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Abstract: Large capacity shovels loading dump trucks with material in excess of 100 tons generates large
dynamic impact forces results in high frequency shock waves, that in turn generates severe truck vibrations,
and exposes the truck operator to significantly high whole body vibration levels and therefore compromises
the health and the safety of operators. Previous studies have indicated a significant decrease in the dynamic
impact force generated due to the gravity dumping of material into a CAT 793D dump truck by P&H
4100XPC shovel. However, none of those studies have shown whether or not the reduction in impact force at
the truck body actually translates into a reduction in the vibration levels at the operator’s seat. Therefore, in
current research work, 3D virtual prototype for CAT793D has been used to conduct a detailed vibration
analysis using MSC ADAMS to explore the effects of reported impulse force reductions results, on the
operator’s WBV exposures. Analysis shocwed that as the dumping height is reduced to 7.33, 6.33, 6.00, 5.50,
5.33, 5.00 and 4.9 m, the vibration level at the truck operator’s seat reduces by 10.42, 15.51, 15.53, 15.73,
17.22, 18.85 and 19.61 %, respectively, as compared to the reported value of 3.56 m/s?. At an optimum
dumping height of 4.90 m, the vibration level reduces from a value of 3.56 m/s? to 2.86 m/s®. Therefore,
current study shows that shovel dumping height optimization significantly reduces the vibration levels which
improves the health and safety of dump truck operator’s working under HISLO conditions.

Keywords:Virtual Prototype, Simulation, MSC ADAMS, Dumping height, HISLO, Impact force, Whole body
vibrations

1. INTRODUCTION

In an attempt to achieve a productivity increase and in turn achieving higher economic advantage,
large capacity shovels are being more widely used at surface mining operations. As large shovels are
matched with large trucks/dumpers, it has resulted in high impact shovel loading operations (HISLO).
When shovel load large quantity of soil/rock material (usually 100 tons or more) into the dump truck,
high frequency shock waves are generated as a result of the large impact force at the truck body.
These shockwaves travel through the different truck components and reaches to the operator’s cabin
and exposes the truck operator to those high frequency shockwaves. Such an exposure is known as
whole body vibrations (WBV).

Whole body vibration significantly impacts the human health in any earth moving operation. These
vibrations effects the operators’ legs, spine, lower back, shoulders, arms, hands, and neck if they
continue for a long period of time which is a certainty at any surface mine over a complete shift.
About 37.7% of all the equipment operation accidents that occurs in surface mining operations are
result of jarring/jolting that causes operator back injuries [1]. Jolting and jarring is frequently
experienced by the truck operators as a shovel loads the dump truck. Therefore, with this serious
vibration problem and its adverse effects on truck operators, there is a need to focus on conducting
research to understand the problem and provide practical solutions to control the extent of these
vibrations to be able to improve the safety and health of the earthmoving equipment operators.
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Tablel. ISO Specified Comfort Zones with Operator’s Vibration Exposure

RMS Acceleration | 5154, 63 05101 0.8101.6 1.2510 2.5 >2
Value (m/sec?)
Slightly Reasonably Very Hugely
Level of Comfort Uncomfortable |Uncomfortable Uncomfortable Uncomfortable | Uncomfortable

Figl. High Impact Shovel Loading Operation (HISLO)

Recommendations, regarding the safe vibration exposure limits, beyond which the exposure could
cause severe long term lower-back, shoulder, neck, etc. disorders and disabilities, have been provided
by the International Standards Organization (ISO). Sections 1,2,4,5 of ISO 2631 entitles the ISO
standards for the vehicular vibrations [2-5]. These sections provide the specific threshold limits for
maintaining the compliance with regards to operating the vibrating equipment in a safe working
environment. Table shows the long term effects of whole body vibration (WBV) on machine
operators along with the corresponding vibration level for exposure during an 8-hour shift. A machine
operator becomes vulnerable to shoulder, neck, etc. disabilities along with the lumbar and cervical
disorders whenever the WBYV exposure increases beyond the level of 1 m/sec?, for an 8-hour shift [4].

