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D DOUGLAS

•'Human response to  v i b r a t i o n  from ear th  moving machines"

Thesis f o r  submission f o r  the award Master o f  Ph i l i sophy  
by The Counci l  f o r  Na t iona l  Academic Awards.

Abs t rac t

The study was concerned w i th  the low frequency v i b r a t i o n  generated 
by wheeled ear th  moving machines and the consequent d iscom fo r t  or  
f a t i g u e  r i s k s  f o r  the d r i v e r s .  For these machines the v e r t i c a l ,
' Z ' ,  ax is  was es tab l ished  as the  d i r e c t i o n  o f  v i b r a t i o n  propogat ion 
presen t ing  g rea tes t  p o t e n t i a l  r i s k .

The p r i n c i p a l  re fe rence was IS02631:1978(E) and a c c e le ra t io n  le v e ls  
were measured at  f requenc ies  up to  100 Hertz  f o r  ana lys is  and 
comparison. A proposed ’ comfort  f a c to r *  i n v e s t i g a t i o n  was omit ted 
a f t e r  the hypothesis  was found to  re qu i re  a d i f f e r e n t  methodology 
and more d e ta i l e d  measurement. V ib r a t i o n s  were recorded from a 
Landrover and th ree  JCB 3C excava to r - loade rs ,  courtesy o f  JCB 
Research L td .  Subsequent ana lys is  showed t h a t  excessive 
a c c e le ra t io n  l e v e ls ,  at  low f requenc ies ,  were received a t  the 
d r i v e r ' s  seat and th a t  these f requenc ies  a lso  appeared in  cab and 
ax le  v i b r a t i o n s .  Thus the i d e n t i f i c a t i o n  o f  the v i b r a t i o n  source 
became an importan t aim o f  the s tudy.  The s i t i n g  o f  the d r i v e r ' s  
seat above the d r i v e  wheels ax le  and the absence of  ax le  
spr ing ing/damping focussed a t t e n t i o n  onto the ty red  wheel. A 
t y p i c a l  d r i v e  wheel was supported in  a te s t / f r a m e  and i t s  response 
to  v i b r a t i o n  measured. Free v e r t i c a l  movement o f  the ax le  was 
prov ided by a c a n t i l e v e r  arrangement designed not to  in f l u e n c e  the 
low frequency response a n t i c i p a te d  from the wheel. F i n a l l y ,  a 
survey o f  d r i v e r s  was completed to  ob ta in  t h e i r  s u b je c t i v e  
assessment o f  v i b r a t i o n  rece ived.  Ana lys is  and cross c o r r e l a t i o n  o f  
measured and survey data conf i rm t h a t  d iscom fo r t  and f a t i g u e  w i l l  be 
experienced by the d r i v e r s  o f  these machines. The study a lso  
provided evidence t h a t  the la rge  pneumatic t y re s  are the sources o f  
the low frequency v i b r a t i o n .
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CHAPTER 1

Human Response t o  V ib r a t i o n

1-1 I n t r o d u c t i o n

The Human body i s  a very  complex organism in  i t s  c o n s t ru c t io n  

w i th  i t s  s k e le ta l  f rame, i n t e r n a l  organs,  muscles and 

l igaments o f te n  d e l i c a t e l y  connected. These elements o f  the 

body can be considered as a mechanical system but  when t h i s  

analogy i s  app l ied  t o  i n d i v i d u a l s  the r e s u l t i n g  performance 

d i f f e r s  from person t o  person.

I f  the body 's  mechanical system was as s t r a ig h t fo rw a r d  as the 

lumped mass arrangement shown in  Figure 1 the e f f e c t s  o f  

v i b r a t i o n  could be p red ic ted  w i th  reasonable con f idence .  

However, the body i s  a lso  equipped w i th  the mechanical system 

to  r e g i s t e r  degrees o f  pa in .  The re fo re ,  when these two 

parameters are combined w i th  psycho log ica l  e f f e c t s ,  such as 

percep t ion  or  s a t i s f a c t i o n ,  the e f f e c t s  o f  v i b r a t i o n  become 

very  complex. However, i t  i s  necessary t o  take both mechanical 

and psycho log ica l  systems i n t o  account i f  human response to  

v i b r a t i o n  i s  t o  be considered. GARG (1981) considered t h a t  

when the body i s  subjected to  low frequency v i b r a t i o n s  a t  low 

le v e ls  i t  i s  found to  approximate to  a lumped parameter system. 

Also F ro lov  (1981) found t h a t  the bas ic  resonant f requenc ies  o f  

v e r t i c a l  o s c i l l a t i o n  o f  the human body, in  the s i t t i n g  

p o s i t i o n ,  l i e  in  the 4 — 6Hz area. T h is ,  then im p l ies  t h a t

3



c a r e fu l  design o f  veh ic les  i s  requ ired i f  such f requenc ies  are 

t o  be prevented from reaching the d r i v e r .

The c r i t e r i a  which need to  be considered as in f l u e n c in g  the 

body 's  response t o  v i b r a t i o n  a r e : -

(a) - f requency o f  v i b r a t i o n

(b) - i n t e n s i t y  o f  v i b r a t i o n

(c) - d i r e c t i o n  o f  v i b r a t i o n ,  and

(d) - exposure t ime

1.2 I n t e r n a t i o n a l  Standard IS02651:1978(E)

Studies which have been c a r r ie d  out i n t o  these c r i t e r i a ,  eg 

O'Hanlon and McCauley (1974) have been used t o  produce the 

I n t e r n a t i o n a l  Standard IS02631:1978(E) . This I n t e r n a t i o n a l  

Standard recognises th ree  k inds  o f  human exposure to  

v i b r a t i o n :

( i )  v i b r a t i o n s  t ran s m i t ted  s imul taneous ly  t o  the whole

body,

( i i )  v i b r a t i o n s  app l ied to  p a r t i c u l a r  p a r ts  o f  the  body eg

hands, head o r  f e e t ;  and 

( i i i )  v i b r a t i o n s  t ran s m i t ted  to  the body as a whole but

through a suppor t ing su r fa ce ,  eg the bu t tocks  o f  a 

seated man.

4



The la s t  o f  these th ree  c ond i t ion s  is  the p r i n c i p a l  f e a tu re  o f  

t h i s  s tudy.  I t  i s  a lso  s ta ted  to  be the c o n d i t io n  which the 

I n te r n a t i o n a l  Standard app l ies  c h i e f l y  -  Ref IS02631: 1978(E) 

p .1 ,  t h e re fo re  i t  n a t u r a l l y  becomes a p r i n c i p a l  re fe rence 

source f o r  le ve ls  o f  to le rance  or d i s c o m fo r t .

In  view o f  the importance o f  the fo u r  c r i t e r i a  p re v io u s ly  

ment ioned, a b r i e f  exp lana t ion  o f  each is  a p p ro p r ia te .

(a) Frequency o f  V ib r a t i o n  : Many va luab le  observa t ions  

have been made i n t o  the e f f e c t s  o f  f requency o f  

v i b r a t i o n  on human comfo r t ;  Guignard & King (1972) 

and Dupius (1980).  In  these and o thers  the most 

use fu l  data has been in  the f requency range between 

1Hz and 100Hz. I t  has a lso  been noted t h a t  above 

100Hz the ana lys is  o f  the v i b r a t i o n  requ i res  methods 

much more complex than the compara t ive ly  s imple model 

p re v io u s ly  shown in  Figure 1. In t h i s  work a narrow 

band a n a ly s i s ,  ie  0.25Hz band w id th ,  was completed 

f o r  each acce lerometer lo c a t io n  and the r e s u l t s  

ex t rac ted  at  one t h i r d  oc taves,  from 1Hz t o  80Hz, f o r  

study and comparison w i th  IS02631:1978(E).

(b) V ib r a t i o n  I n t e n s i t y  : T h e o r e t i c a l l y  i t  i s  i r r e l e v a n t  

t o  the f requency ana lys is  o f  a v i b r a t i o n  s ig n a l  which 

o f  the th ree  parameters ,  d isp lacement ,  v e l o c i t y  or  

acce le ra t io n  are se lec ted f o r  measurement. However, 

where p h y s io lo g ic a l  f a c to r s  are concerned, 

acce le ra t io n  is  the pr imary  q u a n t i t y  used t o  descr ibe

5
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the  i n t e n s i t y  o f  v i b r a t i o n  and the magnitude is  

expressed as a root-mean-square ( r . m . s . )  value 

(m .s -2 ) .  The acce le ra t io n  l i m i t s ,  as a p p l i c a b le  to  

the human body, are re la ted  to  th ree  g e n e ra l l y  

recogn isab le  c r i t e r i a  ie

(a) f o r  p rese rva t ion  o f  comfort  -  t h i s  i s  

p a r t i c u l a r l y  a p p l i c a b le  to  passenger r ide  

c o n d i t io n s ,  ie  ' reduced comfort boundary '

(b) f o r  maintenance o f  working e f f i c i e n c y  -  t h i s  

re fe rs  more to  v e h ic le  d r i v e r s  o r  machine 

ope ra to rs ,  ie  ' fa t igue -decreased  p r o f i c i e n c y  

boundary ' ,  and

(c) f o r  avoidance o f  r i s k s  t o  hea l th  o r  s a fe t y  -  

these l i m i t s  should not be exceeded w i thou t  

spec ia l  j u s t i f i c a t i o n  and precau t ions  being 

taken,  ie  'exposure l i m i t ' .

The boundary most re levan t  t o  the d r i v e r s  o f  

excava to r - loader  veh ic les  w i l l  be the ' fa t igue -dec reased  

p r o f i c i e n c y  boundary'  c r i t e r i a  Cb) above.

(c)  D i re c t i o n  o f  V ib ra t i o n  : As shown in  Figure 2,  the

app rop r ia te  d i r e c t i o n s  in  which r e c t i l i n e a r  v i b r a t i o n s  

should be measured are des igna ted:

( i )  ' Z ' ,  l o n g i tu d in a l  a x i s ,  ie  f o o t  (o r  bu t tocks )

to  head,

7
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( i i )  ' X ' ,  fo re  and a f t  a x i s ,  ie  chest to  back 

(a n te ro p o s te r io r )

( i i i )  ' Y ' ,  La te ra l  axis> ie  r i g h t  t o  l e f t  s ide

These r e la te  the co -o rd ina te  system to  the human ske le ton  

in  a normal p o s i t i o n  and cent re  at  the h e a r t .  I t  i s  

recognised tha t  angular ( r o t a t i o n a l )  v i b r a t i o n s  are o f te n  

present in  a v i b r a t i o n  envi ronment ,  as f o r  example, in  the 

case o f  an excava to r - loade r .  However, the Standard 

cons iders th a t  there is  i n s u f f i c i e n t  data a v a i l a b le  about 

t h e i r  e f f e c t s  on human comfort  and consequent ly does not

inc lude these in  the recommendations.

(d) Exposure Time : The per iod o f  t ime which a person is

subjected to  v i b r a t i o n s ,  w h i l s t  ca r ry ing  out tasks o f  

vary ing  complex i t y ,  w i l l  a f f e c t  t h e i r  p r o f i c i e n c y .  The 

I n te r n a t i o n a l  Standard IS02631:1978(E),  Figures 3 and 4,  

recommend guide l i n e s  f o r  the amount o f  t ime which should 

not be exceeded i f  s i g n i f i c a n t  r i s k  o f  impaired working 

e f f i c i e n c y  i s  to  be avoided. The degree o f  in te r f e re n c e  

which a v i b r a t i o n  environment has on a task w i l l  

obv ious ly  depend on a v a r i e t y  o f  f a c to r s  o f  both human and 

task o r i g i n .  However, f o r  people in  normal h e a l th ,  ie  

considered f i t  t o  undergo the s t ress  o f  a t y p i c a l  working 

day, the t rend l i n e s  in d ic a te  the l i k e l y  onset o f  t h i s  

in te r fe re n c e  re la ted  to  f requency and a c c e le ra t io n  l e v e l .

9



The L im i ts  shown can be app l ied  t o  tasks causing 

cont inuous exposure over the s ta ted  per iod o r  t o  a task 

where the exposure is  a d a i l y  event over many years.

These c ond i t ion s  are re levan t  t o  the d r i v e r s  o f  

excava to r - loaders  and o ther  s i m i l a r  earthmoving v e h i c le s .

1.3 Summary o f  o b je c t i v e s

The purpose o f  t h i s  study was an i n v e s t i g a t i o n  i n t o  the 

v i b r a t i o n  environment t o  which the d r i v e r s  o f  earthmoving 

veh ic le s  are exposed dur ing  t r a v e l  over the i r r e g u l a r  t e r r a i n  

o f  c o n s t ru c t io n  s i t e s .  I t s  p r i n c i p a l  aim was t o  d iscove r  t h e i r  

degree o f  d iscom fo r t  r i s k  by ana lys ing the v i b r a t i o n  they  

rece ived,  f o r  f requency content  and a c c e le ra t io n  le v e l  r e l a t i v e  

to  IS02631:1978(E).

To f a c i l i t a t e  t h i s  and to  i d e n t i f y  the source o r  sources 

o f  the v i b r a t i o n  i t  was considered necessary t o  study:

( i )  the in f luence  o f  d i f f e r e n t  road p r o f i l e s  on

v eh ic le  v i b r a t i o n .

( i i )  the t r a n s m i s s i b i l i t y  o f  f requency and energy

between road and d r i v e r ,  and

( i i i )  the s t a t i c  and dynamic c h a r a c t e r i s t i c s  o f  the

earthmovers main suspension system, the t y r e s .

This work was c a r r i e d - o u t  on JCB 3CX Excavator-Loaders a t  JCB 

Research L t d ' s  t e s t  s i t e  and in the l a b o r a to r i e s  a t  S h e f f i e l d  

C i t y  P o ly techn ic .
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CHAPTER 2

Landrover Tests

2.0  I n t r o d u c t i o n

A l l  veh ic les  t r a v e l l i n g  over a *road* w i l l  be a f fe c te d  by the 

roads roughness, or  p r o f i l e ,  and consequent ly v i b r a t i o n s  w i l l  

be generated a t  the contact  p o in t s .  The p r o f i l e  o f  the t e r r a i n  

over which a wheeled excava to r / loade r  can be expected to  

t r a v e l ,  du r ing  the pe r iod  o f  a c o n s t ru c t io n  c o n t r a c t ,  can vary  

from the comparat ive smoothness o f  an asphal t  road to  a rough 

broken stone sur face such as a quarry  f l o o r .

