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Abstract:
Drivers of earth-moving machines are exposed to wh @bration (WBV). In mining

operations there can be a combination of relati gnitudes of vibration and long

exposure times. Effective risk mitigation rstanding of the main aspects of a task
that pose a hazard to health. There are
have been carried out in India. This p @

the component phases of dumpe@ ons, on the overall vibration exposure of the drivers.
e

ublished studies of WBV exposure that

ports a study that considered the contribution of
It shows that vibration magni relatively high, and that haulage tasks are main
contributor to the expos recommended that driver speed, haul road surfaces and

re optimised to ensure minimisation of vibration. If this is not

s might need to be reduced in order to ensure that the health

guidance cafitio e from Standard No. ISO 2631-1:1997 is not exceeded.

Keywotds: whole-body vibration; Job safety analysis; Physical hazards in mining
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1.0 Introduction
Methods for prediction of the health risk arising out of exposure to whole-body vibration (1—

80 Hz) at work are primarily based on two parameters, namely, (a) acceleration transmitted to human
body part in contact with the vibration source and (b) duration of such exposure. As described in
Standard No. ISO 2631-1:1997, the basic evaluation process depends on rms values of frequency-
weighted acceleration measured over a day-long period or a shorter period where the short period of
measurement is considered to be representative of the exposure. In cases where the job carried out by

a person is cyclic in nature, it is convenient to measure the magnitude of acceleration for one cycle of

such operation and use that value for risk prediction models. The duration of exposure, in cases,
will be the product of the time taken for one cycle and number of such cycles comp‘ete his
means that the total exposure contains a series of, or several repetitions of, short s of the

same severity which is generally considered a reasonable assumption. The rinciple can be
applied if vibration dose values (VDV) are used for risk evaluation; of ¢ s@ch cases the total
VDV needs to be computed with appropriate mathematical relations [ 1,2

Previous studies have considered the respective vibration fmagnifudes experienced by drivers
during different phases of a work operation. For example, Hger'et al. [3,4] considered factors that

affect the overall exposure of workers to WBV and d% d that smooth terrain, low speed,
0 0

loaded with ‘ride control’ was the optimal config ad-haul-dump trucks (LHDs). For

tracked loaders, Newell et al. [5] also sho of task type on the vibration emission

(considering loading, levelling, and tran§port), a

9

modelling of vibration characteristi b
al. [6] performed detailed anal ipration characteristics for helicopters and, through modelling
of flight patterns, were abl

also concluded that driver speed and therefore
training were important factors in mitig of the health risk of exposure to WBV. Detailed

achieved for non-earth moving applications. Kasin et

dict'the overall vibration exposure for helicopter pilots.

Understandin, :
root causes of i d g#nabling engineers to reduce risk with the help of either technical

operatiomof a fleet of 100-t dumpers deployed in a large mechanized metal mine in western India for

transportation of ore and overburden. The transportation job has been conceived of having four
modular components: loading, hauling, unloading and return to the loading point thus defining a
cycle. This modular approach is designed in order to gain an additional perspective to bring out
certain factors which might be easily controlled to reduce the magnitude of vibration and thereby
reducing the risk of musculoskeletal disorders associated with operation of dumpers. This is the first

paper that reports such data collected in an Indian mine.
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2.0  Methodology

2.1 Work phase analysis

Dumpers are regularly and extensively used for transportation of coal, minerals and
overburden in opencast mines. Factors like rugged/uneven terrain, driving speed, condition of seat and
suspension, loading, etc. are responsible for vibration of the dumpers during operation. The vibration
energy is transmitted to the human body mainly through the seat of the operator.

