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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.

-3 -
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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

-4 -

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



one third-octave, which have a ratio o f-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.

3.5 4 4.5 50 1 1.5 2.5 30.5 2

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

-5 -
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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/^2. 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

- 6 -
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standards and protocol for measuring vibration in certain applications that can assist the 

investigator.

- 7 -
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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 WBV.

The severity of WBV 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 WBV; 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

- 8 -
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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 WBV 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 2.1 summarizes 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.

- 1 0 -
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Health Problems Related to Whole Body Vibration
Phyisological Psychological

lower back pain 
Lumbago 
Sciatica 

Generalized Back Pain 
Intervertebral Disc Herniation 

Intervertebral Disc Degeneration 
Cardiovascular Disorders 

Osteoarthritis 
Gynaecological Disorders 

Male Sexual Disorders

Chronic Fatigue 
Nervous Irritability

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 vertebrae (Wikstrom, 1994). 

Another review conducted from 1986 tol997, which took 43,000 subjects exposed to 

WBV in a number of different industries and compared them to 24,000 control subjects, 

concluded that subjects exposed to WBV had much higher incidences of LBP and 

degenerative changes in the spine. It also revealed on a lesser scale, that the subjects 

exposed to WBV 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

-  11 -
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degeneration. It was also noted that consistent exposure to WBV after 5 years elevated 

the risk of developing back problems.

One of the most concerning aspects of WBV 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 

WBV 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 WBV 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 Whole-Body Vibration

As a result of the numerous studies linking WBV 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 o f human response to whole-body vibration 

(a revision of the original 1985 version) and the British Standards Institute developed BS 

6841, Measurement and evaluation o f human exposure to whole-body mechanical 

vibration and repeated shock. Many countries have their own standards but are merely 

derivations of the ISO standard.

-13-
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2.2.1 ISO 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.

-14-
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I

cr !

Seat-back Pitch ( r j

F eet

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

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).

where:

aeq = weighted acceleration;

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

aj = 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

described in section 1.13). Specifics for one-third octave band filters are also found in

1/2

(2.1)
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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 WBV for 8 hours with an Aeq of 0.63 m/s2 

would be in the caution zone for health guidance.
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Figure 2.2 ISO 2631-1 (1997) health caution guidance zones



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.

4 . = ( # &  + * X , ) I/2 (2.2)

where:

kx, ky, kz are the multiplying factors for each axis (1.4 for X and Y, 1.0 for Z); 

awx, awy, awz 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.

Y > -  -t,Aeq -
1/2

(2.3)

Where:

Aeq= equivalent vibration magnitude;

awj = vibration magnitude for the exposure duration of Tj.

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. It is suggested that the VDY 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).

VDV = E M
1/4

(2.4)

As with the acceleration equivalent, the VDV equivalent (equation 2.5) remains the same 

but with fourth power.

T>- AVDVeq
1/4

(2.5)
U ,

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/s175 

and 17 m/s175 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 Aeq, 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 WBV 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 

WBV 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 WBV 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 WBV 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 IS0 2631-1 (1997) showed that the exposure levels 

(Aeq) for the x, y, and z directions were 1.23 m/s2, 1.6 m/s2 , and 1.15 m/s2 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 Aeq 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/s2 with a 

mean of 1.21 m/s2. 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 horns for the 

Haulpak trucks. The Aeq values obtained lfom each of the trucks were as follows: 

Caterpillar 777 0.5 m/s2 (x), 0.3 m/s2 (y), and 1.0 m/s2 (z); Caterpillar 789 0.5 m/s2 (x),

0.3 m/s2 (y), and 1.0 m/s2 (z); Haulpak 830E 0.2 m/s2 (x), 0.2 m/s2 (y), and 0.9 m/s2 (z). 

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/s2 for the Caterpillar 777, 0.939 m/s2 for the Caterpillar 789, and 0.983 

m/s2 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 WBV, 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/s175 (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 2631-1 (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
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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, 199B). 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 the 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.

-41 -

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



Display results (Display.vi)

Data Acquisition (Data-in.vi)

Signal Processing (Filter.vi)

Data recording

Equivalent vibration calculations cumulative 
____________ (Sum subvi.vi)____________

Equivalent vibration calculations instantaneous 
_______ (X-Aeq.vi, Y-Aeq.vi, Z-Aeq.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 o f200 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 o f200 and a block size o f400 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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TRUE FALSE

| Assign timestamp to each sine wav~Analog "Input" configuration

| Analog input "Start" initiates buffer |

Waveforms sent to Filter.vi

Real data/Computer generated 
data

Input frequency and amplitude of sine wave 
 generation for X,Y,Z direction______

False timestamp created

Analog input "Read", reads data from buffer 
________for X,Y, and Z direction_________

Input sampling rate and the number of 
_______ samples per channel_______

Array created of three sine waves 
and timestamp assigned to data 

to create waveform

Waveforms for X,Y, and Z direction are 
created with aquired data and timestamp 
____________assignment.____________

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 I  EC fractional 

filter.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

11/3 octave filtering for 0.5 - 80 Hz

| Data separated into 23 bands

Square root of data to 
give non-wieghted RMS

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

Thq 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-Aeq.vi for the X direction, Y-Aeq.vi for 

the Y direction, and Z-Aeq.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 subvLvi for further calculations and are 

recorded to file.
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Filtered data

| Data sent to Sum subvi.vi 1

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

Acceleration equivlaent calculated for each direction

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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| X Aeq I 1 YAeq | | Z Aeq |

