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the impulse force in detail. �e study develops a 3-D virtual simulation 
model of the HISLO conditions, using the DEM technique in PFC3D. 
�e results and the �ndings from this work can further be used to 
analyse the shovel dumping process in detail for selecting optimum 
parameters (i.e. dumping height) to reduce the resulting impact force 
and minimize the shockwaves/vibrations within the dump truck.

Research Methodology

A 3-D virtual simulation model is developed to simulate the 
shovel dumping process in PFC3D. Solid Works is used to create the 
detailed 3D geometry for the model. �e geometry is then exported 
to Rhino 5.0, which provides tools for displaying and manipulating 
the geometry. Rhino 5.0 is used to generate the meshes for the 
corresponding geometry. �e Rhino 5.0 meshes are then imported 
into PFC3D to simulate the material dumping process. �e simulation 
model uses the P&H 4100XPC shovel to dump 100 tons of material 
into the CAT 793D dump truck under gravity for the �rst two passes. 
�e DEM technique analyses the behaviour and the reactive forces 
of the complete system based on the motion of individual particles 
and their interactions. �e impulse force from the dumping process 
is monitored and recorded over the complete duration of the shovel 
operation. �e results from Ali and Frimpong (2016) and the virtual 
simulation processes are compared for veri�cation [7]. �e per cent 
di�erence for the maximum dynamic impact forces ranged between 
0.03% and 1.48% and is in good agreement. �e simulation results 
were validated using the published RMS acceleration results from 
the model developed by Aouad and Frimpong (2013) under the same 
constraints and environment. �e dumping height, Ht, used was 10m 
as was in the work by Aouad and Frimpong (2013). �e resulting input 
force was used in the 38-DOF CAT 793D model in the MSC ADAMS 
virtual platform for generating the RMS acceleration values under 
similar conditions for the work carried out by Aouad and Frimpong 
.�e simulation results from the virtual prototype model based on the 
virtual simulation model were then compared with that obtained. �e 
analysis showed a per cent di�erence ranged between 0.56% and 7.02%, 
which show a good agreement.

CAD Geometry and Meshing

As the �rst step in setting up the virtual simulation, a detailed CAD 
geometry of the truck and shovel dipper that re�ects the actual process 
has been created using solid Works. A detailed CAD geometry of the 
dumping process is created and assembled with the proper dumping 
height. �e CAD models maintain the shape and dimensions, as well as 
the relative location of components with respect to each other. Using 
the real world data, the dumping process is created to capture the actual 
CAT 793D truck and P&H 4100XPC shovel dipper (Figure 2). �e 
isometric, front and side views of the CAT 793D truck in solid Works 
(Figure 3). �e isometric, front and side views of the P&H 4100XPC 
shovel dipper in solid Works. �e shovel dipper in the CAD models 
is positioned at a proper dumping height to mimic the dumping 
process. Di�erent dumping heights have been used (from 7.33 m 
to 4.9 m) for the dumping process. �is minimum distance ensures 
that a good clearance between the dipper door and the truck edges to 
prevent jolting and to maintain the e�ectiveness and the e�ciency of 
the dumping process. �ese di�erent dumping heights are chosen for 
the case of P&H4100 XPC cable shovel and CAT 793D dump truck.

�ese series of dumping heights have also been used to examine 
the gradual reduction in impact force with varying heights. Complex 
geometries of the dumping process require very �ne meshes, which 
consumes large CPU times in DEM. �e simpli�cation of the shovel 

dipper model prevents the problems during the meshing of the parts 
with corresponding ease in the DEM analysis (Figures 4 and 5). �e 
isometric and the front views of the truck body assembly and the 
shovel dipper in solid Works for dumping heights of 7.33 m and 6.33 
m, respectively (Figures 6 and 7).�e isometric and the front views of 
the truck and the shovel dipper in solid Works for dumping heights of 
6.00 m and 5.50 m, respectively (Figures 7 and 8). �e isometric and the 
front views of the truck and shovel dipper in solid Works for heights of 
5.33 m and 5.00 m, respectively (Figures 9 and 10). �e isometric and 
the front views of the truck and shovel dipper in Solid Works for the 
minimum height of 4.9 m. �e assemblies are imported into Rhino 5.0 
for meshing. �e truck model uses �ne polygonal mesh due to the forces 
developed in truck body. �e shovel dipper uses a simple polygonal 
meshing because there is no concern for any of the forces from the 
dipper. �e mesh for shovel dipper saves a lot of computational time 
during DEM analysis in PFC3D. �e mesh for the dump truck and the 
shovel dipper assemblies in Rhino 5.0 (Figure 11).

