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Fig. 2. The truck used for data collection

Operational data of the case study truck is given in Table 1.
According to Table 1, each work cycle, including loading,
transporting with load, dumping and returning phases is
completed at (5+3+25+20+24=) 77 minutes or 1.28 hours.
Moreover, the mine is active for nine hours a day. Therefore,
there are about (9/1.28~) seven work cycles on average
for each truck, daily. Also, the time exposure to vibrations
at each work cycle is about ((5+3+20+24)/60=) 0.87 hours.
Therefore, the daily time exposure for each truck is calculated
as (0.87x7=) six hours.

Table 1. Statistical operational data of the working phases of

mine truck
Parameter Time (min)

Loading time 5
Dumping time 3
Delay time for start loading 25

The average travel time from loading area to 20
dumping area (constant speed: 30 km/h)

The average travel time from dumping area to 24

loading area (constant speed: 25 km/h)

In the following, the operational conditions considered during
data collection are described. The truck speed was recorded
in the range of 15 to 45 km/h using the portable GPS or truck
speed meter. But, the truck driver was asked to control the
truck speed in five km/h intervals, as the exact control of
speed was difficult. Therefore, the truck speed was recorded
in five km/h intervals, including; 15 to 20, 20 to 25, 25 to
30, 30 to 35, 35 to 40 and 40 to 45 km/h. To consider the
material distribution quality, the loader operator was asked
to accumulate the materials uniformly or on the front, rear,
right and left (driver) sides of the truck dump body, as much
as possible. Fig. 3, shows the materials accumulated on the
different sides of the dump body.

Also, after each loading, materials were weighed by the
weighbridge of mine located in the mineral processing
plant. To consider the haul road quality, mine haul road was
inspected and classified into two classes; good and poor haul
road qualities. The good haul road had the compacted and
smoothed gravel surface. While, the surface of the poor haul
road sections was destroyed and roughed because of the poor
maintenance, cleaning, regrading and repairing. Fig. 4 shows
the sample sections of the mine haul road. An inspection of
mine road from the loading area to dumping area shows that
the length of the haul road with good and poor qualities is
about 3.3 km and 6.8 km, respectively.

Fig. 3. Accumulation of materials on (a) rear, (b) uniform, (c)
right and (d) left sides of the dump body

Fig. 4. Mine haul road with (a) good and (b) poor qualities

In this study, ADXL335 accelerometer was used for all
vertical vibration measurements. The sensor was placed in
a compacted plastic pad. Then, the device was secured on
the seat of the truck, beneath the driver’s ischial tuberosities,
as shown in Fig. 5. The accelerometer requires a supply
voltage of 3.6V DC. This sensor is designed to operate in the
temperatures range from -55 to +125°C and has a full-scale
range of £3 g. The accelerometer device was programmed
to collect data at 50 sample per second and saved onto
a MicroCode Serial Communicator Recording Program
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installed on a laptop.

Fig. 5. Accelerometer device and its placement on the driver
seat

4- Vibrational Data Analysis

In this section, vibrational data are analyzed to determine the
health risk level of the truck driver at the various operational
conditions. Before analyzing, the raw data are filtered using
a 2™ order Butterworth filter with a low and high-frequency
cutoff of 1 and 100 Hz, respectively, to remove spurious
noise. Then, the frequency-weighted RMS of vertical
vibrations (@, ) is obtained using Eq. (1). For example,
Fig. 6 represents a vibration signal in the time and frequency
domains corresponding to 27.39 tons of materials uniformly
distributed at the poor haul road condition and speed range
of 20 to 25 km/h. According to Fig. 6, the RMS of vertical
vibration is 1.015 m/s2 which indicates the high health risk
level. Also, the high vibrational energy is observed at 2.54
Hz.
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Fig. 6. Vibration signal for 27.39 tons of uniformly distributed
materials at poor quality haul road in the time and frequency
domains (speed range; 20 to 25 km/h)

For the same condition, the RMS of the signal for a good
quality haul road is calculated as 0.832 m/s’. On the other
hand, the improvement of the haul road quality decreases the
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RMS value by 22%. the poor quality haul road, if truck speed
is increased to the range of 25 to 30 km/h, the RMS value is
increased by 10.05%.

