simulation that could then contribute to insight of 

parameters that affected the carryback. Different studies were systematically 

conducted, using an OFAT experimental design for the studied parameters. The 

use of OFAT as an experimental design was not the most suitable for this rather 

complex study and a fractional factorial design would probably have been the 

better choice. 

A design inspired by the A60 customer was made that showed promising results 

as it reduced the carryback by 26.6%. These findings showed that by reducing the 

amount of sharp corners and complicated geometry contributes to a reduction of 

carryback.  

Furthermore, the angles of the side plates and the ramp were optimized. The 

findings showed that specific angles significantly reduce the carryback, while 

angles outside of these ranges worsen the carryback. However, an irregularity in 

the front part was noted during the simulation. Despite a lot of different tests, the 

front part consistently retained more material than expected, which will have to be 

explored further in the future. 

Overall, the project demonstrates how DEM simulation can be used to explore 

design alternatives and gain insight into carryback-related behavior in dumpers. 

While DEM cannot fully replace physical testing, it has the potential to reduce the 

number of required physical tests, thereby lowering development time, cost and 

resources spent associated with physical testing. The findings in this thesis 

provide Volvo with preliminary insight into how geometry influences carryback.  

On an ending note, the final design of the customer inspired dumper clearly 

demonstrated that there are geometrical alterations that can be made to a fully 

electrical A40 dumper to reduce carryback. Volvo is already on the right track 

with the solution for the customer, but as the thesis has shown, there are more 

effective angles to reduce the carryback problem. 
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8 Appendix 

 

Figure 10. CAD model of the Original A40 dumper. A represents the front part of 

the dumper, B represents the side part, C represents the ramp and D represents the 

exhaust pipes. 

 

 

Figure 11 Top view of the small-scale experiment model. 
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Figure 12 Side view of the small-scale experiment model. 

 

Figure 13. Normal probability plot for 50% moisture clay. 

The plot shows the distribution of carryback percentage from 25 repetitions at 

50% clay moisture content. The blue line represents the expected normal 

distribution, while red crosses represent data points. The red lines indicate the 

95% confidence interval. 



 

42 

 

 

Figure 14. Average carryback for the A60, provided by a Volvo customer. 

 

Figure 15. Example of the carryback problem and where the material gets stuck. 

The image was provided by Volvo. 
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Figure 16. Another example of the carryback problem and where the material gets 

stuck. The image was provided by Volvo 

 

Figure 17. Another example of the carryback. The image was provided by Volvo. 
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Figure 18. Example of a bad case of carryback. The image was provided by Volvo. 

 

Figure 19. Another case of carryback. The image was provided by Volvo. 
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Figure 20. Picture taken off a custom-made dumper.  

 

Figure 21. CAD model of the A60 customer design. 
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Table 17. Values for the surface energy for P-P and P-G when changing the 

particle size. 

Particle Surface energy P-P ╙Ⱦ□  Surface energy P-G ╙Ⱦ□  

 Original 122.66 221.5 

A 120% 176.6304 265.8 

B 110% 148.4186 243.65 

C 90% 99.3546 199.35 

D 85% 88.62185 188.275 

E 80% 78.5024 177.2 

F 70% 60.1034 155.05 

G 60% 44.1576 132.9 

H 30% 11.0394 66.45 

 

Table 18. Specific values for the simulation of surface energy for P-P, P-G and the 

plasticity ratio. 

Run Plasticity Ratio P-P ╙Ⱦ□  P-G  ╙Ⱦ□  

1 0.85 50 199.35 

2 0.85 100 199.35 

3 0.85 149 199.35 

4 0.85 250 199.35 

5 0.85 350 199.35 

6 0.85 600 199.35 

7 0.85 1200 199.35 

8 0.85 199.35 55.357 

9 0.85 199.35 83.0625 

10 0.85 199.35 110.75 

11 0.85 199.35 199.35 

12 0.85 199.35 299.025 

13 0.85 199.35 450 

14 0.2 199.35 199.35 

15 0.85 199.35 199.35 

16 0.925 199.35 199.35 

17 0.95 199.35 199.35 

18 0.999 199.35 199.35 
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Figure 22. Rotation axis for the simulation. 