2.1 Road Surface

This v a r i a b i l i t y  o f  sur face h i g h l i g h t s  the f o l l o w in g  p o in t s  f o r  

i n v e s t i g a t i o n : -

Ci) How w i l l  the roughness o f  d i f f e r e n t  sur faces

in f luence  the v i b r a t i o n  a t  the d r i v e r ' s  seat through 

acce le ra t ion?

( i i )  Must the f requency spectrum o f  the road be known f o r

p r e d i c t i o n  of  and c o r r e l a t i o n  w i th  the response a t  

the seat?

12
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( i i i )  What i s  the r e l a t i v e  importance o f  the v i b r a t i o n  in  

each ax is  w i th  respect to  the recommendations in  

IS02631 :1978(E>? Studies have shown t h a t  v i b r a t i o n s  

t ran s m i t ted  to  the human body in  the v e r t i c a l  

d i r e c t i o n ,  ie  ■Z ' a x i s ,  Figure 2,  page 6 are the 

p r i n c i p a l  ones causing d iscom fo r t  or  d i s a b i l i t y :  

Stayner ,  H i l t o n  & Moran (1975).  As a consequence, a 

study was made to  s u b s ta n t ia te  t h i s  f o r  earthmoving 

v e h ic le s .  Due to  the high l a t e r a l  fo rces  p e c u l i a r  to  

rough t e r r a i n  the study was extended to  determine the 

in f lu e n c e  o f  the road fo rces as they a f f e c t  the o the r  

two c a r te s ian  axes.

2.2 Landrover V ib r a t i o n  Tests

These te s t s  were c a r r ie d  out on a s tandard,  long-wheel base 

v e h ic le  w i th  the accelerometer located on the ax le ,  the 

anchorage p o in t  o f  the d r i v e r ' s  seat t o  the cab and between the 

d r i v e r  and h is  seat cush ion, Figure 5.

The ins t rum en ta t ion  used was t h a t  descr ibed in  Appendix ' A ' ,  

and a d e ta i l e d  d e s c r ip t i o n  o f  which was given by McNulty and 

Douglas (1982).

The aims o f  the te s t s  were t o  determine:

( i )  the f requency response o f  the v e h i c le  a t  each

lo c a t io n  in  the ' X ' ,  ' Y ' and ' Z ' axes.

( i i )  whether d i f f e r e n t  road p r o f i l e s  produced a d i f f e r e n t

frequency response, and

( i i i )  the in f luence  o f  road p r o f i l e  amp l i tude ,  i e  road

roughness on the frequency responses.

14



Care was taken in  s e le c t in g  the t e s t  roads such t h a t  they had 

d i f f e r e n t  sur face p r o f i l e s  and d i f f e r e n t  degrees o f  

' roughness ' ;  being designated 'sm oo th ' ,  'cobb led '  and ' r o u g h ' .

2.2.1 Smooth Road

This was a t y p i c a l  Class 'A '  t runk  road sur face w i th  

a bi tumen and aggregate f i n i s h .  I t  d id  not have any 

f a u l t s  in  i t s  sur face and provided as 'smooth' a r id e  

as could be obtained on any road su r face .

2 .2 .2  Cobbled Road

This  road was the type as la i d  p r i n c i p a l l y  in  the 

n ine teen th  and e a r l y  tw e n t ie th  c e n tu r ie s .  I t  was 

f in i s h e d  w i th  g r a n i t e  s e t t s ,  about 100mm cube, but 

had not been maintained in  a good c o n d i t i o n .  In  

numerous places the s e t t s  had been depressed vary ing  

d is tances  down t o  some 50mm or  canted over causing 

edges o r  corners to  p r o je c t  above the general  le v e l  

o f  the su r face .  Consequent ly,  t h i s  road presented a 

t o t a l l y  d i f f e r e n t  sur face p r o f i l e  f o r  the v e h i c le  t o  

t ra v e rs e  yet one -reasonably mid-way between the  

'smooth'  and the ' r o u g h ' .

2.2.3- Rough Track

This t i t l e  in d ic a tes  e x a c t l y  the nature o f  t h i s  road 

f o r  i t  was an unmade t ra c k  leading on t o  moorlands used

15



main ly  by Fo res t ry  Commission workers f o r  access t o  a 

p la n t a t i o n -  The t ra c k  var ied  in  w id th  and cons is ted 

o f  bou lder  c la y  w i th  patches o f  moorland grass-  Due 

to  the land con tours ,  water  from ra in  o r  me lt ing  snow 

ran down the t rack  from the moors and onto the minor 

road nearby- This resu l ted  in  furrows down the t ra c k  

and at  va r ious  angles across i t  o f  d i f f e r i n g  widths 

and depths- In  a d d i t i o n ,  grass mounds and rocks 

were caused to  p ro je c t  as much as 150mm above t h e i r  

immediate surrounding area.  I t  w i l l  be obvious t h a t  

t h i s  presented a very  rough sur face f o r  the  v e h ic le  

and y e t :

one f o r  which the v e h ic le  was des igned,  and 

one which equates very  w e l l  w i th  the type o f  

t e r r a i n  which may be found on a c o n s t ru c t io n  

s i t e .

Over each sur face i t  was poss ib le  t o  t r a v e l  f o r  about 

400m in  a r e l a t i v e l y  s t r a i g h t  l i n e  and, in  o rde r  t h a t  

the road sur face remained the on ly  v a r i a b l e ,  a 

constant  speed o f  10 m-p.h was maintained du r ing  the 

recording pe r iod -  This speed was chosen f o r  i t s  

relevance t o  c o n s t ru c t io n  s i t e  speeds and the 

problems which would be encountered in  a t tempt ing  

h igher  speeds over the rough t r a c k -

16
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2 .2 .4  Accelerometer Locat ions

Each road sur face was t rave rsed  and record ings made 

before the acce lerometer was moved t o  a new lo c a t i o n .  

The 'cab* l o c a t i o n  d id  not present any d i f f i c u l t i e s  

but care had t o  be exerc ised a t  the ' a x l e 1 t o  prevent 

damage to  the accelerometer and t o  stop  'n o i s e '  

occu r r ing  on the tape from the cab les .

In  o rder  t o  measure and record the seat 

t r a n s m i s s i b i l i t y  the accelerometer was f i x e d  i n t o  a 

r i g i d  p l a s t i c  ' p l a t e '  as designed by Whit ham and 

G r i f f i n  (1977).  This ' p l a t e ' ,  o r  'S IT -BAR',  (Seat 

I n te r f a c e  f o r  Transducers in d ic a t i n g  Body 

A cce le ra t ion  Received) is  shown in F igure 6 ,  P la te  1. 

I t  was designed t o  lo ca te  the accelerometer  below the 

i s c h ia l  t u b e r o s i t i e s  o f  the d r i v e r  and present  t o  

the cush ion,  on the d r i v i n g  se a t ,  a sur face s i m i l a r  

in shape and s ize  t o  t h a t  p o r t i o n  o f  the human 

but tocks  normal ly  in contac t  w i th  a sea t .

2.3 Test Resul ts

The char t  record ings o f  f requency response at  ' a x l e ' ,  ' c a b '  and 

' s e a t ' ,  in a l l  th ree  c o -o rd in a te  d i r e c t i o n s  over  the ' s m oo th ' ,  

'cobb led '  and ' rough t r a c k '  sur faces  are shown in Appendix B.

In  a d d i t i o n ,  and t o  a s s i s t  w i th  the d iscuss io n  o f  the  r e s u l t s  

which f o l l o w ,  the same recordings  are presented in  an ove r la y

1 9
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form, to a reduced scale in Figures 7 ,  8 and 9.

2.3.1 Comparison o f  the graphs a llow s the fo l lo w in g  

observa tions to  be made:-

( i )  That each ax is  has i t s  own c h a r a c te r is t i c

frequency response a t a x le ,  chassis and 

sea t.  This suggests th a t  the components 

respons ib le  f o r  the r e s i l ie n c e  a t each

lo c a t io n  are ac t ing  as a s p e c i f i c  type o f

f i l t e r  to  the e x c i ta t io n  a p p l ie d .

( i i )  This c h a r a c te r is t ic  response is  independent

o f  the road p r o f i l e  t ra v e rs e d .  A

consequence o f  t h i s  is  th a t  the response

w i th in  the frequency domain, can be 

p red ic te d  in  genera l terms and the 

am plitude o f  a road p r o f i l e  w i l l  o n ly  

in f lu e n c e  the a c c e le ra t io n  le v e ls  o f  the 

response.

( i i i )  i Xi ax is  : The chassis response is  ' f l a t '

across the frequency domain f o r  each 

' road 'su rface  and yet the responses a t  ax le  

and seat show s t r i k in g  s i m i l a r i t y .

1Y1 ax is  : The responses here are much more 

random than in  the o the r  axes, however, the  

genera l trend  is  s im i l a r ,  p a r t i c u l a r l y  w i th  

respect to  the ' a x l e ' .
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*2 1 ax is  : The fea tu res  o f  these responses 

are the s im i l a r i t i e s  between:-

(a) the ax le  trends  over 'cobb led* and 

'rough t r a c k '  roads, and

(b) the seat t rends  over a l l  th re e  road 

su rfaces .

I t  is  a lso  p a r t i c u la r l y  n o t ic a b le  how the 

g re a te r  roughness o f  the 'rough t r a c k '  

produces a more pronounced response from 

the chass is .

A genera l comparison o f  these graphs shows the re  is  a 

more in d iv id u a l  response in  the 'Y ' ax is  d i r e c t io n ,  

and a s i m i l a r i t y ,  in  the frequency domain o f  the 

peaks in  the 'X ' and '2 '  axes. W h ils t  the v e h ic le  is  

in  motion the sp r ings  w i l l  a l lo w  g re a te r  movement in  

p i tc h in g  than in  r o l l i n g ,  consequently , any frequency 

s t ro n g ly  associa ted w ith  a p i tc h in g  a c t io n  may have 

i t s  h o r iz o n ta l  and v e r t i c a l  components t ra n s m it te d  to  

the 'X '  and ' Z ' axes.

2 .3 .2  Comparison w ith  I n te rn a t io n a l  Standard IS02631:1978 ( e )

The areas where movements o f  the v e h ic le  in f r in g e  on 

the d r i v e r ' s  comfort and e f f i c ie n c y  du r ing  h is  work 

can be deduced from comparison o f the v ib r a t io n  

responses w ith  IS02631:1978. In  o rder to  make these 

comparisons, i t  was necessary to  convert the

24
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a c c e le ra t io n  le v e ls ,  at the re le v a n t  f re q u e n c ie s ,  

from 'd e c ib e ls *  to  'metres per second squa red '-  This 

was done w ith  the a id  o f  the c a l ib r a t io n  graph,

Figure 10, and the r e s u l ts  are produced in  F igure 11 

and F igure 12.

The f i r s t  conc lus ion  is  th a t  the 'X '  a x is  does not p resen t 

a problem f o r  the d r i v e r  in respect o f  e i t h e r  h is  

e f f i c ie n c y  o r  d is c o m fo r t .

F igure 11, the  'Y '  a x is ,  shows th a t  the 'reduced comfort 

boundary' is  the o n ly  one in f r in g e d ,  s ince the  h ighes t 

le v e l  occurs a t 1Hz and co inc ides  w i th  the  4 hour curve 

on the h ighe r  fa tigue -decreased  p ro f ic ie n c y  boundary.

Work procedures do not no rm a lly  exceed 4 hour per iods  

w ith ou t a meal b reak , i f  not a te a -b re a k ,  th e re fo re  the  

l im i t s  o f  these fa tigue -decreased  p ro f ic ie n c y  boundaries 

are not exceeded.

On the graph , the 'reduced com fort boundary' is  shown to  

be 10dB lower f o r  each pe r iod  o f  t im e .  The e f fe c t  o f  t h i s  

is  to  place each a c c e le ra t io n  v a lu e ,  f o r  f requenc ies  below 

2.5Hz, a t o r  above the 4 hour l i m i t .  Use o f  the  o v e r la y  

to  F igure 11 shows t h i s ,  and more p a r t i c u l a r l y  the  

d iscom fo r t  which w i l l  be experienced a f t e r  working f o r  as 

sho rt  a t ime as 25 m inutes.
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The frequency response o f  the seat in  the 1Z • a x is ,  F igure 

12, again in d ic a te s  th a t  on ly  the 1 reduced com fort 

boundary* i s  in f r in g e d .  However, f i v e  separate 

frequenc ies  are above the fo u r  hour L im it  w i th  the le v e ls  

a t 2 Hz and 2.5Hz causing problems in  under two hours. 

Reference to  F igure 13 shows th a t  v ib ra t io n s  in  these 

frequency ranges, rece ived by a seated person, w i l l  be 

a m p l i f ie d  a t  the shoulder causing d isco m fo r t  in  t h i s  area 

o f  the body.

I t  can be seen from t h i s  d iscuss ion  th a t  the d r iv e r  o f  

t h is  type o f v e h ic le  w i l l  experience d iscom fo r t  

i f  d r iv in g  over rough ground is  re q u ire d .  Th is  d isco m fo r t  

w i l l  be most l i k e l y  to  m anifest i t s e l f  in  the shou lders 

and upper-arms and a lthough not l i k e l y  to  in f lu e n c e  the 

d r iv e r * s  e f f i c ie n c y  may, over a long per iod  o f  t im e , 

advance the onset o f  muscle weakness and perhaps 

a r t h r i t i s .

Return ing to  the p a r t i c u la r  reasons fo r  us ing the 

land rove r ,  as s ta te d  on page 2 .3 ,  the fo l lo w in g  

conclusions can be made:

1) Road surface  roughness appears not to  in f lu e n c e  the 

frequency response o f the v e h ic le .  The v e h ic le 's  

suspension system f i l t e r s  each type o f  v ib r a to r y  

in p u t  and responds in  a manner p e c u l ia r  to  each a x is .
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2) I t  i s  not  necessary  t o  p rede te rm in e  the  f o r c i n g  

c h a r a c t e r i s t i c s  o f  the  road s u r f a c e .  The randomness 

o f  u n d u la t i o n s  in  the  s u r face  w i l l  i n f l u e n c e  o n ly  the  

am p l i tude  o f  the  s i g n a l  genera ted w i t h i n  the  v e h i c l e .

3) The response o f  the  v e h i c l e  in  the  v e r t i c a l  

d i r e c t i o n ,  i e  1Z ' a x i s  in  1802631:1978,  i s  the  

p r i n c i p a l  area o f  concern and more l i k e l y  t o  lead to  

d r i v e r  d i s c o m f o r t  than e i t h e r  the  ' Y ' a x i s  o r  the  ' X 1 

a x i s .