To recognize individual contribution of various components of a job cycle and its effect on

peak acceleration as well as on overall rms acceleration values, studies were conducted on mgvement

of eight dumpers. These dumpers were transporting ore from various benches of ag opg e to
mining

their dumping point (Table 1). Shovels were deployed for loading the blasted o
& more time for

benches to the dumpers. Dumpers 201 and 203 were engaged in pit bottom t
onward as well as return journey on the haul road. All these dumpers wer same make, capacity

various stages of the operation, time taken for each distinct segm transportation process as

(100 t) and year of commissioning (2008). With a view to record gati@us Jactivities performed at
oy

well as to study the characteristics of vibration emission of @ers at each of these phases, the

job cycle was subdivided into the following components:

¢ Loading: In this initial phase, dumpers are nary condition. Vibration is generated

from the top of the vehicle due to imp rocks that have been released from the shovel

bucket landing in the dumper buket resu
).

e Transportation (hauling)@: hase, the loaded dumper travels over the haul road
towards the dumping ¢pein

@

finess and undulations. Note that as each dumper was working in a

radius, degre
different 0 mine, the overall times to completion would not be expected to be

g in primarily vertical (z) and lateral oscillations

ration is transmitted through the seat due to road tyre

interaction during ment over the haul road which may vary in inclination, turning

iden

o Unl@ (dumping): This takes place at crusher hopper or temporary stockpile area where
ded material is removed from the dumper. Vibration is generated due to short
aneuvering movements of the dumper to orientate it for unloading. Unloading of materials
involves lifting of the bucket to an inclined position followed by removal of load by
gravitational flow of rocks (which may not be uniform) and finally resetting the bucket on the

chassis collapsing the dump cylinder.
e Return journey: In this part of the work the dumper moves unloaded over the haul road
again for coming back to loading point. As a result, vibration is transmitted through the seat
due to road tyre interaction during movement over the haul road which may vary in

inclination, turning radius, degree of roughness and undulations.
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2.2 Instrumentation for vibration measurement

Advanced vibration analyzer SVAN 958 was used to record the acceleration in three axes
during the operating cycle of the dumpers. Seat pad accelerometers were placed on the seat of the
dumpers as described in Standard No. ISO 2631-1:1997[8]. Time markers were inserted in their
movement history. These time markers separated and divided the time history in four distinct
segments thus enabling the observer to study a number of significant parameters contributing and
finally leading to the overall values that determine their hazard potential. SVAN 958 offers the facility

to select a part of the time history and calculate Peak values and rms values of acceleration for that
particular part along any axis. For technical reasons it was not possible to log driving spee %er,

for safe operation, driving downhill had a speed limitation of 6 km/h. The observer®&at n

seat beside the driver and closely observed the movement of the driver as well asydata
display throughout the cycle of operation so as to identify any action or r@ ich may cause
wrong representation of vibration data. For administrative limitations®

repeated on individual machines. 0
2.3 Ethical clearance %Q

This study was approved by the Instit hies Committee (IEC) of National Institute of

ents could not be

Miners’ Health, India. Purpose of the stud
gave informed consent for participa@
3.0  Results and discussio\

The rms and peak vibr owed clear differences in the nature of the vibration and the

magnitude of the @C ift each work phase (Figure 1; Figure 2). Each vehicle showed similar

characteristicé

3.1 Vibration measured during haul road operations

as explained to the operators in local language and they

h phase.

FIGURE 1 ABOUT HERE
FIGURE 2 ABOUT HERE

Table 1 shows the time taken for each of four modular activities by all the dumpers. In all
eight cases the time taken for return journey was less than time taken during onward journey of loaded
dumper towards dumping point. It can be reasonably assumed that in most cases both the journeys had
traced the same path of the haul road for an individual dumper. The mean return speed (unloaded) was

found to be, on average, 42% higher than mean speed during the journey whilst loaded. Dumper 306
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which was engaged in removal of overburden (OB) from OB bench to the OB dump area showed a

large difference in travel times but inspection of vibration profiles do not show a clear reason of why.

If data from Dumper 306 is excluded, the difference between driving loaded and unloaded was
reduced to 25%.

TABLE 1 ABOUT HERE

Root mean square values of acceleration for all four segments of the cycle were computed

separately using logger files and the dominant axes during the four phases are presented in Table 2. It

was observed that z direction was dominant in both hauling and return phases of transportation cycle.
Frequency-weighted rms values of acceleration (av) for the entire transportation M all

three axes before and after using the directional coefficient are presented in Table ¥ (k @ r x and
y axes, k = 1 for z axis). Analysing the entire transportation cycles for all these ei &\ S, z axis
(vertical) was found to be dominant in all cases. Hence the acceleration valu :&he z axis of all
these dumpers were directly used for all subsequent analysis since the Stafidar 7 1SO 2631-1:1997

multiplication factor (k) for z axis is 1. Since the operators spent most Gf thei e for movement over
the haul road, vertical axis z emerged as the dominant axis_gvely thoiigh loading and unloading
operations caused the other to axes (x and y) to record lar@ration magnitudes (see section
3.2). @

e n for four different components of the

rn journey of empty dumpers was about 28%

It is evident from the above rms values of
transportation job that mean rms acceleration d
ble 4).

