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Abstract

The study was concerned with the Low frequency vibration generated
by wheeled earth moving machines and the consequent discomfort or
fatigue risks for the drivers. For these machines the vertical,
'Z', axis was established as the direction of vibration propogation
presenting greatest potential risk.

The principal reference was 1502631:1978(E) and acceleration levels
were measured at frequencies up to 100 Hertz for analysis and
comparison. A proposed 'comfort factor' investigation was omitted
after the hypothesis was found to require a different methodology
and more detailed measurement. Vibrations were recorded from a
Landrover and three JCB 3C excavator-loaders, courtesy of JCB
Research Ltd. Subsequent analysis showed that excessive
acceleration levels, at low frequencies, were received at the
driver's seat and that these frequencies also appeared in cab and
axle vibrations. Thus the identification of the vibration source
became an important aim of the study. The siting of the driver's
seat above the drive wheels axle and the absence of axle
springing/damping focussed attention onto the tyred wheel. A
typical drive wheel was supported in a test/frame and its response
to vibration measured. Free vertical movement of the axle was
provided by a cantilever arrangement designed not to influence the
low frequency response anticipated from the wheel. Finally, a
survey of drivers was completed to obtain their subjective
assessment of vibration received. Analysis and cross correlation of
measured and survey data confirm that discomfort and fatigue will be
experienced by the drivers of these machines. The study also
provided evidence that the large pneumatic tyres are the sources of
the Llow frequency vibration.
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CHAPTER 1

Human Response to Vibration

1.1

Introduction

The Human body is a very complex organism in its construction
with its skeletal frame, internal organs, muscles and
ligaments often delicately connected. These elements of the
body can be considered as a mechanical system but when this
analogy is applied to individuals the resulting performance

differs from person to person.

If the body's mechanical system was as straightforward as the
Lumped mass arrahgement shown in Figure 1 the effects of
vibration could be predicted with reasonable confidence.
However, the body is also equipped with the mechanical system
to register degrees of pain. Therefore, when these two
parameters are combined with psychological effects, such as
perception or satisfaction, the effects of vibration become
very complex. However, it is necessary to take both mechanical
and psychological systems into account if human response to
vibration is to be considered. GARG (1981) considered that
when the body is subjected to low frequency vibrations at low
levels it is found to approximate to a lumped parameter system.

Also Frolov (1981) found that the basic resonant frequencies of

“-vertical oscillation of the human body, in the sitting

position, Lie in the 4 — 6Hz area. This, then implies that



1.2

careful design of vehicles is required if such frequencies are

to be prevented from reaching the driver.

The criteria which need to be considered as influencing the

body's response to vibration are:-

(a) - frequency of vibration
() - intensity of vibration
(c) - direction of vibration, and

d - exposure time

International Standard 1S02631:1978(E)

Studies which have been carried out into these criteria, eg
0'Hanlon and McCauley (1974) have been used to produce the
International Standard 1S02631:1978(E). This International

Standard recognises three kinds of human exposure to

vibration:
(i) vibrations transmitted simultaneously to the whole
body,
(i vibrations applied to particular parts of the body eg

hands, head or feet; and
(iid) vibrations transmitted to the body as a whole but
through a supporting surface, eg the buttocks of a

seated man.



The Llast of these three conditions is the principal feature of
this study. It is also stated to be the condition which the
International Standard applies chiefly = Ref 1502631:1978(E)
p.1, therefore it naturally becomes a principal reference

source for levels of tolerance or discomfort.

In view of the importance of the four criteria previously

mentioned, a brief explanation of each is appropriate.

(a) Freguency of Vibration : Many valuable observations

have been made into the effects of frequency of
vibration on human comfort; Guignard & King (1972)
and Dupius (1980). 1In these and others the most
useful data has been in the frequency range between
1Hz and 100Hz. It has also been noted that above
100Hz the analysis of the vibration requires methods
much more complex than the comparatively simple model
previously shown in Figure 1. 1In this work a narrow
band analysis, ie 0.25Hz band width, was completed
for each accelerometer location and the results
extracted at one third octaves, from 1Hz to 80Hz, for
study and comparison with I1S02631:1978(E).

(b) Vibration Intensity : Theoretically it is irrelevant

to the frequency analysis of a vibration signal which
of the three parameters, displacement, velocity or
acceleration are selected for measurement. However,
where physiological factors are concerned,

acceleration is the primary quantity used to describe
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the intensity of vibration and the magnitude is
expressed as a root-mean-square (r.m.s.) value
(m.s=2). The acceleration limits, as applicable to

the human body, are related to three generally

recognisable criteria ie

(a) for preservation of comfort - this is
\‘barticularty applicable to passenger ride
conditions, ie 'reduced comfort boundary'
(b) for maintenance of working efficiency - this
refers more to vehicle drivers or machine
operators, ie 'fatigue~decreased proficiency

boundary', and

(c) for avoidance of risks to health or safety -
these Llimits should not be exceeded without
special justification and precautions being

taken, ie 'exposure Limit'.
The boundary most relevant to the drivers of
excavator-loader vehicles will be the 'fatigue-decreased

proficiency boundary' criteria (b) above.