Figure 1: High Impact Shovel Loading Operation (HISLO) (Harnischfeger, 
2003).

Figure 2: CAT793D Model: a) Back Isometric; b) Front Isometric; c) Front; 
d) Side Views.
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3D Virtual Simulation in PFC3D

�e dipper payload is either fragmented or so� material. In 
either case, the dipper payload normally consists of large amount 

of small particles of varying sizes and shapes. �e DEM technique 
is the best analytical technique for such cases in which the materials 
are considered as a large collection of small particles interacting with 
each other and with other surfaces. �e DEM technique is used to 
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is used to virtually simulate the shovel dumping process and observe 
record and analyse the impact force exerted on the truck body during 
the process [8]. �e 3-D virtual simulation of the dumping process 
allows the correct representation of the impact force. It also provides 
insight into the scienti�c observation of the cushioning e�ect due to 
previously dumped materials in the truck body.

For virtual simulation, the truck body and shovel dipper meshes 
are �rst imported into PFC3D. �e geometries of the mesh surfaces 

are then converted into “walls” so that material particles can interact 
with those walls. By reducing the dumping height, with subsequent 
virtual simulation, the reduction in the resulting impact force can be 
observed to attain an optimum dumping height. �e optimum height 
is the height with minimum impact force and with good clearance 
between the dipper door and truck edges that prevent jolting. Material 
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or the particles with the walls using linear contact model (LCM). LCM 
has been mostly used for studying cases of the particles impact on any 
particular surface (PFC, 2004) [10]. A�er creating the contacts, gravity 
is activated and the system is allowed to run for a few seconds for the 
material to settle in the dipper. A�er settling, rotation is activated on 
the dipper door. As the door rotates, the equations of motion are solved 
for each particle and the particles drop from the dipper under gravity 
to produce the impact force. A�er the �rst pass is dumped and the 
dipper door closes, the shovel swings back a�er 30 seconds to load the 
second pass, and the process is repeated until the truck is �lled within 
the simulation run (Figure 13a-13d). �e dynamics for the �rst shovel 
pass. �e point where the particles are contained within the dipper and 
are allowed to settle. �e point where the dipper door opens and the 
particles are allowed to fall under gravity. �e point when the particles 
strike the surface of the truck bottom to exert the impact force. �e 
point where all the particles from the �rst pass have been dumped into 
the truck (Figure 14a-14d). �e dynamics for the second shovel pass. 
�e point where the particles reappear and settle in the dipper, with the 
particles from the �rst pass already in the truck. �e point where the 
dipper door opens and the particles are allowed to fall under gravity. 
�e point where the second pass materials strike the particles already 
in the truck from the �rst pass. �e particles in the second pass are 
cushioned by the materials from the �rst pass, and thus, exert lesser 
impact force. �e point where all the particles from the second pass are 
dumped over the �rst pass materials in the truck.

Results and Discussion

�e virtual simulation results include the impact force exerted 
on the dump truck due to gravity dumping of the dipper payload. 
�e dumping process is virtually visualized to better understand the 
di�erent components of the operation and the evaluation of the impact 
force. �e purpose of the simulation was:

�t�� To capture the dynamic impact force exerted on the dump 
truck,

�t�� Investigate the cushioning e�ect, which is achieved during the 
subsequent passes a�er the �rst pass, resulting in the impact 
force reduction,

�t�� Visualize and analyse the impact force,

�t�� Obtain the optimum dumping height while maintaining the 
minimum clearance between the dipper door and the truck 
edges during material dumping.