portant role in the overall severity of exposure of the

more than that during journey with load erefore the combination of higher vehicle speed

and no load during return journey playe
operator. The nature of the jo req@turn to the site of mineral/overburden extraction unloaded,
and therefore altering the loadW impractical method of vibration reduction. Hence speed

regulation is the only cont @ factor when other parameters are unchanged. Slower speed driving

would reduce the vibr: ure of the operators. As shown by a previous study [9] conducted in
a mine, speed offa’d on a haul road was found to have direct bearing on the intensity of
vibration alo, iss(Figure 3), and has been previously shown by Eger et al. [3] and Newell et al.
(51 6
TABLE 2 ABOUT HERE
TABLE 3 ABOUT HERE

FIGURE 3 ABOUT HERE

Max Peak accelerations were observed to exceed 8 m/s* for all the dumpers during loaded
journey on the haul road and on two instances it exceeded 10 m/s>. Max Peak accelerations were also
observed to exceed 10 m/s® for all the dumpers during the return journey (unloaded) and on five
instances it exceeded 12 m/s*>. The maximum peak value reached 31 m/s? for dumper 107. Peaks in

the vibration coincided with crossing over a crest or trough or negotiation of a sharp bend on the haul
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road without reducing the speed. Higher vibration levels during unloaded journey are also affected by

the change in the vehicle dynamic e.g. change of the suspension loading.

3.2 Vibration measured during loading/unloading

During loading operation, the dumpers are parked at a loading point in a working face hence
forward and lateral vibrations are minimal. Vibrations in x and y axes during loading is due to
marginal oscillations of the dumper bucket in these directions. Most of the vibration energy comes

from the mechanical shocks produced by the falling rocks or boulders on the bucket.

During unloading operation the dumper has to stop for a moment and nfov reverse
direction slowly to position itself for safe unloading. The bucket is slowly (N e

material. The segment is shortest in terms of time taken by all the segments.

ase the

During loading and dumping operations, x and y were inant taking into

consideration directional coefficient (k= 1.4 for x and y axes and k = Wyfor 1s). Since the vibration

generated during loading largely depends on the specific point ischarge of blasted rocks on the

bucket (front, rear or on the sides), direction of dominant a@raﬁon can change accordingly.
t

Likewise, during unloading operation, due to slow mgve towards front or rear direction to

position the vehicle, x axis can emerge as dominant this study. (Table 2)

Dumper 306 was the slowest to be 10 t the loading was regular, as shown by the

sequence of peaks in the vibration time-hiSteries.

to 459 s; the time taken to unload ranged @ 2

time taken to load the dumpers varied from 86
4 to 41 s. There was no correlation between the time
taken to load and the time taken @a . The shovel operators take their own decisions during
loading the blasted rock on to umpers depending on the size of the rocks available for loading.
They also spend some timé @ ing the work zone to facilitate easy and safe loading operation.
TABLE 4 ABOUT HERE
Vibrationgfe equipment operator during loading and unloading are lower than those
that occur fo returns (Table 4). Mean rms acceleration in z axis was 0.156 and 0.365 m/s
durin dir@unloading, respectively.

k values during loading showed a large degree of variability. This variability was due to
the size of boulders being loaded and the height from which they were released. Dumper 208 was
loaded with large boulders and as a result the peak acceleration exceeded 6 m/s’, the highest
experienced during any of the trials. However, the peaks observed during loading were not as severe
as the peaks measured during haulage. One operator in the mine had reported to have sustained low
back injury due to shocks experienced during the loading process and required hospitalization. Some
operators reported a desire to leave the dumper after positioning it for loading and stand away from
the equipment to avoid such injury. This is not considered acceptable from a safety point of view as it

increases the chance of injury from slipping and the proximity of boulders being dropped into the
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bucket during the process of loading, which could cause a hazard. A preferred solution is to reduce the
maximum size of blasted rocks through better fragmentation. It should be noted that the method used
in the risk assessment here is not optimized to shock-type signals. It might be better to use the

methods described in Standard No. ISO 2631-5:2004 for such assessments [10].