Calculate acceleration equivalent vector sum

ax= ( k 2A 2+ky2Ay2+ k 2A 2r

1 Aeq(cum.) looped back into program  ~~| 

«------------------------------------------

Calculate cumulative acceleration equivalent

Aeq(cum.)  = f 1 0
—  x  a

[ n

0.5

+ a v{ p r e v i o u s )

N = Total shift tim el averaging time

| Data sent to Display.vi |

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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CAUTION DANGER

Running Stand by

'J •

SHIFT VIBRATION EXPOSURE

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).

| Data from Sim siivi.vi |

1
Green |

r
Acceleration equivalent

 J ------------

1
Qm iative acceleration equvalent

L a A e r U r r i t |  |  In  b e tw e e n !  |  >  U g h  L i r r i t |

I
Yellow

Datadsplayedon 
"Shift Mbration Exposud' gauge

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).

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).

OK CAUTION DANGER

Figure 5.8 Instantaneous display “OK”
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CAUTION DANGER

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).

CAUTION

■ ■ ■■

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).

-52-

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



SHIFT VIBRATION EXPOSURE
Danger

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/s2) 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 Stand bym o

Running Stand byj  m

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.

Accelerometer

Bridge Connector Device

I Signal Condintioning Card I

   I  ..
| Laptop (algoirtim Vibration-Main, v i)  |

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 III Processor 

-  M at 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 fights 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-MainM program was generally very consistent with both 

comparisons.

11.000

10.000

9.000

Hti> 8.000

w 7.000

o 6.000

« 5.000

4.000

3.000

2.000
0.50 0.63 0.80 1.00 1.25 1.60 2.00 2.50 3.15 4.00 5.00 6.30 8.00 10.00 12.50

Frequency (Hz)

HVM — X—  Labview Calculated

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.

12.00

11.00

10.00

8.00
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4.00
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0.50 0.63 2.00 2.50 3.15 8.00 10.00 12.500.80 1.00 1.25 1.60 4.00 5.00 6.30

Frequency (Hz)

| HVM -  X LABVIEW________ Calculated]

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/s2 and 6.0
2 2 

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/s2 for the caution 

threshold and 2.25 m/s2 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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Figure 6.3 Example of threshold limit plot
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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

-72-

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



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 Information 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
1 June 25/03 1097.52 0.5692 6:53:22
2 June 26/03 967.55 0.4024 7:59:58
3 June 27/03 1047.65 0.4967 3:58:37
4 October 19/04 875.09 0.6941 4:05:31
5 October 20/04 - 0.6761 7:56:00
6 October 21/04 882.97 0.6534 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 r2 value were obtained. The r2 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 ,  =0.0013*^-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) Expected Peq ( r tfs ) M easued ̂ eq  (rtfs ') %cffferenoe
4 875.09 0.369 0.694 88.24
5 - - 0.676 -

6 882.97 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
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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 S e rie s -  P o rtab le
• 16 analog Inputs at up to 1.25 MS/s. 

12 or 16-blt resolution
•  IJp to 2 analog outputs at up to 

I MS/s. 12 or 16-blt resolution
• 8 digital I/O lines (TTUCM OS): 

two 24-bit counter/tim ers
•  Analog and digital t rlggering
• 4 analog Input signal ranges
• N l-DAQ  driver simplifies 

configuration and measurements

Models
• N I DAQCard-6036E for PCMCIA1
•  NI DAQCard-S062E for PCMCIA
•  N l DAQCard-6024E for PCMCIA1
• N l BAQPad-6052E for FireWire 
• N I  DAQPad-liOTOE for FireWire
• N l DAQPad-8020E for USB1

Operating Systems
•  W i n d o w s  iO O fPN T .O C P
• O th e r s  s u c h  a s  L in u x  a n d  M ac O S  X 

(p a g e  187)

Recommended Software
•LabV IEW
•  l a b W ln d o w s 'C T l  
• M e a s u r e m e n t  S tu d io
• V I L ogger

Other Compatible Software
•V is u a l  Basic, C /C + + ,  a n d  C 4

Driver Software (included)
•N l - D A Q  7

‘Digital triggering only

Calibration Certificate ifidisdwl
So&fMge 21.

LM-A .'rA-rtU/IP

Analog Input Max IrjJti Amlefl 0 tip it Output Qwfcul
Family Bus lune Rfrsdulien Snnplnflfetft Rangt Oufeufc RsMfufan it ox Rang* Digit bII/Q CauittpTimerv 7r«mre
DAQbri-M&E PCMCIA l6S£-a Dl 16 bin 200 ito iODStoilQV 2 16 bite 1 K/s 116 V 6 2 Dijital

PCMCIA 16 SC-3 Dl 12 bils 50815;5 ±OjO& tx> ± 16 V 2 llbiti 35015.*: * 18 V 9 2 Arutaj.dijiiaJ
DALUri-WlME PCMCIA KSU8 81 12 tils 200 IS*’? *0.06 tot 10 V • 12 tic 11S/s ±107 B 2 Dijital
DACfadOGE E EE liW I6SE-3 Dl 16 bin 31315-y *0£6luj|0V 2 IE tic 12315c * 10 V B 2 Aftibj. dijital
BMfoiKtfOE EK13W KSH 81 12 biu 1.3 MSA *fljC6tr* ±10 V 1 12 tit i M&i i 18 V 8 Awbj.dijiial
OACPatW&iC£ use I6S£‘3 81 12 bils IOOiS‘5 *006ti'*IOV 12 bit 10015c * I07 8 Dijilai