Researchers in the past have either focused on investigating the vibration levels in small haulage
equipment/vehicles [6-10] or vibration mitigation in military defense equipment [11, 12] by either
modifying the seat ergonomics [13-15] or seat design of the equipment [14]. But then later on, Aouad
& Frimpong [16] provided a fundamental framework for a thorough understanding of the HISLO
vibration problem. A comprehensive and fundamental modeling, simulation and experimental
analysis of dump truck vibrations and their impact upon the operators’ health and safety was
provided. At first, Frimpong et al. [17] worked on the mathematics for capturing the vibration
response of a material handling equipment under high-impact loading operations. Then latter Aouad
& Frimpong [16] developed a virtual simulator to capture the truck vibration levels unde HISLO
conditions using MSC ADAMS (Figure 2).

In terms of providing solution to this HISLO vibration problem and developing vibration control
technology for the surface mining dump trucks, Ali and Frimpong [18] carried out a fundamental
research. Dynamic impact force was modeled, detailed mathematics were laid out describing the
dynamics with successful testing of the developed model [19]. Latter, a 3D virtual prototype was
developed using DEM in PFC3D to simulate the shovel dumping process under HISLO conditions for
P&H 4100XPC shovel loading the a CAT 793D truck [18, 19]. Detailed demonstration was provided
for capturing the impact force at the truck body using the 3D model, therefore, eliminating the need
for any physical experimentation. Virtual simulation for the optimization of shovel dumping height
was done for investigating its broader impact over impact force reductions, thus providing a practical
solution for the HISLO vibration problem [18, 19]. And it was concluded that the optimization of
shovel dumping process where dumping height is optimized to a value of 4.90 m, a significant
reduction can be achieved (17.34%) for impact force values at the truck body during a HISLO
operation. However, the researchers didn’t show whether or not that particular impact force reduction
for truck surface actually translates into a meaningful reduction in RMS accelerations at the operator’s
seat.
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Fig2. Virtual Prototype Model for the Truck in MSC ADAMS Environment [16]

Experiments are conducted in the current study using the 3D virtual prototype model for CAT 793D
to investigate the vibration amplitudes at the operator seat. RMS acceleration values will be recorded
for HISLO conditions with the implementation of force model by varying the dumping height for
shovel. MSC ADAMS will be utilized to carry out the virtual simulations to record the vibration
levels at the seat. The work has been done to investigate whether or not the impact force reduction
results reported [18] and the proposed dynamic model [19] translates into a reduction in vibration
levels at the operators seat as the dumping height for the shovel-truck operation is optimized.

Note: The dumping height is considered optimized for any shovel provided that the safe clearance
between the truck body outer edge and the shovel dipper’s lower edge is maintained which shall
prevent the truck body to undergo jolting/jarring during the shovel dumping operation.

2. EXPERIMENTATION SETUP

Experimentation for this study was done using the 3D virtual prototype (Figure 3) designed for CAT
793D truck. The virtual model has been used to obtain the vibration levels by implementing the
dynamic force model proposed by Ali and Frimpong [19]. The 37-DOF MSC ADAMS model
captures and generates the complete forced vibration analysis by computing the dynamics of the truck
components with maintaining the same conditions to simulate the HILSO operation. The original
virtual model was slightly modified by reversing two of the positioning coordinates, y and z directions
to up — down and right — left motions, respectively. The modified model will now be used to compute
the vibration levels as characterized by the RMS acceleration values, particularly for the truck’s
operator’s seat in the y — direction for visualizing the effect of reducing the dumping height on the
operator’s seat vibration levels. In order to obtain this objective, the approximate magnitude value of
1 x 10° N for the external impact force, was replaced with the more realistic force value obtained
using the dynamic force model [18, 19].

Following operative asuumptions been made in order to carry out the simulation [20]:

o Seat belts are incorporated into the model by keeping the operator’s body firmly attached to the
truck seat.

e 3 DOFs are allowed for the truck seat including: up and down movement (y — direction),
longitudinal movement left — right (x — direction) and yawing/rotation (z — direction).

e The dynamic components linking the seat with the operator’s cabin have been initiated in a pre-
loaded condition for incorporating the body weight of the operator.