8.1 EDEM parameter descriptions 

8.1.1 Edinburgh Elasto-Plastic Adhesion Model (EEPA) 

This model was developed at the University of Edinburgh, with the purpose of 

simulating the behavior of cohesive bulk material. The difference for EEPA 

compared to other physics models is that it can simulate elasto-plastic behavior. 

By being able to simulate elasto-plastic behavior it can account for permanent 

deformation when the particles are compressed from pressure.  

EEPA applies forces differently depending on how the particles interact with each 

other, which means that it will be different forces for loading and unloading. By 

applying forces differently depending on the situation the simulations will become 

more realistic. How the forces behave are shown in (Thakur et al., 2014, Figure 

1). There are a lot of different parameters for this model that changes the forces, 

which will be referred to as EDEM has named them. 

8.1.1.1 Constant pull-off force, f0 (N) 

This parameter represents the various constant forces that may occur between 

particles. Examples on forces it represents are van der Waals forces such as 

attraction and repulsion or electrostatic force. A negative value will result in an 

attractive force, causing particles to adhere and is a way to represent cohesive 

materials (Morrissey et al., 2014). 
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8.1.1.2 Surface Energy, Ў‎ (J/m2) 

Also known as the Meso-contact Adhesion Energy, which is another parameter for 

the cohesion forces for a material. Unlike the Constant pull-off force, the cohesion 

force depends on the contact area of the two particles (Morrissey et al., 2014).  

8.1.1.3 Contact Plasticity Ratio, ‗ 

This parameter affects the ratio of contact plasticity in the simulation. Value zero 

represents fully elastic contact and one is fully plastic contact (Morrissey et al., 

2014). 

8.1.1.4 Slope Exp, n 

Used to switch between if the force-overlap relationships should be linear (1) or 

non-linear (1.5). The difference can be seen in (Morrissey et al., 2014, Figure 1). 

8.1.1.5 Tensile Exp, ὢ 

This parameter affects how fast the adhesive force decreases when the particles 

move apart. If  8 ρ the curve represents the force will be smoother. With higher 
values the force disappears faster (Morrissey et al., 2014, Figure 4). 

8.1.1.6 Tangential Stiff Multiplier, ‒  

Makes it possible for the tangential stiffness between particles to be varied in the 

model. A value of unity means that the tangential stiffness is equal to the normal 

stiffness, while a value less than one results in a lower tangential stiffness than the 

normal stiffness (Morrissey et al., 2014).  

8.1.1.7 Bond number 

This dimensionless value is implemented by EDEM to provide users with an 

understanding of how cohesive the material is. The bond number is calculated 

with the equation: 

ὄέ    (2-1)  

Ὂ  is the cohesion force and ὡ is the weight of the particle. The cohesion 

force is derived through: 

Ὂ
 
“ Ў‎ ȿὪȿ  (2-2) 

¶ ‎ = the mean overlap.  

¶ r = mean particle radius.  

¶ Ў‎ = surface energy.  

¶ Ὢ = constant pull-off force.  

The recommended guideline is that ὄέ πȢρ is cohesionless interaction and 

ὄέ ρπ is a cohesive interaction. (Altair Engineering Inc., 2025c) 
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8.1.2 Hertz-Mindlin with JKR version 2 model 

Hertz-Mindlin with JKR version 2 physics model is a cohesion contact model that 

accounts for the Van der Waals forces where the implementation of normal elastic 

contact force is based on the Johnsson-Kendall-Roberts theory (JKR). The JKR 

V2 model is a more robust version of the regular JKR model and is better at 

simulating relationships between multiple materials in contrast to the regular JKR 

model. This model was used to simulate the behavior between particles to 

geometry. 