3.3 Contribution to overall dose from component parts of dumper operation

The total exposures of the drivers can be calculated from the component parts of their job. If

it is assumed that each driver works for 8 h per day, then the extrapolated vibration exposures (4(8)
values) are as shown in Table 5. Annex B of Standard No. ISO 2631-1:1997 deﬁne%alth-

guidance caution zone (HGCZ) defined by values of 4(8) of 0.43 and 0.87 m/s?> rm®: T hysical
agents (vibration) directive defines an exposure action value (EAV) and exposuggilintigyvalue (ELV)
at 0.5 and 1.15 m/s? rms, respectively [8]. é

5 ABOUT HERE

xceeded in 8 h 41 min for

If drivers of these dumpers had vibration exposure for 8 h cofitinu er day, then all would
exceed the EAV but none would exceed the ELV, although this_ would b

the worst machine/task combination. Half of the dumper/taskicomBinations would exceed the upper
limit of the Standard No. ISO 2631-1:1997 health guidanCe ioh zone with 8 h of continual use. In

practice, it is rare for drivers to be exposed to exact

ibration due to breaks, or times waiting

to be loaded/unloaded, refueling, maintenance er activities. In contrast, many drivers may

choose to work longer hours in order to Work overtime or meet the requirements of their contract.

Therefore it is necessary to carefully ¢ 3 the working time in order to generate a full risk
assessment. @
The vibration exposure& ers operating the machines in this study are relatively high

and therefore it would be d @ e to take action to minimize risk. The work-phase analysis used in

this study allows for@i atlon of those phases that constitute the most risk. Combining the
exposure time aﬂ ibration magnitude the hauling and return phases contribute 99% of the

overall vibragi igure 4). Therefore, for rms vibration exposure minimization, these should
be pri@uitized® ovements can be made through three approaches:

rovement in maintenance of the haul roads. Ensuring that roads are kept smooth and

free from discontinuities such as large pot holes.
2. Reduction in speed of the machine (see Figure 3).
3. Better maintenance of the machine, including the seat. If necessary, replacement of the
machine.
Once action has been taken a further evaluation will need to be completed to ensure that the residual
vibration exposure is acceptable; if not, then reductions in work times might be necessary.

FIGURE 4 ABOUT HERE
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4.0  Conclusion
During the transportation of either ore or overburden material, the overall vibration exposures

was dominated by their movements during hauling and return journeys on the haul road. Apart from
the technical measures of reducing the severity of exposure, such as modification of seat and
suspension systems, haul road conditions need to be maintained regularly and speed limitations are a
must as is shown by this study. Separation of various components of a job has undoubtedly provided a
better tool for introspective study on vibration characteristics of a job cycle. It has also shown that
dominant axis of vibration can vary within various segments of a job cycle. Similar approach can be

applied to other jobs which are far more complicated and effective monitoring and contro tegies

can be developed with the method suggested. Identification of the most significaat ce @ ors to a

vibration exposure allows for targeted risk management strategies. &\
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Table 1: Time taken by various activities during transportation

Dumper Loading Hauling Dumping Return
) () ) ()

101 101 486 29 409
105 131 555 24 538*
107 86 623 27 495
201 196 1059* 41 838
203 163 1035 36 783*
208 190 969 36 692
303 124 484 38 404
306 459 1055 25

M 181 783 32

259
552
Note: * = deducting idle time spent on haul road due to any traffic conges@on
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Table 2: Dominant axis at different phases of the transportation cycle

Dumper

Segment of job cycle

Loading

Hauling

Dumping

Return

101

z

z

z

105

107

201

203

208

303

306

=N IN (% NN =

NOINNIN N NN

NN (R[N N [R (R

NO(NINN N NN

%.