(c) Direction of Vibration : As shown in Figure 2, the

appropriate directions in which rectilinear vibrations

should be measured are designated:

(1) *2', longitudinal axis, ie foot (or buttocks)

to head,
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(d)

(i) 'X', fore and aft axis, ie chest to back
(anteroposterior)

Giid) 'Y', Llateral axis, ie right to left side

These relate the co-ordinate system to the human skeleton
in a normal position and centre at the heart. It is
recogni;ed that angular (rotational) vibrations are often
present in a vibration environment, as for example, in the

case of an excavator-loader. However, the Standard

"considers that there is insufficient data available about

their effects on human comfort and consequently does not

include these in the recommendations.

Exposure Time : The period of time which a person is

subjected to vibrations, whilst carrying out tasks of
varying complexity, will affect their proficiency. The
International Standard 1S02631:1978(E), Figures 3 and 4,
recommend guide lines for the amount of time which should
not be exceeded if significant risk of impaired working
efficiency is to be avoided. The degree of interference
which a vibration environment has on a task will
ocbviously depend on a variety of factors of both human and
task origin. However, for people in normal health, ie
considered fit to undergo the stress of a typical workiné
day, the trend lines indicate the Llikely onset of this

interference related to frequency and acceleration level.



The Limits shown can be applied to tasks causing
continuous exposure over the stated period or to a task
where the exposure is a daily event over many years.
These conditions are relevant to the drivers of

excavator-Loaders and other similar earthmoving vehicles.

1.3 Summary of objectives

The purpose of this study was an investigation into the
vibration environment to which the drivers of earthmoving
vehicles are exposed during travel over the irregular terrain
of construction sites. Its principal aim was to discover their
degree of discomfort risk by analysing the vibration they
recejved, for frequency content and acceleration level relative

to IS02631:1978(E).

To facilitate this and to identify the source or sources

of the vibration it was considered necessary to study:

(i) the influence of different road profiles on
vehicle vibration.
(ii) the transmissibility of frequency and energy
between road and driver, and
(iid) the static and dynamic characteristics of the

earthmovers main suspension system, the tyres.

This work was carried-out on JCB 3CX Excavator-Loaders at JCB
Research Ltd's test site and in the laboratories at Sheffield

City Polytechnic.

10



CHAPTER 2

Landrover Tests

2.0 Introduction

2.1

ALl vehicles travelling over a 'road' will be affected by the
roads roughness, or profile, and consequently vibrations will
be generated at the contact points. The profile of the terrain
over which a wheeled excavator/loader can be expected to
travel, during the period of a construction contract, can vary
from the comparative smoothness of an asphalt road to a rough

broken stone surface such as a quarry floor.

Road Surface

This variability of surface highlights the following points for

investigation:—

(1) How will the roughness of different surfaces
influence the vibration at the driver's seat through

acceleration?
(i) Must the frequency spectrum of the road be known for

prediction of and correlation with the response at

the seat?

12
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Giid)

What is the relative importance of the vibration in
each axis with respect to the recommendations in
1502631:1978(E)? Studies have shown that vibrations
transmitted to the human body in the vertical
direction, ie 'Z' axis, Figure 2, page 6 are the
principal ones causing discomfort or disability:
Stayner, Hilton & Moran (1975). As a consequence, a
study was made to substantiate this for earthmoving
vehiéles. pue to the high laferal forces béculiar to
rough terfain the study was extended to determine the
influence of the road forces as they affect the other

two cartesian axes.

2.2 Landrover Vibration Tests

These tests were carried out on a standard, long-wheel base

vehicle with the accelerometer located on the axle, the

anchorage point of the driver's seat to the cab and between the

driver and his seat cushion, Figure 5.

~The instrumentation used was that described in Appendix 'A'.

and a detailed description of which was given by McNulty and

Douglas (1982).

The aims of the tests were to determine:

(i)

(i)

(i)

the frequency response of the vehicle at each
location in the 'X', 'Y' and 'Z' axes.

whether different road profiles produced a different
frequency response, and

the influence of road profile amplitude, ie road

roughness on the frequency responses.

14



Care was taken in selecting the test roads such that they had
different surface profiles and different degrees of

'roughness'; being designated ‘smooth', 'cobbled' and 'rough'.
2.2.1 Smooth Road

This was a typical Class 'A' trunk road surface with
a bitumen and aggregate finish. It did not have any
faults in its surface and provided as 'smooth' a ride

as could be obtained on any road surface.
2.2.2 Cobbled Road

This road was the type as laid principally in the
nineteenth and early twentieth centuries. It was
finished with granite setts, about 100mm cube, but
had not been maintained in a good condition. In
numerous places the setts had been depressed varying
distances down to some 50mm or canted over causing
‘edges or corners to project above the general Level
of the surface. Consequently, this road presented a
totally different surface profile for the vehicle to
traverse yet one reasonably mid-way between the

'smooth' and the 'rough'.

2.2.3 Rough Track

This title indicates exactly the nature of this road

for it was an unmade track leading on to moorlands used

15



mainly by Forestry Commission workers for access to a
plantation. The track varied in width and consisted
of boulder clay with patches of moorland grass. Due
to the land contours, water from rain or melting snow
ran down the track from the moors and onto the minor
road nearby. This resulted in furrows down the track
and at various angles across it of differing widths
and depths. In addition, grass mounds and rocks

were caused to project as much as 150mm above their
immediate surrounding area. It will be obvious that
this presented a very rough surface for the vehicle

and yet:

one for which the vehicle was designed, and
one which equates very well with the type of
terrain which may be found on a construction

site.