'ioe 1 iV tract's c SstissWad* folds \3fs csp? 22s fa  d$t3l?d /

O verview  and A p p licatio n s
N a tio n a l In s t r u m e n ts  p o r ta b le  E  S e rie s  D A Q  p r o d u c ts  d e liv e r th e  

s a m e  fu n c tio n a li ty  a v a ila b le  In P C I a n d  PX1 E S e rie s  D A Q  d ev ic es  -  

in a  p o r ta b le  fo rm a t. T h e  D A Q P ad  d e v ic e s  a r e  h o t sw a p p a b le  a n d  

ava ilab le in u p  to  th ree  d if fe re n t  c o n f ig u ra tio n s . T h e  15 c m  e n c lo su re  

is id ea l fo r  d e s k to p  o r  p o r ta b le  a p p l ic a t io n s  a n d  fe a tu re s  a  0 8 -p in  

sh ie ld ed  c o n n e c to r . The- 30  cm  e n c lo su r e  w ith  m ass  te rm in a t io n  

o ffers a low p ro file  p ac k ag e  th a t  fits  u n d e r  y o u r  la p to p  c o m p u te r  

It fe a tu re s  a  p in  sh ie ld ed  c o n n e c to r  t o  c o n n e c t s ig n als  f ro m  o u r  

SCC  m o d u la r  s ig n a l c o n d i t io n in g  p r o d u c ts  o r  fro m  o u r  CA-tOOO 

cu s to m  c o n n e c tiv ity  e n c lo su re  T h e  3ft cm  e n c lo su r e  w ith  BMC 

co n n e c tiv ity  is ideal fo r a p p lic a tio n s  w h e re  p o r ta b il i ty  a n d  q u ic k  

co n n e c t n i b '  a re  n e e d e d , su c h  as  in  v e h ic le  a u to m o tiv e  o r  a irc ra f t  

te s tin g  a n d  p o r ta b le  d a ta  leg g in g .

Ml D A Q C ards 3re T ype 11. PC  C a rd  c o m p lia n t  a n d  p ro v id e  

p e rfo rm a n c e e q u iv a le n t to  th e ir  IT T  tor PX1 c o u n te rp a r ts  H ow ever, d u e  

to  th e ir  c o m p a rt d es ig n , th e y  c a n  be u se d  In a p p lic a tio n s  w h e re  sp ace  

c o n s tra in ts  an? a n  im p o r ta n t  c o n c e rn , su c h  as  field serv ice  an d  research .

H ighly A ccurate H ardw are D esign
M l p o r ta b le  E S eries  D A Q  d ev ic es  p ro v id e  th e  fu n c tio n a li ty  o f  

& S eries  d a ta  a c q u is i t io n  d e v ic e s  in  a  p o r ta b le  fo rm a t:

Tentjwrattie Drift Protection Circuitry -  D e s ig n e d  w ith  c o m p o n e n ts  

th a t  m in im iz e  th e  effec t o f  t e m p ? r a tu r e c h a n g e s o n  m e a su re m e n ts  to 

less th a n  0 X 0 1 0 %  o f  re a d in g  p e r  X

Resolution improvement Technologies C are fu lly  d e s ig n e d  n o ise  

f lo o r  m a x im iz e s  th e  re so lu tio n

O nboard  Self-C a lib ra tio n  - P rec ise  v o lta g e  re fe re n c e  in c lu d e d  fo r 

c a lib ra tio n  a n d  m e a su re m e n t accu racy . Self c a l ib r a t io n  is c o m p le te ly  

so ftw a re  c o n tro l le d ,  w ith  m i p o te n t io m e te r s  to  ad ju st.

Nl DAQ-STC -  T im in g  a n d  c o n tro l  A SP. d e s ig n e d  to  p ro v id e  m o re  

flexibility , lo w er pow er c o n s u m p tio n , a n d  a  h ig h e r  im m u n ity  to  n o ise  

an d  litte r th a n  o f f - th e -sh e lf  c o u n te r / t im e r  chip*.

Nl MITE - A SIC  d e s ig n e d  to  o p tim iz e  d a ta  tra n s f e r  fo r m u l tip le  

s im u l ta n e o u s  o p e r a t io n s  u s in g  b u s  m a s te r in g  v .i th  D M A  c h a n n e ls , 

in te r r u p ts ,  o r  p ro g r a m m e d  I D .
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Portable E Series Multifunction DAQ 
12 or 16-Bit, up to 1.25 MS/s, 16 Analog Inputs
Models NI6GS2E N IK  DAQCwd-W2£ DAOPatNODE DMCanWKSE, 0A!ie8rd-ffl24E
Mastmmni Senator#* hrifi C0DOS aos 00(0 ata, 0J»t 0009
RHumlftaplVl
totoefS JtojjBtwePS JfaoUtefeciFncvtnYl
10 -10 4.747 14X9 17315 11.sa 3653 19012

