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ABSTRACT

Research has shown that operators of heavy equipment in the mining industry are
subject to whole-body vibration exposure that exceeds ISO 2631-1 (1997) guidelines. In
particular operators of haul trucks are at high risk. Consequently an initiative was made
to determine a solution to reduce the vibration exposure operators of haul trucks
experience. The result was the creation of a visual onboard monitoring system that
indicated to the operator when they were experiencing dangerous levels of vibration. In
operation, when the operator was prompted by the system, they would try to change their
driving patterns to avoid higher levels of vibration so that at the end of the shift they were
below the ISO 2631-1 (1997) limit. The research of this project was to determine if the
system was effective or not based on field testing of the vibration system. The results
demonstrated that the system could potentially reduce vibration. This type of system
could have significant impacts on the mining industry by improving health and safety of

operators with more field data and further research.
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1.0 Introduction

In our everyday lives we are exposed to, or experience the effects of vibration.
Most of our senses are stimulated by vibration giving us the ability to perceive our
environment. Whether it is feeling the sensation of nerves from vibration of a car while
driving on a poorly graded road or vibration of cilia in our ears giving us the ability to
hear during a conversation, vibration has an overwhelming presence in our lives.
Vibration is used to benefit us in many cases such as in the medical and exploration fields
where principles of vibration are used in areas of imaging and diagnostics. However it is
more common to recognize the damaging effects of vibration since these effects are more
publicized and familiar to us such as earthquakes where high energy vibration sources
cause tremendous destruction. On a personal basis many of us are familiar and have dealt
with damaging effects of vibration when it comes to our vehicles where awkward
vibrations serve as an indicator or the cause of damage, or with home appliances such as
washing machines rumbling indicating an off balance load causing vibration damage to
the mechanism of the machine.

Vibration has a strong presence in our lives, however the health effects of it are
not widely realized by people in general. Many occupations expose people to unhealthy
levels of vibration, commonly called whole body vibration (WBV), which until recent
decades the effects of which have not been recognized. This increased knowledge about
health and vibration has lead to this research to determine ways of reducing the source of
vibration or means of reducing the effects of it. In particular, the research involved in

this project has focused on the reduction of vibration exposure experienced by operators

-1-
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of haul trucks in the mining industry. This thesis discusses the creation of a system
designed to help reduce vibration and the evaluation of the effectiveness of the system

during field trials.

1.1 Mechanics of Vibration

Vibration is a phenomenon caused by the propagation of waves, which can be
defined as disturbance or variation that transfers energy progressively from point to point
in a medium. This energy transfer may take the form of elastic deformation, variation of
pressure, change in temperature, and so on. Vibration is an oscillatory motion which
causes particles in a medium to move during the propagation of the wave. Each particle
is displaced away from its original position and then returns after the wave has passed, as
long as there has been no deformation. There are two main categories of vibration:
deterministic and stochastic (random). Deterministic motion refers to oscillations that
can be predicted from knowledge of previous oscillations where as stochastic motion is
less predictable and only displays some statistical properties (Griffin, 1990). Both
categories can be further divided into sub-categories, however vibration encountered
during haul truck operation can primarily be described by stochastic motion. Stochastic
motion contains two sub-categories: stationary and non-stationary. Stationary random
vibration occurs where an object is stationary and exposed to vibration from a source,
such as, a bridge experiencing vibration from cars driving over it randomly. Non-
stationary vibration occurs when an object is in motion and experiences vibration from a
source. Random non-stationary vibration characteristics are present in haul truck

vibration so for this reason the research is concerned primarily with this type of motion.

-2-
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Vibration can be characterized by two properties: magnitude and frequency. The
magnitude is the extent of the oscillation where frequency is the rate at which the

oscillation cycles.

1.1.2 Magnitude

There are different methods to determine the magnitude of an oscillation. For
this reason it is important to understand how each method works since standards for
vibration and vibration analysis equipment use different ways of reporting or using
magnitudes in evaluatios. The three typical methods of expressing vibration magnitude

are: displacement, velocity, and acceleration.

1.1.2.1 Displacement

The first method is through the measurement of displacement during
oscillations. Displacement can be measured from the datum to the maximum peak in one
direction, referred to as peak displacement, or by the distance between the maximum
peak displacement in opposite directions. Reporting displacement for magnitude is

generally suitable for large-amplitude low-frequency motion.

1.1.2.2 Velocity

The second method is through the velocity of the oscillation. The common
means of expressing magnitude through velocity is through the peak-to-peak velocity
which is the difference between the maximum velocities of one direction and the opposite

direction.
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1.1.2.3 Acceleration

The last method, which is the most common, is through acceleration. As with
velocity, acceleration magnitude is more related to the energy involved in the oscillatory
movement. This can be expressed by the peak-to-peak acceleration or by peak
acceleration. This method is most commonly used since instrumentation for measuring
acceleration of oscillations are more convenient to use (Griffin, 1990). As a result, many
standards regarding vibration and human vibration express magnitude in units of
acceleration rather than velocity and displacement. The unit commonly used for

acceleration is m/s* or in gravity units, g.

1.1.3 Frequency

The other component for evaluation of vibration is frequency of oscillation.
The frequency is a measure of the number of cycles of motion occurring per second and
is expressed in Hertz (Hz). Motions commonly contain multi-frequency vibrations
(more than one frequency), therefore, it is necessary to determine the frequency content
of vibration. This is accomplished through the use of a frequency spectrum (Figure 1.1)
which separates the frequencies into bands. Each band represents a frequency that it is
centered on, such as 1 Hz, 2 Hz, 4 Hz and so on. The resolution of frequency analysis is
dependant on what type of octave band, is used. An octave refers to the interval between
two frequencies, where for full octave bands the ratio is 2:1, so the spectrum of a full

octave would be 1 Hz, 2 Hz, 4 Hz, etc. Another common octave scale that is used is the
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one third-octave, which have a ratio of ~1.25:1 (frequency spectrum 1, 1.25, 1.6, etc.).
One third-octave bands are generally preferred where a smaller separation between bands
(higher resolution) is necessary as is the case with the evaluation of whole body vibration

where the response of the body can vary between small intervals of bands.

LY

0 0.5 1 15 2 25 3 35 4 45 5

Frequency (Hz)

Figure 1.1 Sample frequency spectrum of a vibration sample

1.1.4 Quantifying Vibration

As mentioned earlier, acceleration of vibration is the most commonly used way
of quantifying magnitude and can be expressed in terms of peak-to-peak or peak
acceleration. This method works for motions that are consistent and simple, however

most motions are complex and by using this method the severity of the vibration can be
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represented by an unrepresentative peak. For this reason vibration severity is represented
by an “average” measure. The most common way of expressing the “average” of a
motion is through the use of the root-mean-square (RMS). The RMS, is the square root
of the average value of the square of the acceleration record (Griffin, 1990). For
example, a motion having a peak magnitude of A would yield a peak-to-peak magnitude
of 2A so the RMS value would be A/N2. When using the RMS, peak-to-peak or peak
RMS must be specified since uncertainty (2.828 to 1, non-sinusoidal error can be much

greater) can be introduced if it is not known which method is used.

1.1.5 Measurement

Vibration is measured through the use of vibration transducers, which are
devices that convert one form of energy to another. More specifically vibration
transducers convert mechanical energy (motion caused by vibration), to electrical energy.
The most commonly used vibration transducer is the accelerometer which produces an
electrical output proportional to acceleration when stimulated. The electrical output may
be in the form of voltage, charge, current, or resistance change. When choosing the most
appropriate type of accelerometer to use, the characteristics of the vibration motion must
be coupled with the specifics of the accelerometer to provide a correct match. Choosing
the wrong type of accelerometer for a certain vibration range can result in
misinterpretation of the results. For example, some accelerometers are incapable of
picking up the higher frequencies at an appropriate resolution so if the higher frequencies
are targeted for study, the results will not be accurate. Manufacturers list the

specifications for their accelerometers. As well there are often specifics given in
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standards and protocol for measuring vibration in certain applications that can assist the

investigator.
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2.0 Human Vibration

There are many aspects to the effects of vibration exposure to consider from a
safety and loss management stand point. These are concerned with damage to people or
property. In particular this study is more concerned with the effects to people, as a result
the effects of investigations are discussed in more detail. The following chapter is
intended to illustrate why it is necessary to investigate ways of reducing vibration
exposure through the effects it has on humans. In general, this chapter is aimed at
answering the question, why is it important to reduce vibration?

When discussing human vibration there are two main classifications. The first
is hand-arm vibration which is shaking of one to two limbs particularly the hands and
arms (more related to hand operated tools). The second is whole-body vibration (WBV)
which is related to the shaking of two or more limbs. Whole-body vibration by definition
is a result of the vibration of the supporting surface of a body (Bonvenzi, 1999). This
could be a vibrating platform which someone is standing on, or a seat of a vehicle that is
vibrating due to rough driving conditions...etc. For this reason the objective of this
investigation is concerned with whole-body vibration and will be referred to as WBYV.

The severity of WBYV exposure depends mainly on four factors: the magnitude,
frequency, direction, and duration (Griffin, 1990, Ozkaya et al., 1994, Bonvenzi, 1999).
The magnitude and frequency are related to the vibration signal source. Magnitude refers
to the energy of the motion with respect to WBYV; it can be considered to be the amount
of “force” capable of causing damage. The higher the magnitude of vibration the more

damaging the vibration can be to the physiological structure of the body. The second
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component is the frequency which affects severity by determining the intensity of
vibration or the period for which a magnitude is being applied. For example, a vibration
having a high magnitude will not necessarily be damaging if the frequency is very low.
The third factor, direction, is the location of where the vibration source is coming from in
relation to the position of the body. This is based on a 3 dimensional (x, y, z) coordinate
system. Different directional vibration will yield different results for severity (Wikstrom
et al., 1994). For example, someone in a seated position driving will experience vibration
primarily in the Z-direction moving parallel with the spine. Depending on how rough the
road is in this situation the driver may also experience motion in the X and Y directions
which are more dangerous to health than in the Z-direction. The final factor affecting
severity is the duration, which is the length of time of exposure to vibration. Someone
experiencing high magnitude jolts periodically can have similar damaging effects as
another person experiencing very low magnitude low frequency vibration constantly for a
longer length of time.

Different combinations of these factors can produce a variety of effects on
health. Within these combinations, different organs of the body are affected by different
combinations. The mechanics behind WBYV is very complex; when vibration enters the
body, soft and bony tissues begin to vibrate causing each type of tissue or organ to start
vibrating at its own frequency. How a specific organ reacts to vibration depends on the
mass, stiffness, and damping attributes (Thalheimer, 1996). As a result, when a vibration
frequency of an external source matches the natural frequency of an organ or tissue,
resonance can occur which is a serious condition and can cause the organ to vibrate at
very high amplitudes (Dias and Phillips, 2002). This means that someone can be

-9.
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receiving damage to body organs and tissues when being exposed to vibration, even
though the vibration amplitude is low but the frequency matches the natural frequency of
the body part. The critical frequency for most of the body, based on research, has been
found to be 4 to 8 Hz in the z direction and 1 to 2 Hz for the x and y directions. At these
frequencies in a specific direction the most damaging effects will be seen (Tescke et al.,

1999).

2.1 Health Effects of Whole-Body Vibration

Traditionally the effects of WBV were not recognized and therefore WBV was
not a concern. With more and more people reporting health problems in occupations
where there are high exposures to vibration, WBV began to come into focus. As a result,
within the past few decades there have been numerous investigations into whole-body
vibration and its effects on health. These investigations have shown an overwhelming
presence of health problems for people exposed to WBV. Although each investigation
was conducted independently, the results and health diagnosis are very similar.

Health problems that have been discovered can have physiological
pathological, and psychological effects. Table 2.1summarizes the health conditions that
have been found to occur as a result of WBV exposure. Of these health conditions the
most prevalent are lower back problems which include diseases of the lumbar spine, disc

degeneration and other pathological effects to the spine and skeletal structure.

-10 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Health Problems Related to Whole Body Vibration

Phyisological Psychological

lower back pain Chronic Fatigue
Lumbago Nervous Irritability
Sciatica

Generalized Back Pain
Intervertebral Disc Herniation
Intervertebral Disc Degeneration
Cardiovascular Disorders
Osteoarthritis
Gynaecological Disorders
Male Sexual Disorders

Table 2.1 Summary of health problems related to whole-body vibration
In a review conducted by Wikstrom et al. (1994) that compared a number of studies with
a total of 18,000 exposed subjects and 29,000 control subjects not exposed to vibration, it
was found that the subjects exposed to vibration had a much higher rate of lower back
problems (LBP). The main conclusion was that WBV can contribute to the development
of degenerative changes to the intervertebral discs and vertebraec (Wikstrom, 1994).
Another review conducted from 1986 t01997, which took 43,000 subjects exposed to
WBYV in a number of different industries and compared them to 24,000 control subjects,
concluded that subjects exposed to WBYV had much higher incidences of LBP and
degenerative changes in the spine. It also revealed on a lesser scale, that the subjects
exposed to WBYV also had a higher rate of adverse effects, compared to the control group,
on the digestive system, female and male reproductive systems, and vestibular systems
(Seidel and Heide, 1986). A third review prepared for the Workers” Compensation Board
of British Columbia, showed that there is a link between back disorders and WBV

(Teschke et. al., 1999). The most commonly noted were disc herniation and
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degeneration. It was also noted that consistent exposure to WBYV after 5 years elevated
the risk of developing back problems.
One of the most concerning aspects of WBYV related to health is the development of
pathological changes in the spine. A pathological change is considered to be physical
damage or change to a body part. In many cases the physical damage is irreversible and
conditions associated with the damage result in chronic pain or handicap. In particular,
pathological changes due to degenerative processes caused by WBV can result in
conditions such as: chondrosis, osteochodrosis, spondylosis, spondylarthrosis, and
intertebral disc protrusion and prolapse (Dupuis and Zerlett, 1986). Pathological diseases
like the ones previously listed were found to have a higher incidence in people exposed to
WBYV for many years compared to unexposed control groups (Miyashita et al., 1992).