Over each surface it was possible to travel for about
400m in a relatively straight Line and, in order that
the road surface remained the only variable, a
constant speed of 10 m.p.h was maintained during the
recording period. This speed was chosen for its
relevance to construction site speeds and the
problems which would be encountered in attempting

higher speeds over the rough track.

16
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2.3

2.2.4

Accelerometer Locations

Each road surface was traversed and recordings made
before the accelerometer was moved to a new location.
The 'cab' location did not present any difficulties
but care had to be exercised at the 'axle' to prevent
damage to the accelerometer and to stop 'noise’

occurring on the tape from the cables.

In order to measure and record the seat
transmissibility the accelerometer was fixed into a
rigid plastic 'plate' as designed by Whitham and
Griffin (1977). This 'plate', or 'SIT-BAR', (Seat
Interface for Transducers indicating Body
Acceleration Receijved) 1is shown in Figure 6, Plate 1.
It was designed to locate the accelerometer below the
ischial tuberosities of the driver and present to

the cushion, on the driving seat, a surface similar
in shape and size to that portion of the human

buttocks normally in contact with a seat.

Test Results

The chart recordings of frequency response at 'axle', 'cab' and

'seat', in all three co-ordinate directions over the 'smooth',

'cobbled' and 'rough track' surfaces are shown in Appendix B.

In additjon, and to assist with the discussion of the results

which follow, the same recordings are presented in an overlay

19
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form, to a reduced scale in Figures 7, 8 and 9.

2.3.1 Comparison of the graphs allows the following

observations to be made:-

&P

Gii)

Giiid

That each axis has its own characteristic
frequency response at axle, chassis -and
seat. This suggests that the components
responsible for the resilience at each
location are acting as a specific type of
filter to the excitation appLied;

This characteristic response is independent
of the road profile traversed. A
consequence of this is that the responée
within the frequency domain, can be
predicted in general terms and the
amplitude of a road profile will only
influence the acceleration levels of the
response.

'X' axis : The chassis response is 'flat'
across the frequency domain for each
'road'surface and yet the responses at axle
and seat show striking similarity.

'Y! axis : The responses here are much more
random than in the other axeé, however, the
general trend is similar, particularly with

respect to the 'axle'.
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2.3.2

'Z' axis : The features of these responses

are the similarities between:- |

(a) the axle trends over 'cobbled' and
'rough track' roads, and

(b) the seat trends over all three road
surfaces.

It is also particularly noticable how the

greater roughness of the 'rough track’

produces a more pronounced response from

the chassis.

A general comparison of theée graphs shows there is a
more individual response in the 'Y' axis direction,
and a similarity, in the fregquency domain of the
peaks in the 'X' and 'Z' axes. Whilst the vehicle is
in motion the springs will allow greater movement in
pitching than in rolling, consequently, any frequency
strongly associated with a pitching action may have
its horizontal and vertical components transmitted to

the 'X' and 'Z' axes.

Comparison with International Standard 1502631:1978 (E)

The areas where movements of the vehicle infringe on
the driver's comfort and efficiency during his work
can be deduced from comparison of the vibration
responses with IS02631:1978. In order to make these

comparisons, it was necessary to convert the
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Vertical vibration exposure criteria curves defining equal fatigue-de-

creased prohciency boundaries

LANDROVER Zaiis

(rough track) Figure 12

Comparison of spectra./ ctensity of Lancfrover

vibrations wit/i 1502631 exposure criteria curves
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acceleration levels, at the relevant frequencies,
from 'decibels' to 'metres per second squared'. This
was done with the aid of the calibration graph,

Figure 10, and the results are produced in Figure 11

and Figure 12.

The first conclusion is that the 'X' axis does not present
a problem for the driver in respect of either his

efficiency or discomfort.

Figure 11, the 'Y' axis, shows that the 'reduced comfort
boundary' is the only one infringed, since the highest
Level occurs ?t 1Hz and coincides with the 4 hour curve
on the higher fatigue-decreased proficiency boundary.
Work procedures do not normally exceed 4 hour periods
without a meal break, if not a tea—bfeak, therefore the
Limits of these fatigue-decreased proficiency boundaries

are not exceeded.

On the graph, the 'reduced comfort boundary' is shown to
be 10dB Lower for each period of time. The effect of this
is to place each acceleration value, for frequencies below
2.5H2, at or above the 4 hour Limit. Use of the overtay
to Figure 11 shows this, and more particularly the
discomfort which will be experienced after working for as

short a time as 25 minutes.

T 21



( uuswyasig 103y )

oc Mg

g} 24nbiyg
"UBWINY PalEeS B 0} UOIIBIGIA [B3138A JO AJI|IqISSIwsuRI)L

ol 8 9 . 14 £ 4

——

~
~
\/
~

siqey/ peey S~ — —

a|qel/ 19p|noys

10p|noys/ peay *

50

r0°Z

LK

0'c

¢

ucijeia|edde

one!