-5 0.F5 1193 6.963 4671 2.357 6517
25 -25 1.190 1J605 4.502 1719 - -

1 •1 0.479 I 45- 1313 1.496 - -

m 05 0.735 0.917 0.75? 0.454 00972
025 -0 25 M37 0.379 0.474 G5E7 - -

Gl -0.1 acti 0.I63 0203 G1E5 - -

m 0JC6 ftBQB 0J991 0.113 om Oj06? 0.119
10 0 1.232 6.765 356 5721 - -

5 0 •119 5.191 6263 5619 - -

2 Q O.ESO 2.167 2528 2253 - -

1 0 0.4-3 1.092 1274 1.137 - -

05 0 0.212 0X8 0663 0577 - -

02 0 t< 111 0235 0274 0241 - -

01 0 aos9 0.127 0.149 0123 - -

Hi« taraitt n  aM nr rtiuHnuc iLiual j x nuii c Jtulin wanniwi kukk w l«*l la ftuliwl Hipntie. rtltriil 't it rarnlatni.iui^iut *i * ti't it «mi it 
txhrYr4tatoHi|XiUHC*JWfuBnttiNmlrKxn«tolTte-4)Ct«J*taitKf itM ialeQfeiaW:w«p*lJKdn4ftMr«iripr{«vJiapiir ®nf*i W Viutt-aKm^aui*) 
yMtuninq iQOiSMt^ittaG.^fuAiitclKKSiNcviltage'diigeri^lifii :*iral ot tta tn'ifrsi

2 -V Ayrac*? E 2sns*Awm*p\iiAt&\t# k w iy  Etsci&uws

Modtb NI6K2E N IK MGCerd-6W2E DAQPBd-»20E QMCflnWfl** DA0Cani-9J2«
NNttmllbRRBlVl 
Ps Mh FS NagstwBFS iUiidtfe Aocwmir tn#j
10 -10 1.46 6.127 10566 6 m 2547 10.563
10 0 1.176 5M6 - 5691 - -

Tsci? j  W PsrtiCi's E Esr&Mito w rar Atstti?  ̂ srtiCiiy

Nl PGIA -  M e a su re m e n t a n d  I n s t ru m e n t  class a m p lif ie r  th a t 

9  g u aran tee s  se ttlin g  tim e s  at all gains. T ypical co m m erc ia l o ff-the- 

■— sh e lf a m p li f ie r  c o m p o n e n ts  d o  n o t  m e e t th e  s e tt l in g  t im e  

re q u ire m e n ts  fo r h ig h -g a in  m e a su re m e n t ap p lica tio n s .

fi
O  PFI UaftS -  E igh t p ro g ra m m a b le  fu n c tio n  in p u t I’PPlj lines th a t  can  

«  be u se d  fo r so ftw a re -co n tro lled  ro u tin g  o f  i n t r a to a r d  d ig ita l a n d  

.5? t im in g  signals.

RSE Mode - In  a d d i t io n  to  d iffe ren tia l an d  n o n re fe ren ce d  single- 

e n d e d  m o d es . N l p o r ta b le  E  S e rie s  d e v ic e s  o f fe r  re fe ren ce d  

s in g le  en d e d  (RSE) m c d e  fo r  use w ith  flo a tin g  s ig n a l so u rc es  in 

ap p lica tio n s  w ith  c h a n n e l c o u n ts  h ig h er th a n  e ig h t

O n b o a rd  T e m p e ra tu re  S e n s o r  - In c lu d e d  fo r  m o n i to r in g  th e  

o p e ra tin g  te m p e ra tu re  o f  th e  d ev ice  to  e n s u re  th a t  it is  o p e ra tin g  

w ith in  th e  spec ified  range.

Analog and Digital Triggering - S a m e  p o r ta b le  E S orits  devices 

p rovide th e  ab ll ity  to  set a  trigger based  o n  th e  level o f  -an analog s ignal. 

in a d d itio n  to  th e  ab ility  to  trigger o ff an  edge of a  d ig ita l signal.

H igh-Perform ance, E asy-to-U se D river S oftw are
N l-D A Q  is th e  ro b u s t  d r iv e r  so ftw a re  th a t  m ak es it easy  to  access the 

fu n c tio n a lity  o f  y o u r d a ta  ac q u isitio n  h a rd w a re , w h e th e r  you  a re  a 

b eg in n in g  o r  ad v a n ce d  user. H e lp fu l fe a tu re s  inc lude:

A lto m a tic  C o te  G e n e ra tio n  -  T h e  D A Q  .Assistant is an  in terac tive  

g u id e  th a t  s te p s  y o u  th ro u g h  co n f ig u r in g , tes tu ig . a n d  p ro g ra m m in g  

m e a su re m e n t task s  a n d  g en e ra te s  th e  necessary' c o d e  au to m atica lly  

fo r LabV lEW . L ab W ln d o w s/C V I. o r  M ea su rem en t S tu d io

C le an # ! Codd D e v e lo p a w n t -  Basic a n d  advanced  so ftw a re  fu n c tio n s  

have been  co m b in e d  in to  o n e  ea sy -to -u se  yet pow erfu l set to  h e lp  

y o u  b u ild  c le an er c o d e  a n d  m o v e  fro m  b a s ic  to  a d v a n ce d  

ap p lic a tio n s  w ith o u t re p la c in g  func tions .

High-Performance Driver Engine S o ftw are -tim ed  s ingle p o in t 

in p u t  (typically used  in  c o n tro l  lo o p s) w ith  N l-D A Q  achieves ra tes of 

u p  to  50 kH z. N l-D A O  also  d eliv ers  m a x im u m  sy stem  th ro u g h p u t  

I /O  w ith  a  m u lti th re a d e d  driver.