S
Z



Table 3: Determination of dominant axis of frequency-weighted rms acceleration (m/s*)

Dumper @ ay (after multiplying with Domi.nant ( don‘:;vnan ¢
sum factor) axis .
axis)
X y z X y z

101 0.47 0.34 1.05 0.66 0.47 1.05 z 1.05

105 0.48 0.42 0.85 0.65 0.59 0.85 z 0.85

107 0.50 0.34 0.92 0.70 0.48 0.92 z 0.92

201 0.37 0.35 0.74 0.52 0.49 0.74 z 0.74

203 0.47 0.33 0.71 0.66 0.46 0.71 z 0.71

208 0.54 0.48 1.10 0.76 0.67 1.10 z .10

303 0.47 0.32 0.90 0.66 0.45 0.90 z

306 0.35 0.30 0.81 0.49 0.42 0.81 z

Downloaded by [Imperial College London Library] at 01:52 15 December 2015

Note: a, = frequency-weighted rms values of acceleration. &\

12
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Table 4: Frequency-weighted rms acceleration (m/s?) for various activities during
transportation along dominant axis (z)

13

Dumper Loading Hauling Dumping Return
(m/s?) (m/s?) (m/s?) (m/s?)
101 0.158 1.001 0.451 1.257
105 0.139 0.824 0.460 1.013*
107 0.220 0.865 0.328 1.083
201 0.152 0.737* 0.258 0.841
203 0.123 0.693 0.264 0.828*
208 0.211 1.024 0.327 1.354
303 0.123 0.834 0.327 1.140
306 0.126 0.871 0.508
M 0.156 0.856 0.365

1.219 \
1.092
Note: * = ignoring idle time on haul road due to traffic congesti&
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Table 5: Overall vibration magnitudes and time to exposure thresholds

Dumper Cyclesin | A(8)in8h | Time to Time to Time to Time to
8h (m/s?) HGCZ-1 HGCZ-u EAV ELV
(h:min:s) (h:min:s) (h:min:s) (h:min:s)
101 28.1 1.055 01:19:41 05:26:12 01:47:44 09:29:57
105 23.1 0.866 01:58:16 08:04:09 02:39:55 14:05:56
107 23.4 0.925 01:43:41 07:04:24 02:20:11 12:21:33
201 13.5 0.742 02:41:10 10:59:44 03:37:54 19:12:44
203 14.3 0.718 02:52:19 11:45:24 03:52:59 20:32:31
208 15.3 1.103 01:12:55 04:58:28 01:38:35
303 274 0.909 01:47:24 07:19:41 02:25:13
306 16.0 0.817 02:13:06 09:04:50 02:59:57
M 20.1 0.892 01:58:34 08:05:21 02:40:1

EAYV, ELV = exposure action value, exposure action limit value from EU phySical agents (vibration)
directive. EAV and ELV are stipulated by considering A(8); A(8) =8-h e

derived with the equation:
T
&4(8) = ka,. i—,
where aw = measured rms vibration magnitude; % n of exposure to the vibration
i

magnitude aw; To = reference duration of 8 h; &

Note: HGCZ = health guidance caution zone; HGCZ-1, HGCZ-u = HGCZ IO\Q limit [10];

ivalent, which is

ng factor (k = 1.4 for x and y axes,

1.0 for z axis).

<
C)Q

14
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Figure 1: Root mean square (rms) acceleration along z axis for all segments of job
cycle: (a) dumper 101 (100 t), (b) dumper 105 (100 t), (c) dumper 203 (100 t), (d)
dumper 208 (100 t), (e¢) dumper 107 (100 t), (f) dumper 201 (100 t), (g) dumper 303
(100 t), (h) dumper 306 (100 t).

Figure 2: Peak acceleration along z axis for all segments of job cycle: (a) dumper 101
(100 t), (b) dumper 105 (100 t), (¢) dumper 203 (100 t), (d) dumper 201 (100 ¢t), (e)
dumper 107 (100 t), (f) dumper 201 (100 t), (g) dumper 303 (100 t), (h) dumper 306
(100 t).

Figure 3: Speed of dumpers versus rms acceleration [5].
Note: y=0.0394 x + 0.1251, R>=0.9293.

Figure 4: Percentage contribution to overall vibration exposure for four differen

work phases of dumper operation \

15
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