28



The frequency response of the seat in the 'Z' axis, Figure
12, again indicates that only the 'reduced comfort
boundary' is infringed. However, five separate
frequencies are above the four hour limit with the levels
at 2 Hz and 2.5Hz causing problems in under two hours.
Reference to Figure 13 shows that vibrations in these
frequency ranges, received by a seated person, will be
amplified af the shoulder causing discomfort in this area

of the body.

It can be seen from this discussion thaf the drfvef of
this typé of vehicle will e#berience discomfort |

if driving over rough ground ié required. Thi§ diécomforf
will be mbst likely to manifest itself in the shoulders
and upper-arms and although not likely to influence the
driver's efficiency may, over a Long period of time,
advance the onset of muscle weakness and perhaps

arthritis.

Returning to the particular reasons for using the
landrover, as stated on page 2.3, the following

conclusions can be made:

(D) Road surface roughness appears not to influence the
frequency response of the vehicle. The vehicle's
suspension system filters each type of vibratory

input and responds in a manner peculiar to each axis.
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2) It is not necessary to predetermine the forcing
characteristics of the road surface. The randomness
of undulations in the surface will influence only the

amplitude of the signal generated within the vehicle.

3) The response of the vehicle in the vertical
direction, ie 1Z' axis in 1802631:1978, is the
principal area of concern and more likely to lead to
driver discomfort than either the 'Y' axis or the 'X1

axis.

Addendum, following Examiner’s Comments

The exposure time lines on Figures 11, 12 and 28 to 32 correspond to
"frequency or centre frequency of one-third octave band, Hz" of
IS02631: 1978(E). The International Standard also requires
acceleration levels of broad band vibration to be evaluated with
respect to the centre frequency of each one-third octave band. On
these Figures the black dotted lines show the narrow band, 0.25 Hz,
acceleration levels for the seat and the red lines show the derived
one-third octave band levels appropriate to the centre frequencies.
The higher 1levels, in red, result in infringement of the 4 hr
exposure line extending into higher frequencies to a maximum of

12.5 Hz and principally in the 'Z? axis direction.
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Plate 2

JCB 3 C Excavator - Loader : note the.
position of the driver’s seat, vertically over

the large diameter drive wheels.
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CHAPTER 3

Excayator/Loader Tests

3.0 Introduction

3.1

The excavator/loader, Plate 2, is the 'work-horse' of
construction sites. In addition to the variety of attachments
which can be fitted to the front or rear telescopic arms for
excavating, loading, scraping or chipping operations, the
vehicles may be equipped with self-propelling tracks or rubber
tyred wheels. When excavating or chipping operations are
required, the vehicle is usually supported by its front loading
bucket and by two hydraulic, telescopic Legs at the rear thus
raising the wheels above the ground. It will be readily
appreciated that, in this position, the vibrations received by
the driver will have their source or sources within the
particular combination of operating mode, supporting system and

tracked/wheeled motive arrangement.

Excavator-Loader Characteristics

]

From a study of the many possible operations it was considered
that three different conditions could be identified with

respect to the generation of vibrations:

) Excavéting or chipping whilst statijonary and
supported on front bucket and rear telescopic legs.
(ii) Front-end scraping or lLoading travelling by means of
tracks, and
(i) Front-end scraping or loading, or rear-end loading

and travelling by means of rubber-tyred wheels.
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In all three conditions the front or rear actuating arms with

bucket or scraper blade attachment would be brought into use.

The energy required in their use would be determined by the

material in which they were to work, therefore the transmitted

vibrations would be too operation-specific for the study.

3.1.1

3.1.2

Tracked Vehicles

The vehicles which are equipped with self-propelling
tracks are generally slower moving than tyred
vehicles. In addition, the action of moving over
their own tracks makes them less responsive to
irregularities in the terrain over which they travel
therefore, any induced vibrations will be less

important.

Rubber-tyred Vehicles

With rubber-tyred vehicles however, it is a common
observation and complaint from drivers that head,
neck and shoulder pains are caused by bounce at the
rear end. The survey carried out as part of this
study confirms this. There is a far greater number
of 'wheeled' excavator loaders employed on
construction and associated work sites than tracked
vehicles, therefore it was decided that a study of

these vehicles had the greatest merit.
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As previously stated these vehicles are capable of
carrying out many operations yet the driver has just

two seating positions to control the machine:

1 Facing forwards for (a) normal driving of the
vehicles,

(b) pushing material, etc
using the scraper blade
attachment, or

(c) Llifting and loading
Loose granular type
materials, eg sand or
gravel, using the front
loading bucket.

2) Facing the rear for excavating or chipping using

the hydraulic telescopic arm.

In the second position the vehicle needs to be rajsed
onto the lLegs and front bucket for stability. These
operations are carried out using the mass of the
vehicle as an anchor, hence the need to remove the
resilient effects of the tyres. When considering the
vibrations transmitted to the driver their properties
will be more specific to the work operation than in
the case of the forward fa;ing position. For
example, digging in Loose sandy soil will require
less mechanical effort than where old building
foundations or fissured rock is encountered below

ground level. It was shown by McNulty and Douglas
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(1983) that the vibration generated and transmitted
to the driver, from work in each ground condition,
is Likely to furnish data specific only to itself,

this is endorsed in the present‘uork.