Test Panels - Vvith N l-D A Q . y ou  ca n  tes t all o f y o u r dev ice 

fu n c tio n a lity  b e fo re  y o u  b e g in  d e v e lo p m e n t.

S c a le d  C h an n e ls  - Easily sca le  y o u r v o ltag e  d a ta  in to  th e  p ro p e r 

en g in e erin g  u n its  u sing  th e  N l-D A Q  m e a su re m e n t-re a d y  v irtu a l 

ch a n n e ls  b y  c h o o s in g  from  a list o f  c o m m o n  s e n s o r s  an d  s ignals 01 

c rea tin g  y o u r o w n  c u s to m  scale

LabVIEW Integration - All N l-D A Q  fu n c tio n s  use th e  w aveform  d a ta  

type, w h ich  c a rrie s  a c q u ire d  d a ta  a n d  lim in g  in fo rm a tio n  d irec tly  

in to  m o re  th a n  4,J J  L abV IE W  b u ilt-  in ana lysis ro u tin e s  fo r d isp la y  of 

re su lts  in e n g in e erin g  u n i ts  o n  a g ra p h .
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Multifunction DAQ 
Absolute Accuracy Specifications

S p ec ifica tio n s icontinued)
AbsoiuleAceifacy Rekwe Accuracy

/ --------------------  v  \
0io4Readinp Noise i  QuarrtkffHonimVi fiesoliticn imVi

NHBsdflmefVl a  Ham 1 fear OffectinVl SinnfoPwrt Arranged Tamp Drib t1VCt Staple Pdat /tanged
N ffl7s£ Analog taut Accuracy -12-bit 12 MS's, Up to Si Andon inpub
±10 1»72 O07I4 6.18 610 mi 0X3010 7.}7 1.11
AlCl mu m\i 323 m 6423 oooc m 0.737
a2S 1(672 0)1714 I0I 1.51 a-i i m o 104 0278
tin 10672 00714 0X61 0.610 0035 (3X010 1737 0.1 II
±15 18672 0/1714 a 135 0.1(6 Q&41 0X010 a s s 0 056
±025 0.0672 0JJ7I4 QI76 0206 a 021 aooio 0.238 0052
±0 i 00672 0/1714 0X61 00% Qon 0X010 a m 0.015
±005 00672 00714 QON 0071 aoo7 0X010 a%2 0009
lOleO 00672 90514 120 IK 0423 om let 0.557
5tt>0 00672 0.5714 16! 1.5} 0211 0X010 104 0276
itoQ 01672 0.5714 aesi 0610 0035 0X010 6737 0.111
Mot) 0(672 00714 a i s 0.1(6 0012 0X010 0.368 0XF36
0.5 to Cl 0(672 00714 a  re Q2(G 0024 0X010 6238 D/J22
121*0 0(672 00714 acoi 0006 OOII 0X010 a m 0.016
llfol 00672 00714 ojm 0O7I 0007 0X010 a te 0XK39

H 9340 EAnakg htut Accuracy —12-bH,5B0 fcSv 16 Anefag Input
iiao 0(672 00714 7.189 4/540 mi aooio 6270 II10
15.0 60272 00114 17W 2.120 at? 0X05 3140 0.557
12.5 66672 00714 I860 1.160 0211 0X010 1.570 0178
110 0.0672 0.0714 01757 0.4(4 0035 0X010 0627 0.111
105 ft0672 00714 aits 0:268 m: 0X010 0.339 0/E6
103 0(672 00714 02(5 0.114 I1Q2I aooio 0169 0)128
*0.1 06672 00714 QX65 0X76 aoid 0X010 iobs 8011
1005 0(672 00714 0X68 0X56 aoo6 aooio mi 0/306
IOidO 0LK72 00114 1700 2.120 1423 0XCU5 1140 0.557
6 it. 0 06672 00714 I860 1.160 0211 0X010 1-570 0178
2n>6 06672 00714 0757 0.464 Q085 0X010 at£7 0.111
1 Id 0 06672 00714 0381 0268 0042 0X1310 au9 0X56
as to o 6.(672 00714 0206 0.114 a 02! aooio a iw 0028
0.2 to 0 00672 00714 00% 0076 ODIO 0X010 aces 0/013
aitco 0.6672 00714 0X68 0056 a m 0X010 0.064 ao(c
Nl PCI-MM. Nl -W3b Analog hpit Accuracy*' Wri.fflOkSrt.lMflMRlfipUlS
tiao 06646 00563 ±1001 ±1953 ±0.062 0X010 1.0360 a  ices
AO 00146 001% ±0011 ±1457 ±awi 0CH6 15420 acc.22

till 0(646 00563 ±0.1X6 ±a%6 ±0.005 acoio a0661 00065
tm 06646 00563 ±0028 ±acee ±0802 0X010 a0K2 0X010
N DAQCafiJ-ffffiE Aflabfl hput Ac curacy-16-brt 2D kS* fi Andon lra>ufc
±10 0.(649 0/0591 2X02 1.583 1197 0X610 1.80c 0.180
±5 10140 0/3191 1.511 0.750 1(368 O.COB 1904 0090
±15 0.(649 0/0591 O.W 0084 1897 OXOIO 1102 0010
±0X6 10549 0X691 0X01 0022 1001 oxcto 1142 0004