In ADAMS, Eigen value problem for the overall vibration system is solved using the QR (also known
as the Modified version of Newton — Raphson) method. The default solver of ADAMS, which is C++,
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can’t apply the QR method, so the solver has to be changed to FORTRAN. This multi degree of
freedom HILSO vibration problem is then solved using the RKF 45. Before using the RKF — 45
solver, the differential algebraic equations (DAE) are converted to ordinary differential equations
(ODE) by using the coordinate partitioning. RKF 45 is easier as compared to the normal Runge —
Kutta method but slower than the default method of MSC ADAMS/Solver.

HISLO vibration system in this study is solved with multi-body dynamics (MBD) simulation using
ADAMS/View. ADAMS/Vibration was then used as a plug-in to ADAMS/Solver for the forced
response analyses. A modal analysis is used to compute the Eigen values along with the Eigenvectors
for the vibration model. Whereas, forced response analysis was used to witness the model response to
the external excitation, which in current study is the impact force generated at the truck surface due to
the shovel loading. Values for impact force, obtained by implementing the proposed force model, for
varying shovel dumping heights were used as an input external force. The vibration response of the
virtual prototype model is then simulated and visualized. In the end, all results including validation,
simulation results, etc are post processed using ADAMS/Post Processor.

Fig3. Virtual Prototype designed for CAT 793D Truck Model and Simulated in MSC ADAMS Platform a)
Solidframe Side View b) 3D View

3. RESULTS AND DISCUSSION

The external input force was modelled using the impact force model developed by Ali and Frimpong
[19] for varrying shovel dumping heights. Vibration levels at the various component of the CAT
793D dump truck were observed but the vibration levels at the truck operator seat were recorded.
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Since the external excitation impact force is acting downwards in the vertical direction, the vertical
acceleration component is the dominant component in the acceleration fields. Therefore, the
acceleration component in vertical direction was studied, recorded and analyzed since it is much
larger than any of the other component in HISLO vibration conditions.

Vibration levels, as characterized by the RMS accelerations in the y — direction, at the operators seat
of CAT 793D were recorded using the virtual prototype simulation in MSC ADAMS. RMS
acceleration plots are displayed in figures 4, 5, 6, 7, 8, 9 and 10 for shovel dumping heights of 7.33 m,
6.33 m, 6.00 m, 550 m, 5.33 m, 5.00 m and 4.9 m, respectively. With the reduction in shovel
dumping height, the overall component acceleration starts diminishing quickly and thus the curve
begin to flatten out at an earlier time. The reason behind this being the reduction in the actual
generated levels of impact force at a lower dumping height. Moreover, the large spikes in the RMS
acceleration curves which indicate the highest degree of particle vibration level, are lowered with the
reduced dumping height. Again it’s due to fact that less impact force is produced at a lower dumping
height and it definitely translates in the manner in which the shockwaves are generated, propagated
and therefore resulting in reduced vibration level at truck seat. Table 2 displays the RMS acceleration
results for the truck seat in y — direction for all the tested levels of dumping height. The recorded
vibration levels were 3.189, 3.008, 3.007, 3.000, 2.947, 2.889 and 2.862 m/s? for the tested dumping
heights of 7.33 m, 6.33 m, 6.00 m, 5.50 m, 5.33 m, 5.00 m and 4.9 m, respectively, during the truck
loading process. It can be concluded based on these results that with reducing the dumping height, the
load is dropped from a smaller distance which reduces the intensity of impact force given by its
magnitude at the truck bed surface which in turn causes a reduction in the vibration level at the truck
operator seat. Close examination of results indicate vibration level not changing for heights
corresponding to 6.33, 6.00 and 5.50 m even when the impact force did reduce for those dumping
distances. This phenomenon could very well be explained in a way that for this particular range of
impact force, the truck components primarily the truck seat vibrates within the corresponding
envelope of resonance, therefore, resulting in similar values of RMS accelerations even with the
changing impact force. As it can be seen, this phenomenon disappears with excitation exiting out of
this particular range. There is a considerable change in the recorded RMS acceleration values which
resonates with the changes in the impact force at different dumping heights outside that particular
impact force range.
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Fig4. Operator seat vibration levels in y — direction with keeping the dumping height at 7.33 m