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 levels, 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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P l a t e  2

J C B  3  C E x c a v a t o r  - L o a d e r  : note  the.  

p o s i t i o n  o f  t h e  d r i v e r ’s s e a t ,  v e r t i c a l l y  o v e r  

t h e  l a r g e  d i a m e t e r  d r i v e  w h e e l s .
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CHAPTER 3

Excavator/Loader Tests

3 .0  In t ro d u c t  ion

The e x c a v a to r / lo a d e r ,  P la te  2 , is  the  'w o rk -h o rse ' o f  

c o n s t ru c t io n  s i t e s .  In  a d d i t io n  to  the  v a r ie t y  o f  attachments 

which can be f i t t e d  to  the f r o n t  o r  rea r  te le s c o p ic  arms f o r  

e xcava t ing ,  lo a d in g ,  scrap ing o r  ch ipp ing  o p e ra t io n s ,  the 

v e h ic le s  may be equipped w i th  s e l f - p r o p e l l i n g  t ra c k s  o r  rubber 

ty re d  wheels. When excava ting  o r  ch ipp ing  ope ra t ions  are 

re q u ire d ,  the v e h ic le  is  u s u a l ly  supported by i t s  f r o n t  load ing  

bucket and by two h y d ra u l ic ,  te le s c o p ic  legs a t  the  rea r  thus 

ra is in g  the wheels above the  ground. I t  w i l l  be r e a d i ly  

apprec ia ted  t h a t ,  in  t h i s  p o s i t io n ,  the  v ib ra t io n s  received by 

the d r iv e r  w i l l  have t h e i r  source o r  sources w i th in  the 

p a r t i c u la r  combination o f  o pe ra t ing  mode, supporting  system and 

tracked/wheeled motive arrangement.

3.1 Excavator-Loader C h a ra c te r is t ic s

>

From a study o f  the many p o ss ib le  o pe ra t ions  i t  was considered 

th a t  th re e  d i f f e r e n t  c o n d it io n s  could be id e n t i f i e d  w i th  

respect to  the genera tion  o f  v ib r a t io n s :

( i )  Excavating o r ch ipp ing  w h i ls t  s ta t io n a ry  and

supported on f r o n t  bucket and re a r  te le s c o p ic  le g s .  

C i i )  Front-end scrap ing o r  load ing  t r a v e l l i n g  by means o f

t r a c k s ,  and

( i i i )  Front-end scraping o r  lo a d in g ,  o r  rear-end load ing

and t r a v e l l i n g  by means o f  rub b e r- ty re d  wheels.
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In  a l l  th re e  c o n d it io n s  the  f r o n t  or rear a c tu a t in g  arms w ith  

bucket or scraper b lade attachment would be brought in to  use. 

The energy requ ired  in  t h e i r  use would be determined by the 

m a te r ia l  in  which they were to  work, th e re fo re  the t ra n s m it te d  

v ib ra t io n s  would be too o p e ra t io n - s p e c i f ic  f o r  the s tudy .

3 .1 .1  Tracked V eh ic les

The v e h ic le s  which are equipped w ith  s e l f - p r o p e l l i n g  

t ra c k s  are g e n e ra l ly  slower moving than ty re d  

v e h ic le s .  In  a d d i t io n ,  the a c t io n  o f  moving over 

t h e i r  own t ra c k s  makes them less responsive to  

i r r e g u l a r i t i e s  in  the t e r r a in  over which they t r a v e l  

th e re fo re ,  any induced v ib ra t io n s  w i l l  be less 

im po r tan t .

3 .1 .2  Rubber-tyred V eh ic les

With ru b b e r- ty re d  v e h ic le s  however, i t  i s  a common 

obse rva tion  and com pla in t from d r iv e r s  th a t  head, 

neck and shoulder pains are caused by bounce a t  the 

rear end. The survey c a r r ie d  out as p a r t  o f  t h i s  

study confirm s t h i s .  There is  a f a r  g re a te r  number 

o f  'wheeled ' excavator loaders employed on 

c o n s t ru c t io n  and assoc ia ted  work s i t e s  than t racked  

v e h ic le s ,  th e re fo re  i t  was decided th a t  a study o f  

these v e h ic le s  had the g re a te s t  m e r i t .
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As p re v io u s ly  s ta te d  these v e h ic le s  are capable o f 

c a r ry in g  out many ope ra t ions  ye t the d r i v e r  has ju s t  

two sea t ing  p o s i t io n s  to  c o n t ro l  the machine:

1) Facing forwards f o r  (a) normal d r i v in g  o f the

v e h ic le s ,

(b) pushing m a te r ia l ,  e tc 

using the scraper b lade 

a ttachm ent, o r

(c) l i f t i n g  and load ing  

loose g ra n u la r  type 

m a te r ia ls ,  eg sand or 

g ra v e l ,  us ing the f r o n t  

load ing  bucke t.

2) Facing the rear f o r  excava ting or ch ipp ing  using 

the h y d ra u l ic  te le s c o p ic  arm.

In  the second p o s i t io n  the v e h ic le  needs to  be ra ised  

onto the tegs and f r o n t  bucket f o r  s t a b i l i t y .  These 

ope ra t ions  are c a r r ie d  out us ing the mass o f  the 

v e h ic le  as an anchor, hence the need to  remove the 

r e s i l i e n t  e f fe c ts  o f  the t y re s .  When con s id e r in g  the 

v ib ra t io n s  t ra n s m it te d  to  the d r i v e r  t h e i r  p ro p e r t ie s  

w i l l  be more s p e c i f i c  to  the work o p e ra t io n  than in  

the case o f  the forward fa c in g  p o s i t io n .  For 

example, d igg ing  in  loose sandy s o i l  w i l l  re q u ire  

less mechanical e f f o r t  than where o ld  b u i ld in g  

founda tions  or f is s u re d  rock is  encountered below 

ground le v e l .  I t  was shown by McNulty and Douglas
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(1983) th a t  the v ib r a t io n  generated and t ra n s m it te d  

to  the d r i v e r ,  from work in  each ground c o n d i t io n ,  

is  l i k e l y  to  fu rn is h  data s p e c i f i c  on ly  to  i t s e l f ,  

t h is  is  endorsed in  the present work.

When the v e h ic le  is  requ ired  to  be d r iv e n  in  e i th e r  

d i r e c t io n  a common fe a tu re  o f  each task i s  the e f fe c t  

o f  t y re  s t i f f n e s s  and damping upon the v ib ra t io n s  

produced. Whether the v e h ic le  is  s ta t io n a r y ,  eg 

du r ing  loading o p e ra t io n s ,  o r  t r a v e l l i n g  forwards or 

backwards, t y re  e f fe c ts  w i l l  be p resen t.  The design 

and c o n s tru c t io n  o f  these v e h ic le s  r e s u l t s  in  the 

fo l lo w in g  re le va n t d e t a i l s : -

a) the d r iv in g  wheels ax le  is  r i g i d l y  f ix e d  to  the 

chass is ,

b) the d r i v e r ’ s cab is  mounted on to  the body 

v e r t i c a l l y  above the d r iv in g  wheels, and, 

th e re fo re ,

c) the p o s i t io n  o f  the d r i v e r ’ s seat is  a lso  

v e r t i c a l l y  above those wheels.

A consequence o f  these fa c ts  is  th a t  the e n t ry  o f  

v ib r a t io n a l  energy in to  the chass is ,  from whichever 

source, is  c e r ta in  to  en te r  these wheels a ls o .  When 

the v e h ic le  is  t r a v e l l i n g ,  the  wheels w i l l  be the 

f i r s t  p o in t  o f  e n try  f o r  most o f  the v ib r a t io n s ,  

consequently t h e i r  in f lu e n c e  is  im po r tan t .
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3.2 S e le c t io n  o f  Test Surfaces

3 .2 .1  The ground p r o f i l e  on a c o n s t ru c t io n  s i t e  can va ry  

w ide ly  in  i r r e g u l a r i t y  o f  shape, dimension o f 

p ro je c t io n s  or depressions and te x tu re  o f  m a te r ia l .  

D r iv in g  across a s i t e  can r e s u l t  in  a v e h ic le  

encountering d i f f e r e n t  t e r r a in  c o n d it io n s .  Such 

rap id  changes in  p r o f i l e  obv ious ly  make i t  d i f f i c u l t ,  

i f  not im poss ib le ,  to  determ ine the in d iv id u a l  e f f e c t  

on the v e h ic le  in  the measurement o f  i t s  frequency 

response. Also the randomness o f  these surfaces 

would prevent any c o r r e la t io n  between the r e s u l t s  and 

consequently the data would be r e la t i v e l y  

meaningless.

C ons idera tion  o f  these fa c ts  re s u lte d  in  an approach 

being made to  JCB Research L td ,  Rocester, 

S ta f fo rd s h i r e ,  f o r  perm iss ion to  use t h e i r  te s t  

roads, which was very r e a d i ly  g ran ted .

3 .2 .2  Test Surface D e s c r ip t io n

The te s t  surfaces used were cons truc ted  by the 

Company and are used re g u la r ly  to  assess the 

performance o f  t h e i r  machines.

There are fo u r  t e s t  t r a c k s ,  each w ith  a d i f f e r e n t  

p r o f i l e  and a l l  cons truc ted  in  re in fo rc e d  conc re te . 

These t ra c k s  are arranged in  a rec ta ngu la r  p lan shape
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w ith  two t ra c k s  on each Long s id e .  A longside each 

t ra c k  is  a pe r im e te r  road f o r  use by any v e h ic le  

accompanying the  one under t e s t .  The t ra c k s  and 

roads are connected a t each end by a c o n t in u a t io n  o f  

the pe r im e te r  road to  enable continuous te s t in g  to  be 

c a r r ie d  out f o r  as long as is  re q u ire d .

Each te s t  t ra c k  is  40m long by 3m wide and has a 

d i f f e r e n t  p r o f i l e  to  a l l  the o th e rs .  The p r o f i l e s  

were chosen by the  Company to  g ive  the  v e h ic le s  a 

v igorous  shaking when being d r iv e n  over them but in 

fo u r  d i f f e r e n t  ways.

3 .2 .3  The Test Tracks

( i )  The Quarry F loo r  Track : Th is  was

construc ted  to  p rov ide  a su rface  p r o f i l e  

c h a r a c te r is t ic  o f  th a t  which could be 

expected on the  ground w i th in  a stone 

qua rry .  Over the area o f the  t ra c k  

i r r e g u la r  shaped stones had been se t on to  

the conc re te ,  a t  random in te r v a l s ,  t o  

-p ro je c t  up to  100mm above the  s u r fa c e .

In  a d d i t io n ,  depress ions o f  a s im i l a r  

na ture  and s ize  were formed in to  the  

concrete  to  g ive  a very  i r r e g u la r  su r face  

over which the  ty re s  had t o  t r a v e l .
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■

F l a b e  3

V i e w  o f W a v e  M o t i o n  t e s t  t r a c k  w i t h  t h e  

per i  m e t e r  r o a d .
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P la te  4

P l a t e  5

V i e w s  op fche R e g u l a r  K e r b  t e s t  t r a c k  a n d .  

p e r i m e t e r  r o a d .
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d i r e c t i o n  o f  

b r a v e  I

r e g u l a r  k e r b  

t e s t  t r a c k

Figu  r z  15

D i a g r a m  to  show shape,  a n d  

d i m e n s i o n s  o f  t h e  t e s t  t r a c k .
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1) RANDOM HERE

P l a t e  6

P la te , 7

V i e w s  o f  t h e  R a n d o m  K e r b  t e s t  t r a c k  a n d  

i ts p e r i m e t e r  r o a d

4 2



■*r .

RANDOM KERB 

TEST TRACK

F i g u r e  16

D ia g r a m  t o  s h o w  the. r a n d o m  s p a c i n g  

of  the k e r b s  In  r e l a t i o n  to t h e  p a i r  

o f  w h e e ls  o n  e a c h  a x le .
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( i i )  The Wave Motion Track : F igure 14 and P la te  3 

show the shape o f  t h i s  t ra c k  which produces 

r e p e t i t i v e  motions in the  v e h ic le  as i t  t r a v e ls  

across the su r face .

( i i i )  The Regular Kerb Track : F igure 15 and P la tes  4

and 5 i l l u s t r a t e  t h i s  t e s t  t ra c k  which again has 

a r e p e t i t i v e  surface p r o f i l e .  As can be seen, 

the d i r e c t io n  o f  t r a v e l  intended f o r  t h i s  t ra c k  

is  from r ig h t  to  l e f t .  This r e s u l t s  in  a sudden 

drop o f  100mm fo r  the v e h ic le  from the top  

su r fa ce .  Both sets  o f  wheels experience t h i s  

shock but the g re a te r  response is  from the la rge  

d r iv e  wheels a t  the  re a r ,  even though they  have 

a b ig g e r  rad ius  o f  c u rv a tu re .

( i v )  The Random Kerb Track : This t r a c k ,  shown in 

F igure 16 and P la tes 6 and 7 ,  is  considered by 

JCB Research Ltd to  p rov ide  the  most severe t e s t  

f o r  t h e i r  v e h ic le s .  I t  is  adapted from tra c k s  

used to  te s t  f i g h t in g  v e h ic le s  and consequently  

the excava to r / loa de rs  are sub jected  to  

v ib ra t io n s  g re a te r  than are expected from normal 

use. The d r iv e r s  o f  the  v e h ic le s  cons ide r  t h is  

t ra c k  to  be the  most uncomfortab le one to  d r iv e  

ove r.

3 .3  Test Procedure

The in s tru m e n ta t io n  used in  the te s t  area was t h a t  desc r ibed  in  

Appendix A
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P r io r  to  commencing the te s t  c e r ta in  parameters were 

e s ta b l ish e d  to  enable the re s u l ts  to  be re la ted  to  c o n s t ru c t io n  

s i t e  c o n d i t io n s .  These w ere :-

( i )  th a t  the v e h ic le  should be d r ive n  at speeds commensurate 

w i th  t y p ic a l  s i t e  speeds, ie  4 m .p.h. and 8 m .p .h , .  and

( i i )  th a t  due to  the re  being ve h ic le s  o f  d i f f e r i n g  age used on 

s i t e s  two ve h ic le s  would be used, ie  a new machine and a 

used machine about 18 months o ld .