There are additional effects that have been found relating to WBV. These
effects are not physical or damaging to the body but can increase the risk of danger in
working environments. Studies like the one conducted by the Australian Transport
Safety Bureau have found that vibration causes changes to body metabolism and
chemistry resulting in fatigue (Mabbott and Newman, 2001). This has serious
implications in environments such as mines where fatigued truck drivers may not be able
to focus at the task at hand, putting themselves and other’s safety in jeopardy.

It is apparent that a consistent exposure to vibration can cause significant health
effects and that the likely hood of developing health problems relating to WBV is
inevitable for prolonged exposure. Many of these health effects are irreversible and

people suffering from WBYV disorders will experience pain or even worse a disability for
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the rest of their lives. Such pain and disabilities can prevent people from leisure activities

as well as their jobs.

2.2 Standards for Whele-Body Vibration

As a result of the numerous studies linking WBYV to health problems, standards
have been developed by various partnerships between governments, physiologists,
universities, and independent experts. The standards are aimed at defining guidelines for
durations of vibration in an attempt to reduce the amount of vibration one can sustain.
Although these standards are determined by the top experts in the world in this field, the
standards themselves have limitations, as with any standard, due to the complexity of the
subject and therefore debatable. However, WBV standards provide a metric for
evaluating and provide guidelines for exposure limitations.

Standards for WBV have been developed by different organizations; the main
ones are the International Standards Organisation (ISO) and the British Standards
Institute (BS). The International Standards Organisation developed ISO 2631-1 (1997),
Mechanical vibration and shock-evaluation of human response to whole-body vibration
(a revision of the original 1985 version) and the British Standards Institute developed BS
6841, Measurement and evaluation of human exposure to whole-body mechanical
vibration and repeated shock. Many countries have their own standards but are merely

derivations of the ISO standard.
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2.2.11S0 2631-1 (1997)

ISO 2631-1 (1997) is a modification of the original standard ISO 2631-1
(1985). This standard provides details on how to measure vibration and the evaluation of
vibration with respect to comfort and health.

ISO 2631-1 (1997) uses a three dimensional coordinate system (figure 2.1)
where each axis is orthogonal to one another. As a result, transducers used to measure
vibration have to be placed in the direction of the corresponding axis of measurement
orthogonal to one another. The standard requires that the location of measurement
devices (location of transducers) should be placed at a point where vibration is entering
the body. For someone that is seated this would be on the seat pan of the supporting

surface.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Seat-back Pitch {r,)

Rotl {r,}

Figure 2.1 After ISO 2631-1 (1997) Coordinate System

To evaluate vibration the standard averages vibration over time and frequency bands so
signal conditioning is required. The general requirements are that the frequency range to
be considered is 0.5 Hz to 80 Hz. Therefore signal conditioning equipment must be
adequate to accurately sample the highest and lowest frequencies. This requires band
limiting filters with a high-pass filter at 0.4 Hz and a low pass at 100 Hz. Sampling rate
of signals is to be 1.5 times the highest frequency of interest, termed the Nyquist

frequency, in order to optimize signal to noise ratio. Specifics for creating required filters
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are found in IEC 1260: 1995 (IEC, 1995). Once the initial signal processing is fulfilled,
the acceleration data (separated by each axis: x, y, z) is to be passed through another filter
that separates the signal into 1/3 octave bands producing a frequency spectra (as
described in section 1.13). Specifics for one-third octave band filters are also found in
IEC 1260: 1995.

ISO 2631-1 contains two methods for evaluating exposure. The first is the basic
evaluation method which uses the weighted root-mean-square acceleration; and the
second uses the fourth power vibration dose method. To follow the basic evaluation
method as set out by ISO, the next step would be to apply the frequency weightings to

each a band of the spectra to yield the frequency-weighted acceleration (equation 2.1).

a, =[Z(W,-ai )Z] (2.1)

where:

acq= weighted acceleration;

W;= weighting factor for i th one-third octave band;

a; = r.m.s acceleration for the i th one-third octave band.

The frequency weightings for the z-axis that are used in the standard are
referred to as Wk and the weightings for the x and y axes are referred to as Wd. The
weightings are shown in the ISO 2631-1 (1997) standard. The weighted acceleration is
calculated for the measurement duration for each axis and the results are compared to the
health caution guidance zones (figure 2.2). The health guidance caution zone chart has
three distinct zones corresponding to the exposure duration and weighted acceleration.

The first zone, referred to as “safe” zone, is located under the bottom line and it
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represents minimal effects to the body, the second is the “caution” zone where there are
possible effects, and the third zone is the “danger” zone in which health effects are likely.
For example, someone being exposed to WBYV for 8 hours with an A¢q of 0.63 m/s’

would be in the caution zone for health guidance.
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The total vibration value of weighted acceleration can be calculated to give the

sum of vibration using equation (2.2) and then compare to the health guidance zones.

a,=(Ka: +Ka, +Ea )" (22

x Gwx T Ryt TR,
where:
kx, ky, k; are the multiplying factors for each axis (1.4 for X and Y, 1.0 for Z);
awx, awy, 3wz are the frequency-weighted accelerations for each axis.
Equation 2.2 was developed to give the X and Y directions a higher weighting. This is
based on studies that have found that vibration in the X and Y directions have been found
to be more damaging to the body than the Z direction. In the standard it is unclear as to
whether the sum is required to be used for health evaluation but it is suggested in the
standard that when two or more axes are comparable, the sum can be used.

If there are two or more periods of measurement then the standards suggest
using the equivalent vibration magnitude which can be calculated using the running root-

mean-square (RMS), given by equation 2.3.

Where:

Aeq= equivalent vibration magnitude;

awi = vibration magnitude for the exposure duration of T;.

The results for the equivalent vibration magnitude are also compared to the health caution

guidance zones.
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The other method for evaluation using the fourth power vibration dose method
referred to as the vibration dose value (VDV)), is slightly different. This method is more
sensitive to peaks than the basic method by using the fourth power rather than the second
power. Itis suggested that the VDV method be used when the crest factor, which is the
peak acceleration divided by the RMS acceleration, is above 9. However, the standard
also mentions that the crest factor is an uncertain method for deciding whether RMS
acceleration can be used to assess human response to vibration, providing confusion on
what method to use. Therefore the user must interpret and decide what method is best
based on the characteristics or their situation. The VDV method utilizes the same
process and equations as the basic method, the only difference, as mentioned earlier, it

that the VDV uses fourth power rather than the second power (equation 2.4).

1/4
VDV = [Z (W.a, )“} 2.4)
As with the acceleration equivalent, the VDV equivalent (equation 2.5) remains the same
but with fourth power.

Zaii T 1/4
VDVeq = |:———— (2.5)
27

The main difference between the basic and VDV methods exists in the evaluation of the
health guidance. The VDV methods uses vibration dose values between of 8.5 m/s'”
and 17 m/s"" for defining the health guidance caution zone. The same chart used for the
basic method can be used for VDV. However, the VDV values must be converted to
RMS values using the estimated vibration dose value (figure 2.3). The VDV equivalent

health caution zones are shown by the dashed lines.
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2.2.2 BS 6841 (1985)

The British standard for whole-body vibration essentially follows the same
procedure as indicated in ISO 2631-1, with a few differences. The first difference is the
use of four measurements instead of three. BS 6841 suggests using a seat backrest
measurement in the X direction in addition to the X, Y, Z measurements from the seat
pan. The signal processing requirements are essentially similar to the requirements stated
in ISO 2631-1. The second difference is the frequency weighting factors, which are the
same for the X and Y direction as in ISO 2631-1, but differ for the Z direction. ISO
2631-1 uses a frequency weighting shape referred to as WK, is sensitive to low
frequencies (0.5 Hz - 5 Hz) where as BS 6841 uses the frequency weighting, Wb, which
is more sensitive to higher frequencies (5 Hz — 8 Hz). As a result the Wk gives higher
weighting than Wb in the 0.5 Hz — 5 Hz range and conversely Wb gives higher weighting
to the 5 Hz — 8 Hz range.

The biggest difference between the two standards is through the choice of
evaluation. As discussed earlier, ISO 2631-1 suggests two main ways of evaluating
vibration. The first is through the use of the basic evaluation method, which is a RMS
type calculation using the second power A.q, and the second is the vibration dose value
method which uses the fourth power. The difference is not in the calculation but which
method to use. The British standard advocates the use of the VDV method since it
suggests that the peaks encountered during vibration are the most damaging to health.
The same equation used in ISO 2631-1 for VDV is used in BS 6841 (equation 2.4). The

sum measure is not used in the British standard as it is suggested in the ISO standard.
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For the evaluation of health on vibration exposure, BS 6841 does not use the health
guidance system as used by ISO 2631-1 but rather uses an “action level”. The action
level is the VDV value which vibration exposure is harmful to health and a reduction of
vibration should be considered. The action level can be compared to the health guidance
caution zone chart from ISO 2631-1 (1997) using the estimated vibration value (figure

2.4). The action level is indicated by the dash dot line.
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2.2.3 Worldwide Use of Standards

Both standards provide procedures for measuring and evaluating whole-body
vibration but are different in this method. There are both positive and negative aspects to
each standard making the decision difficult when choosing which one to use (Lewis and
Griffin, 1998). Most countries use ISO 2631-1 as the standard of choice, or a derivative
of it, for whole-body vibration. Canada, Australia, South Africa, the European Union,
and other countries, all state ISO 2361-1 (1997) as being the standard of choice. The
United States uses its own standard (SAE J1013, 1992) which is a derivative of the ISO
standard. Based on general consensus, one would assume that using the ISO standard
would provide a better platform for evaluating WBYV due to its widespread use and
making it easy to compare exposure studies to each other. To the best of the author’s
knowledge, Britain is one of the only countries that uses BS 6481 as the standard for

WBYV with few countries referring to it as an alternative method for evaluating WBV.
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3.0 Occupational Exposure

It is estimated that between 4 — 7% of all workers in the United States, Canada,
and some European countries are exposed to potentially harmful levels WBV; with more
that 7 million workers in the United States alone exposed on a daily basis (Cann et al.,
2003). Through the use of standards, particularly ISO 2631-1 (1997), there have been a
number of studies that have measured the exposures encountered by subjects of a variety
of occupations. Of all the occupations studied, driving occupations showed the greatest
risk as a result of high vibration exposure. In particular, driving occupations involving
earth moving machinery such as dozers, front end loaders, scrapers, haul trucks, etc...,
where off-road travel is regular, show the highest risk (Teschke et al., 1999, van Niekerk
et al., 1999). These high exposure driving occupations are a characteristic of the mining
industry. Driving on very poor ground conditions is frequent making the mining industry
a high exposure environment. One study conducted by Cann et al., showed that eight out
of fourteen mining equipment types tested exceeded safe VDV as set out by ISO 2631-1
(1997). It was also shown that operators of certain equipment, such as haul trucks, were

exposed to WBYV levels with greater risk of developing adverse health effects.

3.1 Exposure Studies in the Mining Industry

There have been a number of research projects that have produced exposure
results for mining equipment. A few of the studies have used the British Standard with a
majority using the ISO standard. The common underlying theme with all the studies is

that WBYV levels experienced by operators of mining equipment are greater than the ISO
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health caution guidance recommendations. In fact one investigation revealed that all
mining vehicle exposures were greater than ISO 2631-1 (Teschke et al.,1999).

Exposure measurements in the South African mining industry conducted on
135 ton payload haul trucks using ISO 2631-1 (1997) showed that the exposure levels
(Aeg) for the x, y, and z directions were 1.23 m/s?, 1.6 m/s® , and 1.15 m/s* respectively
for a duration of 4 hours. Individually for each axial measurement the x and y axes are
above the ISO danger limits while the z measurement is in the caution range for the 4
hour exposure. The sum for these results would produce an A¢q of 3.05 m/s®, which is
well over the safe limit. Operators continually driving under these conditions would be
exposed to harmful levels of vibration that would likely lead to adverse health effects.

Another vibration exposure research project examined the levels of exposure
for various types of construction equipment including haul trucks (size not mentioned).
Vibration signals were averaged every 30 seconds for 20 minute testing periods. The
results showed that the weighted acceleration (sum) ranged from 0.7 — 1.7 m/s* with a
mean of 1.21 m/s>. These ranges would not put a subject at risk for the 20 minute period
since it is well below the caution guidelines. However, the 20 minute periods can be
representative of the entire shift since haul trucks have cyclical operating routes that they
travel on for a majority of a shift, the exposure encountered by the operators in this study
would place them in the dangerous guidance zone in just one hour.

The results found in the previous studies were confirmed by a third study
conducted in the oil sands industry in Ft. McMurray, Alberta, Canada. In this study a
number of pieces of mining equipment were tested, including three haul trucks
(Robinson, 1999). The Caterpillar 777 (163 tons), Caterpillar 789 (317 tons), and
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Dresser (Komatsu) 830E Haulpak (385 tons) were the three types of haul truck tested.
The exposure times were 11 hours for the Caterpillar trucks and 10.5 hours for the
Haulpak trucks. The A, values obtained from each of the trucks were as follows:
Caterpillar 777 0.5 m/s (x), 0.3 m/s” (y), and 1.0 m/s’ (z); Caterpillar 789 0.5 m/s* (),
0.3 m/s” (y), and 1.0 m/s? (z); Haulpak 830E 0.2 m/s” (x), 0.2 m/s (y), and 0.9 m/s’ (2).
Based on the results from this study all three trucks were below the caution region of the
ISO 2631-1 health guidance caution zones in the x and y direction. However, the
Caterpillar 777 and Dresser 830E were in the in the “danger” zone in the z direction and
the Caterpillar 789 was in the “caution” zone but close to being in the “danger” zone. All
three trucks are well into the “danger” zone for the sum of weighted acceleration with
values of 1.29 m/s? for the Caterpillar 777, 0.939 m/s” for the Caterpillar 789, and 0.983
m/s” for the Dresser 830E. It is apparent that someone subjected to this type of exposure

consistently is at risk of developing health problems.