When the vehicle is required to be d}iven in either
direction a common feature of each task is the effect
of tyre stiffness and dampfng upon the vibrations
produced. Whether the vehicle is stationary, eg
during loading operations, or travelling forwards or
backwards, tyre effects will be present. The design
and construction of these vehicles results in the

following relevant details:-

a) the driving wheels axle is rigidly fiked to the
chassis,

b) the driver's cab is mounted on to the body
vertically above the driving wheels, and,
therefore,

c) the position of the driver's seat is also

vertically above those wheels.

A consequence of these facts is that the entry of
vibrational energy into the chassis, from whichever
source, is certain to enter these wheels also. When
the vehicle is travelling, the wheels will be the
first point of entry for most of the vibrations,

consequently their influence is important.
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3.2 Selection of Test Surfaces

3.2.1

3.2.2

The ground profile on a construction site can vary
widely in irregularity of shape, dimension of
projections or depressions and texture of material.
Driving across a site can result in a vehicle
encountering different terrain conditions. Such
rapid changes in profile obviously make it difficult,
if not impossible, to determine the individual effect
on the vehicle in the méasurement 6f its frequenéy
response. Also the randomness of these surfaées
would prevent any cofrelation between the fesutts and
consequently the data would be relatively

meaningless.

Consideration of these facts resulted in an approach
being made to JCB Research Ltd, Rocester,
Staffordshire, for permission to use their test

roads, which was very readily granted.

Test Surface Description

The test surfaces used were constructed by the
Company and are used regularly to assess the

performance of their machines.

There are four test tracks, each with a different

profile and all constructed in reinforced concrete.

These tracks are arranged in a rectangular plan shape
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3.2.3

with two tracks on each long side. Alongside each
track is a perimeter road for use by any vehicle
accompanying the one under test. The tracks and
roads are connected at each end by a continuation of
the perimeter road to enable continuous testing to be

carried out for as long as is required.

Each test track is 40m long by 3m wide and has a
different profile to all the others. The profiles
were chosen by the Company to give the vehicles a
vigorous shaking when being driven over them but in

four different ways.

The Test Tracks

(i) The Quarry Floor Track : This was

constructed to provide a surface profile
characteristic of that which could be
expected on the ground within a stone
quarry. Over the area of the track
irregular shaped stones had been set onto
the concrete, at random intervals, to

-project up to 100mm above the surface.

In addition, depressions of a similar
nature and size were formed into the
concrete to give a very irregular surface

over which the tyres had to travel.
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Flabe 3
View of Wave Motion test track with the

perimeter road.
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Plate 4

Plate 5

Views op fche Regular Kerb test track and.

perimeter road.
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‘f\\\\:graction of

travel

REGULAR KERB
TEST TRACK

Figure 18

Diagram to show shape and

@nnenﬂons of the test Erack.
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1) RANDOM HERE

Plate 6

Plate, 7

Views of the Random Kerb test track and

its perimeter road

42



RANDOM KERB
TEST TRACK

ﬂ_gure 16

Diagram to show the random spacing
of the kerbs in relation to the pair

of wheels on each axle.
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(i)

(i)

Civ)

3.3 Test Procedure

The Wave Motion Track : Figure 14 and Plate 3

show the shape of this track which produces
repetitive motions in the vehicle as it travels
across the surface.

The Reqular Kerb Track : Figure 15 and Plates &4

and 5 illustrate this test track which again has
a repetitive surface profile. As can be seen,
the direction of travel intended for this track
is from right to left. This results in a sudden
drop of 100mm for the vehicle from the top
surface. Both sets of wheels experience this
shock but the greater response is from the large
drive wheels at the rear, even though they have
a bigger radius of curvature.

The Random Kerb Track : This track, shown in

"Figure 16 and Plates 6 and 7, is considered by

JCB Research Ltd to provide the most severe test
for their vehicles. It is adapted from tracks
used to test fighting vehicles and consequently
the excavator/loaders are subjected to
vibrations greater than are expected from normal
use. The drivers of the vehicles consider this
track to be the most uncomfortable one to drive

over.

The instrumentation used in the test area was that described in

Appendix A
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3.4

Prior to commencing the test certain parameters were
established to enable the results to be related to construction

site conditions. These were:-

(i) that the vehicle should be driven at speeds commensurate
with typical site speeds, ie 4 m.p.h. and 8 m.p.h,. and
(i1) that due to there being vehicles of differing age used on
sites two vehicles wéuLd be used, ie a new machine and a

used machine about 18 months old.

Test Vehicles

Both vehicles were ex-production machines as would be supplied

to contractors.

3.4.1 The 'New' vehicle had been transferred from the works
to the test area two weeks previously to undergo the
standard proving tests required by the Company. It
was fortunate for this study that the vehicle had not
been introduced into their test programme therefore
all the transmission paths for vibration between
'road' surface and driver, ie rigid and resilfent

connections, could be considered to be unstrained.

The importance of this was that the performance of
these connections could be considered to be the most
relevant since they were in their optimum condition.
Also comparison of response and transmission data
could be made with that from a used vehicle and any

significant details studied.
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Plate. S

View showing test arrangement of JCB 3C

Exca.vat"oi— Loader and. attendant vehicle to

carry the vibration measuring and recording

instruments.
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3.4.2 The '"Not New' vehicle had undergone many tests for

endurance and stability which included:-

() forty eight hour continuous travel over the
four test tracks,
(id) inclined surface and stability tests, and
(iid) | excavation and loading tests in a range of

natural soil and rock materials.