IRECNMHIE. aid M60SE Anubn Input Accuracy- 12-bi. 293 kSs, 16 Analog Iraits
±110 10672 0/0914 0380 1010 1975 0X010 5890 1.280
±50 ft£G72 00514 53(0 1.950 1438 0XWR 2560 0042
±05 10672 0/3914 0340 0.1% 1849 0X010 1295 0064
±0X6 16672 0.0914 0X64 0061 1036 0X010 MF5 0006
BAQCart-M24E Analog fcipit Accuracy - TMril, 2H3k&5. lOAnabg Inputs
±10.0 1(672 00914 SS30 1910 1.842 0X610 1890 1.170
±50 10272 00514 4.420 I950 1521 oxa& 2.950 0086
±15 0.0672 00914 0462 0.452 1052 aooio 1516 0/K4
±105 0.(672 0/3914 OXftj 0061 aoo: 0X010 1175 0009
OAQCaiWOHEArt ap ifpul Atciiecy- 12-bit, 500 kS'p, 16 Amlcfl bpifi
±100 1(672 00714 901 6.1X6 0975 1X010 vm 1330
±50 11272 Q0JI4 402 WM 0.433 60305 im 0042
±25 1(672 00714 2.47 1550 0244 10010 I.84D 0121
±1.0 1(672 00714 1/001 0610 00% 10019 ITT 0128
±15 11672 00714 1511 0.105 9049 1X010 138 0064
±0£ 10672 00714 1266 0206 0029 0X010 12% O0»
±11 1(672 00714 1119 00$ 0912 1X010 am 0016
±0/5 1(672 00714 1070 Q07| 0/303 aooio 1082 0.010
IOt/0 WE!!2 00514 m 1050 Q.433 IXttfi 3X8 0042
5fc0 10672 00714 2.470 1.530 0.241 oxeio 184 OKI
2t:0 1(672 Q0714 1X61 0611 0093 1X610 i t QI2S
lt:0 M672 00714 1511 0105 0849 1X010 0266 0/364
151:0 1(672 00714 13(6 0029 0.0010 12% osm
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16-Bit E S er ies  Multifunction 
DAQ Specif ica tions
S p ec ifica tio n s  -  Nl 6052E and  Nl 603xE
These speciliialiw n ire t’flpfcal I t  25 X  m b s  c lherM w  f r i e d

Accuracy cfKtilkalhie__
Input Charaderislics

  otefojêo

Nurtured danmk
hee
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16-Bit E Series Multifunction 
DAQ Specifications
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16-Bit E Ser ies  Multifunction 
DAQ Specifications

S pecifications -  Nl 6052E and Nl 603xE (continued)
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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.

OK CAUTION DANGER
Rurvtag Standby

•  . O

SHIFT VIBRATION EXPOSURE

\
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.

OK CAUTION DANGER

Running Standby

Q •

SHIFT VIBRATION EXPOSURE

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.

CAUTION

SHIFT VIBRATION EXPOSURE

START

STOPx.

OK CAUTION DANGER

SHIFT VIBRATION EXPOSURE

START

STOP
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OK CAUTION DANGER

•  •  9

Rumkig Standby

-Q m

SHIFT VIBRATION EXPOSURE

START

STOP

4. At the 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

59200B1353
TfoE X Y Z 3LM FLNMN39LW XPeq9Lm YAsqSm ZOeqSLm /SeqSLm

15347FM 0241173 Q241173 0225787 035180 Q114S51 0241173 0241173 0225787 QS8180
1:5340 FM 1.621687 1.621087 Q7SB8 3300673 4625002 1.150317 1.150817 Q50B® 2300130
1:5351 FM 4400200 440C2O0 2146375 9145127 39C07S2 2753831 2750831 1.320216 5623290
1:5353FM 6866836 6860366 327564 1390273 119617335 4182992 4182992 200135? 8330038
1:5355FM 786161 7.86161 3741331 1598072 224623673 512906 512903 2400263 10440451
15357FM 7.100067 7100967 3 4 4 6 6 14583396 31245085 5519000 5519890 265636 11*2161
15359FM 7.0*090 7.084099 3375817 14426006 3982118* 570988 570908 2753006 11.750075
1:5t01FM 68780C 6878812 3270920 14006987 4790*182 59198 59106 2825045 12060008
154CBFM 7100757 7.100757 3414171 1432873 563697704 600903 600993 2806427 12331957
1:5t05FM 6921772 621772 330C254 14096189 648570162 6100417 6100417 2909007 1258172
15407FWI 7.140658 7146378 340*35 1455GB 73588605 RSffiFTR 29943GB 12741803
154C0FM 6 3 3 2 7 620237 3300813 14111301 81780000B 6315304 6315004 3012768 12831507
1:5411 FM 7.162261 7.162231 3414078 14506909 905569)42 6384445 6384445 3040005 13002278
1:5t13FM 69*12 63*12 3301371 14100968 987487043 64*497 64*497 3034334 1308338
15415FM 7.15013 719*3 3409238 14S3BG 10*800011 64751* 64754* 3008730 13187903
1:5t17FM 6923D1 6023201 330098 14099096 113376Q53 6501314 6934314 310*23 13*038
1S419FM 715621 71521 3411514 14571574 1*4252064 6544304 6544304 3124455 13327923
1:5121 FM 69*023 6SB492B 3301754 14102609 130319013 6503113 6933113 3131744 13372138
1:5t23FM 71540B1 715IB1 3410951 14500175 141366B114 6500062 6590362 3147067 13437790
15425FM 692395 62306 3301287 14100621 14G63E2C9 6615022 6615022 3154017 13471715
warn* 715CB7 715687 3410078 14509287 15930GC 6641684 6641084 3167000 13536
1.5429FM 69*33 69*33 3301409 14101396 1634925391 6664792 6664792 3173316 13553584
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\l3dicnh&i