3.2 Legislation

Due to increasing concern for whole-body vibration some countries have
introduced legislation regarding exposure. However, when considering the problems of
whole-body vibration it seems unreasonable that more legislation controlling exposure
has not been introduced. In Alberta alone, the cost of vibration related injuries and
incidences from mobile equipment has been $1,703,119 from January 1999 to October
2004 (WCB, OCT.17, 2004). Another alarming statistic indicates that their have been
6,670 temporary disability days (days where work has been missed) as a result of

vibration induced injuries from mobile equipment.
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3.2.1 International

Internationally, whole-body vibration related problems are recognized but are
largely not controlled. The United States and Australia do not have any regulations
regarding WBYV, but recommend using guidelines set out by each country’s suggested
standard of choice. Since it is only recommended that the standards should be followed,
they are not enforceable by law.

Conversely, other countries have taken the opposite approach and made whole-
body vibration standard legislation. It was estimated that 24% of workers in Europe are
exposed to mechanical vibration, realizing the consequences the European Union decided
to legislate whole-body vibration exposure limits, based on ISO 2631-1 criteria. The
only deviation is that the European Union has set a daily exposure limit of value 0.8 m/s’
and 14.6 m/s"”® (VDV) for an 8 hour reference period (EU, 2001). Since this is
legislation by the EU, all the member states are required to comply.

Realizing the effects whole-body vibration can have, some countries have taken
a step further and added vibration related illness to official occupational related diseases.
Belgium, France, Germany and the Netherlands are among the countries that consider
vibration related illness an occupational disease, which is compensable (Bonvensi, 1999

Dupis, 1994 ).

3.2.2 Canada

In Canada, occupational legislation is controlled by each province. Whole-

body vibration legislation for the most part is negligible, with the exception of British
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Columbia. In British Columbia it is law to comply with the guidelines set out by ISO
2631-1 (1997). Currently Alberta has no legislation to protect workers from whole-body

vibration related disease but recommends compliance with ISO 2631-1 (1997).
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4.0 Thesis Project

During the course of a shift, operators of haul trucks in the mining environment
can be exposed to high levels of vibration. These high amounts of vibration can be
attributed to aggressive driving patterns, rough and poorly maintained roads, poorly
placed loads by shovels, and poorly maintained equipment. Subsequent to reported
incidences of vibration induced injuries during operation of haul trucks, Syncrude Canada
Limited decided to investigate exposure experienced by its employee’s during operations.
It was found that operators of haul trucks experienced levels of vibration that would be in
the caution and danger zones of ISO 263 1-1 (1997) health guidance caution zone (Radke
and del Valle, 2002). These findings were consistent with the results of other
investigations at other mines as discussed in previous sections. As a result of findings
and commitment to health and safety, industry in partnership with the University of
Alberta, took initiatives to develop ways of reducing whole-body vibration among
operators of haul trucks.

There are three ways of reducing vibration of mobile equipment through the
improvement of: driving surfaces, mechanical equipment, and operational practices. Each

of the solutions have been examined or research is currently underway.

4.1 Driving Surfaces

The condition of the terrain that mobile machinery operates on, highly
influences vibration exposure. It has been found that continuous surfaces along with

regular maintenance of roads produce lower vibration exposure levels (Ozkaya, 1994).
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As haul trucks drive on roads and loading areas, the weight of the machinery along with
inconsistencies in road structure, produce ruts and hummocks that severely deteriorate the
surface conditions. This rapid degradation of the operating surface can occur within a
few truck cycles. Firm surfaces can produce these conditions making it even worse for
soft ground conditions like oil sand. This is a tremendous challenge for oil sands mines
where very soft underfoot conditions dominate. Persistent road maintenance to reduce
road roughness would help reduce vibration exposure. However, in mine operations,
equipment resources are often exhausted due to high demands within the mine site,
making it extremely difficult for continuous maintenance. One solution to this problem is
to improve the efficiency of haul road maintenance. In doing so, the maintenance effort
may produce better and longer lasting results. To achieve better efficiency of haul road
maintenance, a better understanding of the ground materials in the mining environment is
necessary. Currently research is being conducted to gain a better understanding of the
behaviour of oil sands when loading and unloading cycles occur (Joseph, 2002). It is
believed that this work will inherently help reduce vibration exposure experienced by
operators in this environment. This approach however will occur long term any may not

completely eliminate the problem of operator vibration on its own.

4.2 Mechanical Equipment

Generally, there are two ways of reducing vibration in haul trucks. The first
option involves the modification of the truck design to reduce motions that cause
vibration. One method of achieving this is to reduce roll and pitch motions of the vehicle

since both of these motions can cause severe vibration in the cabs of heavy haulers. By
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lowering the centre of gravity of the vehicle these motions would be reduced, improving
the vibration characteristics. However this is not a very practical method since any
design changes would require a complete change of the manufacturer’s assembly line. In
addition to this, the specifics and functionality of the vehicle could be compromised
causing mines to drastically adjust mining methods as well as mining infrastructures such
as maintenance shops, hoppers, etc... This is not to say that it is impossible for this
change to occur, but rather a very long term change, if this direction is taken by
equipment designers and manufactures.

The second solution involves a less drastic change in equipment design through
modification of suspension. This is accomplished through suspension systems of the
struts, cab, and seat. Under current practices suspension of the seat or vehicle do not
necessarily reduce vibration exposure and in some instances the suspension systems are
amplifying rather than attenuating vibration (Tescke, 1999). However, properly designed
suspension systems tailored to the specific operating conditions can drastically reduce
vibration exposure. It has been found that a combination of the three suspension systems
(struts, cab, and seat) can result in a 50% reduction of vibration (Donati, 2002). To
achieve such a reduction, the suspension system must be designed so that its highest cut-
off frequency is less than the input frequency and should be sufficient enough so that
bottoming and topping out at end stops does not occur. Therefore the frequencies and
magnitude of vibration encountered during operation must be known to design a
suspension system that will compensate for the specific conditions. Most suspension
systems in haul trucks are designed for hard ground conditions which are encountered in

hard rock mines, however for soft ground conditions such as in the oil sands there are

-33-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



little or no suspension systems that are designed for the conditions. To design a
suspension system for specific conditions is very difficult in practice in the mining
industry, since the conditions are constantly changing with weather and large equipment.
This solution requires further research and is long term.

Another way of modifying suspension is through semi-active suspension where
the suspension characteristics change to conditions rather than have the same reaction to
all vibration. Semi-active suspension could provide a very effective way of reducing
vibration however; each suspension system requires a specific algorithm for the

conditions that will be encountered which is a very complex and costly process.

4.3 Operational Practices

The final solution considered here focuses on improving how the vehicle is
operated. It has been shown that the vibration emission levels increase with travel speed
and surface roughness (Author Unknown, Noise and Vibration Worldwide, 2002). By
changing driving patterns vibration exposure might be decreased. This could be done in
a number of ways, but the idea of an operator feedback system came about after the
successful use of another feedback system in the mining industry. The feedback system
previously used was put into practice to warn operators of high stress events on dragline
booms during operation (Carroll,1997). This system provided operators with a visual
screen that indicated to them that stress levels in the boom were reaching damaging
levels. The premise behind this feedback system was that when the operators received an

indication of high boom stress levels, they would ease off on operation to lessen boom
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stress. The dragline boom stress feedback system proved to be very effective in reducing
boom damage.

It was thought of that the same idea used for dragline booms could be applied
to reduce vibration in haul trucks. The same principle would be applied, where the use of
a visual feedback system would indicate to operators when they are receiving harmful
doses of vibration. During operation, when drivers were prompted that they are receiving
harmful levels of vibration, they would ease off operation and/or change driving patterns
to avoid such vibration. This would be a near future solution and could be implemented
sooner than others if proven successful. In additional to this, the feedback system would

be less costly than other solutions.

4.4 Operator Feedback Warning System

Based on the principles behind the vibration feedback system, it was decided
that research be conducted regarding the use of a feedback system to reduce operator
vibration exposure. It is hypothesized that a vibration feedback system could potentially
reduce vibration which is the topic this thesis research will attempt to answer. It has been
found that rack produces the most damaging effects to haul trucks frames (Joseph, 2002).
Rack is defined as the sum of the strut pressure of the front right and rear left minus the
sum of the front left and rear right. As a result, if a relationship can be established
between rack and vibration equivalent, then any potential reduction in vibration would be
reducing rack events that cause frame damage, and inherently those that are passed on to
the operator. In general, the question to be answered here is: Can a vibration feedback

system reduce vibration exposure experienced by the operators of mining haul trucks?
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5.0 Methodology

To answer the thesis question the specifications of the feedback systems had to
be determined. Details concerning how the system would work, what would the display
look like, the development, the deployment and use, and the evaluation had to be

answered.

5.1 Vibration Feedback System Criteria

In order to answer the question regarding a vibration feedback system’s
effectiveness of reducing vibration exposure, a firm plan of action for how the system
would work had to be determined. For this project the focus was on the overall exposure
for the entire duration of a work shift. To achieve an overall reduction of vibration
exposure, each instant of a vibration event would have to be reduced. As a result, it was
decided that two types of indicators would be used.

The first would be an instantaneous display showing the severity of vibration,
based on threshold values, the operator was experiencing at a given moment. The
intention of this type of indicator is to make the operator aware of any dangerous
vibration events they received at any moment so that they in term could change driving
patterns to obtain an acceptable vibration level which would also be indicated once the
vibration levels dropped below the threshold.

For events where there would be quick jolts of high magnitudes of vibration,
where they occur too quickly for the operator to react, the intentions of the feedback

system in this case would be slightly different. In these circumstances, the operator
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would know the location where they received the high vibration indication and could
change driving patterns to lessen the severity at that location or avoid it. If the location is
still causing vibration problems after the fact, it would serve as an indicator to operation
supervisors to repair the problematic ground conditions. This would also work when the
trucks are being loaded, where a large number of jolts often occur, by the operators of
haul trucks notifying the loader or shovel operators when they are receiving high
vibrations while being loaded. This way the loader or shovel operator can make a
conscious effort to place material into the truck gentler. However the vibration feedback
system would only be applied for these cases once it was proven effective by this
research project.

The second vibration indicator would be an overall vibration indicator or meter
that would show the overall vibration the operator has experienced for the shift. This
type of meter can be compared to a radiation exposure indicator that people wear that
work near radioactive sources. As a person is exposed to radiation the indicator will “fill
up” to the amount of radiation exposure reaches the recommended limit. At this point the
person can no longer be exposed to radiation within a certain time period under the
recommended limit for exposure duration. The vibration indicator would work in the
same fashion. During the operation of the haul truck the overall vibration meter would
fill up based on vibration levels and once the recommended vibration limit for the shift
duration was attained the operator would have to be removed from the equipment to
avoid further exposure.

The intention of the operator feedback system was for the two indicators to
work together to help reduce vibration. The first indicator would help reduce vibration for
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increments of time (instantaneous), then the overall incremental vibration summed for the
operation duration would be reduced, which would be displayed by the second indicator.

Once the logic behind how the system would work was defined, the actual
system design had to be determined. An appropriate system would have to fit certain
criteria in order to answer the question of this research. The first point that had to be
satisfied was the ability to show the two displays, being the instantaneous and cumulative
vibration, so that the operator could visually receive their vibration exposure so that they
could react accordingly. The second was that the two displays had to be simple and easy
to understand. If the display were difficult to understand or could potentially be misread,
the whole point of the feedback system would be jeopardized. The third was that the
system used ISO 2631-1 (1997) as a measurement and evaluation standard. There is
debate as to what whole body vibration standard is best to use. For this project ISO
2631-1 (1997) was selected over other standards to be used for the measurement and
evaluation of vibration for a number of reasons. This standard gives higher weightings to
lower frequencies making it more appropriate for off-road vehicles due to its sensitivity
to lower frequency vibration (Lewis and Griffin, 1998). It has been found that the model
suggested by ISO 2631-1 (1997) better predicts subjective evaluation than other
standards (Griefahn, 1999). The ISO standard for whole-body vibration is widely used
making the results analogous for comparison to other studies. The final criterion was that
the feedback system would have to record the vibration values for both instantaneous and
cumulative vibration so that the data could be analyzed.

When selecting an appropriate system that could be used for the project the four
criteria that had to be satisfied were taken into consideration. The first option for the
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selection process was to take at look at the commercially available units. Two
commercial units were looked at. The first system that was examined was the SVAN
912A manufactured by SVANTEK. This system was capable of measuring vibration and
providing RMS calculations. However the SVAN 912A was determined to be
inappropriate for the purposes of the project since the system did not evaluate whole-
body vibration according to ISO 2631-1 (1997), and failed to provide a simple display.
The second system, the HVM100, manufactured by Larson Davis was better since it used
ISO 2631-1 (1997) for whole-body vibration evaluation. The downfall with this system
as with the first was that it failed to provide a display that could easily be understood.
Both systems used number values for the RMS vibration instead which would be
meaningless to the operators using the system. As well, both systems did not have the
two types of vibration indicators that were desired for the project. As a result it was
decided that in order to satisfy the specific criteria of the project, an in-house system had

to be built.

5.2 System Design

To design the ideal feedback system with respect to the particulars of the
project a few details had to be resolved in order to choose the system specifics such as

software and hardware.

5.2.1 Visual Display

The first step was to determine what the cosmetics of visual display would be,

and how to properly convey vibration information to the user so that it was easy to
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understand. For the instantaneous display it was decided that the simplest means of
expressing vibration levels would be through a three color LED system similar to a traffic
light. A green light would light up if the vibration levels were okay, a yellow light would
indicate vibration levels in the cautionary range, and a red light would denote vibration
levels in the dangerous zone. During operation the driver would try to maintain a green
light. If the driver was receiving yellow and red lights during operation, it would indicate
to him/her to change their driving pattern so that they would receiving a green light more
consistently thus lowering vibration exposure. The second display showing the
cumulative vibration for the duration of the shift would also have to be simple. The type
of indicator that was decided to be the most suitable was a gauge type indicator similar to
a speedometer. The gauge would have color coded graduated markers starting from a
low cumulative vibration at thé beginning of the scale indicated by green moving to
higher cumulative vibration at the end of the scale indicated by red. This indicator would
be directly related to the instantaneous green-yellow-red light system since it would use
the cumulative vibration dose from each instantaneous dose. As a result the more
consistent one is at receiving a green light the lower the cumulative vibration will be.
Each dose of vibration received would cause the dial on the gauge to move towards the
red zone with a threshold indicator line specifying when the operator is above the
dangerous threshold level for a 12 hour shift based on ISO 2631-1 (1997) health caution
guidelines. When the danger limit has been breached the operator should be removed
from the machine.