It was due to these continuous and very stringent
tests, over a comparatively short period of time,
which resulted in the vehicle achieving the wear
cond it ion of a typical site vehicle about three years

older.

3.5 Test Arrangement

It can be seen from Plate 8 that an accompanying vehicle was

used on the test programme, this was necessary for two reasons:-

(i) The cab of the excavator/loader is designed to allow the
driver to sit facing forwards or backwards and have
opt jmum access to the controls. However, there is
insufficient space for other equipment, such as that
required for the test, particularly when room for another
person is needed also.

(i) The measurement and/or recording of vibration data
requires the instrumentation to be itself insulated from

vibrat jons, which will influence the results. This was
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Plate 9

Plate 1Q

Views showing accelerometer focation For
'‘axle' recordings. Actual axle Fixing was not
possible f this fixing has direct connection

to axle via main Frame.
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seat’

cab

L4 "
axle s

O 1oy

JCB EXCAVATOR-LOADER
Accelerometer Ipcations. Eisurc 17

Vibrations recorded in X ,'Y','Z' axes by
triaxial accelerometer at axle , cab and

seat on excavator-loader.
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3.6

achieved by cushioning the instruments on the rear seat of
the accompanying car which also allowed the operator to
monitor the data and control the equipment during the

tests.

The use of an accompanying vehicle also necessitated

Llonger-than-normal accelerometer cables between the two

vehicles. This bequired great care during the tests to ensure,

a) that the cables did not sustain damage, and also

b) that they were so attached at each end and supported
in-between that spurious signals were not generated nor
conditions caused which would influence the signals

received from the accelerometer.

Accelerometer Locations

Three positions were chosen for the accelerometer, Figure 17,

which correspond with those for the Landrover.

3.6.1 'AXLE' - Plates 9 and 10.
Fixed to a cross-member on the body of the vehicle
which was adjacent to and rigidly connected to the
axle fixing point. Actual fixing to the axle was not
possible but this location was considered to be
- equally suitable since the signals received by the
accelerometer would be the same as if fixed to the

axle.
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Plata H

View showing accelerometer fixed. to
cab floor to record the vibrations

transmitted from the. axle to the seat.
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Plate 12

Plate 13

'SITBAR',with accelerometer attached, in

position on driver's seat to record the

vibrations entering the body-
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3.6.2

3.6.3

'CAB' - Plate 11

Clamped to the base of the driver's seat pillar where
it bolted to the cab floor. The driver's cab is
attached to the machine body by four bolts which pass

through specially designed rubber suspension mounts

between the two components.

YSEAT' - Plates 12 and 13

Finally, the acceLerométer is located on the top of
the driver's seat cushion at the point of entry of
any vibrations into the driver. To achieve
satisfactory transmission of the vibrational energy

from seat to driver it was necessary to use the

'SITBAR' referred to in 2.2.4.
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CHAPTER &

Excavator/Loader Test Results

4.0 Introduction

4.1

The displacement-frequency spectra of the vehicle at axle, cab
and seat at each of the three axes of vibration ie 'X', 'Y' and
12', over the four test tracks are shown 1in Appendix C.

Figures 18, 19, and 20 show examples of these graphs. It is
important to note that the positions of the curves do not
relate to their respective acceleration levels. The curves are
del jberately separated on each sheet and the full scale LéveL,
in decibels, re qu RMS relevant to each curve was recorded for
Llater conversion to metres per second squared. The positjon of
each curve is also representatjve of the location of the

accelerometer on the machine

eg: Seat; at top,
Cab; at centre, and
Axle; at bottom of the sheet

This allows the activity in any group of frequencies to be read
upwards or downwards on each sheet and hence an indication of

transmissibil ity of vibration to be obtained.

Frequency Domain

4.1.1 Seat, Cab and Axle responses : When the frequency

response at the seat is compared with that at the cab
and the axle, the similarity between them is readily

apparent. This characteristic is evident at each
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4.1.2

axis of vibration, 'X', 'Y', 'Z', even though the
frequency response of each is quite different to that
of the others, see Figures 18, 19 and 20, eg Record
Nos QF1X, QF1Y and QF1Z. As previously statéd, it
was considered important to determine the influence
of the condition of the machine, as a function of its
age and use, and the speed of travel on the frequency
response. It can be seen from the graphs that
neither of them affects the results for the
characteristic responses appear with each machine and

at each speed of travel.

Profile of Test Surface : The profile irregularity of

each test surface, ie 'wave motion', 'quarry floor!'
etc, is uniquely different to any of the others. As
a consequence of this, the movement of the machine
over each surface was also expected to be different.
It can\be seen, however, that the frequency responses
in each axis are again characteristically similar.
The influence of the surface profile and 'roughness'
appears to be only in the level of acceleration
recorded and not in the frequency domain. Visual
inspection of two test surfaces, ie 'quarry floor'
and 'random kerb' suggested that there may be
similarities in the machine responses over these
tracks. However, the 'wave motion' and 'feguLar
kerb' tracks were so different in profile that |

machine responses could not be readily predicted.
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4.1.3 Axes of Vibration : Of the three axes the 'X' axis,

ie fore and aft movement, exhibit the Least ahount of
activity over the whole 100Hz frequency domain.
Initially the response falls by 25 to 30dB over the
first 20Hz but after that Eecomes relatively 'flat!’
over the remaining frequencies. In this axis an
increase in speed, 4 mph to 8 mph, appears to
influence the responses at axle and seat |
particularly, eg see Figure 21, Record No QF/F/2X.