T ire
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8 47.13909025 47.13909025 1Q72916229
10 61.5433319 61.54009819 139978O40B
12 5127944838 5127944808 11.00301218
14 5319145684 5018445034 11.40964560
16 47319843)4 47.31980)4 1Q75593425
18 5127644081 5127644061 11.66006332
2D 47.91092762 4791002762 1089167813
22 51.07500844 51.07900344 11.6KBT773
* 480140254 480143254 1Q91518034
23 5129002031 5129802031 11.03130175
26 47.91343777 47.900777 1089906048
30 5112034018 51.12034918 11622008*
32 47.90071200 4790071200 1080613083
34 51.19700014 51.19700014 11.6082777
33 4796480011 479*30011 1090157*8
38 5118015065 51.18019005 116*00719
40 47.9410003 4794KB36 108962606
G 51.18O06OB 51.1009008 116*77092
44 479433® 47943*095 10809695$

9742977443 9742977445 221.0033*] ee&pffijcj 3173̂  i35as6|
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Test #2

59200B1433
H \£ X Y Z 3lM FLN4N3ELF/ XAeqSUn YAeqSm Z te |3 m /fcqSLm

2333) FM 
23333FM 
23335FM 
23337FM 
23B29FM 
23341 FM 
23343FM

0241173
1.62)687
4430008
68EEB3E
78664
7.130067
7CM300

Q341173
1621087
440KB
6866B3E
78061
7100087
7.CBCG0

0225787
07588
2143S5
355561
3741331
3414576
3377817

033189
33CB573
914527
1390273
15976872
14563306
14436006

Q114S51
4636002
3908732
119817305
234823373
3)243365
30821134

024)173
1.1EBBI7
275063)
4182002
512006
556000
570008

Q24I173
1166BI7
2750831
4182002
512006
55S000
sraoB

0225787
053675
1.32826
20013E
2430003
2608606
2750005

0508)89
2360130
5623200
85TRRR
1044361
112C161
11.75005

T ne Ifiap f  (M 2?
2 Q08Bt6*M6 QCEBB4416 CKHSSffi
4  2620838725 2609868726 Q63757CB1
6 2Q-BB658B 2Q16K6788 4006021206
8 47113060005 47.1335325 10759)6229
10 61.56EEBB 6I3BE0B19 13SaS»SB
12 512SHBB 51279MB0B 110000)218
14 SD18443BB) 5D1M4SBB4 114098669 1576087972) 576087972) 2753904^ 117HU519|

23300085 233G0DH5 SBGB00EB0B
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APPENDIX F 

Laboratory Testing and Verification of System Part 2

- I l l  -

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



1 second sampling trials:

\Ai^cnA^6̂ kiiOnpariscn(1ssarntelirr  ̂Trid#1
frajjancy HuMfrrts5) L4B4B/V(rTls£) Fft© V* CacJ^d(rris3

Q5D 370 325 1696 5995266604 Q418 25D6138961
Q63 327 300 1748 6180113268 Q469 288657196
Q80 356 241 1860 6578098066 Q477 3136796392
1.00 373 360 1996 7.053300142 Q482 3899734049
1.25 354 386 2066 7.410479067 Q484 35B6671868
1.60 405 404 2? 23 7.869191873 Q494 3882668986
200 440 470 2313 8177889924 Q631 434236336
250 626 673 27.78 9821713191 Q631 6197501023
815 7.80 7.81 27.96 988635X01 Q804 7.947828662
4.00 967 973 2B06 990X0814 Q967 959B324771
500 1Q30 1Q2D 2806 9917177805 1.009 1Q30894Z34
630 nso 1023 2B05 9917TZ3506 1.064 104369968
aoo 1Q20 978 2806 992X0614 1.006 1027786863
1Q00 966 966 27.70 979342B9t9 Q9B8 96«juna
1250 as7 aao 27.56 9751002513 Q902 8796404268

Xfa^ArEjgctoOripaismOsgnTfetrres TrieUB
fecjary HvM(rrfs) UmBMptsQ f*JP Wc Qia1cted(n1s2

050 3630 3210 18010 6367495665 Q418 2661613564
Q63 3723 3383 19090 6749334226 Q459 309791441
Q80 3900 342D 21.600 7.686753237 0477 3642731294
1.00 4240 3870 22610 7.998842161 0482 3863031922
125 4220 4150 23670 8368808755 0484 4060406608
1.60 4.423 432D 24251 8573689722 Q494 4235399813
200 4830 4940 25100 8874190104 QS31 4712191945
263 5840 596) 25540 9029758696 Q631 5697774519
315 7.5B0 7.450 25840 9138819813 Q8Q4 7.345196969
400 8960 9023 26010 9196923689 Q967 8892450208
500 9680 9300 25160 926421164 1.009 9606992589
630 9590 9510 26110 9231279026 1.064 9729968096
800 950 9490 25060 9217136893 1006 9548968821
1000 9120 9120 25730 909692874 Q988 8987766896
125D 8310 8280 28060 9213601399 OfflCE 8310668425