3 .4  Test Veh ic les

Both v e h ic le s  were ex -p roduc t ion  machines as would be supp lied  

to  c o n t ra c to rs .

3 .4 .1  The 'New' v e h ic le  had been t ra n s fe r re d  from the works 

to  the te s t  area two weeks p re v io u s ly  t o  undergo the 

standard prov ing te s ts  requ ired by the Company. I t  

was fo r tu n a te  f o r  t h i s  study th a t  the v e h ic le  had not 

been in troduced in to  t h e i r  te s t  programme th e re fo re  

a l l  the transm iss ion  paths fo r  v ib r a t io n  between 

'road* surface and d r i v e r ,  ie  r ig i d  and r e s i l i e n t  

connect ions, could be considered to  be u n s tra in e d .

The importance o f  t h i s  was th a t  the performance o f

these connections could be considered to  be the  most

re leva n t s ince they were in  t h e i r  optimum c o n d i t io n .

Also comparison o f  response and t ransm iss ion  data

could be made w ith  th a t  from a used v e h ic le  and any

s ig n i f i c a n t  d e t a i l s  s tu d ie d .
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P l a t e .  S

V i e w  showing t e s t  a r r a n g e m e n t  of  J C B  3 C 

Exca.vat"oi— L o a d e r  and.  a t t e n d a n t  v e h i c l e  to 

c a r r y  t h e  v i b r a t i o n  m e a s u r in g  a n d  r e c o r d i n g  

i n s t r u m e n t  s .
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3 .4 .2  The 'Not New' v e h ic le  had undergone many te s ts  f o r  

endurance and s t a b i l i t y  which in c lu d e d : -

Ci) f o r t y  e ig h t  hour continuous t r a v e l  over the

fo u r  t e s t  t r a c k s ,

( i i )  in c l in e d  surface  and s t a b i l i t y  t e s t s ,  and

C i i i )  excava tion  and load ing te s ts  in a range o f

n a tu ra l  s o i l  and rock m a te r ia ls .

I t  was due t o  these continuous and very  s t r in g e n t  

t e s t s ,  over a com para t ive ly  sho r t  per iod  o f  t im e ,  

which re s u lte d  in the v e h ic le  ach iev ing  the  wear 

c o n d it io n  o f  a t y p ic a l  s i t e  v e h ic le  about th re e  years 

o ld e r .

3 .5  Test Arrangement

I t  can be seen from P la te  8 th a t  an accompanying v e h ic le  was 

used on the te s t  programme, t h i s  was necessary f o r  two reasons :-

( i )  The cab o f  th e  e x c a v a to r / lo a d e r  is  designed to  a l lo w  the  

d r i v e r  to  s i t  fa c in g  forwards o r  backwards and have 

optimum access to  the c o n t r o ls .  However, the re  is  

i n s u f f i c i e n t  space f o r  o th e r  equipment, such as th a t  

requ ired  f o r  the t e s t ,  p a r t i c u l a r l y  when room f o r  ano the r 

person is  needed a ls o .

( i i )  The measurement and /o r record ing  o f  v ib r a t io n  data

requ ires  the in s trum en ta t ion  to  be i t s e l f  in su la ted  from 

v ib r a t io n s ,  which w i l l  in f lu e n ce  the  r e s u l t s .  Th is  was

47



P l a t e  9

Plate IQ

V i e w s  s h o w in g  a c c e l e r o m e t e r  f o c a t i o n  For  

' a x l e '  r e c o r d i n g s .  A c t u a l  a x l e  F i x in g  w a s  n o t  

p o s s ib le  f t h i s  f i x i n g  h a s  d i r e c t  c o n n e c t i o n  

to  a x l e  v i a  m a i n  F r a m e .
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cab

«
axle

J C B EXCAVATOR-LOADER 

Accelero m t t t r  l o c a t i o n s .  Figure 17

V ib r a t io n s  r&oorded in X , V * ,  Z  axes by  

briaxia l accelero m e t e r  at axle t c a b  a n d  

seafc on e x c a v a t o r  - l o a d e r .
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achieved by cush ion ing the instrum ents on the  re a r  seat o f  

the accompanying car which a lso  allowed the  o pe ra to r  to  

m on ito r  the data and c o n t ro l  the equipment du r in g  the 

te s t s .

The use o f  an accompanying v e h ic le  a lso  necess ita ted  

longer- than-no rm a l accelerom eter cables between the  two 

v e h ic le s .  This requ ired  g rea t  care du r ing  the te s ts  t o  ensure ,

a) t h a t  the  cables d id  not sus ta in  damage, and a lso

b) t h a t  they were so attached a t  each end and supported 

in-between th a t  spurious s ig n a ls  were not generated nor 

c o n d it io n s  caused which would in f luence  the  s ig n a ls  

received from the acce lerom eter.

3 .6  Accelerometer Loca tions

Three p o s i t io n s  were chosen f o r  the acce le rom ete r, F igu re  17, 

which correspond w i th  those f o r  the Landrover.

3 .6 .1  'AXLE1 -  P la tes  9 and 10.

Fixed to  a cross-member on the  body o f  the  v e h ic le  

which was ad jacen t to  and r i g i d l y  connected t o  the  

ax le  f i x i n g  p o in t .  Actua l f i x in g  to  the  ax le  was no t 

poss ib le  but t h i s  lo c a t io n  was considered to  be 

e q u a l ly  s u i ta b le  s ince the s ig n a ls  received by the  

accelerom eter would be the  same as i f  f ix e d  t o  the  

a x le .
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Plata  H

V i e w  s h o w i n g  a c c e l e r o m e t e r  f ixe d .  to  

c a b  f l o o r  t o  r e c o r d  t h e  v i b r a t i o n  s 

t r a n s m i t t e d  f r o m  the. a x l e  to  t h e  s e a t .
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P l a t e  1 2

P la te  13

' S  I T B  A R ' , w i t h  a c c e l e r o m e t e r  a t t a c h e d ,  i n  

p o s i t i o n  o n  d r i v e r ' s  s e a t  t o  r e c o r d  t h e  

v i b r a t i o n s  e n t e r i n g  t h e  b o d y -

5 2



3 .6 .2  'CAB1 -  P la te  11

Clamped to  the base o f  the d r i v e r ' s  seat p i l l a r  where 

i t  bo lte d  to  the cab f l o o r .  The d r i v e r ' s  cab is  

a ttached to  the machine body by fo u r  b o l t s  which pass 

through s p e c ia l ly  designed rubber suspension mounts 

between the two components.

3 .6 .3  'SEAT' -  P la tes  12 and 13

F in a l l y ,  the acce lerom eter is  located on the top  o f 

the d r i v e r ' s  seat cushion a t the p o in t  o f  e n t ry  o f  

any v ib ra t io n s  in to  the  d r i v e r .  To achieve 

s a t is fa c to r y  t ran sm iss ion  o f  the  v ib r a t io n a l  energy 

from seat to  d r i v e r  i t  was necessary to  use the 

'SITBAR' re fe r re d  to  in  2 .2 .4 .
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CHAPTER 4

Excavator/Loader Test Results

4.0 In t ro d u c t  ion

The d isp lacem ent-frequency spec tra  o f  the v e h ic le  a t  a x le ,  cab 

and seat a t each o f  the th re e  axes o f  v ib r a t io n  ie 'X 1,  "Y* and 

*Z*,  over the fo u r  t e s t  t ra c k s  are shown in Appendix C.

Figures 18, 19, and 20 show examples o f  these graphs. I t  is  

important to  note th a t  the  p o s i t io n s  o f  the  curves do no t 

r e la te  to  t h e i r  respec t ive  a c c e le ra t io n  le v e ls .  The curves are 

d e l ib e ra te ly  separated on each sheet and the f u l l  sca le  l e v e l ,  

in d e c ib e ls ,  re 1jjN  RMS re le v a n t  to  each curve was recorded f o r  

la t e r  convers ion to  metres per second squared. The p o s i t io n  o f  

each curve is  a lso  re p re s e n ta t iv e  o f  the  lo c a t io n  o f  the  

accelerometer on the machine 

eg: Seat; a t to p ,

Cab; a t c e n tre ,  and

Axle ; a t bottom o f  the  sheet

This a llow s the a c t i v i t y  in  any group o f  f requenc ies  t o  be read 

upwards o r downwards on each sheet and hence an in d ic a t io n  o f  

t r a n s m is s ib i l i t y  o f  v ib r a t io n  t o  be ob ta ined .

4.1 Frequency Domain

4.1 .1  Seat, Cab and Axle responses : When the  frequency

response at the seat is  compared w i th  th a t  a t  the  cab 

and the a x le ,  the  s i m i l a r i t y  between them is  r e a d i ly  

apparent. This c h a r a c te r is t i c  is  e v id e n t a t  each
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a x is  o f  v ib r a t io n ,  'X 1,  'Y ' ,  *Z ' ,  even though the 

frequency response o f  each is  q u i te  d i f f e r e n t  to  th a t  

o f  the o th e rs ,  see F igures 18, 19 and 20, eg Record 

Nos QF1X, QF1Y and QF1Z. As p re v io u s ly  s ta te d ,  i t  

was considered im portan t to  determ ine the in f lu e n c e  

o f  the c o n d it io n  o f  the machine, as a fu n c t io n  o f  i t s  

age and use, and the speed o f  t r a v e l  on the frequency 

response. I t  can be seen from the graphs th a t  

n e i th e r  o f  them a f fe c ts  the re s u l ts  f o r  the 

c h a r a c te r is t ic  responses appear w ith  each machine and 

a t each speed o f  t r a v e l .

4 .1 .2  P r o f i l e  o f  Test Surface : The p r o f i l e  i r r e g u l a r i t y  o f  

each te s t  su r fa ce ,  ie  'wave m o t io n ' ,  'q u a r ry  f l o o r '  

e tc ,  is  un ique ly  d i f f e r e n t  to  any o f  the o th e rs .  As 

a consequence o f  t h i s ,  the movement o f  the  machine 

over each surface was a lso  expected to  be d i f f e r e n t .  

I t  can be seen, however, th a t  the frequency responses 

in  each ax is  are again c h a r a c t e r i s t i c a l l y  s im i l a r .

The in f lu e n ce  o f  the surface  p r o f i l e  and 'roughness ' 

appears to  be on ly  in  the le v e l  o f  a c c e le ra t io n  

recorded and not in  the  frequency domain. V isu a l 

in sp e c t io n  o f  two te s t  s u r fa ce s ,  ie  'q u a r ry  f l o o r '  

and 'random ke rb ' suggested th a t  the re  may be 

s im i l a r i t i e s  in  the machine responses over these 

t ra c k s .  However, the 'wave m otion ' and ' r e g u la r  

kerb* t ra c k s  were so d i f f e r e n t  in  p r o f i l e  th a t  

machine responses could not be r e a d i ly  p re d ic te d .
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4 .1 .3  Axes o f  V ib ra t io n  : Of the  th re e  axes the 'X '  a x is ,

ie  fo re  and a f t  movement, e x h ib i t  the Least amount o f 

a c t i v i t y  over the whole 100Hz frequency domain. 

I n i t i a l l y  the response f a l l s  by 25 to  30dB over the 

f i r s t  20Hz but a f t e r  th a t  becomes r e la t i v e l y  ' f l a t *  

over the remaining fre q u e n c ie s .  In  t h i s  ax is  an 

increase in  speed, 4 mph to  8 mph, appears to  

in f lu e n c e  the  responses a t ax le  and seat 

p a r t i c u l a r l y ,  eg see F igure 21, Record No QF/F/2X.

I t  is  n o t ic e a b le  in  t h i s  s i t u a t io n  th a t  the dB range 

over which the decay occurs extends to  around 35Hz a t 

the sea t.

In  the 'Y 1,  l a t e r a l  and •Z1,  v e r t i c a l  axes a more 

gradual decay o f  a c c e le ra t io n  occurs over most o f  the 

frequency range. However, the re  is  a f a r  h ighe r  

degree o f  a c t i v i t y  in  the frequency domain and t h is  

a c t i v i t y  is  q u i te  s p e c i f i c  to  the respec t ive  axes, eg 

see F igures 19 and 20, Record Nos QF1Y and QF1Z. As 

a consequence o f  t h i s  the r e la t io n s h ip  o f  problem 

frequenc ies  w ith  a x is  o f  v ib r a t io n  is  more r e a d i ly  

i d e n t i f i e d .  A lso the r is k  o f  d iscom fo r t  f o r  a d r i v e r  

is  increased due to  the g re a te r  range o f  frequenc ies  

over which h igher a c c e le ra t io n  le v e ls  occu r.

4 .2  A cce le ra t ion  Levels

For an assessment o f  d iscom fo r t  r is k  i t  is  necessary to  g iv e  

frequency and a c c e le ra t io n  le v e ls ,  in  metres per second
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squared, to  the recommendations in I n te r n a t io n a l  Standards 

IS02631:1978(E). The convers ions from dB to  m/s2, a t  the  

re leva n t centre  frequency o f  the o n e - th i rd  octave bands, were 

produced from the computer programme in Appendix D.

When these a c c e le ra t io n  le v e ls  are p lo t te d  aga ins t  the  cen tre  

f req uenc ies ,  F igures 22, 23 and 24, the  n e ce s s ity  t o  separa te  

the i n i t i a l  cu rves , p lo t te d  from the  narrow band spectrum 

a n a ly s e r ,  is  obvious- The t ru e  a c c e le ra t io n  le v e ls  a t  a x le ,  

cab and seat are so s im i l a r ,  i f  no t the  same, a t  many 

frequenc ies  th a t  n e i th e r  comparison o f  frequenc ies  o r  

i d e n t i f i c a t io n  o f  a c c e le ra t io n  va lues would have been p o s s ib le .

In  each o f  the th re e  axes o f  v ib r a t io n  the  s i m i l a r i t y  o f  

frequency response over each t e s t  su rface  is  r e a d i ly  apparen t. 

Note th a t  F igures 22, 23 and 24 show o n ly  *Z* a x is  r e s u l t s ;  the  

graphs f o r  the 'X '  and 'Y* axes are shown in Appendix E . As 

was expected, the a c c e le ra t io n  le v e ls  a t  a x le ,  cab and seat 

f lu c tu a te  a t each frequency bu t the  tren d  o f  the  curves and the 

c lose  a sso c ia t io n  o f  le v e ls  is  mainta ined over the  im portan t 

frequency range o f  1 to  16HZ.