It is noticeable in this situation that the dB range
over which the decay occurs extends to around 35Hz at

" the seat.

In the 'Y', lateral and 'Z*, vertical axes a more
gradual decay of acceleration occurs over most of the
frequency range. However, there is a far higher
degree of activity in the frequency domain and this
activity is quite specific to the respective axes, eg
-see Figures 19 and 20, Record Nos QF1Y and QF1Z. As
a consequence of this the relationship of problem
frequencies with axis of vibration is more readily
identified. Also the risk of discomfort for a driver
is increased due to the greater range of frequencies

over which higher acceleration Levels occur.

4.2 Acceleration Levels

For an assessment of discomfort risk it is necessary to give

frequency and acceleration levels, in metres per second
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squared, to the recommendations in International Standards
1S02631:1978(E). The conversions from dB to m/s2, at the
relevant centre frequency of the one-third octave bands, were

produced: from the computer programme in Appendix D.

When these acceleration levels are plotted against the centre
- frequencies, Figures 22, 23 and 24, the necessity to separate
the initijal curves, plotted from the narrow band spectrum
analyser, is obvious. The true acceleration levels at axle,
cab and seat are so similar, if not the same, at many
frequencies that neither comparison of frequencies or

ident ificat ion of acceleration values would have been possible.

In each of the three axes of vibration the similarity of
frequency response over each test surface is readily apparent.
Note that Figures 22, 23 and 24 show only 'Z' axis results; the
graphs for the 'X' and 'Y' axes are shown in Appéndix E. As
was expected, the acceleration levels at axle, cab and seat
fluctuate at'each frequency but the trend of the curves and thé
close associatjon of levels is maintained over the important

frequency range of 1 to 16HZ.

A general observation from the 36 graphs in Appendix E is the
predominance of the acceleration levels at the seat over both
cab and éxle. This is particularly so in the low frequencies,
ie below 16Hz and in the 'Z' axis direction. It appears to be
a reasonable assumption that one of the design principles for
these machines 1is that vibrations which are generated during
work operations should be attenuated in all paths leading to
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4.3

the driver's seat. From Figures 22 and 23 etc it is obvious

that such attenuation does not occur in many cases. These

results, Figures 22 and 23 are from a machine considered to be

typical, in mechanical condition, to the majority of machines

in use on construction sites and the contrast, in seat activity

level, with that of a new machine, Figure 24, is very great.

Transmission of Vibration from Axle to Seat

4.3.1

4.3.2

Introduct jon

The attenuation or acceleration of the axle vibration

as the energy travels towards the driver can be

displayed and compared by plotting Seat-to-Axle and

Cab-to-Axle ratio's against frequency, eg Figures 25,

26 and 27. These graphs are provided to facilitiate

the discussion and the corresponding graphs for other

test tracks are shown in Appendix F.

Consideration of the Axes of Vibration

()

X' Axis : Appendi* F graphs show that some
effective attenuation does take place but
principally in the 'X' axis direction. It is
important to note that in this axis the
attenuation is mainly in the frequencies below
16Hz and this has important implications for
discomfort risk for drivers. This is explained
at 4.4.2 where acceleration levels are related

to the recommendations of 1502631:1978(E).
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(i)

i)

'Y! Axis : The amplification of vibrations at
cab and seat at about 2.5Hz and 20Hz are strong
features of the 'Y' axis graphs. It can be seen
from 1S02631:1978(E) that acceleration values at
frequenc ies above 2Hz have a decreasing
influence on the risk of driver discomfort.

Consequently, the amplification which occurs
around 20Hz has Little importance. Once again
the influence of machine 'ageing' as a function
of use and maintenance, on the transmission of
vibrations to the seat is evident when the
results from the 'not ﬁew' machine are compared
with those from the'new'one, ie Figures 25, 26

and 27.

'Z' Axis : It 1is shown 1in Chapter 2 that the
seat acceleration levels, in the 'Z' axis,
constitute the greatest risk for driver
discoﬁfort on these machines. The amplification
provided by both cab and seat, at many
frequencies, 1is apparent from Figure 27 and the
graphs in Appendix F. The deterioration in
vibration isolation on the 'not new' machine is
again very obvious. However, the damping
provided on the 'neu'vmachine still results in
acceleration LeveLs at the seat being
sign{ficantLy high in the important frequencies

below 8Hz.
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4.4 Comparisons with 1502631:1978 (E)

4.4

b.4.2

Introduction

It’has been shown in the previous section that
significantly high levels of acceleration can occur
at the seat in the earth moving vehicles tested.
However, to assess the relevance of these in relation
to comfort, the ability to perform work taﬁks, and
the concomitant driver safety, the accelerations at
their associated frequencies are compared to the

guidelines of IS02631:1978(E).