4- 1- Analysis of the WBV at the various operational
conditions

It is clear from previous results that, vibrations are changed
in the various operational conditions. Therefore, in this
subsection, the effect of the operational conditions on the
RMS values is studied. The mean frequency-weighted RMS
values (a,, ) of accelerations for 27 to 29 tons of materials
accumulated on different sides of the dump body are
calculated and reported in Fig. 7. It is obvious from Fig. 7
that, the vibrations are in the least level of health risk when the
materials are accumulated on the rear side of the dump body,
especially at speed ranges below 25 to 30 km/h. Moreover,
at speed range above 25 to 30 km/h, the mean RMS values is
increased, significantly.

The effect of materials distribution quality on the mean RMS
values at the different speed ranges are shown in Fig. 8.
According to Fig. 8, at speed ranges above 30 to 35 km/h,
for all material distribution qualities under good and poor
qualities of haul roads, the WBV exposures are in above the
HGCZ area. Although at the poor haul road quality, the mean
RMS magnitude is higher than the good haul road quality.
To study the effect of payload on the vibrational health risk,
the frequency-weighted RMS of vibrations versus different
payloads at speed range of 30 to 35 km/h are shown in Fig. 9.
According to Fig. 9, the truck payload in this range (25 to 31
tons) has no considerable effect on the RMS values.

The mean RMS values for the unloaded truck on the poor and
good haul road qualities are shown in Fig. 10. According to
Fig. 10, all RMS values on the poor haul road quality are of
the high health risk level. While, on the good mine haul roads,
when the truck speed exceeds the range of 30 to 35 km/h, the
mean RMS values reaches above the HGCZ area.

4- 2- Statistical analysis of operational conditions and RMS
values

In this subsection, the effects of different operating conditions
on the mean RMS values are evaluated using the analysis of
variance (ANOVA). In ANOVA, the absence of a difference
between the independent variable(s) and the dependent
variables is defined as the null hypothesis. The p value is used
to accept or reject the null hypothesis. Small p values, typically
smaller than 0.05, at 5% significant level, indicate that there
is a strong evidence to reject the null hypothesis. Large p
values (greater than 0.05) indicate that the null hypothesis is
acceptable. In this paper, the multivariate analysis of variance
is done at 5% significant level using SPSS.9 software. The
results of ANOVA, including the degree of freedom (df),
the ratio of variation between sample means to variation
within the samples (F) and the significant level of operating
conditions and their interaction are given in Table 2.
According to Table 2, there is a significant difference between
the truck speeds, haul road qualities and the materials
distribution qualities in the RMS values (p< 0.05). While, the
payload, in the range of 25 to 31 tons, has no significant effect
on the RMS values (p> 0.05).
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To study the effect of truck speed values and distribution
qualities of materials on the RMS values, Scheffe’s Post Hoc
Test (SPHT) is applied. The SPHT is the mean comparison
test used for finding relationships between the sub-groups
of the significant parameters. Results of SPHT are given
in Table 3. In this Table, there is no significant difference
between each subgroup of the operational conditions which
have the same symbol (p> 0.05). Scheffe test reveals that
there is a significant difference between various truck speeds.
The accumulation of the materials, uniformly or on the rear
side has the lowest effect on the RMS values. Moreover, the
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RMS values are at the highest level when the materials are
accumulated on the left side of the truck dump body.

5- Proposing the Optimum Operational Conditions

In the previous sections, the vibrational health risk was
analyzed and discussed. This section is devoted to proposing
the practical operating conditions to reduce health risk levels.
To achieve this aim, first, it is recommended that the loader
operators should try to accumulate the materials on the rear
side of the dump body, as much as possible. The accumulation
of materials on the rear side can make dumping easier and
safer. Moreover, regarding the high negative gradient of mine
haul road in the near of loading area, accumulating materials
on the rear side helps the driver to drive and control the truck
safely.