A genera l observa tion  from the  36 graphs in Appendix E is  the  

predominance o f  the a c c e le ra t io n  le v e ls  a t  the  seat over both  

cab and a x le .  This is  p a r t i c u l a r l y  so in the  low f re q u e n c ie s ,  

ie below 16Hz and in the 'Z* a x is  d i r e c t io n .  I t  appears to  be 

a reasonable assumption th a t  one o f  the  des ign  p r in c ip le s  f o r  

these machines is  th a t  v ib r a t io n s  which are  generated d u r in g  

work ope ra t ions  should be a ttenua ted  in a l l  paths lead ing  to
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the d r i v e r ' s  se a t .  From Figures 22 and 23 e tc  i t  is  obvious 

th a t  such a t te n u a t io n  does not occur in  many cases. These 

r e s u l t s ,  F igures 22 and 23 are from a machine considered to  be 

t y p i c a l ,  in  mechanical c o n d i t io n ,  to  the  m a jo r i ty  o f  machines 

in  use on c o n s t ru c t io n  s i t e s  and the c o n t ra s t ,  in  seat a c t i v i t y  

le v e l ,  w i th  th a t  o f  a new machine, F igure 24, is  ve ry  g re a t .

4 .3  Transmission o f  V ib ra t io n  from Axle to  Seat

4 .3 .1  In t ro d u c t  ion

The a t te n u a t io n  o r  a c c e le ra t io n  o f  the  ax le  v ib r a t io n  

as the  energy t r a v e ls  towards the  d r i v e r  can be 

d isp layed  and compared by p lo t t in g  S e a t- to -A x le  and 

Cab-to-Axle  r a t i o ' s  aga ins t f requency , eg F igures 25, 

26 and 27. These graphs are provided to  f a c i l i t i a t e  

the  d iscuss io n  and the  corresponding graphs f o r  o th e r  

te s t  t ra c k s  are shown in  Appendix F.

4 .3 .2  C ons ide ra tion  o f  the  Axes o f  V ib ra t io n

( i )  ' X ' Axis : Appendix F graphs show th a t  some

e f f e c t i v e  a t te n u a t io n  does take p lace but 

p r i n c i p a l l y  in  the  'X '  a x is  d i r e c t io n .  I t  is  

im portan t t o  note t h a t  in  t h i s  a x is  the  

a t te n u a t io n  is  m ain ly  in  the  frequenc ies  below 

16Hz and t h i s  has im portan t im p l ic a t io n s  f o r  

d isco m fo r t  r i s k  f o r  d r i v e r s .  This is  exp la ined  

a t  4 .4 .2  where a c c e le ra t io n  le v e ls  are  re la te d  

to  the  recommendations o f  IS02631: 1978(E).
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( i i )  'Y* Axis : The a m p l i f i c a t io n  o f  v ib r a t io n s  a t 

cab and seat a t  about 2.5Hz and 20Hz are s trong 

fea tu res  o f  the 1Y1 a x is  graphs. I t  can be seen 

from IS02631:1978CE) th a t  a c c e le ra t io n  va lues a t 

frequencies above 2Hz have a decreasing 

in f luence  on the r is k  o f  d r i v e r  d is c o m fo r t .  

Consequently, the a m p l i f i c a t io n  which occurs 

around 20Hz has l i t t l e  importance. Once again 

the in f luence  o f  machine 'age ing* as a fu n c t io n  

o f  use and maintenance, on the  t ra n s m is s io n  o f  

v ib ra t io n s  to  the  seat is  ev iden t when the 

re s u l ts  from the 'n o t  new* machine are compared 

w ith  those from the 'ne w 'o ne , ie F igures 25, 26 

and 27.

( i i i )  'Z '  Axis : I t  is  shown in Chapter 2 t h a t  the  

seat a c c e le ra t io n  le v e ls ,  in the  'Z '  a x is ,  

c o n s t i tu te  the g re a te s t  r i s k  f o r  d r i v e r  

d iscom fo r t  on these machines. The a m p l i f i c a t io n  

provided by both cab and s e a t ,  a t  many 

f req uenc ies ,  is  apparent from F igure  27 and the  

graphs in Appendix F. The d e t e r io r a t io n  in 

v ib r a t io n  is o la t io n  on the 'n o t  new' machine is  

again very obv ious. However, the  damping 

provided on the 'new' machine s t i l l  r e s u l t s  in 

a c c e le ra t io n  le v e ls  a t  the  seat being 

s ig n i f i c a n t l y  high in the im portan t f req uenc ies  

below 8Hz.
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4.4  Comparisons with IS02631:1978 ( £ )

4.4.1  In t ro d u c t io n

I t  has been shown in  the p rev ious se c t io n  th a t  

s ig n i f i c a n t l y  high le v e ls  o f  a c c e le ra t io n  can occur 

a t the seat in  the ea r th  moving v e h ic le s  te s te d .  

However, to  assess the relevance o f  these in  r e la t io n  

to  com fo rt ,  the a b i l i t y  to  perform work ta s k s ,  and 

the concomitant d r i v e r  s a fe ty ,  the a c c e le ra t io n s  at 

t h e i r  associated frequenc ies  are compared to  the 

g u id e l in e s  o f  IS02631:1978(E).

In  a d d it io n  to  in t e n s i t y ,  frequency and d i r e c t io n ,  

the standard de f in es  boundaries f o r  exposure in  terms 

o f  d u ra t io n .  Normal working days are fo u r  hours 

w ithou t a meal b reak, consequently  the fo u r  hour 

boundary is  the one to  which a l l  recorded values are 

here re la te d .

4 .4 .2  Fatigue -  Decreased P ro f ic ie n c y  Boundaries

Figures 28 to  33 in c lu s iv e  show the  a c c e le ra t io n  

le v e ls  recorded at ax le  and /o r seat which a c tu a l ly  

r e g is te r  on the IS02631 1 fa t igue -decreased  

p ro f ic ie n c y *  boundary curves. In  the two h o r iz o n ta l  

axes on ly  two s i t u a t io n s  in  the *Xf d i r e c t io n  and 

fo u r  in  the *Y* d i r e c t io n  are recorded and o n ly  in  

one o f  these , F igure 3 0 (b ) ,  is  the re  any s ig n i f i c a n t  

in fr ingem ent o f  the 4 hour F.D.P. boundary.
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Figures 29(a) and (b) c le a r l y  show the  e f fe c t  o f  

increased speed over a p a r t i c u la r  su rface  p r o f i l e  and 

t h i s  re s u l ts  in an increase in a c c e le ra t io n  le v e ls  by 

about 3dB.

F igures 29(a) and (b) demonstrate e f fe c ts  to  be 

expected from use as a machine 'a g e s '-  A lthough both 

machines were sub jected to  the same te s t  the o ld e r  

machine t ra n s m its  s i g n i f i c a n t l y  h igher le v e ls  o f  

v ib r a t io n a l  energy a t h ighe r  frequenc ies  to  the 

se a t .  These le v e ls  do not in f r in g e  t h i s  4 hour 

F.D.P. boundary bu t do in f r in g e  the  low er, reduced 

com fort (R-C.) boundary, see F igure 34.

Where i r r e g u la r  p ro je c t io n s  occur in surfaces over 

which these machines t r a v e l  s t ro n g ,  l a t e r a l ,  C Y ' 

a x i s ) ,  movements are c e r ta in  to  be produced- F igures 

30(a) and (b) a lso  show, in t h i s  a x is ,  the  in f lu e n ce  

o f  increased speed and in d ic a te  the reduc t io n  in 

com fort le v e l  to  be experienced by the d r i v e r .  I t  is 

in te re s t in g  to  see th a t  o n ly  seat a c c e le ra t io n  le v e ls  

are s ig n i f i c a n t  in the 'X '  and the ' Y ' d i r e c t io n s .  

This r e s u l ts  from a m p l i f i c a t io n  o f  cab energy 

t ra n s m it te d  from the  a x le .

The remaining curves o f  F igures 31, 32 and 33 are  f o r  

both seat and ax le  and the  s ig n i f ic a n c e  o f  the  ax le  

values are exp la ined on page 4 .32 .  I n i t i a l l y  i t  can 

be seen t h a t ,  w i th  the  excep tion  o f  two t e s t  t ra c k
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r e s u l t s  f o r  the new machine, ie 'q u a r r y  f l o o r '  and 

'wave m o t i o n ' ,  a l l  v e r t i c a l  (Z) ax is  r e s u l t s  are 

represented.

I t  is a lso  noted t h a t  se r ious  v i b r a t i o n  t ransm iss ion  

occurs in the v e r t i c a l  d i r e c t i o n ,  f o r  at  many 

frequenc ies  in fr ingement  o f  even the exposure l i m i t  

boundary is  ev iden t .  I n  t h i s  ax is  o f  v i b r a t i o n  the 

exposure l i m i t  f o r  s h o r te r  d u ra t io n s  than 4 hours is 

in f r in g e d  and t h i s  has importan t im p l i c a t io n s  f o r  the 

phys ica l  we l l -be ing  o f  the d r i v e r .  These 

im p l i c a t io n s  are discussed in Chapter 6 which is 

concerned w i th  the survey o f  d r i v e r s  and t h e i r  

assessment o f  the phys ica l  e f f e c t s  o f  seat v i b r a t i o n  

in these machines.

Reduced Comfort and Exposure L im i t  Boundaries

To compare the frequency response o f  a v e h ic le  w i th  

e i t h e r  the reduced comfort  o r  exposure l i m i t  

boundar ies requ i res  the  a c c e le ra t io n  values o f  each 

d u ra t io n  l i n e  t o  be moved 10dB lower o r  6dB h ighe r  

re s p e c t i v e l y .  To f a c i l i t a t e  t h i s  process and a l low  

comparisons t o  be made between the machines speeds 

and t e s t  t rac k s  Figures 34 and 35(a) (b) and (c)  are 

presented. I t  is  immediately obvious t h a t ,  w i th  

these machines, the h o r i z o n ta l  v i b r a t i o n s ,  ie 'X '  and 

' Y* axes o f  Figure 34, are on ly  l i k e l y  t o  cause a 

reduc t ion  in the le v e l  o f  comfort  f o r  the d r i v e r .

Also t h i s  d iscom fo r t  w i l l  be predominant ly  assoc ia ted  

w i th  the o ld e r  machines.
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The char ts  o f  Figures 35(a) (b) and (c)  show th a t  at  

f requenc ies below 5Hz even the exposure l i m i t s  are 

l i k e l y  to  be exceeded. P a r t i c u l a r l y  w i th  a machine 

which is  not a new one. The new machine shows the 

leas t  a c t i v i t y ,  at  seat l e v e l ,  which may i n f r i n g e  the 

boundar ies in  the Standard.  I t  appears to  be the 

sur faces w i th  g rea tes t  ampl i tude or  i r r e g u l a r i t y  o f  

p r o f i l e  which create  d iscom fo r t  o r  a reduc t ion  in 

work e f fe c t i v e n e s s  f o r  the d r i v e r  due t o  f a t i g u e ,  eg 

Figure 35(a) Random Kerb, o r  Figure 35(a) and (b) 

Regular Kerb.

The 'no t  new' machine equates w i th  t y p i c a l  

c o ns t ruc t ion  s i t e  machines and Figures 35(a) (b) and 

(c)  demonstrate t h e i r  s u s c e p t a b i l i t y  t o  damaging 

v ib r a t io n s  in  the v e r t i c a l ,  ' Z ' ,  a x i s .  The 

frequenc ies where a c c e le ra t io n  values occur in  excess 

o f  the exposure l i m i t s ,  Figure 3 5 ( c ) ,  are seen to  

range from 1 to  5Hz. The problems r e s u l t i n g  from 

such v ib r a t io n s  are due to  the high t r a n s m i s s i b i l i t y  

( resonant c h a r a c t e r i s t i c s )  o f  the human body at  

f requenc ies between 3 and 7Hz, G i l l e s p i e  e t  a l ,  

(1982).

Throughout t h i s  d iscuss ion  the g rea t  s i m i l a r i t y  in  

a c c e le ra t io n  le v e l  and low frequency response between 

seat and a x le ,  v ia  the cab, has been s t ressed .  This 

i s  the reason f o r  the f requency response at  the ax le  

being included on the IS02631: 1978(E) char ts  o f  

Figures 34 and 35. Al though i t  i s  the response o f
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the seat which i s  needed to  assess d r i v e r  d iscom fo r t  

r i s k  the high a c c e le ra t io n  le v e ls  produced a t  the 

ax le  are an impor tant  aspect o f  t h i s  s tudy.  They 

c le a r l y  show th a t  the problems exper ienced a t  the 

d r i v e r ' s  seat o r i g i n a t e  from v i b r a t i o n s  produced by 

the ty res  du r ing  t r a v e l .

4.5 Summary and Conclusions

4.5 .1  Frequency Response

This study shows t h a t  pneumatic - ty red  earthmoving 

veh ic les  e x h i b i t  s p e c i f i c  and d i f f e r e n t  f i l t e r i n g  

c h a r a c t e r i s t i c s ,  f o r  random v i b r a t i o n  in p u ts ,  i n  each 

o f  the th ree  c o -o rd in a te  axes, ie  ' X ' ,  ' Y 1 and •Z •.  

I r r e s p e c t i v e  o f  the p r o f i l e ,  or  ' roughness ' ,  o f  a 

su r face ,  as de f ined by the i r r e g u l a r i t y ,  a n g u la r i t y  

and dimensions o f  any p r o je c t i o n s ,  the f requency 

response in  each ax is  w i l l  be r e ta in e d .  These 

responses have d i s t i n c t i v e  low frequency components 

corresponding to  those f requenc ies  acknowledged to  be 

respons ib le  f o r  human exper iences ranging from simple 

d iscomfor t  t o  in te r f e re n c e  w i th  work procedures due 

to f a t i g u e .

4 .5 .2  Acce le ra t ion  Leve ls

The veh ic les  a lso  e x h i b i t  h igh le v e ls  o f  

a c c e le ra t io n ,  p a r t i c u l a r l y  i n  the v e r t i c a l  a x i s ,  

which are c lo s e ly  r e la te d  to  the a n g u la r i t y  and
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dimensions o f  sur face p r o j e c t i o n s ,  eg Quarry F loor  

and Random Kerb t e s t  sur faces-  As p re v io u s ly  

s ta te d ,  these t e s t  surfaces equate t o  t y p i c a l  

c o n s t ru c t io n  s i t e  t e r r a i n ,  consequent ly the r i s k  o f  

d r i v e r  d iscom fo r t  o r  f a t i g u e  in such c o n d i t io n s  is 

g re a t .  This conc lus ion is endorsed when the re s u l t s  

from the two machines are re la ted  t o  t h e i r  age, ie 

through use. I t  a lso  emphasises the need f o r  regu la r  

and c o r re c t  maintenance o f  the machines o therw ise  the 

d e t e r i o r a t i o n  in r id e  q u a l i t y  w i l l  be increased.