Once the specifics of how the visual display would look and function were
established the details of how to construct a system that would fulfill the system
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functionality was addressed. Careful consideration was given to choosing the type of

software and hardware used for the project.

5.2.2 Software

The choice of software was based on its ability to allow for the calculation of
vibration including necessary signal processing as well as its capability for a windows
interface which could provide a simplistic display. After considering a number of
software packages the one which best suited the needs for the project was Labview 6.0 by
National Instruments. Labview 6.0 is programmable software used for data acquisition
that provides customized displays using Windows. This software package provided an
excellent platform for all the required needs including data acquisition, signal processing,
calculation, and simplistic display. Labview 6.0 contains built-in functions that make
data acquisition very easy and precise. As well, it contains built-in tool sets for signal
processing that conform to International Electrotechnical Commission (IEC) and
Automotive Electronics Council (AEC) standards. One of the predominant features of
this programming language is that it is easy to use since it is visual based using diagrams
and icons rather than text. The program created called Vibration-Main.vi consists of six
basic steps: data acquisition, signal processing, equivalent vibration calculation
(instantaneous), equivalent vibration calculation (cumulative), data recording, and results
display (figure 5.1). The resulting steps are divided into sub-virtual instruments (sub VI)
which are analogous to functions in other programming languages. In figure 5.1, the

corresponding sub VI’s for each step are listed in brackets where a sub VI exists.
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Data Acquisition (Data-in.vi)

A 4

Signal Processing (Filter.vi)

\ 4
Equivalent vibration calculations instantaneous
(X-Aeq.vi, Y-Aeq.vi, Z-Aeq.vi)

v

Data recording

Equivalent vibration calculations cumulative T
(Sum subvi.vi)

Display results (Display.vi)

Figure 5.1 Vibration-main.vi Program Flow

The complete wiring diagrams for Vibration-main,vi used for programming are shown in
Appendix A. The diagrams show how the program is compiled to produce the desired

results.

5.2.3 Data-in.vi

Data-in.vi is a sub-vi making the first step of the program information flow.
The general flow of information of the sub-routine is shown in figure 5.2. This sub-
routine is responsible for acquiring data/signal from a selected device to send to the next

routine. The option is given in Data-in.vi to use real data collected from accelerometers
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or use computer generated sine wave data. The computer generated sine wave was added
to the program for debugging and calibration purposes. The sine wave generator is a
Labview built-in function where the amplitude and frequency can be adjusted. The first
process for the program is to select which type of data to use (real/fake). Once the data
type is selected, (accelerometer data or sine wave data) the user is prompt to input the
scan rate and the number of samples per channel. One thing to note is that for field
testing, the program will be hard coded to use accelerometer data only so the operator
will not be prompt for any input. The scan rate is the frequency with which the data
sample will be taken, ie. a scan rate of 200 would indicate a sample rate of 200 samples
per second or 200 Hz. The samples per channel are the amount of data points to be read
for each data block. To satisfy ISO 2631-1 (1997) a scan rate of at least 200 Hz must be
used to which is roughly the Nyquist frequency for the desired range of frequencies of
interest. By using the Nyquist frequency, problems due to aliasing are reduced. Taking
the block size and dividing by the sample rate, will give the duration of time the
equivalent vibration is calculated for, or in other words averaging time. The averaging
time for the equivalent vibration will also be the reporting time for the instantaneous
display. For example, a scan rate of 200 and a block size of 400 will produce a reporting
time of 2 seconds so equivalent vibration would be taken over 2 seconds therefore
making the instantaneous display update every 2 seconds as well. Selection of a
sampling rate of 200 Hz was used for the project but the number of samples per channel
to attain a desirable reporting time, was to be determined through later testing.

Once the sampling rate and number of samples per channel were established,
the next step consisted of establishing a few technical specifications for the complier so
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that data would read in from the measurement device. To satisfy the complier
requirement in Labview 6.0 there are three built-in functions that are used. The first
configures the input device so that it can be read by the program, the second starts the
data reading by initiating the buffer, and the third reads the data from the buffer for all
three directions X, Y, and Z. These functions and hard coded and will not prompt the
user to input any values. After the data has been read in, a timestamp is created and
assigned to each set of data to create a waveform which is a data type used by Labview.
The waveform data type allows for the allocation of large amounts of data through its
specialized compression technique and is required if the built-in Labview filtering
functions are to be used. Once the waveforms for each direction are created for the block

of data, the waveforms are sent to next process, Filter.vi.
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A 4

]

Waveforms sent to Filter.vi

Figure 5.2 Data-in.vi data flow

5.2.4 Filter.vi

This portion of the program is a sub VI that is responsible for filtering data as per

ISO 2631-1 (1997) requirements and separating the sets of data so that the necessary

calculations can be performed. This sub program utilizes Labview’s IEC fractional

Jfilter.vi built in function for performing the 1/3 octave band filtering. The filtering

function conforms to the one-third octave filter specifications given in IEC 1260, as

required by ISO 2631-1 (1997). There are a few different options that are offered within
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the built-in function. The filter band width, frequency range, and filter resetting are
among the options that can be altered. For this project the filter options were set so that
the ISO guidelines for whole-body vibration would be followed. The band width was set
to 1/3 octave, the frequency range was set for 0.5 to 80 Hz, and filter resetting was
selected to reset after each block of data went through so that there was no filter carry
over from one block of data to the next. All of these settings are hard coded so the filter
function will automatically be set for the ISO 2631-1 (1997) specifics making so that the

user cannot change the settings, figure 5.3.

| Waveform data |

4
| 1/3 octave filtering for 0.5 - 80 Hz|

L 4
| Data separated into 23 bands |

\ 4
Square root of data to
give non-wieghted RMS

\ 4
X, Y, Z waveforms separated to
yield an array of acceleration
values only

Figure 5.3 Filter.vi Information Flow

The general flow of the sub program starts with receiving waveform data, with three
arrays within it (3d array), from Data-in.vi and performs filtering using the IEC filter
function. Once the filtering has been completed and the data for each array is separated
into the 23 octave bands (0.5 Hz to 80 Hz). The 3d waveform array is then converted
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into a single 2d array where the square root of the sum for each array is taken to give the
root-mean-square. When this stage is completed the array is separated into three

directions and sent to the calculating programs, X-Aeq.vi, Y-Aeq.vi, Z-Aeq.vi.

5.2.5 X-Aeq.vi, Y-Aeq.vi, Z-Aeq.vi

The X-Aeq.vi, Y-Aeq.vi, and Z-Aeq.vi programs are responsible for calculating the
acceleration equivalent (Aeq) using the filtered data. In the Vibration-Main.vi program
the acceleration equivalent calculations are separated into three identical (with exception
of the frequency weightings) sub programs for each direction. Each sub program is
named as to which direction it calculates for, X-Aegq.vi for the X direction, Y-Aeq.vi for
the Y direction, and Z-A4egq.vi for the Z direction. The program accepts the 2d array from
Filter.vi (figure 5.4) and applies the corresponding frequency weighting for the specific
direction. Once the frequency weightings have been applied, the rest of the calculation is
completed using the ISO 2631-1 (1997) basic method for calculating acceleration
equivalent. The settings for this calculation are hard coded so it is done automatically
with no user input. The results are sent to Sum subvi.vi for further calculations and are

recorded to file.
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| Filtered data |

v
Apply ISO 2631-1 (1997) frequency weightings
Wk for Z direction, Wd for X and Y direction

vy
Acceleration equiviaent calculated for each direction

Aeq = (Y (AMY)"*

l

| Datasentto Sumsubvivi |

Figure 5.4 X-Aeq.vi, Y-Aeq.vi, Z-Aeq.vi general data flow

5.2.6 Sum subvi.vi

This sub program receives the acceleration equivalent from each direction and
calculates the sum of acceleration equivalent of all three directions and the cumulative
acceleration equivalent (figure 5.5). Once the sum of acceleration equivalent is
calculated the resultant value is sent to Display.vi for the instantaneous display and is
also used for the cumulative acceleration equivalent. The cumulative acceleration is
calculated by summing the sum of the acceleration equivalent for each block of data until
operation of the program is ceased giving the total vibration exposure for the time of
operation. Once the value is calculated for the current block of data it is looped back into
the program to be summed with the next block of data and is also sent to Display.vi for
the vibration exposure display. All the calculated values are recorded to file once

complete. This sub program serves as a calculator program only and has no user input.
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Figure 5.5 Sum subvi.vi

5.2.7 Display.vi

The Display.vi sub program is the final stage for the data flow for the entire
program. It displays all of the results in the form of LED’s for the instantaneous
acceleration and a gauge for the cumulative vibration exposure. The display is in the
form of a windows type interface (figure 5.6). The primary responsibility of this sub vi is

to serve as the communicator to the user.
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Running Stand by

START

STOP

Figure 5.6 User display interface

The program begins with the data from Sum subvi.vi entering the program. The
instantaneous acceleration values enter and are diverted to the instantaneous display
component and the cumulative acceleration values are diverted to the cumulative display

component (figure 5.7).

[ DHafomSmsiviv |

v
L] R

A
| <Lower Limit| In between Deta displayed on
"Shift Vibration BExposure’ gauge
| Yellow |

Figure 5.7 Display.vi progam flow
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The values for the instantaneous acceleration equivalent are subject to Boolean logic
where the value is compared three different cases that will determine what indicator will
be stimulated. Each case is dependent on a threshold limit, which would have to be
determined through testing since there are no definite health limits, suggested in ISO
2631-1 (1997), for minute durations of time. The selection of the threshold values are
discussed in the proceeding section. During operation of the program, the acceleration
equivalent values are tested to see if they are below the low threshold value, in between
the low and high threshold values, or above the high threshold value. If the acceleration
equivalent is below the low value a green “OK” light will light up indicating to the

operator that they are receiving is acceptable (figure 5.8).

Figure 5.8 Instantaneous display “OK”

If the acceleration equivalent is between the low and high threshold values the yellow
“CAUTION” light will light up signifying to the operator that the vibration they are

receiving is undesirable so they should take caution (figure 5.9).
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Figure 5.9 Instantaneous Display “CAUTION”

The final option is if the acceleration equivalent is above the high threshold value where
a red “DANGER?” light will display indicating to the operator that the vibration level

could be dangerous to there health (figure 5.10).

Figure 5.10 Instantaneous Display “DANGER”

The second gauge labelled “SHIFT VIBRATION EXPOSURE?”, keeps track of

the cumulative vibration exposure for the duration of operation (figure 5.11).
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SHIFT VIBRATION EXPOSURE

5

Figure 5.11 Cumulative Vibration Exposure Gauge

The cumulative acceleration equivalent values calculated in Sum sbuvi.vi are directly sent
to this gauge. The dial begins at zero on the left most side of the gauge, as vibration is
experienced the dial will move towards the red zone on the right side. The higher the
instantaneous values the quicker the dial will move towards the right side (figure 5.12).
On the gauge there is an arrow with the text “DANGER”. This is the twelve hour
exposure limit (0.68 m/s%) obtained from ISO 2631-1 (1997) where there are adverse
health effects due to vibration exposure. Once the dial has moved past the danger arrow

the operator is in the danger zone of the health guidance caution zone.
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SHIFT VIBRATION EXPOSURE

'

Figure 5.12 Cumulative Vibration Exposure Gauge Showing Dial Movement

The other features of the user panel are the START and STOP buttons (figure
5.13). The START button initiates the program to begin collecting data, performing
calculations for the display and writing data to file. The STOP button ceases the system
from collecting data, performing calculation, and writing data to file. When the STOP
button is pressed, the system is reset so all the gauges return to the beginning at zero and
the data file is stopped. A new data file will automatically be made when the system is

initiated again with prompting from the START button.

START

STOP

Figure 5.13 START/STOP Buttons on the User Interface
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On the panel there are two lights with the titles “Running” and “Stand by”. The lights
indicate to the operator if the system is operating by a green light or if the system is

waiting to begin by the yellow light (figure 5.14).

Running Sl:and by
Rq\nm Stand by
J ®

Figure 5.14 Running/Standby Indicators

5.2.8 Hardware

The hardware used by the system consisted of an accelerometer, data
acquisition devices, a laptop and an 8” touch enabled screen. The process of information

flow is shown in figure 5.15.

I Accelerometer 1
\d

| Bridge Connector Device |
A 4

| Signal Condintioning Card |

4
|  Laptop (algoirtim Vibration-Main.vi) |

A A
P Separate 8" Monitor ]

Figure 5.15 Information Flow Through Hardware
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The first step of the process is collection of the vibration data by the accelerometer which

is placed under the seat of the operator. The model chosen was the ENTRAN EGCS3-D

triaxial accelerometer (figure 5.16).