The Hertz-Mindlin part of the model models the elastic deformation and frictional 

contact between two materials and is usually used for non-cohesive materials, 

while the JKR V2 part complements it with being able to describe elastic contact 

with adhesion between multiple materials. (Altair Engineering Inc, 2022a) 

8.1.2.1 Surface energy 

The JKR V2 model, like the EEPA model, also has a surface energy input, 

however in this case the cohesion force is now dependent on the contact area of 

the particle to geometry rather than contact area between particles. (Altair 

Engineering Inc, 2022a) 

8.1.2.2 Contact radius 

 It is necessary to use a contact radius while using the JKR V2 model. The contact 

radius forms an additional bond between the particles and the geometry with an 

increased radius from the original particle size, simulating an increased 

adhesiveness between geometry and particles. According to Altair the 

recommended contact radius should be 110 ï 120% of the original size of the 

particle since going past a 120% radius massively increases simulation time. 

(Altair Engineering Inc., 2022b) 

8.2 Scaling  

8.2.1 EEPA 

When a particle is scaled down or up it should keep the same bond number to 

keep the same kind of cohesion. As mentioned in 8.1.1.7 the equation for the 

cohesion force is (2-1) then the bond number is calculated (2-2). For this project 

the variable for the particle that will be scaled is the radius of the spheres for the 

particle. 

ὶ ὶ Ͻί      (2-3) 

¶ s = scale value 

Since the Bo for the original particle and the scaled particle will have to be the 

same, the surface energy will be scaled as  

Ў ЎϽί     (2-4) 
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and the constant pull-off force will be scaled as  

Ὢ ὪϽί    (2-5)  

8.2.2 Hertz-Mindlin with JKR version 2  

With the time studying this subject, there has been limited research on how to 

scale Hertz-Mindlin with JKR version 2 for this specific application. Following a 

recommendation from EDEM, the surface energy will be scaled linearly with the 

scale value (s) as this would be considered sufficient for the intended purpose. 

Ў‎ Ў‎ ί    (2-6) 

8.3 Results of the clay with 50% moisture. 

Table 19. Carryback for clay with 50% moisture. 

Test 

nr 

Operator Mass model 

(g) 

Mass clay 

before dump 

(g) 

Total Mass after  

dump (g) 

Mass clay after 

dump (g) 

% of 

carryback 

1 1 563 359 663 100 27.86 

2 2 561 359 637 76 21.17 

3 2 559 540 748 189 35 

4 1 543 614 833 290 47.23 

5 1 562 600 833 271 45.17 

6 2 562 528 735 173 32.77 

7 2 559 599 759 200 33.39 

8 1 571 693 729 158 22.80 

9 1 567 614 748 181 29.48 

10 1 568 615 788 220 35.77 

11 1 570 636 788 218 34.28 

12 1 568 651 773 205 31.49 

13 2 567 660 831 264 40 

14 2 570 616 656 86 13.96 

15 2 569 662 696 127 19.18 

16 2 569 601 788 219 36.44 

17 2 568 657 826 258 39.27 

18 2 568 619 877 309 49.93 

19 1 570 629 844 274 43.56 

20 1 571 659 789 218 33.08 

21 1 570 642 812 242 37.70 

22 1 571 646 845 274 42.41 

23 1 569 608 842 273 44.90 

24 1 570 621 872 302 48.63 

25 1 575 630 868 293 46.51 
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8.4 Particle size study 

 

Figure 23. The different particles. 

 

Figure 24. Simulation of 120% particle size. 
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Figure 25. Simulation of 110% particle size. 

 

Figure 26. Simulation of 100% particle size. 
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Figure 27 Simulation of 90% particle size. 

 

Figure 28. Simulation of 85% particle size. 
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Figure 29. Simulation of 80% particle size. 

 

Figure 30. Simulation of 70% particle size. 
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Figure 31. Simulation of 60% particle size. 

 

Figure 32. Simulation of 30% particle size. 
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8.5 Study off surface energy P-P 

 

Figure 33. Simulation with P-P,  Ў‎=1 ὐȾί. 