4 .5 .3  Tyre In f luence

The f i n a l  and most important  conc lus ion  t o  t h i s  pa r t  

o f  the study is t h a t  the t y r e  on the la rge  d iamete r  

d r i v e  wheel is  the source o f  the v i b r a t i o n s  received 

at  the sea t .  Due t o  the absence o f  s p r in g in g  or  

damping mechanisms between the wheel 's  ax le  and the 

chassis o f  the v e h i c l e ,  v i b r a t i o n s  generated by the 

t y r e  t r a v e l  d i r e c t  t o  the cab mounting p o in t s .  These 

mounts, f o u r  in number, c ons is t  o f  b o l t s  through 

na tu ra l  rubber i s o l a t i o n  blocks separa t ing  the  cab 

from the chass is .  Any e f fe c t i v e n e s s  in v i b r a t i o n  

a t te n u a t io n  appears t o  be when the b locks  are in 

t h e i r  'new' c o n d i t io n  o r  a t  f requenc ies  above 20Hz on 

o lde r  machines. Consequent ly,  v i b r a t i o n a l  energy is 

t r a n s fe r r e d ,  w i th  l i t t l e  a t t e n t u a t i o n ,  t o  the 

d r i v e r ' s  seat leav ing the cushion as the p r i n c i p a l  

means o f  avo id ing d iscom fo r t  c o n d i t io n s .
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Upon cons ide ra t ion  o f  the above conc lus ions i t  

was decided to  sub jec t  a t y p i c a l  d r i v e r -w h e e l  t o  

a se r ies  o f  s t a t i c  and dynamic t e s t s  to  

determine whether low frequenc ies  would be a 

dominant f ea tu re  o f  i t s  f requency response to  

v i b r a t i o n .
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CHAPTER 5

5.0 Excavator/Loader Dr ive Wheel Tests

5.1 In t r o d u c t Io n

The conc lus ion t h a t  the t y re s  on the la rge d iamete r  wheel were 

the source o f  the v i b r a t i o n  requ ired endorsement from the 

s t a t i c  and dynamic p ro p e r t ie s  o f  the t y r e  and wheel 

combinat ion.  A t y p i c a l  rubbe r - ty red  wheel was obta ined from 

JCB Research L td ,  an , AI frame support  const ruc ted  in the 

la bo ra to ry  and fo rces  app l ied  v ia  a h y d rau l ic  ram to  a 

n o n - r o l l i n g  t y r e .  The design o f  the , AI frame al lowed i t  t o  

be modif ied to  accommodate v e r t i c a l  movement o f  the wheel 

dur ing  the dynamic t e s t s .

5.2 The l Al Frame Figure 36, P la tes 14 and 15.

For the s t a t i c  t e s t s  the wheel and i t s  s imulated ax le  were 

supported by the 'A '  frame in such a manner t h a t  n e i t h e r  

r o ta t i o n  o f  the wheel o r  movement in any o th e r  d i r e c t i o n  was 

p o s s ib le .  The complete u n i t  was pos i t ioned  and f i x e d  i n t o  a 

la rge independent t e s t  frame w i th  the axle h o r i z o n ta l  and 

v e r t i c a l l y  below the hyd ra u l ic  ram.

The dynamic t e s t s  required not on ly  f re e  v e r t i c a l  movement 

f o r  the wheel and a x le ,  bu t  a lso  the f a c i l i t y  t o  app ly  an 

i n i t i a l  s t a t i c  load to  the wheel.  These were accommodated by
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P l a t e  1 4

P l a t e  i 5

V i e w s  s^owino t h c d r ive  w h e e l  in t h e  A  f r a m e  

fo r  t he s e r ie s  o f  s t a t i c  t e s t s .
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independent, test frame

r a m

A  frame>

Fig 36DRIVEWHEEL TEST RIG (fixed axle)

l o c a t i o n  o r  w h e e l  i n  t e s t  f r a m e  f o r . s t a t i c  

s t i f f n e s s  a n d  m o d e  s h a p e  t e s t s  o n  t h e . t v r e ,

( s e e  a  PPEMDIX I  FOR- D ETA ILED  DRAW /M^ )
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Plate, ! 6

i ndependent  te s t  f rame

ram

c o u n t e r
w e i g h t

pivot

A' frame

D B I V E W H E E l  TEST RIG Fi g 3  7

LOCATION OF WHEEL IN TEST" FflAME F  OR DISPLACEMENT  

AND ACCELERATION MEASUREMENTS o n  a x le ,  f r e le l  t o  

move. in  v e e t i c a l  a x i s .
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us ing the 'A '  frame as support  and fu lc rum  f o r  two c a n t i l e v e r  

beams. The wheel and ax le  were supported between the beams 

a t  one end and concrete blocks were secure ly  bo l ted  across 

the beams a t  the oppos i te  end, Figure 37, P la te  16. This 

arrangement kept the ax le  h o r i z o n ta l  and al lowed f re e  

v e r t i c a l  movement w h i l s t  the moment arm to  the concrete 

b locks prov ided a r e a l i s t i c  s t a t i c  load o f  1 tonne at  the 

t y re - to - ra m  in te r f a c e .

An impor tant  cons ide ra t ion  f o r  the dynamic te s ts  was th a t  the 

n a tu ra l  f requency o f  the c a n t i l e v e r  system should be 

s i g n i f i c a n t l y  d i f f e r e n t  to  the low frequenc ies  i d e n t i f i e d  

du r ing  the t e s t s  on the moving v e h i c le .

Comprehensive ana ly s is  o f  the t y r e  v i b r a t i o n  c h a r a c t e r i s t i c s  

was o u t l i n e d  by McNulty and Douglas (1985).

5.3 C a n t i le ve r  Test Frame,. and Determ inat ion o f  Na tu ra l  

Frequency

5.3.1 In t r o d u c t i o n

To determine the poss ib le  ex is tence  o f  v i b r a t i o n  modes 

w i t h in  the range o f  f requenc ies  f rom 1Hz to  8Hz the 

computer programme package PAFEC 75 was employed.

PAFEC 75 i s  a v e r s a t i l e  and power fu l  group o f  programme 

modules which a l low  many s t r u c t u r e s ,  such as beams, 

f rames, f l a t  or  curved p la te s  or s o l i d  elements,  t o  be 

s t a t i c a l l y  or  dynamica l l y  analysed. The theory  

under ly ing  these programmes i s  too lengthy to  be 

inc luded in  t h i s  r e p o r t ,  as a lso  i s  the d e t a i l  of  

p repar ing the data f o r  i n s e r t i o n  i n t o  the programme.
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However, an exp lana t ion  o f  the process used i s  prov ided 

to  f a c i l i t i a t e  the d iscuss ion  o f  r e s u l t s  and a s s i s t  w i th  

i d e n t i f i c a t i o n  o f  the modes in  Figures PAFEC 1, 2 and 3.

5 .3 .2  Data Prepara t ion

The t e s t  frame o f  two channels had f i r s t  to  be i d e n t i f i e d  f o r  

the computer by numbered node p o in ts  around the s t r u c t u r e .

I t  was decided to  employ on ly  the longer  c a n t i l e v e r  f o r  

ana lys is  and to  cons ider  i t  cons t ra ined  a t  i t s  fu lc rum .  The 

j u s t i f i c a t i o n  f o r  t h i s  was t h a t  the sm a l le r  lever  arm would 

be too s t i f f  to  i n f l u e n c e  the t e s t  r e s u l t s .

Sixteen node po in ts  i d e n t i f i e d  each channel ,  as shown in  the 

diagram below, e igh t  nodes f o r  the o u t l i n e  and f o u r  nodes, eg 

5, 20, 6 and 21 f o r  the load p o s i t i o n .
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5 .3 .2 Data Prepara t ion

The t e s t  frame o f  two channels had f i r s t  t o  be i d e n t i f i e d  f o r  

the computer by numbered node po in ts  around the s t r u c t u r e .

I t  was decided t o  employ on ly  the longer  c a n t i l e v e r  f o r  

ana lys is  and to  cons ider  i t  const ra ined a t  i t s  fu lc rum .  The 

j u s t i f i c a t i o n  f o r  t h i s  was t h a t  the sm a l le r  le ve r  arm would 

be too  s t i f f  t o  in f luence  the t e s t  r e s u l t s .

Sixteen node p o in ts  i d e n t i f i e d  each channel ,  as shown in the 

diagram below, e ig h t  nodes f o r  the o u t l i n e  and f o u r  nodes, eg 

5 ,  21,  6 and 22 f o r  the load p o s i t i o n .

it*
rigid links bet ween 
nodes 5 -2 1  and 6 - 2 2 .

H2
24

20,
.23

23

2 7

2 9

beam constra ined ini f
r - 2  plane  b e tw e e n  
nodes 1 ,2 ,1 7 ,1 3 .

25

R e p re s e n ta t io n  of c a n t i le v e r  tes t f r a m e  b y  

nu m b ered  n o d e  p o in ts  fo r  d e t e r m i n a t i o n  o f  

n a tu r a l  Frequency by f in i te  e le m e n t  m ethod .  
using P A F E C  7 5 .
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These nodes were a lso  r i g i d  Links between the channels.  The 

in te rmed ia te  Lines on PAFEC 1,  2 and 3 ,  which subdiv ided the 

beams in to  ex t ra  elements were obta ined from a b u i l t - i n  

f a c i l i t y  o f  the programme known as PAFBLOCKS. This f a c i l i t y  

removed the need to  ' w r i t e - i n 1 the number o f  elements by 

p rov id ing  a s e le c t i o n  o f  i d e n t i f i e r s  which the programme 

recognised and acted upon. Web and f lange  th icknesses  had to  

be provided but the m a te r ia l  p r o p e r t i e s ,  such as Young's 

Modulus and Moment o f  I n e r t i a ,  f o r  common m a te r ia ls  l i k e  mi ld  

s te e l  or  aluminium were a u to m a t ic a l l y  s e lec te d .  From 

in s t r u c t io n s  concerning the data requ ired the programme 

ca lcu la ted  the n a tu ra l  f requenc ies  and drew the  beam in  i t s  

s t a t i o n a r y  and 'mode number' d e f le c te d  shapes.

5 .3 .3  Discussion o f  Resul ts

Four views o f  the beam are shown f o r  each mode number in 

Appendix J.  Figures PAFEC 1,  2 and 3 i l l u s t r a t e  the 

conclusion t h a t  the  v i b r a t i o n  in  t h i s  pa r t  o f  the  t e s t  frame 

d id  not in f luence  the response o f  the w h ee l - ty re  system to  

app l ied  e x c i t a t i o n .  The f i r s t  mode occurred a t  5.457Hz and 

t h i s  is  ou ts ide  the p r i n c i p a l  group o f  f req uenc ies ,  ie 1 .6  t o  

3.15Hz, under c ons ide ra t ion  at  the d r i v e  wheel. In  a d d i t i o n ,  

the movement is  shown in a h o r i z o n ta l  d i r e c t i o n ,  t h e r e fo re  at  

r i g h t  angles t o  the a x l e ' s  movement. A s l i g h t  t w i s t i n g  

a c t io n  at  the f re e  end is  in d ica ted  a t  t h i s  f requency but 

t h i s  is  considered i n e f f e c t i v e .
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Mode 2 shows a f l e x i n g  a c t io n  in the v e r t i c a l  p lane ,  which is 

the plane o f  the wheel response. The frequency o f  t h i s  mode, 

however, is  h igher  s t i l l  at  11.79Hz and f u r t h e r  removed from 

the low frequenc ies  under c o n s id e ra t io n .  Reference t o  F igure 

44 o f  the dynamic t e s t s  shows t h a t  from 5Hz upwards the 

displacement o f  the ax le  was minimal and decreas ing towards 

an ex t rapo la ted  zero a t  11Hz to  12Hz. A lso ,  in  Figure 39, 

the t y r e  is  shown t o  be absorbing the  v i b r a t i o n a l  energy a t  

f requenc ies  between 11Hz and 12Hz to  produce a c i r c u l a r  mode 

shape. I t  is  concluded, t h e r e fo r e ,  t h a t  even though the 

c a n t i l e v e r  may have f le x ed  a t  11.79Hz in the v e r t i c a l  plane 

the a c t io n  would not have adverse ly  in f luenced the wheels 

response at  lower f requenc ies .

Mode 3 once again shows s i m i l a r ,  unimpor tant end r o t a t i o n  

response as observed in Mode 1,  but the  associated frequency 

has now increased t o  31Hz. Therefore  t h i s  mode can a ls o  be 

discounted due t o  being too  f a r  removed from the f requenc ies  

o f  the d r i v e  wheel response.

I t  is  concluded, from t h i s  a n a ly s i s ,  t h a t  the c o n s t r u c t i o n  o f  

the c a n t i l e v e r  t e s t  frame d id  not generate response 

f requenc ies  to  i n v a l i d a t e  the r e s u l t s  obtained from the  d r i v e  

wheel t e s t s .
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5.4 Drive Wheel Tests

5.4.1 S ta t i c  Wheel Tests : I n t r o d u c t  ion

The focus o f  these t e s t s  was the t y r e  and i t s  a i r

content  t o  a s c e r ta in  t h e i r  f requency responses t o  

app l ied v i b r a t i o n  and the c o r r e l a t i o n  o f  these 

responses w i th  those on the v e h i c l e .  To keep the 

t e s t  c o n d i t io n s  c o n s i s te n t ,  pneumatic pressures 

w i t h in  the recommended working range on ly  were 

used, t h a t  is 193kPa t o  214.3kPa (28 ps i  t o  35 

p s i ) .  I t  has been shown t h a t  f requency and t y r e  

s t i f f n e s s  are r e la t e d .  Hooker (1980);  a lso  

s t i f f n e s s  can vary  w i th  pneumatic pressure 

(Matthews and Talamo (1965).  Consequent ly,  the  

s t i f f n e s s  o f  the t y r e  w i t h in  the above i n f l a t i o n  

pressures was measured.