Figure 5.16 ENTRAN EGCS3-D Triaxial Accelerometer

The ENTRAN EGCS3-D accelerometer is fully shielded with a full bridge configuration
and has a range of full scale of 5g’s which is ample for this application. The
specifications for the ENTRAN EGCS3-D are given in Appendix B. The next step of the
process is for the separation of the wires (excitation in, excitation out) through a
connector block. The instrument used for this was the SCB — 68 manufactured by
National Instruments (figure 5.17) which is a 68 pin connector. This device provides
extra shielding but its primary purpose is that is allows for the simplification of system
set up. The SCB — 68 is connected to the accelerometer and the signal conditioning card

through a shielded cable.
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Figure 5.17 National Instruments SCB — 68

The signal conditioning card used was a NI DAQCard — 6036E (PCMCIA bus)
manufactured by National instruments (figure 5.18). It has a 16-bit input/output
resolution with a sampling rate of 200 kS/s. The signal processing card provides the
necessary analog to digital conversion of vibration data so that the computer can use the

data. The specifications can be seen in Appendix C.
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Figure 5.18 Signal Processing Card NI DAQCard — 6036E

The signal conditioning card is located inside the computer. The type of computer used
for the project was a Panasonic Toughbook 28. This type of laptop was chosen based on
its specifications and high durability. The laptop consists of a Intel Pentium I Processor
—Mat 1.0 GHz, 512 MB RAM, and Windows operating system. Labview 6.0 along with
National Instruments Measurements and Automation Explorer were installed on the
computer. The Measurements and Automation Explorer software is used to configure the

accelerometer to the signal processing card and software.
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Figure 5.19 Panasonic Toughbook 28

The final component of hardware for the system is the 8 detachable screen (figure 5.20).
This screen is touch enabled so that the user would only have to touch the screen to press
the START and STOP buttons to use the system. All the components were placed in a
case for storage purposes (figure 5.20) while on the truck with the exception of the
accelerometer which would be placed under the seat and the detachable monitor that
would be placed in a position where the operator could see it yet would not be in the way.
The detachable monitor that would house the display would be located on top on the

Wenco system and radio inside the cab (figure 21).
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Figure 5.20 System Components with Storage Case
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Figure 5.21 Location of Visual Display

5.3 Operation of the System

Before testing of the system is discussed, an overview of operator use of the
system and how the system will potentially reduce vibration will be discussed.
To begin, in order for the system to be used properly the operator would have to be
instructed on how to use the system. As a result, a set of laminated instructions on how
to use the vibration feedback were placed inside the cab of the vehicle. The instructions
given to the operators can be viewed in Appendix D. Within the instructions the

procedure for system operation is discussed as well as the goals of what the operator
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should be trying to achieve using the system, ie. staying below the danger marker in the
cumulative vibration display.

The operation of the system begins with the operator pressing the start button
on the screen to initiate the system. Once the start button is pressed the system will be
taking vibration measurements and calculating. The system will be running for the entire
shift. It will be in function during breaks even when the vehicle is static. The system is
not turned off during breaks or waiting periods where the vehicle is not moving since any
length of time the operator is not receiving vibration during their shift is weighted against
periods where they are receiving vibration. Only when the operator has completed their
shift or is taken off the truck, the stop button will be pressed to terminate the vibration
system operation.

During operation of the system a series of lights will be displayed depending on
what magnitude of vibration is encountered. The objective is to consistently receive a
green light during the shift so that the operator can remain below the danger marker of
the shift vibration exposure gauge. When yellow or red lights are encountered it is the
responsibility of the operator to change their driving patterns so that they are receiving
green lights more consistently with intermittent yellow lights. This may be accomplished
by slowing down, avoiding rough spots, etc... However, the operator will not be
instructed on how to change their driving patterns; it will be up to them to determine the
best methods. There were a number of reasons that the operators would not be advised
on how to change their driving patterns, these reasons tended to be a result of the work
culture at the mine site. Many of the operators have a great deal of experience and
understand how to adjust driving to conditions. Since a large part of this project relied on
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the cooperation of the operators, it was decided that any orders on how to operate the
equipment may jeopardize any cooperation. Another reason is that operators can be
suspicious of any new devices placed in the equipment, out of fear of being spied on for
vehicle misuse. For this reason operators were not told how to operate the truck, as an
example, if it were said that operators should slow down to gain a green light, the wrong
impression might be given due to the sensitivity of the subject. This may be interpreted
that operators are driving too fast and this system is determining who is in violation when
in reality the system is there to help operators. The final reason is that the mine
conditions and terrain are complex, requiring different responses. To offer generalized
statements referring to vehicle operation could be incorrect in many instances.

If the vibration feedback system is proven effective, eventually it would be
used to determine if an operator has to be removed from the equipment when they have
surpassed the danger limit on the shift vibration exposure gauge. The feedback system
would also be used as an indicator when the operator is encountering situations where
changing driving patterns are not able counter problems on roads and in the pit, or while
being loaded by the shovel. In these cases the operator would inform their supervisor to
correct the problem that is causing high vibration, ie. grading rough areas roads to make

them more drivable.
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6.0 Experimental Testing and Evaluation

For this project, testing was separated into three phases: laboratory testing,
preliminary field testing, and final field testing. Each phase of testing was responsible for
specific objectives described in the following sections. Testing was conducted in the

same chronological order as presented in this chapter.

6.1 Laboratory Testing of the Vibration Feedback System

The first step in the course to developing a functional feedback system was to
test the system in the laboratory to determine if the system was working correctly and to
determine the optimal block size that would be reported (instantaneous reporting time).
To determine if the Vibration-Main.vi program was correctly calculating acceleration
equivalent values, computer generated sine wave data was selected in the Data-in.vi sub
routine to be sent through the program. In this way, the exact amplitude and frequency
were known so that theoretical calculations could be performed using the formulas from
ISO 2631-1 (1997). The theoretical calculations were made using Microsoft Excel.
During this testing the magnitude was held constant and the frequency was adjusted to
match each band of the 1/3 octave. The results from Vibration-Main.vi and calculated
values were compared and revealed that the program calculated values were the same as
the theoretical calculated values (Appendix E). This confirmed that the calculation
procedures in the Vibration-Main.vi program were correct. The system was ready for the
second portion of laboratory testing where the hardware-program interaction was tested.

To assess the vibration feedback system, two comparisons were made. The comparisons
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were between a commercially available system as well as theoretical calculated values.
The commercially available system used was the Larson Davis HVM 100. For the
comparison both units were connected to the same sine wave generator and the z-axis
was tested. The amplitude was kept constant for both units and the frequency was
adjusted to each one-third octave band and held for one minute at each frequency
increment to allow for filter settling. Once the values produced by each unit were
consistent for the one minute increment the value was recorded. This was carried out for
both one and two second data blocks to determine what the optimal reporting time would
be. The one and two second reporting times were only tested since a balance between
operator reaction time and proper event representation was required. Times needed to be
chosen that were small enough so that when an event was registered the proper light
would show. If the reporting time was too long, the operator might be receiving a
misrepresentative indication for the current vibration. However, within this problem, the
indicator would have to remain stimulated long enough so that the operator would
recognize it. Having the instantaneous indicator lights flashing sporadically would not
serve any purpose since the operator would not have time to react. The accuracy of the
vibration measurements also depends on the reporting time since laptops can only
calculate so fast. The smaller the reporting time the less accurate the calculations will be.
The results for the one second reporting time (Appendix F) showed that Vibration-
Main.vi was more consistent with the theoretical calculated values then the HVM 100 for
low frequencies, where as the HVM 100 was more consistent with the theoretical values

in the higher frequency ranges. The results from the one second trials proved to be
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positive since the Vibration-Main.vi program was generally very consistent with both

comparisons.
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Figure 6.1 Example comparisons for 1 second reporting

The two second reporting time trials (Appendix F) produced results that were more in
line with the theoretical calculations and the HVM 100 compared to the one second trials.
Since the selection of a reporting time could not be solely be based on quantitative
analysis, due to another consideration. This consideration was the fact that the reporting
time would have to be adequate enough to give a proper indication of the current
vibration. As a result, a reporting time of two seconds was selected for the project since

the acceleration equivalent results were in line with the comparisons and it was
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concentrated enough that it would accurately portray current vibration events yet long

enough for the user to be able to react.
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Figure 6.2 Example comparisons for 2 second reporting

6.2 Preliminary Testing and Validation

The second phase of testing consisted of preliminary field testing. There were
three main objectives of this phase that had to be achieved before the system was ready
for final testing. The first was the installation and operation of the system. The
installation of the system in the laboratory setting compared to the testing environment

was drastically different. This was in large part due to the ruggedness of the operating
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environment as well the hardware support such as available onboard truck power. Since
the equipment would undergo vibrations as well as equipment shifting, such as pulling of
wires, a way of setting up the equipment that would reduce these effects had to be
physically devised. This included placement of hardware, with the exception of the touch
screen, so that it was out of the way of the operator. After careful consideration a plan
was devised for location and setup of the equipment. The case with the hardware
consisted of hard plastic with soft foam protection so the hardware was relatively
protected. The case was snugly placed behind the passenger seat with the wires leading
out towards the driver’s side. All the wires were fastened together with zip ties and were
secured against the center console of the truck. This made the wires less susceptible to
being pulled causing detachment from the rest of the equipment. The electrical and serial
plug-ins to the hardware such as the touch monitor and laptop were equipped with clasps
that secured plugs so that they would not fall out.

One of the challenges for the equipment setup was the placement of the
accelerometer. ISO 2631-1 (1997) suggests that the accelerometer be placed on the seat
pan of the vehicle. Typically to do this, the accelerometer is placed inside a rubber flat
disk that the operator would sit on. Having this type of setup may be acceptable for short
measurement durations (< 1 hour), however for longer measurement durations (8+ hours)
this would be uncomfortable and irritate the operator. As a result the accelerometer was
placed just under the seat pan. The directions of the accelerometer were checked to make
sure that the directions were correct and not pointing in between axes. This arrangement

not only ensured the operators comfort but it improved the integrity of the data that
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would be collected. By securing the accelerometer, it could not shift or bounce around
due to operator shifting around in the seat.

The second objective to be completed by the preliminary field testing was to
determine the power supply. The power supplied by the truck was much different than
the power supplied in a laboratory setting. All that was available was a 12 V cigarette
lighter, so a power inverter had to be used to adjust the voltage to 120 V for the laptop.
The cigarette lighter proved to work however it was susceptible to being pulled out which
would cause the system to lose power. With the help of on site electricians, a power
cable was constructed that was connected directly to the battery of the truck. This set up
was beneficial in the event the truck was shut down, the system would be able to hold
power for a number days as indicated by the electricians. During preliminary testing the
power cable system worked very well.

Once the setup and power supply were resolved the vibration feedback system
was ready to begin the third objective of the preliminary testing. This was to collect data
to evaluate what threshold values should be used for the instantaneous display which
reports the weighted RMS acceleration for a period of two seconds. Based on the health
caution guidance chart of ISO 2631-1 (1997), the maximum recommended dose of
vibration is between 3.0 m/s® and 6.0 m/s? for exposure times under ten minutes. These
values seemed high especially to be utilized by the vibration system. The problem with
using these values would be that since the values are high, danger or caution lights might
not be stimulated enough to indicate to the operator that they receiving harmful levels of
vibration. As a result, operators would assume vibration levels are acceptable when in
reality they could be over the dangerous limit for cumulative exposure. This would cause
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confusion since the instantaneous indicators could show consistent green light, but the
cumulative vibration meter over time would indicate the opposite, showing vibration
exposure in the danger realm of the gauge.

Determining what limits to use, proved to be a challenging task. The problem
was that the value limits needed to be low enough so that the indicator would light up
sufficiently to warn operators of harmful vibration events yet not be too low causing the
caution and danger indicators to light up excessively leading to complacency. Low
threshold values could jeopardize the reputability of the vibration feedback system if the
operator received frequent caution and danger signals while driving on a relatively
smooth road. The approach that was taken to solving this problem was to collect data
with the vibration system while being in the cab with the operator during the course of a
shift. During testing the values for weighted acceleration equivalent were observed as
vibration events were encountered. This would help to gain a sense of the physical
feeling associated with the typical magnitudes of vibration experienced during a shift.
Operator input was also given with respect to what they felt was an uncomfortable
vibration event. As jolts, bumps or rough sections were encountered the operator would
simply indicate to the researcher that the vibration was uncomfortable. This was then
cross-referenced with the weighted equivalent acceleration at that moment of the event.
These tests were conducted over three days, testing a different truck and operator each
day. Based on the findings of testing, the ISO 2631-1 (1997) values of 3.0 m/s> and 6.0
m/s® were too high. Vibrations levels around 2.0 m/s* were indicated by operators to be
uncomfortable which is less than the lower value of ISO 2631-1 (1997). The data
(Appendix G) from this series of testing shows that during the course of the shift the ISO
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limits were rarely encountered. Consequently based on both of these factors it did not
make sense to use the ISO values as the threshold for the instantaneous display. To
accomplish this task both operator input as to what was a comfortable limit and numerical
analysis were used to determine what values to use. Bin counting was used in the
numerical analysis to find out the number of times during the shift the yellow and red
lights would be stimulated during a shift for different incremental values. Based on the
results from operator input and numerical results values of 1.5 m/! s* for the caution
threshold and 2.25 m/s” for the danger threshold would be used for final testing. The
graphical results located in Appendix G show the acceleration equivalent for the two

second reporting time for the three testing days.
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Located on the graphs are lines showing caution and danger thresholds. These graphs
illustrate the frequency that the caution and danger indicator lights would be stimulated.
Although the method of determining the limit values was somewhat arbitrary
the premise of the system would still be accomplished. By trying to maintain a green
light in the instantaneous display, the higher vibration events are reduced. As a result, the
high values would not be present in the acceleration equivalent cumulative calculation. If
vibration above the selected values is reduced then the overall vibration at the end of the
shift can be reduced.
The final objective of preliminary testing was to get the operators opinion with regards to
the cosmetics of the user screen and user friendliness. The general consensus was that
the system user screen was clear and easy to comprehend. As far as the operation of the
system, it was found to be easy to use. Permission to conduct an operator survey was
obtained from the University of Alberta Research Ethics Committee. However, the
survey was not conducted since consent had not been obtained soon enough before

testing had been conducted.

6.3 Field Testing and Analysis

The final phase of testing was the field based data collection and analysis. The
purpose of this phase was to collect the final data that would be used to determine if the
vibration feedback monitoring system was effective or not. Testing consisted of three
stages. The first was to collect baseline data with the researcher in the truck where the

operator would not use system. This way data collected afterwards, where the operators
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used the system, could be compared with the baseline data to see if the system had any

affect. The final stage was the data analysis.