In addjtion to intensity, frequency and direction,
the standard defines boundaries for exposure 1in terms
of duration. Normal working days are four hours
without a meal break, consequently the four hour
boundary is the one to which all recorded values ére

here related.

Fatique — Decreased Proficiency Boundaries

Figures 28 to 33 inclusive show the acceleration
levels recorded at axle and/or seat which actually
register on the 1502631 'fatigue-decreased
proficiency' boundary curves. In the two horizontal
axes only two situations in the 'X' direction and

four in the 'Y' direction are recorded and only in

~one of these, Figure 30(b), is there any significant

infringement of the 4 hour F.D.P. boundary.
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Figures 29(a) and (b) clearly show the effect of
increased speed over a particular surface profile and

this results in an increase in acceleration levels by

about 3dB.

Figures 29(a) and (b) demonstrate effects to be
expected from use as a machine 'ages'. Although both
machines were subjected to the same test the older
machine transmits significantly higher levels of
vibrational energy at higher frequencies to the

seat. These levels do not infringe this 4 hour
F.D.P. boundary but do infringe the lower, reduced

comfort (R.C.) boundary, see Figure 34.

Where irregular projections occur in surfaces over
which these machines travel strong, lateral, ('Y!
axis), movements are certain to be produced. Figures
30(a) and (b) also show, in this axis, the influence
of increased speed and indicate the reduction in
comfort Level to be experienced by the drijver. It is
interesting to see that only seat acceleration Levels
are significant in the 'X' and the 'Y' direct ions.
This results from amplification of cab energy

transmitted from the axle.

The remaining curves of Figures 31, 32 and 33 are for
both seat and axle and the significance of the axle
values are explained on page 4.32. Initially dt can

be seen that, with the exception of two test track

80



AX1S

AXIS

JCB3CX: FREQUENCIES WHERE 1502631:1978 INFRINCEMENT OCCURS.

4hr "REDUCED COMFORT BOUNDARY" ‘e’ » Seat.
1 128 +4 8 28 8.8 & £ ¢ &8 0 128 4 Ze
: NEW 4 mph
RECULAR ™ -
o o
KERB ~oT “4mph
NEw amph o|lo|o|o]o
NEwW 4"?)'
QuARRY
FLOOR rer 4 mph
arph |09 |0
NEW 4mph
QUARRY
~wor  4mPh
FrLooRr NEW Bmph cjojo)olo
new  Amph [ O] OO
Ranpom cofolo[o]o[o|o o
~OT 4mph
KERSB ~NEW
8"’“‘ o o o o 0 o [+ o
Fiqure 34
JCB 3CX: FREQUENCIES wHERE (30 2631: (978 INFAINCEMENT OCCURS.
.. 4he "REDUCED COMFORT BOUNDARY' ‘0'a Sqat ; ¥ e Axle
2Z axis I 128 16 8 28 36 & € 63 8 10 08 u?k)to
| ~ew 4mpn °
QUARRY + +
o Q [ -] [+ o © o
LOOR NoT 4mph + |+ |+ |+ [+ ]+]+
NEW ] o [} o o [+] o -] (-] o -]
Oreh (el el elelsl+l+
NEW 4aph
WAVE v +
4 o -] o o [} o -
Morion | wor 2°h {4 l+l+|el+|+
new ameh |9 O |O [ [0 [ ]O [0
e+ ]+ ]+
NEW ‘"Yh o o -] [+ o o o [-) [ [-) o L]
ULAR + 1+ 1+ 1+ 1+ 1+ {+]+I+i+]+]+
Bequear . ojlojojojojojojo |o}o
KERD nor el e lv el l+]+]+
- W ocjlojlofojojo|o|Jojo|o
Srmph v el +le|rlel+l+l+l+
-] -] o [ o o
~New &
RanDOM il Y P P P +1+ 1+
Smph o0jl]oJolo]oJolo]o]olo|lolo
KeR® ~or +l+l+l+l+l+|+l+]+i+
wew  gmph [0 |O O [0 oo [0 oo
+1+ +l+lel+el+]+]+
Figure 35 ()
Frequencies where acceleration levels at seat and

axle exceed the 1.5.0.2631:1978 4hr. maxima
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4.4.3

results for the new machine, ie 'quarry floor' and
'wave motion', all vertical (Z) axis results are

represented.

It is also noted that serious vibration transmission
occurs in the vertical directijon, for at many
frequencies infringement of even the exposure Llimit
boundary is evident. In this axis of vibration the
exposure Limit for shortér durations than 4 hours is
infringed and this has important imbﬁicafions for the
physical well-being of the driver. These
implications are discussed in Chapter 6 which is
concerned with the survey of drivers and their
assessment of the physical effects of seat vibration

in these machines.

Reduced Comfort and Exposure Limit Boundaries

To compare the frequency response of a vehicle with
either the reduced comfort or exposure Limit
boundaries requires the acceleration values of each
duratijon Lline to be moved 10dB lLower or 6dB higher
respectively. To facilitate this process and allow
comparisons to be made between the machines speeds
and test tracks Figures 34 and 35(a) (b) and (c) are
presented. It is immediately obvious that, with
these machines, the horizontal vibrations, ie 'X' and
'Y' axes of Figure 34, are only likely to cause a
reduction in the level of comfo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>