5 .4 .2  Tyre S t i f f n e s s

With the wheel and ram a x i a l l y  a l igned  the mass o f

the b a l l - s e a t i n g  and load-spreader  p la te  were 

tared on the machine t o  a l low  t r u e  app l ied  fo rc e  

t o  be recorded. On i n i t i a l  con tac t  o f  the ram a 

d i a l  gauge, reading 50mm x 0.01mm, was p o s i t ione d  

to  r e g i s t e r  the t y r e  d e f l e c t i o n  r e l a t i v e  t o  the 

ax le .  Force was then app l ied  to  the t y r e  t o
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produce 1mm incrementa l  movements o f  the ram. The 

app l ied  fo rce  and t y re  d e f l e c t i o n  were then 

recorded and the procedure repeated u n t i l  the 

maximum a v a i la b le  fo rce  from the ram, 16kN, was 

approached. At t h i s  po in t  the fo rce  was reduced by 

s im i l a r  decrements and d e f l e c t i o n s  recorded,  Table 1.

5 .4 .3  Frequency E f fe c ts

From the re s u l t s  o f  the fo rce  : d e f l e c t i o n  t e s t s  i t  

was concluded t h a t  the t e s t s  f o r  f requency e f f e c t  

need to  be c a r r ie d  out a t  one pneumatic pressure 

o n ly ,  t h a t  is  214kPa (31 p s i ) .  This pressure i s  a 

mid-range value and, more s i g n i f i c a n t l y ,  a t y r e  

pressure re levan t  to  c o n s t ru c t io n  s i t e  use.

The wheel was re ta ined in  i t s  a x ia l  p o s i t i o n  w i th  

the ram and a s imulated v e h ic le  load o f  1 tonne 

app l ied  before the ram was o s c i l l a t e d  at  s in g le  

f requencies up to  25Hz w i th  an ampl i tude o f  ± 1mm.

I t  was impor tant  t h a t  on ly  the t y r e  was in f luenced  

by these v i b r a t i o n s ,  consequent ly t h i s  ampl i tude 

was the maximum which could be app l ied .

The response o f  the t y r e  was to  be obta ined from 

the mode shapes, the re fo re / ,  i n fo rm a t ion  concerning 

r a d ia l  movements o f  the t y re  were requ i re d .

Chiesa, Oberto and Tambourini (1964) concluded
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t h a t ,  f o r  r a d ia l  movements, the s ide wa l l s  always 

o s c i l l a t e  out o f  phase w i th  respect t o  the t r e a d ,  

t h a t  i s ,  when one is  expanded the o the r  is 

contrac ted and v ic e  versa .  Consequent ly,  

t ransverse  movements o f  the t y r e  w a l l  were measured 

at  i n t e r v a l s  around the t y r e  f o r  each frequency as 

t h i s  would represent the movement o f  the t y r e  under 

the v e r t i c a l  f o r c i n g .

5.5 Discuss ion o f  Resul ts

5.5.1 Tyre S t i f f n e s s

The s t a t i c  fo rc e  : d e f l e c t i o n  curves f o r  the t y r e ,  

a t  fo u r  d i f f e r e n t  i n f l a t i o n  p ressures,  are shown in 

Figure 3 8 ( a ) , ( b ) , ( c )  and ( d ) . These i l l u s t r a t e  

the n o n - l i n e a r i t y  associa ted w i th  pneumatic t y re s  

but a lso  a high le v e l  agreement between the r e s u l t s  

f o r  each pressure.  On each graph the  change o f  

s lope is  p a r t i c u l a r l y  ev iden t  a f t e r  a d e f l e c t i o n  o f  

about 12mm, but t h e r e a f t e r  the r e s u l t s  show an 

acceptable le v e l  o f  l i n e a r i t y .  I f  cognisance is 

taken o f  the need t o  r e la t e  r e s u l t s  t o  the 

c ond i t ions  under which these v eh ic le s  ope ra te ,  then

the region above 12mm d e f l e c t i o n  becomes

s i g n i f i c a n t .  An ax le  load o f  1 tonne has been used

f o r  reference in t h i s  s tudy ,  and when the t y r e

s t i f f n e s s  above t h i s  value is  ca lcu la ted  a f i g u r e  

o f  0.48kN/mm r e s u l t s  f o r  th ree  o f  the fou r
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STATIC LOAD ON T T *«  

H *  W HEEL AXES

I T O n n k  .  H A M  0 i « f k A C C M £ N T  t l f m n  

H Z  W HEEL AXES H r  WHEEL AXES

1-3 O S

( 0 - 2 6 5  >

0 - 4 * 5
II

0 - 7 3 5

C o - 2 5 ) ( 0 - 0 9 5 )

0 - 7 2
21

0 - 4 - 2

(0 -02) ( 0 - 0 7 5 )

0 - 9 4 - 5

CO-O)

0 - 2 9 5 0 - 7 0 - 9 4 - 9

0 -6.

C o - 3 6 5 )

0 - 5 9 5
12

0 - 6 * 5

( 0 - 9 5 ) ( - 0 0 9 5 )

0 - 6 7 5 22
0 - 4 0 5

( " 0 - 0 4 5 ) ( 0-0)

0 - 4 0 5

( 0-0)
0 - 2 9 5 0 - 7 2 0 - 4 0 5

0 - 4 5

( 0 - 5 )

0 - 6 9 5
13

0 - 4 7 9

( 0 - 4 * 5 ) ( - 0 - 1 9 )

0 - 5
23

0 - 9 5 5

( - 0 - 1 * 5 ) ( - 0 - 0 5 5 )

0 - 4 0 5

(-0 -0 7 )

0 - 1 9 0 - 6 2 9 0 - 4 7 5

0 - 7

( 0 - 5 )

0 - 6 9
1 4 o-s

(0 -4 5 ) ( - 0 - 2 7 )

0 - 9 2 9
2 4

0 - 4 0 5

( - 0 - 2 4 5 ) ( - 0 - 2 4 5 )

0 - 4 5

(-0-2)
0-2 0 - 5 7 0 - 6 5

0 - 7 *

C O - 2 7 )

0 - 6 4
15

0 - 2 3 5

(0 21) ( - 0 - 3 2 )

0 - 3
2 5

0 - 4 - 6

( - 0 - 2 9 3 ) ( - 0 - 0 7 5 )

0 - 4 5

0 - 5 9 5

(0-0)
0 - 5 5 9 0 - 5 9 5

0 - 7

( 0 - 2 8 )

0-66 /fc 0-2

( 0 - 2 4 ) ( - 0 - 9 1 5 )

0 - 2 3 5 26
0 - 4 2

(-0-28) (0-0)

0 - 5 5 5

( 0 - 1 9 5 )

0 - 4 2 0 - 5 1 5 0 * 2

8

(O

0 - 7 1

( 0 - 2 3 5 )

0-66
1 7

0 - 2 3 5

( 0 - 1 8 5 ) ( - 0-22)

0 - 2 3 5

( - 0 - 3 )

0 - 4 7 5 0 - 5 3 8

0 - 7 5

( 0 - 1 9 3 )

0 - 7 3
1 8

0 - 2 3 5

( 0 - 1 7 5 ) ( - 0 - 3 2 )

0 - 2 7

( - 0 - 2 8 3 )

0 - 5 5 5 0 - 5 3 5

0 -8 3 5

( O - l )

0 - 8 2 5
1 9

0 - 2 7

(0 -0 9 ) ( - 0 - 3 8 )

0 - 3 6 5

( - 0 - 2 4 5 )

0 - 7 3 5 0 - 6 5

E x p l a n a t i o n

Transverse displacement 
o f  t y r e  w a l l  i n  m . m .

/  \
0 - 5 5 5

(0 -1 3 5 )

Difference' between 
h o r i z o n t a l  o u " lrf v e r t i c a l  

tyre displacement 
v a l u e s  i n  m m .

K e f :  F ig u re . 39

Wheel

0 - 7 5

(0-1)

0 - 7 2
20 0 - 4 5

(0  07) ( - 0 - 1 7 )

0 - 4 2

( -0-1)
0 - 6 5 0 - 5 2

Table 2

T ra n s v e rs e  d i 5 place.me.r 1 ts  oF t y r e  w a l l  f o r  t h e  

d e t e r m i n a t i o n  o f  m o d e  s h a p e s .
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i n f l a t i o n  pressures .  The lowest pressure having a 

s t i f f n e s s  o f  0.46kN/mm.

5 .5 .2  Frequency E f fe c ts

The t ransverse  displacements o f  the t y r e  w a l l  in 

the top  quadrant ,  between 315° through 0° t o  45° 

c lockw ise ,  would be in f luenced by the i n i t i a l  load 

o f  1 tonne and the presence o f  the spreader p l a t e .  

Consequent ly,  the displacements ou ts ide  t h i s  reg ion 

are considered t o  be r e l a t i v e  t o  the r a d ia l  

movements at  the e q u a to r i a l  l i n e  o f  the t re a d .  As 

expected, the movements o f  the t y r e  w a l l  were smal l  

and t o  f a c i l i t a t e  t h i s  d iscuss io n  the  values 

recorded at  the 90°  ,  180° and 270° p o s i t i o n s  

around the t y r e  f o r  each frequency are shown in 

Table 2.  I t  is  obvious t h a t  the d e f l e c t i o n s  a t  the 

h o r iz o n ta l  plane d i f f e r  from those a t  the v e r t i c a l  

p lane,  and a lso  t h a t  the  r e l a t i v e  magnitudes change 

between them. Th is  change in magnitude is shown 

more c l e a r l y  when the displacement a t  the bottom o f  

the t y r e  is  subt rac ted from each h o r i z o n ta l  v a lu e ,  

as ind ica ted  in b racke ts  eg (0.265) on Table 2.  

Figure 39 shows these displacement  d i f f e r e n c e s  

p lo t t e d  aga ins t  f requency and a lso  the mode shapes 

o f  the t y r e  which can be deduced from them. For
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the purpose o f  c l a r i t y ,  these mode shapes are drawn 

f o r  the complete t y re  by a l low ing  the d e f l e c t i o n  at  

the bottom of  the t y r e  to  represent a value  f o r  the 

top ,  ignor ing  the in f luence  on t y r e  shape o f  the 

s t a t i c  load. These v i b r a t i o n  te s t s  r e s u l t  in  the 

t y re  adopt ing th ree  d i s t i n c t  mode shapes as the 

frequency increases.  From being a c i r c u l a r  shape 

the mode shape o f  the t y re s  v i b r a t i o n  becomes 

e l l i p t i c a l  w i th  the major ax is  v e r t i c a l .  As the 

f requency increases above 3.5Hz the t y r e  re v e r ts  to  

a c i r c u l a r  shape at  around 11 o r  12Hz then 

cont inues the c o n t ra c t io n  o f  the v e r t i c a l  ax is  and 

e longa t ion  o f  the h o r i z o n ta l  ax is  u n t i l  a 

h o r iz o n ta l  e l l i p s e  i s  formed at  about 19Hz.

5.6 Dynamic Tests

5.6.1 I n t r o d u c t io n

The p a r t i c u l a r  response o f  the t y r e  a t  f requenc ies  

below 12Hz, on a r i g i d ,  immovable a x le ,  requ i red  

con f i rm a t ion  on a wheel f ree  to  move in  i t s  

v e r t i c a l  a x i s .  Comparisons could then be made w i th  

the r e s u l t s  o f  the analyses from the moving v e h i c le  

to  which ac tua l  s i t e  c ond i t ion s  are r e la t e d .  To 

obta in  the necessary data the wheel was mounted in  

the c a n t i l e v e r ,  Figure 37, and v ib ra te d  by the 

hyd rau l ic  ram. The responses at both t y r e  and axle
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were analysed, at  the re levan t  f requenc ies ,  to  

prov ide in fo rm at ion  concerning the r e l a t i o n s h i p  

between:

t y re  acce le ra t io n  and ram fo rc e ,

axle a c ce le ra t ion  and ram f o r c e ,  and

axle displacement and ram disp lacement.

Two impor tant cons ide ra t ions  in f luenced  the choice 

o f  ram displacement c o n t ro l  f o r  the adopted 

procedure f o r  these t e s t s .  F i r s t  was the 

fou r - to -one  a m p l i f i c a t i o n  o f  ram displacement which 

would occur at  the counterweight end o f  the double 

c a n t i l e v e r  beam. A ram displacement o f  -  10mm 

would r e s u l t  in  290kg o f  concrete moving through ± 

40mm, at  va r ious  f requenc ies ,  w i th  the inheren t  

r i s k  o f  danger to  people and equipment. The o th e r  

cons ide ra t ion  was re la ted  t o  the a l t e r n a t i v e  

c on t ro l  modes a v a i la b le  f o r  the ram movement, ie 

force c on t ro l  or  d isplacement c o n t r o l .

Using force c o n t ro l  in  t h i s  s i t u a t i o n  could lead to  

problems i f  the necessary res is tance  was e i t h e r  not 

o f fe red  by the wheel,  or  encountered by the ram 

la te  in  i t s  t r a v e l  sequence. I f  the fo rce  set f o r  

the ram was not opposed then impact forces and 

poss ib ly  damaging fo rc e s ,  would be exerted w i t h i n  

the hydrau l ic  system once the ram reached the end

m
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of  i t s  maximum t r a v e l .  W h i ls t  o pp os i t io n  to  the 

ram fo rce  la te  in  t r a v e l  would r e s u l t  in  the 

excessive displacement o f  the coun te rwe igh t ,  

re fe r red  to  above.

Displacement c o n t ro l  was se lected because problems 

would be avoided i f  care was exercised regarding 

the r e s u l t i n g  counterweight d isp lacement.

5 .6 .2  Tests Procedure

In a l l  o f  the t e s t s  t o  i n v e s t i g a te  the above 

r e la t i o n s h ip s ,  the beam o f  the c a n t i l e v e r  was f i s t  

held h o r iz o n ta l  by app ly ing fo rce  t o  the wheel 

v ia  the ram. This ensured t h a t  the wheel and ram 

were a x i a l l y  a l igned in  the v e r t i c a l  p lane ,  and 

a lso s imulated a v e h ic le  s t a t i c  fo rce  on the t y r e .  

The c o n t ro l  o f  ram movement was by displacement 

mode w i th  s ine wave movement at  the se lec ted 

f requenc ies .  Figure 40 (a) and (b) shows block 

diagrams o f  the in s t ru m e n ta t io n .

The re levan t  values f o r  f o r c e ,  d isplacement and 

a c c e le ra t io n ,  shown in  Tables 3 to  9 ,  were obta ined 

from the fo l l o w in g  conversion data:

Ram fo rce ;  10 v o l t s  ou tpu t  = 16kN

Ram displacement ;  10 v o l t s  ou tput  = 50mm
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Axle displacement v ia  LVDT; 10 v o l t s  ou tpu t  = 

12.7mm

Tyre a c c e le ra t io n ;  r e fe r  to  c a l i b r a t i o n  graph 

in Appendix G.