6.3.1 Testing Without Using the System

For the collection of baseline data the setup that was used is described in
previous sections. Data collection was conducted at oil sand mine during the month of
June, 2003. During this phase of testing, each day the same truck (Caterpillar 797) with a
different operator was used. It was fortunate for this series of testing that the same truck
was available for use each day. In most cases it was not possible to use the same truck
each day, as a result of the maintenance and production. At a mine operation, trucks are
on strict schedules so that the required production is maintained. As a result, each day
the same truck might not be obtained. The route of the truck was maintained the same for
each day of testing. This was also by chance since any given day a truck will have a
different travel route based on the mine’s schedule. Having the same truck and same
route is beneficial because a few variables are taken out of the equation. Different trucks
may have different responses to vibration because of the strut settings. This will cause
trucks to react to vibration differently. Different routes will also produce different
vibration responses due to different ground conditions. For these reasons it is better to
compare data when the same trucks and travel routes are used. During testing, the
operator did not receive feedback from the system and the researcher remained in the
vehicle during the shift. Feedback was not given so that the typical vibration exposure
without using a system could be assessed and then compared to vibration exposure using

the system. The researcher remained in the vehicle during testing to ensure the
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equipment was functioning correctly after a few minor power problems were

encountered. In total, 19 hours of data was collected during baseline testing.

6.3.2 Testing With Operators Using the System

_ The final phase of testing consisted of collecting data with the operators using
the system and with no researcher present. Testing was conducted at same oil sand mine
during the month of November, 2004. It was desirable to use the same truck for the
entire duration of testing so it was planned that the system would be connected and
placed on the truck while it was down for maintenance. During testing the travel routes
would be random based on hauling requirements. With the help of onsite electricians
and welders, the system was installed on one of the Caterpillar 797 trucks. This way
when the truck was up and running the system would be ready for an operator to use.
The system would be running continuously until the truck was shut down for long periods
of time or the system was removed from the truck. Installing the system on the truck
with no researcher present proved to be troublesome. The first truck the system was
installed on ran into a series on problems. The truck kept requiring maintenance as a
result of on going problems. Consequently, each time the truck was taken down; power
was lost to the system due to the duration of the shutdown. This required a trip to site so
that the system could be reset. Once the system had been reset and was running for a
period of time it came time to remove the system to retrieve the data, it was found that
the system had been tampered with and disconnected. The data collected during this trial

was found to be contaminated as a result of the equipment corruption. This series of
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tampering events occurred more than once. Consequently, to prevent any further

problems a modified testing plan was created.

6.3.3 Modified Testing

To ensure that no more problems were encountered it was decided that the
researcher would remain in the truck for the duration of testing. This way it would be
assured that the equipment would not be tampered with and any other problems that
might arise would be addressed on the spot rather than finding out upon a later return to
site. Since the equipment would need to be installed each day, the choice of trucks was
based on availability in the field. As a result each day a new truck was tested along with
a new operator. During this phase of testing the travel routes each day were entirely
based on haulage demand. For this phase of testing a total of over 17 hours of data was
collected. The same procedure was used as in the original plan, only the researcher was
present. The operator was instructed by the researcher on how to use the system then
during the shift the researcher remained indifferent regarding the operation of the vehicle.
Before the trial was begun, the operator was assured that the system or the researcher
were not spying on them or reporting operation performance but this was strictly a

research project using a device to help reduce vibration that they would experience.

6.4 Data Analysis

A total of 36 hours of data was collected during testing with a two second
sampling rate for acceleration equivalent and a one second sampling rate for rack data.

At these sampling rates, the total number of data points used for the data analysis was
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64,800 for acceleration equivalent and 129,600 for rack. The data with operators using
the system was compared to the data where operators did not use system to evaluate the
effectiveness.

The method that was used to evaluate the system was to perform a regression
between the acceleration equivalent and equivalent rack for the duration of each testing
day with the operators not using the system. From the regression a correlation could be
made that would provide an equation relating the acceleration equivalent to equivalent
rack. Once the second part of testing was complete, the equivalent rack values from the
data where the operators used the system could be plugged into the equation to determine
the expected acceleration equivalent for each day. The expected acceleration equivalents
could then be compared to the measured acceleration equivalents. If the measured
acceleration equivalents were lower than the expected than the system would be
considered successful at reducing vibration.

The first step for analyzing the data was to collect the acceleration equivalent
values for each day, provided by the algorithm in the system. The next step was to
collect the strut pressure data from the trucks for the period of measurement. The strut
pressure data is collected by Caterpillar’s Vital Informaﬁon Management System (VIMS)
which collects information through sensors placed throughout the truck. The VIMS data
is stored in a system developed for the mine site from which the strut pressure data was
retrieved. The data retrieved was one second strut pressure data from each cylinder. This
data was used to calculate the rack (Joseph, 2002) for each data point. Once this was
complete the rack data was plotted and compared to the two second acceleration data
(Appendix H).
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Figure 6.3 Example plot of rack and Aeq for a single test day

This would allow for the data to be aligned properly aligned since the timestamps were
off as a result of clocks of the laptop and computer in VIMS being different from one
another. To do the alignment distinctive points during the operating cycles were used
such as shovel loading (figure 6.1). Once the timestamps were aligned the rack data for
the corresponding testing period could be isolated and an equivalent rack value for the
testing duration for each day could be calculated. The equivalent rack was calculated
using a rain flow cycle counting method (ASTM E 1049, 1990) and then applying the
equivalence equation (equation 6.0) to each bin. The equivalence equation given is a
widely used as an accepted method for determining the equivalence for a data set
(Joseph, 2004). When the equivalent rack values for each day were calculated the

regression and comparison was performed.
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7.0 Discussion

Using the method described in section 6.0 to analyze the data, results to
evaluate the vibration feedback system’s performance were obtained. The following
section describes the results and attempts to answer the question as to whether the system
was successful or not. Explanations are also given to account for any divergence that
occurred in the results from what was expected.

The results for the duration of the entire testing period consisted of
approximately 36 hours of data, with 1 second sampling of VIMS data and 2 second
sampling for acceleration equivalent data. The summary plots for the entire data sets are
provided in Appendix H. The entire data was reduced to the equivalence for each day
shown in Table 7.1. The first three days (days 1-3) is the data summary for the testing
that occurred where the operators did not use the system. The last three days (days 4-6)

consists of the data that was collected where the operators used the system.

Day Date Equivalent Rack (kN) | Aeq (m/s”)| Test Time
T | June 25/03 1097 52 05692 | 65322
2 | June26/03 967.55 04024 | 7:59:58
3 | June27/03 1047.65 04967 | 3:58:37
4 | October 19/04 875.00 06941 | 4:0531
5 | October 20/04 - 06761 | 7:56:00
6 | October 21/04 882.97 06534 | 5:04:48

Table 7.1 Test Data Summary

The equivalent rack values located in table 7.1 were calculated for the duration of the test
time located in the far right column. One thing to note is that the equivalent rack value

for Day 5 is missing as a result of A data collection malfunction on the truck used for the
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test that day. As with equivalent rack the acceleration equivalent (Aeq) values were also
calculated for the duration of the test. The data in the summary table provides the basis
for the evaluation of the vibration feedback system. The results for the first three days
show that with an increase in acceleration equivalent there is an increase in the equivalent
rack. This confirms what was expected since the more vibration a vehicle is exposed to,
the more twisting of the frame will occur. Using the summary data for the first three
days, a regression was performed to correlate equivalent rack to equivalent acceleration.

The results of the regression were plotted as shown in Figure 7.1.
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Figure 7.1 Equivalent Rack vs. Acceleration Equivalent Regression

For Days 1-3
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From the regression an equation with an r* value were obtained. The r* value for the
regression of the data for first three days was 0.997. The regression provides adequate
verification that equivalent rack and acceleration equivalent are correlated. The resulting
equation (7.1) provides the mathematical relationship between the equivalent rack and
equivalent acceleration.

4, =0.0013R,, ~0.8318  (7.1)

By using equation 7.1, the expected acceleration equivalent can be calculated using the
equivalent rack for the test period. The expected acceleration equivalent for days 4-6
along with the corresponding equivalent rack and measured acceleration equivalent are
shown in Table 7.2. The result for the expected acceleration equivalent was then
compared to the measured acceleration equivalent to determine if the system was

successful at reducing vibration.

Day | Req(kN) | Bxpected Aeq (m/s°) | Measured Aeq (ms”) | % difference
4 875.00 0.369 0.694 83.24
5 - - 0676 -

6 88297 0.320 0.653 10391

Table 7.2 Expected and Measured Acceleration Equivalent Values for
Days 4-6
The results show that the measured acceleration equivalent values were higher than the
expected acceleration equivalent values. In both instances the percent difference between
the expected and the measured were greater than 80 percent. This difference is very
drastic to what was expected. As a result, the measured values from testing where the

operators used the system indicate that the system may not have been effective at
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reducing vibration. However, there are a few factors that may account for the
discrepancies between what was expected and what was measured

The problem of reducing vibration is a very complex one due to the variables
involved. When considering the factors at hand, there are a number that can modify test
results. The first one to consider is the mechanical factors which in this case relates to
the trucks. Each truck has different strut pressure settings which will react to vibration
differently. The second is the haul route. Each haul route at a mine will have different
local conditions as a result of geology factors and operational factors. For example
trucks driving in will be faced with stiffer road conditions than those driving on bitumen
laden surfaces where the conditions are much softer. The third is the time of year. In the
summer when the temperatures are warmer the ground is softer, so when trucks drive
over bumps and ruts they, in most cases, are able to deform the ground and flatten any
inconsistencies due to the shear size and weight of the machine. However, this changes
once the weather begins to cool down and the ground starts to freeze. Inconsistencies in
the ground cannot be flattened by the truck since it is too hard so these inconsistencies
may produce higher vibrations. The final variable is the human factor involved in testing.
Different operators will have different styles of driving that will contribute to higher
vibrations.

There was success in correlating equivalent rack with the acceleration
equivalent for days 1-3. This may be a result of being able to use the same truck for
those three days as well the truck operated on the same routes for the most part during the
three days. For the first three days it was seen that the acceleration equivalent values
were generally lower than the values obtained from the last three days data when it was

-82-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



expected be lower with the use of the vibration feedback system. So why were the values
actually higher when the system was used? This result may be attributed to the variables
previously discussed including the mechanical, climate, and human factors.

During the final three days of testing it was not possible to setup the system on the same
truck each day due to operational restriction so as a result the equipment was set up on a
different truck each day. Each truck will have different responses to vibration because of
the strut settings so the equivalent rack values may not correspond to what was expected.
The second major factor was the difference in the time of year between the two sets of
testing. The first set of testing occurred in the summer where the ground was soft where
as the second set of testing occurred late October where the ground is beginning to firm
up. During the summer the data showed higher rack values and lower vibration values
than in the fall. This was expected since the soft ground would allow for more twisting
of the truck frame but vibration would be relatively low since bumps would be smoothed
by the truck. Consequently when the regression was done it was specific for the summer
conditions so when it is applied to fall conditions it may be different. It was expected
that the ground would not be as firm as it was at that time in the fall but according to the
rack values it was. The last main factor might have been the human element. There is a
misconception by the operators that there are being “spied” on by management. This is
common at many mine sites. As a result, any new piece of equipment of the truck is
thought of as a spying device and operators are very guarded against it. So initially when
the equipment was installed the operators may have over compensated their driving so

that low acceleration equivalent values were observed. However as the project was
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presented to the operators and they became familiar with it, the fear of the system was
revoked and normal driving patterns were resumed.

With regard to the systems effectiveness at reducing vibration the decision is
inconclusive due to the lack of solid evidence showing a reduction in vibration with
operators using the system. However it did provide a basis to say that it is possible that
the system could work if more data is acquired. Because a correlation was made between
the equivalent rack and acceleration equivalent it is possible that these results may be

used in further research for a vibration feedback system.
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8.0 Summary

It has been demonstrated through previous research that whole-body vibration
can have significant health effects. A majority of these health effects are related to back
problems but effects on others parts of the body have been shown to occur. As a result,
standards have been produced by various organizations to regulate what are acceptable
levels of vibration for durations of time. Due to increasing concern regarding whole-
body vibration, research into the vibration levels experienced by operators of heavy
equipment in the mining industry has occurred to assess if there is a problem. The results
have shown that the operators of heavy equipment are indeed exposed to levels of
vibration in excess of the suggested level indicated by the standards. From these types of
results, Syncrude Canada supported the initiative to develop a means of helping to reduce
vibration. After consideration, a vibration feedback system was created to indicate to the
operator when they were receiving vibrations in excess of the guidelines set by ISO 2631-
1 (1997). The system would indicate to the operator through a series of lights on a screen
when they were in excess, which would prompt the operator to change there driving
pattern so that they were no longer being affected. In addition, another gauge was placed
on the screen displaying the total accumulation of vibration for the duration of operation.

The system was developed and then tested to ensure it was functioning
properly. Once completed the goal of the thesis project was to determine if a vibration
feedback system could reduce vibration. To evaluate this, onsite testing would consist in
two phases; one where the operators did not use the system and the other where they did

use the system. The data used for comparison was the equivalent rack and acceleration
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equivalent for the duration of the shift. A regression analysis between equivalent rack
and acceleration equivalent for the data set where operators did not use the system was
conducted and it was found that they were correlated. Using the equation produced by
the regression, the expected acceleration equivalent values were calculated from the
equivalent rack values for the data collected from the testing where the operators used the
system. These were compared to the actual measured values. If the measured values
were lower than the system was considered successful. It was found in this set of testing
that the values were actually higher when using the system, which was not expected. This
would indicate that the system might not be effective at reducing vibration, however there
were a few external factors that might have affected the outcome. These include: the
difference in testing environmental and climatic conditions for one test set to the other,

the difference in trucks between the test sets, and the human factors involved.
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9.0 Conclusions and Recommendations

Overall the project was successful at shedding light into the use of such systems
for reducing vibration, but more testing is required to gain an affirmative answer as to
whether or not this type of system is effective. It is recommended that more data be
collected in further research into the effectiveness of a vibration feedback system. More
data should be collected with operators using and not using the system to provide further
data points. It is important that the same truck be used in each set of testing, however this
may be difficult since availability of trucks is dictated by operational requirements as was
the case during this research. Therefore it is extremely important that cooperation with
operations is met. In addition to this, testing should coincide with the change of seasons.
Separate tests should be made for when the ground is soft versus when it is hard.