Vibrational data analysis shows that there is a high interaction
between the haul road quality, truck speed and RMS of
vibrations. Moreover, truck speed has a vital role in the mine
productivity. Therefore, speed limits should be proposed
based on two main criteria; health risk level and mine
productivity. Regarding the commitments of mine contractor,
at least 2500 tons of ores must be transported to refinery plant
every day. By considering six hours as the working time of
each truck and also, 20 active trucks on average, the materials
which must be transported by each truck is calculated as
about (2500/(6%20) =) 21 tons per hour. Therefore, the goal
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Table 2. ANOVA results at the 5% significant level

Variable df F- Value Significant
Haul road quality 240.250 <0.001
Speed 4 42.524 <0.001
Payload 41 0.632 0.962
Materials distribution quality 4 4.677 0.002
Two-way interaction
Haul road quality x materials distribution quality 4 4.119 0.003
Haul road quality x speed 4 89.105 <0.001
Materials distribution quality x speed 16 5.624 <0.001
Three-way interaction
Speed x haul road quality x materials distribution quality 16 3.692 <0.001
Table 3. Results of the Scheffe’s Post Hoc Test
Truck speed (km/h) Materials accumulation side
35-40 30-35 25-30 20-25 15-20 Left Front Right Uniform Rear
1.153¢ 1.062° 1.053° 0.924¢ 0.888" 1.077° 1.018° 1.0030 0.993¢ 0.980¢
productivity is considered as 21 t/h. 1.05
According to the recorded data for different conditions of RMS;, =-0.00015,2 + 0.0167S;, +0.514 o
the truck and haul road quality, the following relationships 1.00 R>=0.8009 -
between the values of RMS and truck speeds are obtained 0.95 S
using regression analysis by considering the mean of speed 090 o e 8
ranges for S: % oss § g
(RMS)),, =-0.0001s>. +0.0167S,, +0.514 R>=0801  (5) z 080
¢ ¢ " = 075 &
e~
0.70
(RMS),, = —0.000IS); +0.0265, +0.495 R > =0.855 (6) 0.65
0.60
10 15 20 25 30 35 40
_ 2 _
(RMS),, =0.0171S,, +0.523 R*=0.940 (7) Speed (knv/h) @)
1.40
= 2= RMS,, =-0.0001S ‘-00265} +0.4949
(RMS),, =0.0184S,, +0.514 R°=0.950 (®) 130 o —{yo 2553 § o
. o - s o
where subscripts f, e indicate loaded and unloaded truck, 1.20 o °
respectively. Also, subscripts g and p are for good and poor - §
haul road quality, respectively. For example, (RMS),, and S, 2 110
respectively indicate RMS of vibrations and mean speed 0% 5 1.00 g 8
loaded truck at good haul road. The values of R? indicate that g § .. g
the data are close to the fitted regression lines. The results of 7 090 8
regression analysis for the loaded truck at good and poor haul 0.80
roads are given in Fig. 11. :
To determine the optimum operational conditions, a 0.70
performance index is obtained based on the whole body 0.60
vibration of the driver to be minimized. By considering 10 15 20 25 30 35 40
the length of mine haul road with good and poor qualities Speed (km/h) (b)

as 3.3 and 6.8 km respectively, the duration of exposure to
vibrations for the loaded truck at the good and poor haul
road qualities is calculated as 3. 3/S/ and 6. 8/S , respectively.
Also, for the unloaded truck at the good and poor haul road
qualities, the duration of exposure is calculated as 3. 3/S and
6. 8/S , respectively.

Regardlng Table 1, the time exposure to vibrations in the
loading and dumping phases are considered as 0.083 (=5/60)
and 0.05 (=3/60) hour, respectively. The frequency-weighted
RMS at these conditions is calculated 0.869 and 0.420 m/s?,

Fig. 11. Regression analysis for loaded truck at (a) good and (b)
poor haul road qualities

respectively. Therefore, the eight -hour equivalent exposure
level for each working cycle of the truck, including four
operational phases; loading, transporting with load, dumping
and returning to loading area is calculated using Eq. (3) as:
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In these conditions, the health risk is in the moderate level
and mine productivity is in the planned level.
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