Two shovel passes were simulated in the 3D virtual simulation 
in PFC3D. �e maximum dumping height of 7.33 m was used as the 
starting point in the simulation experiments, and was gradually reduced 
to 4.90 m. It must be noted that the maximum and the optimal dumping 
heights in this study apply only to the P&H 4100XPC cable shovel and 
the CAT 793D dump truck in this study. For any other shovel-truck 
combinations, these dumping heights may be di�erent (Figure 15). �e 
impact force on the truck due to gravity dumping of material from the 
dipper with a dumping height of 7.33 m. Initially, the material settles 
within few seconds a�er dumping. �e material makes the �rst contact 
with the truck, in the �rst pass, at 7.44 seconds. �e maximum impact 
force of 838 KN occurs at 8.72 seconds. At 12.3 seconds, the shovel 
completes the �rst pass and returns to repeat the process.

�e particles completely come to rest at 20 seconds, which is almost 
8 seconds a�er the �rst pass. Upon completing the �rst pass and the 
particles settle, the force on the truck still exists and remains constant 
until a�er the second pass. �is constant force is the total gravitational 
force of the material in the truck. �e impact forces recorded in the 
initial portion which are above this constant force are only due to the 
fact that the material particles bounce o� a little a�er their �rst impact 
with the truck. �is phenomenon is due to the rigid nature of the truck. 
�e simulation model detects the force and marks the point on the 

Figure 13: Dynamics of the 1st Shovel Pass. a) Particles inside the dipper; 
b) Dipper door opens and particles fall under gravity; c) Particles hit the truck 
body and begins to settle; d) 1st shovel pass is completed and particles come 
to rest on truck body.

Figure 14: Dynamics of the 2nd Shovel Pass; a) Particles inside the dipper; b) 
Dipper door opens and particles fall under gravity; c) Particles hit the particles 
already in the truck from 1st shovel pass and begins to settle; d) 2nd shovel 
pass is completed and particles come to rest in truck.
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curve only when the particles come in contact with the truck. When 
few particles lose their contact with the truck, the point marked on the 
curve goes above the constant gravitational force. A�er the �rst pass, 
the shovel swings back and loads the next 100 tons of material within 30 
seconds and then swings back to complete the second pass. �e second 
pass material makes the �rst contact with the truck body at 43.72 
seconds. �e maximum impact force in the second pass occurs at 45 
seconds with a magnitude of 757 KN. �e impact force from the second 
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the particles settle, the total gravitational force of the material on the 
truck still exists. It is similar to the previous cases because the dipper 
dumps the same amount of 100 tons material. A�er the �rst pass, 
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Two shovel passes are simulated virtually using PFC3D. An 
optimum dumping height of 4.90 m is generated to achieve the 
required minimum clearance between the dipper door and truck edges. 
�e results from the virtual simulation shows that per cent reductions 
of 4.88%, 7.42%, 11.45%, 12.0%, 15.08% and 17.34% are achieved by 
reducing the dumping height from 7.33 m to 6.33 m, 6.00 m, 5.50 m, 
5.33 m, 5.00 m and 4.9 m, respectively. �ese reductions correspond to 
per cent increases of 1.77%, 4.01%, 7.14%, 14.03%, 15.89% and 20.99% 
for dumping heights increases from 4.90 m to 5.00 m, 5.33 m, 5.50 m, 
6.00 m, 6.33 m, and 7.33 m, respectively. A cushioning e�ect is clearly 
observed during the second shovel pass due to the material already 
present in the truck body from the �rst shovel pass. �e reduction in 
the maximum impact force magnitude ranges between 8.2% and 10.5% 
as a result of this cushioning e�ect.

�is is a pioneering fundamental research study for modelling and 
simulating the shovel dumping process using the continuous material 
�ow process for reducing shockwaves under HISLO conditions. �is 
research has created a frontier in whole body vibration control by 
modelling the impact force generation at the truck bed and developing 
method to mitigate those forces. �e reductions in impact forces will 
de�nitely a�ect an operator’s safety and health under HISLO conditions. 
As part of the future work, a complete vibration analysis can be carried 
out for CAT 793D dump truck by using these new impact force results. 
�is will allow one to observe the actual reduction that can be achieved 
in vertical RMS acceleration at di�erent truck components and most 

importantly at the operator’s seat due to the reduction in the impact 
force as a result of reducing the shovel dumping height.
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