As far as data is concerned, it is recommended that direct downloading of
VIMS data be used rather than the use of a database. Syncrude’s MDSP is a very good
system however problems were encountered when using the system. It was found that
MDSP contained gaps and missing data which was the case in the fifth day of testing.

One further area to explore is this research topic would be to compare not only
rack, but pitch, roll, and bounce of the vehicle for regression analysis. This may provide

additional insight into the effectiveness of a vibration feedback system.
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Portable E Series Multifunction DAQ
12 or 16-Bit, up to 1.25 MS/s, 16 Analog Inputs

E Series — Portable

* 16 analog inputs at up to 1.25 MS4,
12 or 16-bi resclution

*Lp to 2 analog cutputs at up 1o
1 MS¢4. 12 or 16-bit resolution

+§ digital 170 lines (TTLACMOS):
two 24-bit counter/timers

Operating Systems
-&’?nduwsgm NTXFP

{page 187)

«Dthers such as Linux and Mac OS X

Recornmended Software
« LabVIEW

Tt G

Ve e

» Analcg and digital triggering + LabWindowsi"VI %
4 analog input signal ranges »Measurement Swdio
«N1-DACY driver simplifles o V1 Logger

conflguration and measurements Other Compatible Software

Models

« N1 DAQCard-8035E for PCMCIA!
+ NI DAQCard-50628 for PCMCIA
N1 DAGCard-B024E for PCMCIA!
N1 DAQPsd-6052E for FreWire
N1 DAQPad-S070E for FireWire

«NI-DAQ
Digieal triggering only

» N1 DAQPad-6020E for LISB! Socpage 2L

Analog Input Wex it
Famity B Iruts Rescdution  Sumpling Rste Renge
DA G0%E | PCMCIA 16885 D {6 bits 0045z M6 wi0"
DA ard GOECE | POMCLL 16SE2 DI 12hits 085 w10V
DAICad-60E | PCMCL 16505 Bl (2bits 20045 Wb 2t0y
DAPadOORZE | EEEIIM | I6SESDI 16 bits B AEmeI0y
DACPad&0TE | EEE181 | 6SES DI 12 bits 15MES H06m 0y
DNPadEATE \5e 16565 M 12bits 100k55 B w0V

»Visual Basic, C/C+4, and C#
Driver Software (included)
7

Calilwation Certificate noluded

Amiog  Ouput Output Ouput

Oupus  Rezahuion fan Renge  Digital?0  ComtsoTimers Trigmers
: 16 bits 1§ 107 [ 2 Digitd
M 12 bitz 50 ka5 10y 8 2 Anaky, digid
: 2 hite 148% £ 10 B N Digid
h 16 bite 13S0V [} H Ambap, digind
H i2hite | MEs 0% 8 H Snakag, digitad
b 12 bir 100455 £ 10 8 H Digital

Tafs | N Poriapis £ Jecies Wadel Guide "Tee page 275 ge et aied speaiications |

Overview and Applications

Natiorsal [nstruments partable E Sertes DAD products deliver the
same functionatity avattable tn PCTand PXTE Series DAC) devices -
n a portable femat. The DAGFad devices are hot swappable and
avaitable i up to three different configurations. The 13 cm enclesure
15 idea) for desktop ar portable applications and [eatures a (8-pin
shielded conne:tor. The 30 am enclosure with mass termination
offers a lav profile package that fis under your laptap computer.
Tt Features @ 68-pan shielded connecior w cnnect ignals oo ur
SCC medutar signal condinening products o frem oue A L0
custom connes ey enclosure. The 31 om enwlosure with BMET
cannectivity Is tdeal for applications where portability and quick
conmec tnity are heeded, such as in-vehiche automotse o awcraft
testing and portable data logaing.

MI DA ands are Type Il PO Card comphiant and previde
performance enuivalent to their BT er PXEcounterpars. Hoveser, due
e thetr compact destan. they can be used in applicatiens where space
ConstEalngs an: an portant concern, such as field service and research.

Highly Accurate Hardware Design
NI portable E Sertes DA} devices provide the Functionality of
B Series data acquisition devices In 3 portable formar:

Tempotature Drift Protection Circuitry - Designed with componerus
that minimize the effect of temperature changes on measursments tn

less than DOV of reading per ™

Resolion Improvement Technologies
flowr maximizes the resolution

- Caretully designed noise

Onboard Seli-Calibration - Precise soltage refersnce included for
caltbranon and measurement ancuracy. Sell-calibration s comphesely
saftware controled, with no potentiomsters & adjust.

NI DAQ-STC - Timing and sorural ASIC designed s provide mare
flexibiliey. losser poveer consumption. and a higher iamuniey t noise
and giteer than off-the-stell couneertimer chips.

NI MITE - ASIC designed 3 optimize data teansfer for multiple
sipnultanecus operations usimg bus mastering with DMA channels.

interrupss. or programmed [0
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Portable E Series Multifunction DAQ
12 or 16-Bit, up to 1.25 MS/s, 16 Analog Inputs

o Wodeks M60RE NI 50795 DAOCw-GORZE DADPRdGONE  DANCard603GE DAQCard-2124E
< Memuremen Sensifiviey® i1 s | oo | (1) | 00K 00 8008
= owim! fonge V1
E Putnes  Nepie S Aimokce fecuracy (n¥)
= 10 0 48 14%8 o Ha% 566 19012
g 5 5 5% 519 6.96) 1671 25 6517
= 25 25 1180 6 5 o - -
= 1 1 047 1.6 131 14% - -
g 05 5 1 0535 a3 s L o
ax 42 (X7 79 ] [re - -
e ol a1 0 0163 n 3123 - -
5 o 11 11 am 8113 angt e nig
o 10 [} 13 6.6 s 53 - -
it 5 [ T 50 6283 561 - -
o ) 460 267 5% 129 - -
= 1 0 04z 10 123 L% - -
= i3 2 0 058 0551 5% - -
= o 0 &l 025 027 0241 - -
= i 4 s 0457 0,149 018 - -

Roit ATwaiie 40 b 1ud FEansarant idvadl 8 105t CHHT0I NGQHBaTIn) Jaais ol R Gf (il GOpaaene bl 1 o amalaitnt npnnse ol s Cdasivd o
fyabahn Ksasm (N e d alnatd el ona g, The Secdte 40y 31 Fll 5Qk QTokdids Wor prtored 4 a0 v TRvp Dol i fis 0anpk K Vs e 0 Vg A6 o
a1 BTN 0 Fetaghg of 120 “Sralot oo3aNe ita) HINE I BE TN Sipal 3t VARSI

Tagie I N Prtatis ¢ Sunies Anslag mput Absbie Aveany Jpeclisaiions

Madebs NiGIRE Nl 6670E DA0Cerd-6G2E DALPad-HNE DAL Card-HTB6E, DAGCand-6IME
Nonim fznpe (VI

Pasitive I Nugeivn F5 Absolioe Ancurscy imi}

10 -0 1406 RiT 10563 (35S 58 10565

10 0 1% l 565 I - I L J - -

Va6 3 N Poriatis £ Mg Anaiog Cutgui Absolute Acuraey Specdficatisas

NI PGIA - Measurement and instrument class amplifier that  Aatomatic Code Genetation - The D) Assistant 15 an interactive

2 = fuarantees setthng tmes at afl gatns. Typical comimerctal off-the-  guide that steps you rheough configuring. testing. and programiming
g-E shell amplifier components do net meet the sertling tme  measurement tasks and generates the necessary code automarlcally
= :E requtrements for high-gatn measurement applications, for LabVIEW, LabWindows/CVL, or Measurement Studm

TS PRl Lines - Bight programmable funcuicn input (PFD lnes that can Gloamer Code Developmont - Basic and advanced software functions
i E be used for saftware-contradled routing of intraboand digtal and  have been combined o one easy-to-use yer powerful st help
g g timing signais. you build cleaner code and move from basic oo advanced

RSE Mode - In addition o differential and nonreforenced single-
ended modes. NI portable B Series devices offer referenced
single-ended (RSB} medde for use with floating signal sources
applications with channel counts higher than eyght

Onboard Temaporatere Sensat - I[n:luded for monworing the
operaung tsmperature of the device to ensure that &t s aperating
within the specified range.

Anglog and Digital Triggering - Some portable E Series devicss
provide the ability to seta triggerbasad on the level of an analog signal.
i addition to the abitiey tocoigeer off an edpe of 3 diital signal.

High-Performance, Easy-to-Use Driver Software
MI- DA ts the robust drrer software that makes it easy v geeess the
funcuenaliey of your data acquisition hardware, whether you are 3
heginning or advanced user. Helpful feavures mnclude:

- 98-

applications without replacing functions.

High-Performance Driver Eagine -
wiput (eepically used in control leopel with N1-DACY ac hieves rates of

Sefrware-timed single potnt

up to 50 kHz. NI-DACY alse detroers maximum system theaughput
]:.‘{-v

viith a mulonhreaded drier.

Test Pansls -
functionality befine vou begin developiment.

With NELALCL sou can st all of your device

Scaled Channels - Easdy scale vour volage data Inta the proper
cogineering units using the NI-DAQ measurement-ready virtual
channels by choosing from a st of common sensors and signals v

Creatng your e custom scale

LabYIEW Imtegration - Alt NI-DAC functions uss vhe waveform data
tepe. which carries scquired data and tining information direcely
e ere than 400 LabWTEW buile 1 analysts routines for display of
results th engineering units oh a praph.
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Multifunction DAQ
Absolute Accuracy Specifications

Specifications icontined;

Absoiuie Accuracy Ralc'w:’&cnmr
A4 AY
%, 91 Reading Noise & Quartzetion im¥) Resolution 1t

Nomiv lengo V) 34 Houn 1Yens Ofsetm¥t _ SimioPoint  Svemged  Torp Orit 1%*Ct __ Single Puint Jmmmged

NRITRE Anakyg input Accuracy — 12-bit, 125 M55, Up ta 64 Andlag

poadg Asemndoy amjosqy DY udLDUNLNY

suone sl

1pu oy [eubig
pue uniusnb iy ereg

Buruowl

1B 18 7 LLnt [ % &10 1846 o000 wm L
£0 T LEAAE] k3] 1 (R G00E I8 1%
25 00677 014 151 151 (3] 0t 1A fiRest ]
10 1 20 [FNE) s3] 0510 i3] acolo 1y 03]
05 10677 0F14 3% 036 ap 00010 0% 605
#25 D067 [EAH] 1AL 02% [il#¢] 010 075 1314
i1 00672 Byt ] {08t 0% 0ol 00010 (1} 0pl5
105 L 35 i 009 []i2] 095 0g0lo il 0009
1010 D22y it ] xn 1% [IE ) 000 pid 057
Sl 00675 (155 13l 15 0z 0ol 134 Uy
ol 0067 TN 1173 4610 0035 a0l kx 7} g1t
1ol 00672 []ig3) f1eY) 8305 1042 000iC 0% 1312
050 0067 05 il ars 4208 e 006t R b
02wl 00672 i 0781 04% non 0o il 0015
Mg 00672 RN 0084 [FR} 407 Q0oin (30N 008
N OMOE Analoyg hgut Accuracy = 12-hit, 500155, 16 Anelay Inputs
oo {0672 [NE] T 4540 251 00010 &30 1110
159 (i1 iy DAt k) 239 £ 000 0 0%
415 00672 PIigt) 1368 LIse @ itz i} 1.50 158
EE 006T 0 Uy D6t {1233 uiail] i1y 0l
05 00677 i Q3B 0268 10 00010 9 0466
HE 00677 [T el 03 (U} it uivy ALY i
L Q0672 IR k] s % aoie 0o} £.065 8313
i 1T s [Nt} Ul 0% 0006 ool 06t 008
B1wl [[Fictpy 04 e Far [E 5] 0005 10 5
Slpd 0067 LUt} 18 LI 0zl ogolc 1594 e
o1} Q0672 Lliat] s 0464 nees fae il 11774 0l
118 Fi1: 24 04 4% 0268 [LCH o000 099 [1]127
2500 00672 0514 a6 (R ami 4ei0 1§17 08
0wl 6067T [ENE) i1 ) 08% e oeln 0063 0p13
el 0167 0614 0063 005% 00% 00810 0064 0008
g [T Rnalog hipt Accurcy - 1551, 40 kavs, IeAnalg
120 {0646 00683 1501 +0833 £1082 Qoolo 1050 0,16
A0 Q0146 0016 D31 0867 Fatoh 00as 05420 am
s 1646 []2) H.10¢ 10056 Fat ) Qrolo 3] 0006
2006 40545 08 N6 +0006 FAtiiy Qoo 00363 200%
N DADCard-B0%E Anakg hpet Accaracy -16-bit 20kS5, & Andlog lputs
1] [iF50] 0/E81 802 1500 iy 0000 1805 =3
1 10149 00191 131 0.7 0068 0005 {904 00%
05 00540 0581 131} [171:5] g Q00 Al naig
i 0649 058l i) 00% 0003 Qoo s [1)13]
NI, Pt md NIGIESE Anslog Inpu Accureay— T2-BE, %, 16 Rnaloq Ipits
+100 307 (D3] £ 1810 %% 000 S.800 130
&0 GOET: 204 120 18% 03536 000 A1) 0542
{5 [1F:: 41 Bl 4] Qg 0% 0548 Qi (3 ) 0064
6 iX e 808K 0 00E3 (17 0000 ilin) (114
TR Sard SRAE Rralog Biput Accuracy - L-GH, A0 ks, 16 Annhg Inputs
108 DO [Ji4E] rec ] 15318 1042 fala 1} 5690 170
50 0% 121 4 195 [t} Q000% LE0 0556
=05 00g7: 1581 04i2 045 (i1 Q0040 4516 X8
10 00672 0218 06 D063 i 00010 i) 008
DAQLer3G062 Amslon Input Accurncy— 12-bit, 500 kSsz, 16 Anslog Rpuz
+00 20672 [Eit] 981 5] (L1 ool Ex01] 1280
50 &R i EEH WEO LB ] ieei7 1680 o6t
5 #0672 o8 F2 150 [ fooin 150 ont
#18 00672 lge ] 110 gl % 1] (1% 012
o 00672 ari [ 0o 1049 fanto 058 6
05 [ 3 05 0266 e il B0l (1% ] e
il 1662 anrr i Qi uliz a2 H0010 al e
+HF 0677 ar'y 0o iy 21006 b} 0 Q00
101 [1E4%3 ami 150 UED 0.8 U117 165 st
56 01672 i bl 15% 124 {0010 13 Gl
20 01672 1] 1001 Qg0 09% 4000 [ ai%
ikl 0632 it s 1% 13 59 00010 %8 £
a5l 00672 oF D266 0xg (L] syl 15 ] ihie ]
-99 .
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16-Bit E Series Multifunction
DAQ Specifications