SEAT: PART/32
15.0

a 1
g 0.0 I\/\ A AN _A A
3 25 \ LN
s _
s
2-11.251
8
< — Seat_XFORM.ACCY
-20.0
0.0 125 250 375 50.0
Analysis: Last_Run Time (sec)

Fig5. Operator seat vibration levels in y — direction with keeping the dumping height at 6.33 m
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Fig6. Operator seat vibration levels in y — direction with keeping the dumping height at 6.00 m
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Fig7.0Operator seat vibration levels in y — direction with keeping the dumping height at 5.50 m
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Fig8. Operator seat vibration levels in y — direction with keeping the dumping height at 5.33 m
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Fig9. Operator seat vibration levels in y — direction with keeping the dumping height at 5.00 m
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Fig10. Operator seat vibration levels in y — direction with keeping the dumping height at 4.90 m
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Table2. Impact Force Magnitudes and resulting RMS Accelerations in y — direction at Operator's Seat

Dumping Height Maximum Magnitude for Impact Force | Vertical RMS Acceleration Recorded at
(H) during 1% Pass Operator’ Seat
(m) (kN) (m/s®)
7.33 838 3.189
6.33 800 3.008
6.00 775 3.007
5.50 742 3.000
5.33 720 2.947
5.00 705 2.889
4.90 692 2.862

The reported vibration level characterized by the RMS acceleration value (up — down direction) at the
truck seat was 3.56 m/s°[16]. Table 3 summarizes the results describing the percent reduction in truck
operator’s seat vertical RMS acceleration values as compared to the reported vibration level of 3.56
m/s’. Results showed a stark increase in percent reduction with a decrease in shovel dumping
distance. With the shovel dumping material at an optimized distance of 4.9 m, as determined through
the discrete element simulation [18] and mathematical modeling results [19], the resulting impact
force is greatly reduced and more importantly, translates into a percent reduction of 19.61% in the
vibration level at the truck operator’s seat.

Table3. Percent Reduction in RMS values (vertical direction) at Truck Seat

o Recorded RMS Acceleration (m/s?) .
Dumping Distance, H (m) Results from Aouad & Frimpong [16] | Simulation Model % Difference
7.33 3.560 3.189 10.42
6.33 3.560 3.008 15.51
6.00 3.560 3.007 15.53
5.50 3.560 3.000 15.73
5.33 3.560 2.947 17.22
5.00 3.560 2.889 18.85
4.90 3.560 2.862 19.61

Figures 11 and 12 graphically displays the reduction achieved in the vibration specifically at the truck
operator’s seat in the vertical direction with the optimization of the dumping height and the extent to
which the vibration levels can be reduced in comparison to the current vibration levels, reported by
Aouad & Frimpong [16], respectively.
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Figll. RMS Acceleration values recorded at the operator's seat in y — direction (up — down)
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Figl2. RMS Acceleration Reduction at operators' seat in vertical (up — down) direction compared to the RMS
value reported by Aouad & Frimpong [16]

4. CONCLUSION AND RECOMMENDATION

Detailed vibration analysis has been carried out by implementing the developed impact force model in
MSC ADAMS. Experimentation was done by virtually simulating the HILSO operation using the 37-
DOF prototype model for CAT 793D.

The RMS acceleration (vertical direction) results, for the operator’s seat, were recorded through the
simulation for varying shovel dumping heights. The simulation results have been compared with the
previously determined value, for non-optimized operation, of 3.56 m/s®>.The analysis showed that a
significant percent reduction (19.61%) in vibration level at the truck operator seat can be achieved
with the optimization of the dumping height to a value of 4.9 m.

This research contributes significantly especially by developing a fundamental foundation into the
subject of truck vibration mitigation. Current work signifies and illustrates how the impact force
reductions at the truck body surface translates into a significant reduction in the vibration levels for
large capacity dump trucks at the operator’s seat. Therefore it can be concluded that vibration levels
can be significantly reduced with optimizing the shovel dumping distance, which will improve the
operational health and safety at a mining site under HISLO conditions.
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