 

Figure 34. Simulation with P-P,  Ў‎=50 ὐȾά . 
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Figure 35. Simulation with P-P,  Ў‎=100 ὐȾά . 

 

Figure 36. Simulation with P-P,  Ў‎=149 ὐȾά . 
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Figure 37. Simulation with P-P,  Ў‎=250 ὐȾά .

 

Figure 38. Simulation with P-P,  Ў‎=350 ὐȾά . 
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Figure 39. Simulation with P-P,  Ў‎=600 ὐȾά . 

 

Figure 40. Simulation with P-P,  Ў‎=1200 ὐȾά . 
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8.6 Study off surface energy P-G 

 

Figure 41. Simulation with P-G Ў‎=450 ὐȾά . 

 

Figure 42. Simulation with P-G Ў‎=299.025 ὐȾά . 
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Figure 43. Original simulation with P-G Ў‎=199.35 ὐȾά. 

 

Figure 44. Simulation with P-G Ў‎=110.75 ὐȾά . 



 

62 

 

 

Figure 45. Simulation with P-G Ў‎=55.375 ὐȾά . 

8.7 Study off plasticity ratio. 

 

Figure 46. Simulation ‗=0.999. 
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Figure 47. Simulation ‗=0.95. 

 

Figure 48. Simulation with ‗=0.925. 
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Figure 49. Simulation with ‗=0.85. 

 

Figure 50. Simulation with ‗=0.2. 
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8.8 Combinations 

 

Figure 51. Simulation of combination 1. 

 

Figure 52. Simulation of combination 2. 
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Figure 53. Simulation of combination 3. 

 

Figure 54. Simulation of combination 4. 
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Figure 55. Simulation of combination 5. 

 

Figure 56. Simulation of combination 6. 
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Figure 57. Simulation of combination 7. 

 

Figure 58. Simulation of combination 8. 
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8.9 Transportation scenarios 

 

Figure 59 Transportation scenario where 1.6g were applied for 15 seconds 

 

Figure 60 Transport scenario where 4g were applied for 1 second 
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Figure 61 Transport scenario where no vibration were appliedin the simulation 

8.10 Front plate study 

 

Figure 62. The angle for the front plate that was explored. 
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Figure 63. Simulation with no front plate. 

 

Figure 64. Simulation of front plate study with an angle of 120Á. 



 

72 

 

 

Figure 65. Simulation of front plate study with an angle of 135Á, 

 

Figure 66. Simulation of front plate study with an angle of 145Á, 
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Figure 67. Simulation of front plate study with an angle of 150Á, 

 

Figure 68. Simulation of front plate study with an angle of 160Á, 
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8.11  Study of side plate angle 

 

Figure 69. The angle for the side plate that was explored. 

 

Figure 70. Simulation of a simple design with no sides. 
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Figure 71. Simulation of a simple design with 165Á plates on the sides. 

 

Figure 72. Simulation of a simple design with 160Á plates on the sides. 
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Figure 73. Simulation of a simple design with 157.5Á plates on the sides. 

 

Figure 74. Simulation of a simple design with 150Á plates on the sides. 
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Figure 75. Simulation of a simple design with 145Á plates on the sides. 

8.12  Ramp plate study 

 

Figure 76. The angle for the ramp plate that was explored. 
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Figure 77. The two different angles for the plates that were explored. 

 

 

Figure 78. Simulation of original ramp with 161.541Á. No additional plates 

added. 
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Figure 79. Simulation of a ramp at 165Á. 

 

Figure 80. Simulation of a ramp at 170Á. 
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Figure 81 Graph of mass lost during vibration for 170 back ramp. 

 

Figure 82. Simulation of a ramp at 161.541Á and additional plate with an angle of 

9.25Á between the ramp and bottom of the dumper bed. 
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Figure 83. Simulation of a ramp at 165Á and additional plate with an angle of 

7.5Á between the ramp and bottom of the dumper bed. 

8.13  CAD models 

 

Figure 84. Angles for the front plate customer inspired design. Angle A is 160Á 

and angle B is 135Á. 