E Specifications — NI 6052E and NI 603xE
= Thee spacificalive are typal b 25 °C unkess therwiae neked Input: Protacind
= BIR2E W01, EENGE
£ Analog Input prins
§ Sy REHAIEE .o Teepope 13 0L
L] Input Charasteristics %
g Nimher of Chanmek M 4.6, NSEHEE,
= TR T6 siie-evded 7 Sdlferentel Pt S
$ MNE rchwore seertable pr channed
TR FIRD B 62 e 512 samples 24 camphes e T2
g m [sia irmeders
PP e TEAS, migerupts, prograimmed 110
& W 4 inl-ended ¢ 2 dilental A :ln: . hm’;;_'""f‘ i
- x vschware seectableper channel Bt - TIETUREs pgammsi =
Fs-baicn Iokits, i G65% il P‘l ........................ Sorthergartes ngle incder demard irancfert
Cralijwaticn memzry size 512 wards
Maximum Sempling Rabs L.
W s Transfer Characteristics
nE 200455 Relative acoureey; idihered:
HE . Device Tepicd Maximum
e Ll i 25158 +350
BE 4
6L FCHEMEE
E B A7158 ellzh
Inpu zigpa! ranges 23“:
Device Renige Sokwers Selacizble  Bipolar ot Range  Unipoler huput Runge Eﬂﬁ
HEE i 0% - . .
ot or b 0% DACard S ABLSH 16150
55 #5Y Ooby i
v 1k OlY¥ . . .
. . . Deyite Typical Maxium
— iy £00ny Dipl T 251D RTE)
= Ny 50y D500y Py
L Admy +10nY Do X0 e
= DACard E0%E
- 00t S Do 10my m"wm ' 0058 A2EE
= WM o 07 - e
L oy &Y 0t 10 M issig codse
22 ug 5y - sy DAL wd ENIEE 15, pusntosd
E <@ WE ¥ £y - Others 1bbis. g
= By H QY ... ..
SE v 0y oy Amplifier Characteristics
2= a0t - B iy I impedance
oo e +20 e - Dovie Nomal Powered On Pawersd O Oreeload
M +lOny Ot X0 R 10062 i parall e e
100 m - Do 100ms Pt wih 1D}
3E oy 107 -
BIE oy 59 - Input bia: and of et cument
IO:I"m" ‘f:?"_" - Dervics Hins Curreat Oftet Current
] A Me - X [
52 S0ps +liipd
. N FIO4E
LT ST o)
Macmun weking voibge FLHEE . -
T S u— Each inpat sheukd remain within +11% o geand e tlnd nd
Overadlage protedin i
Pewesed <n. ot
Peonated -t e
DAard $4E SMpt £100p
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16-Bit E Series Multifunction
DAQ Specifications

e Specifications - NI 6052E and NI 603xE {continued)
§ Fdema relerence input 66ZE taky Tr igge[s
- Rame........... . Y i
b Oierecliage protection... £35 ¥ prvered on, 215 powered o Analog Triggers
© Inpust impedance 104 Nunbes of Triggers
= Bandvidh -1 48 Ttz S |
g - 03V O
; f ceri HOME
= Dynemic Charactetistics g
cg Setiling tine mnd dlew pie provey
w Bovics Sedling Tina For Full Be.ele Sosp Shw Rate OME Hne
= OB 35k o2 SR accuracy 15 e e
=] SR0E 104 221 100 acorsgy 2T
"é gl - Pupzze
PI-60051 :5 wk zlrlSnB Harscy E'f“‘ ‘nak:qinput. Siast 3n 2:p igger ate, chodd
DA1Card CONEE S e fo .5 158 steuary SV Snakeg vutput Start ripger qave,check
X Generabpup:ze counbesYimers . .. Snres gae
o Noise L. Source
Gon2e By Wt |8 WEE | AFAL T, PR START TG
0ME UE
6001E e
P-60%E 1oy, [C tv DG HH: AAED. 28 P74
DACar E0NEE 1604, E€ 1o 05 el R
Glich energy at mid-wale trapiticnt Leval
Owvice Mot Duraion htemal souos, SH0.1563. . sfulicale
SOA2E | +10mi ™ Extesnal rource FROFAISTSRTTHIG ... £10
P-6036¢ l0my s Hope. Pzsit e <t neypative; sottware-aelectoble
R Bes:him, 12bits. 1 n 405
Digital 10 - Prgparamat
Mmber o chonpeks ... 3 DI Eondwidh+-2 &
Cenp L;'I ?"‘ﬂ:;wm . Inemal Source Ecemal Sowrce
- et Irput high i T Device Al 155 PR OAISTART TR
B2 e Frogpamened HEE 00 Wk
o' Tl FOHBOWE, POVBO0TE GO B0 WEHe 1M
eo {ovel Minimwn Mumimun PH-EBUE, VGO E p e 55 Hi:
EZ  lputiowwinge 087 88y
,g "g Ingut high ecitage Iy AN ZOOUREY ecvevrcrcrcecmsesmsmr s sons s 2 of hit-sede ranpe madmm
=& Output bow woltaged],, =S mét - 04% . . ) .
2 & oupatbigh bl «35ma) 1y - ,P‘:g'.t:' Triggers tll devices!
] P
&= . B ST L O Start and <tp tinger, qate, check
& = Tlmmg IjO anaky wipul .. Skt rigjer gate, ik
QL enaralPurase UpDown CounterTimers Senerabpupzse coumtertimers ... Sowroe, gale
Hmber =i chennek:
Upidzvn canbertines 1 - M.0.8. RISl 0.6
Frequency Soaler ... | SV‘.Vm' X
Restluicn Riing zfllalng ope
Updzwn curtertiness Mlits - 160z aninum
Frequency Gealer. 4bils
Conpaibilty AT
Tigital bagic levedz
Base cheks available

Uprdzwn cunterimers 20bHz and 10 ke

1Rz and 1003z
Base cheh HOBIO - cemrremcnerncen 200%
Blaimum edemal e frequency
Lip-d=w countertimess 200H:

Extema sturoe selections
Extemal gate selectivns..
M scurce puze dusatin .
Hiniin qae puks duaticn .
Dapa wapsber:
PLPEI Upidown cunterdimer.....
[QCard UYordeans ¢ zues:Time...
Frequency Gcales.

P03 BTS004. amlzg igyer soiwae zfedabls
PFLOLS: RTSHQ, amskqtriggan s:ttwors refecsable
10m:, ededeiecim:de
- 18n, edjedatecimzde

- DA% catier-qather, interupls, przgranmed 100
Intetruptz, programmed 10
- Prgrammed 10
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16-Bit E Series Multifunction
DAQ Specifications

Specifications — NI 6052E and NI 603xE icontinued)

Exusrnal l;muéﬂitl&iﬂﬂﬂl;;\n:log Trigger (PR QéA1 START TRIG) Power REI]II irements'
mﬁl 0L W WA e AVIEWTS Powsr bl O Comec
G it PUHEIEE POASEE 134 RTTEI AT
Petectito CO00E BRIE, 154 ABLESDG 1Y
T P11 SO | 113127 L 14 CONE, BN
;,;] ,Ef; o S0 034 BBk 45 14
OB, £ PUIEIE . -
DK 056 Was S S5 152
Calibration )
Reccmmended warm-1p fime.. ... V5 minulec: 20 mimate: for DA CCaed DAL, D a21Le
Cslbrgitn hteraal - lyer thsicall
Unbcand cdlbratin reberence L
W Lovel Dimensions ‘not insluding conne sters/!
OIRRE EOTE 100 0 Dver il peding Empesaur, Pl 175k 105 b
HBIE, BAE, atud ke ciedinEEPROMS Rl by MD e by 39int
oy [ Tpe 10 ad
BTE G 02 DR, T2 B S B3 a1 by 108y 17 s
: 1 Conneclors
— T’"”"""Z":‘P;:Tm FHEE Bpinnde SH e
IR, SO, ﬁ
s e
i .
GI04E 600 Shpmtms g
Loy Teew Siifty il Wpinfende DEODHppe
IS, HE %0y I0Dh W
IAIE, WA, DO | EBquciion PO lemsle
% WFGHEE | Gphmee KHinpe 2
SIE BT +150 o100 15 BHCs and 20 remevosable
screw eminak
RTSI
o e 7 Environment
N i ﬂﬂ'd'lfl_l fﬂlpﬂ!l’?
) " HAZE, L 6008 T
PXl Trigger Bus (PXI onlyi GOV, WOIE 602, XK. AT
T s e © Stcrage tenperatire.. WD
Slat gt ... i Relative bumidiy o 100 9P neczndencing
Bus Interface Certifications and Compliances
MLP... CE Mark Compliance €€

[W)xd..

Gee pape 139 for BT Sesies dovion poaver roquiremants and plrysical parameters.
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toughbook 28

Powerful, Rugged and Wireless

DURARILITY FEATURES

Lt

STORAGE % MEMORY

BISPL&

MO

PC CARD SLOTS

MUILTIMEDIA FOCKET

KEVBOARD & BHPUT

HIERFACE

FOWER SURPLY

POWER MEAKAGEMENT
SOFTWARE

SECURITY FEATURES

WARRARTY
DIAENSIONS & WEIGHT

» Dacdgne] wong MIL-STD-314F tect procediaes

« FUll Magnechum Aoy cace with camy hande

« Kotoune and fusd-rechiant LD, keboxrd and tochrad

+ Sealed port and Soonasior Coees

+ Shock-mounded, famoatie HOD ko slartess cied cae

« vbralon and drepechock reclslant decign

+ Ruggad hingee

« Low voltage bt fef Penium® I Frocacsceld 132 o 9TCHIKE lealuring
Enhanced hi* Spaoiq™ lechnoiog;

+ SI3E ordie L2cache

+ 256048 SDRAM slndarc erandatiz 1 S124B PCOI3S mamory b raquied:

+ 3GBHID

¢ 1.43MB FLO fo0 aoopds Somba Drte DVDHRCA IR

+ 137 124 768 p0Ga rrcmadhe, antiebach, oddoT +aadabb TFT Ache Mdrte
S 12D wih o wiiheul Togchoeraan of 12.1° 800 X600 Svia) ianuiketss,

<uright-readabis TFT Aot Maltb: Sobr LD ith Taucheosan

» Exlemal it suppodl U b2 1060 & TES al W milken ok 24 bE cokr depihy

* 1Nt 330003 qraphic conficde, UMA dniflad Memry 40500 Wp Lo 320E

» SMaTer 9757 audo cenloli
+ Intagrated speaker
« OB ke Doard Vb SORE S (i FEFE vy

o Tpeli w2 o Tips x 1

« HE 5.5 FOD canard
» Acoapl opfiend Sombe Dok CWT-RIM DA
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APPENDIX D

Vibration Feedback System Instructions
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Vibration Feedback Warning System Instructions

1. At beginning of shift, the far right of the screen should show a yellow light
indicating “STAND BY™, as shown below. If the green “RUNNING” light is on,
press “STOP”, the yellow “STANDBY™ light will come on shortly.

START

STOP

2. Press the “START” button in the bottom right of the screen at the beginning of
the shift to put the system into operation. A green light on the right of the screen
will indicate, “RUNNING” to show the system is operational as shown below.

START

STOP
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3. While the system is running during operation three lights, green “OK”, yellow
“CAUTION, and red “DANGER” will light up. The goal is to maintain a steady
green light with periodic yellow lights during the course of the shift. The other
indicator labeled “SHIFT VIBRATION EXPOSURE” shows the vibration
exposure accumulated during the shift with the maximum recommended vibration
exposure indicated by the “DANGER MARKER”. The goal of this display is
remain below the marker by the end of the shift.

Ra.-l:lim Seand by

START

| STOP

CAUTION
g;f“’ Ry Sandby
3
SHIFT VIBRATION EXPOSURE
START
STOP
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¢ 5

&

START

STOP

4. Atthe end of the shift press the “STOP” button to end operation of the system.
The yellow “STAND BY™ light will come on shortly. If the yellow “STANDBY”
light does not come on press, “STOP” again. DO NOT PRESS THE “STOP”
BUTTON UNTIL THE END OF THE SHIFT WHEN YOU ARE FINISHED.
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APPENDIX E

Laboratory Testing and Verification of System Part 1
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Test #1
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Test #2

FABUB _
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APPENDIX F

Laboratory Testing and Verification of System Part 2

-111 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 second sampling trials:
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Trial #1 Comparison between HVM, Labview, and Theoretical Calculation
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3.000 —
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Trial #2 Comparison between HVM, Labview, and Theoretical Calculation
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2 second sampling trials:

Vibration Accaleration Cormperison (2s sampletin

Mibration Accsleration Comperison (25 sarmple time) Tria #2
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Trial #1 Comparison between HVM, Labview, and Theoretical Calculation
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APPENDIX G

Determining Indicator Threshold Values
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Red Lines Indicate Danger Threshold
Orange Lines Indicate Danger Threshold

Threshold Selection Field Test #1
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Threshold Selection Field Test #2
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Threshold Selection Field Test #3
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APPENDIX H

Plots of Instantaneous Rack and Acceleration Equivalent
Values for Each Day
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Acceleration Equivatent (m/s?)



June 26/03 Test Data
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Rack(kN)
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Rack data missing for October 20/04 due to truck sensor malfunction
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Acceleratin Equivalent (m/s’)