11.00

10.00

9.00

- |  8.00

Cfl>
>‘5CT
tilC
o
£o<DOO<

4.00

3.00

2.00
0.50 0.63 0.80 1.00 1.25 1.60 2.00 2.50 3.15 4.00 5.00 6.30 8.00 10.00 12.50

F req u en cy  (Hz)

HVM — X— LABVIEW Calculated

Trial #1 Comparison between HVM, Labview, and Theoretical Calculation
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10.000

9.000

8.000
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6.000
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3.000

2.000
0.50 0.63 0.80 1.00 1.25 1.60 2.00 2.50 3.15 4.00 5.00 6.30 8.00 10.00 12.50

Frequency (Hz)

HVM — X—  Labview Calculated

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

Vixaticn Areleraticn Ccrrpaiscn (2s sarrpietrne) Trial #1
freqjency Hk/MfnVs*) lAEMEWfnVs2) PUP RMS Cdaiated (rrVs2)

0.50 4.06 292 19.81 7.C03S93568 0.418 292/1327135
0.63 4.40 620 21.88 7.735748186 0459 6560708417
0.80 4.46 693 2650 6300604679 Q 477 6963156732
1.00 4.62 4.13 2460 6697413409 Q482 4.192153263
1.25 4.69 4.48 2586 9142860681 0.484 4.425159089
1.60 481 475 2632 930552524 Q494 4.596929469
200 512 527 2668 9432804461 Q531 5006819169
250 685 680 30.16 1066317026 0.631 6728460434
3.15 668 657 3Q34 1072580567 Q801 6624355136
4.00 10.50 10.48 3Q45 1075670074 0.967 1Q41043262
500 11.30 11.12 3Q51 1Q78091306 1.009 1120780359
6.30 11.50 11.29 30.61 1Q82226929 1.054 11.40667183
aoo 11.30 11.19 3060 10.8187337̂ 5 1.006 1120820B17
1Q00 10.70 1Q70 3070 1Q85408909 Q988 1Q72384002
1250 9.79 978 3032 1Q7197388 G902 9.6692014

\ferstoiAxgleraticri Conrgriacn(2s sample tims) Trial #2
freaisncy H/M(rfs2) LAEMB/V(mfe2) PUP RMS W< Calalatfld (nVs2)

Q50 4000 305D 19280 6816509071 Q418 2848000917
063 4.300 6130 21250 7.51300955 Q459 6448471383
080 4.490 6740 22840 6075159441 Q477 6851851053
1.00 4.520 6880 24023 6492352442 Q482 4.093313877
1.25 4.540 4260 24880 67S6408358 Q484 4257461645
1.60 4.710 4560 25480 9008540662 Q494 4.450218954
200 5010 5270 25860 9142960681 Q531 4.854874951
250 5870 5910 26080 9.220672427 Q631 5818244301
615 7.660 7.630 2R2fT) 9280776503 Q804 7.461744308
4.00 9.070 8970 26340 9.312566306 Q967 900528063
500 9740 9670 26400 9.333809512 1009 9.607828083
630 9.920 9740 26470 9358558249 1.054 9.863920394
600 9.720 9610 26510 9.372700385 1.006 9.710117598
1000 9260 9310 26550 938684252 Q968 927420041
1250 6470 8450 26510 9372700385 Q9Q2 6454175747

12.00

11.00

10.00

9.00

£
8.00c

>
§■ 7 0 0m '

6.00
©oo<

5.00

4.00

3.00

2.00
0.50 0.63 1.25 1.60 2.00 4.00 5.00 8.00 10.00 12.500.80 1.00 2.50 3.15 6.30

Frequency (Hz)

HVM — X— LABVIEW Calculated

Trial #1 Comparison between HVM, Labview, and Theoretical Calculation
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Trial #2 Comparison between HVM, Labview, and Theoretical Calculation
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APPENDIX G 

Determining Indicator Threshold Values
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Orange Lines Indicate Danger Threshold

Threshold Selection Field Test #1
4 .5  - i  —  -............................— ............ -...........------   -... - .............  - ..........—•

4 . 2 5 ----------------------------------------------------------------------------------------------------------------------------------------------------------------

4 -------------------------------------------------------------------
3 75----------------------------------------------------------------------------------------------------------------------------------------

3 . 5 -----------------------------------------------------------------------------------------------------------------------------------------------------------------

3 25 -------------------------------------------------------------------
3-------------------------------------------------------------------

2 .7 5

2 .5

2 .2 5

0 .75

0.5

0 .2 5

0 -I----------------------------------------------        I----------------------------------------- ,---------   - ---------------------- |------------------------------------------,----------------------------------------- r - -------

9:40  AM 9:50  A M  10:00 A M  10:10 AM 10:20 A M  10:30  AM 10:40 AM

Tim e

- 117-

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



A
cc

el
er

at
io

n 
Eq

ui
va

le
nt

 (
m

/s
2)

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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June 26/03 Test Data
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October 19/04 Test Data

Rack data missing for October 20/04 due to truck sensor malfunction

- 123 -

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

A
cc

el
er

at
io

n 
Eq

ui
va

le
nt

 
(m

/s
2)



R
ac

k(
kN

)

4

- 3.75

2000

-2500

8:45 9:15 9:45 10:15 10:45 11:15 11:45 12:15 12:45 13:15 13:45

Time

[ Rack — -A e q ]

October 21/04 Test Data

- 124 -

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

A
cc

el
er

at
in

 
Eq

ui
va

le
nt

 (
m

/s
2)