( i )  D e t a i l s  s p e c i f i c  t o  t y r e  a c c e l e r a t i o n  t e s t

The a c t i v i t y  o f  the t y r e  was obta ined from the

t r i a x i a l  accelerometer f i x e d  t o  the s ide o f  

the rubber lug o f  the t read band below the 

ram. An output f o r  r a d ia l  movement was taken 

to  the v ib r a t i o n  meter which was a lso  

connected to  the tape recorder .  The completed 

tape was l a t e r  processed v ia  a narrow band 

frequency ana lyser  and permanent records o f  

the r e s u l t s  produced from an X-Y p l o t t e r ,  

Appendix G.

( i i )  D e t a i l s  s p e c i f i c  t o  ax l e  t e s t s

The acce le ra t io n  o f  the ax le  was measured as

f o r  the t y r e  w i th  the except ion t h a t  the 

accelerometer was secure ly  connected to  the 

top o f  the ax le .

Displacements o f  the axle were obta ined by use 

o f  a l i n e a r  vo l tage  d i g i t a l . t r a n s d u c e r  (LVDT) 

mounted above the ax le .  The ou tput  was to  a
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d i g i t a l  storage o s c i l l o s c ope  f o r  monito r ing 

from which permanent records were produced by 

the X-Y recorder ,  Appendix H.

5.7 Discussion o f  Resul ts

5.7.1 Tyre a c c e le ra t io n  and frequency r e la t io n s h ip s

Table 3 summarises the t e s t  re s u l t s  and Figures 

41(a) and (b) show the r e la t i o n s h ip s  o f  fo rce  and 

a c c e le ra t io n  to  f requency f o r  each o f  the fo u r  ram 

displacements.

On Figure 41(a) each curve d isp lays  on ly  smal l 

v a r i a t i o n s  in  t y r e  a c c e le ra t io n  in the f i r s t  fo u r  

f requenc ies .  A f t e r  2Hz the leve ls  increase 

s i g n i f i c a n t l y ,  p a r t i c u l a r l y  1mm ram d isplacement .  

The procedure in  each t e s t  was to  f i r s t  set  the 

requi red displacement and then to  increase the 

frequency.  However, in  every case i t  was found 

necessary to  modify t h i s  a f t e r  the 2Hz readings had 

been taken, due to  excessive movement o f  the wheel 

when the frequency was again increased.  To ob ta in  

readings at  2.5Hz and above, the ram displacement 

f i r s t  had to  be reduced to  zero ,  next the f requency 

increased to  2.5Hz, and then the ram frequency from 

2Hz to  2.5Hz w i thou t  removing the ram displacement 

appeared to  r e s u l t  in the t y re  and ram movements
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becoming out o f  phase w i th  each o th e r .  This 

c o n d i t io n  ceased at  2.5Hz, even w i th  the smal les t  

ram d isp lacement,  where the a c c e le ra t io n  increased 

to  a maximum at 3.16Hz. The a c c e le ra t io n  leve ls  

f o r  2mm, 3mm and 4mm ram displacements re tu rn  c lose 

to  t h e i r  i n i t i a l  va lues ,  at  3.16Hz, and remain 

l i t t l e  changed up to  oHz when a s i g n i f i c a n t  

reduc t ion  occurs.

5 .7 .2  Ram fo rce  and frequency r e la t i o n s h ip

When the ram fo rce  was in v es t iga ted  i t  was apparent 

tha t  a cons iderab le  increase was requ i red a t  each 

frequency up to  2.5Hz to  main ta in  a p a r t i c u l a r  

d isplacement .  The increase was not o f  the same 

order  f o r  a l l  ram d isp lacement,  however, the re  was 

s i m i l a r i t y  between the curves f o r  1 and 2mm and 3 

and 4mm displacements.

During the t e s t s  on the t y r e  the movement o f  the 

wheel and axle was observed and an increase o f  

a c t i v i t y  was noted as the f requency was ra ised to  

2Hz. As p rev io us ly  repo r ted ,  the o s c i l l a t i o n  o f  

the t y r e  and wheel between 2Hz and 2.5Hz was such 

th a t  g rea t  care was necessary to  avoid damage. 

However, once the frequency was increased to  2.5Hz 

the a c t i v i t y  o f  the wheel g ra d u a l l y  reduced u n t i l  

a f t e r  6.3Hz wheel movement could not be seen or
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JCB DRIVE WHEEL : DYNAMIC TEST

V ib r a t i o n  Test t o  de term ine,  a t  each f req uenc y : -

( i )  the fo rc e  produced by the ram to  ma in ta in  a d i s p la c e 

ment o f  3mm peak-to-peak,  and 

C i i )  the r e s u l t i n g  a c c e le ra t io n  o f  the d r i v e  whee l 's  ax le  

due t o  the ram fo rce  and displacement a t  the  t y r e ' s  

su r face .

Ram Ram Axle
Frequency Displacement Force A c c e le ra t io n

(Hz) (dB) (dB) (dB)

1 .0 91.7 98 94.1
1.25 92.4 101.2 99.6
1.6 93.0 107.8 107.7
2.0 93.0 114.8 114.9
2.5 92.2 117.2 117.5
3.15 91.5 113.5 113.2
4.0 90.8 111.0 110.2
5.0 92.3 109.6 110.1
6.3 92.5 108.8 I 109.4 

107.3 \ 106.18.0 91.3
10.0 92.4 105.9 103.3
12.5 91.5 101.9 95.0

TABLE 4
(Ref Figure 42 and Appendix H)
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sensed by touch-  The fo rce  requi red by the ram at 

6.3Hz, 8Hz and 10Hz, a t  a l l  d isp lacements ,  is  

h igher  than t h a t  requi red a t  f requenc ies  up to  

1 -6Hz and yet t h i s  energy does not appear t o  be 

t ra n s m i t te d  from the t y r e  t o  the wheel.

5 -7 .3  Axle a c c e le ra t io n  and ram fo rce  r e la t i o n s h ip s

I t  was necessary t o  move the s i t e  o f  the 

i n v e s t i g a t io n  t o  the ax le  because, on the 

excava to r / loa de r  v e h i c l e ,  the  omission o f  a 

suspension system between ax le  and chassis main 

frame a l lows d i r e c t  t ransm iss ion  o f  v i b r a t i o n s  

a r r i v i n g  a t  the ax le -  Figure 42,Tab le 4 show, the  

r e la t i o n s h ip s  r e s u l t i n g  from the analyses in 

Appendix H and to  a s s i s t  w i th  comparisons the 

ampl i tudes are re ta ined  as dB u n i t s .

In  a d d i t i o n  t o  the ram fo rce  curve ,  which m i r ro r s  

t h a t  o f  the t y r e  t e s t s  in F igure 4 1 ( a ) ,  the  r e s u l t s  

show th a t  the ram displacement has, as in tended,  

very  l i t t l e  v a r i a t i o n  across the measured frequency 

range. This suggests t h a t  the ram is  meeting w i th  

h igher  r e s is ta n c e ,  p a r t i c u l a r l y  a t  f requenc ies  

between 1.6Hz and 4Hz, in ma in ta in ing  the requ i red  

d isp lacement.  I t  is  impor tant  t o  note  how the 

a x l e ' s  a c c e le ra t io n  le v e ls  f o l l o w  the  ram fo rc e  as 

f requenc ies  change. Also t h a t  the f requenc ies  w i th
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the highest  va lues ,  correspond t o  those at  the t y r e  

in r e l a t i o n  t o  a c c e le ra t io n  and mode shape. The 

a x l e f s a c c e le ra t io n  cont inued t o  decrease at  

f requenc ies  above 6.3Hz demonstrat ing t h a t  energy 

is being t ra n s fe r r e d  from the t y r e ,  a l though the 

re s u l t i n g  displacement at  the axle appeared t o  be 

compara t ive ly  sm a l l .

5 .7 .4  Axle displacement and ram fo rce  r e la t i o n s h ip s

The r e s u l t s  o f  the prev ious t e s t s  on the t y r e  and 

axle led t o  the d e c is io n  to  change the 

ins t rum en ta t ion  t o  a l low  the s igna ls  from the ram 

and ax le  t o  be recorded s im u l taneous ly .  Figure 

43(a) (b) (c)  i l l u s t r a t e  these r e s u l t a n t  curves and 

Table 5 shows the c a l i b r a t i o n  and ca lcu la ted  

va lues .  When these values are p lo t t e d  aga ins t  

f requency, Figure 44, the high displacement o f  the 

axle a t  about 2Hz, p re v io u s ly  re fe r red  t o ,  is  

ev id e n t .  Also the decrease in displacement a t  

2.5Hz is  shown along w i th  c o n f i rm a t ion  o f  the 

n e g l i g i b l e  movement o f  the ax le  a t  6.3Hz and above.

The res is tance  o f fe re d  t o  the ram w h i l s t  t r a v e l l i n g  

the set d is tance  is demonstrated by the ampl i tude 

o f  the ram fo rce  curve .  Up t o  2Hz the increas ing 

ram fo rce  is accompanied by a corresponding 

increase in the d is tance  t r a v e l l e d  by the a x le ,
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w h i l s t  above 2Hz the energy appears to  have l i t t l e  

e f f e c t  on t h i s  aspect o f  wheel movement. Reference 

to Figure 42 shows th a t  the a x l e ' s  a c c e le ra t io n  

cont inues at  a high le v e l  a f t e r  2Hz. This is 

s i g n i f i c a n t  f o r  the e f f e c t s  o f  t ran sm i t ted  energy 

f o r  i t  i s  the a c c e le ra t io n  received by the human 

body which creates the d iscomfor t  r i s k .

The phase r e la t i o n s h ip s  o f  ram fo rce  and ax le  

movement du r ing  t h i s  t e s t  were cons ide ra t ions  in 

the d e c is io n  t o  in t roduce  the in s t rum en ta t ion  which 

produced the diagrams in  Figures 43(a) (b) and ( c ) .  

I t  is  ev ident  from these f ig u re s  th a t  ram fo rce  and
o

ax le displacement are out o f  phase by almost 180 

at  c e r t a in  f requenc ies ,  ie  1,  1 .25,  1.6 and 10Hz. 

However, these are not the f requencies at  which a 

high fo rce  was recorded, see Figure 44.

The high ram fo rces  occur at  the in te rm ed ia te  

f requenc ies ,  p a r t i c u l a r l y  between 2Hz and 5Hz 

i n c lu s i v e ,  and here correspond to  an in-phase 

r e la t i o n s h ip  between the two s ig n a ls .

5.7 .5  Axle and ram displacement r e la t i o n s h ip s

(Tables 6 ,  7 ,  8 & 9 ,  and Figures 45, 46, 47 8 48)

This se r ies  o f  t e s t s  completes the bank o f  data 

r e la t i n g  to  the wheel 's displacement response to

1 2 8
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v i b r a t i o n  and p rov ide s  i n f o r m a t i o n  concern ing  the  

na tu re  o f  the  s ig n a l s  between ram and a x l e .

I t  i s  ap p a re n t ,  f o r  each ram d isp lacem en t  s e t t i n g ,  

t h a t  the  a c tu a l  t r a v e l  o f  the  ram in c re ase s  w i t h  

f re quency  r i s e .  In  each case t h i s  in c re a s e  i s  some 

50% g r e a t e r  a t  10Hz than a t  1Hz, ye t  i n  terms o f  

the  d isp lacem en ts  used the y  are no t  l a r g e .  Study 

o f  the  d isp lacement  produced a t  the  a x le  by the  ram 

needs t o  take  t h i s  in c rease  i n t o  a cco u n t ,  

consequen t l y  the  r e l a t i o n s h i p  i s  shown on the  graph 

in  r a t i o  te rm s ,  ie  Ax le *  Ram, F ig u re  48.  The 

r e s u l t s  o f  the  f o u r  t e s t s  are d is p la y e d  in  t h i s  

F igu re  and the y  c o n f i rm  the  o b s e rv a t io n s  made 

d u r in g  the  t y r e  a c c e l e r a t i o n  t e s t s ,  paragraph 5 . 7 . 1 .  

The a t t e n u a t i o n  a t  f re q u e n c ie s  above 4Hz i s  h igh  

f o r  a l l  ram d isp lacem en ts  and an a m p l i f i c a t i o n  a t  

the  a x le  o f  v i b r a t i o n  in p u t  t o  the  t y r e  can be 

p r e d ic t e d  a t  f re q u e n c ies  f rom 1.25Hz t o  2 .5Hz.  In  

terms o f  d isp lacement  the  response o f  th e  wheel i s  

shown t o  be most a c t i v e  at  1.6Hz i n  t h r e e  o f  the  

f o u r  t e s t s .  A l s o ,  compar ison o f  the  t r e n d  o f  each 

curve w i t h  t h a t  o f  a x le  d isp lacem en t  i n  F ig u re  44 

co n f i rm s  t h a t  f o r c e  t r a n s m i t t e d  t o  the  a x le  f rom 

the  t y r e  w i l l  r e s u l t  in  g r e a t e s t  d i s t u r b a n c e  a t  

f re q u e nc ie s  below 2.5Hz.
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The phase d i f f e r e n c e s  between the  d isp lacem e n ts  o f  

ram and a x le  agree w i t h  those between ram fo r c e  and 

a x le  d isp lacem en t  in  F igu res  43(a)  (b)  ( c ) .  Th is  

i n d i c a t e s  t h a t  the  a m p l i f i c a t i o n  o f  the  v i b r a t i o n  

a t  the  ax le  has some o th e r  source o r  sources than  

t h a t  o f  phase d i f f e r e n c e .  O bse rva t ions  o f  the  ax le  

and t y r e  d u r in g  these  t e s t s  suppor t  t h i s  and a more 

d e t a i l e d  i n v e s t i g a t i o n  o f  the  f o l l o w i n g  c o n d i t i o n s  

i s  necessary  f o r  c l a r i f i c a t i o n .  The apparent  

absence o f  a x le  movement a t  6.3Hz and above,  

p r e v i o u s l y  re p o r te d  and now shown t o  be m in im a l ,  

had accompanying t y r e  e f f e c t s .  These were t h a t  the  

s i d e w a l l s  o f  the  t y r e  imm ed ia te ly  below th e  ram had 

v e ry  l i t t l e  l a t e r a l  movement, even a t  5Hz and t h i s  

decreased w i t h  i n c re a s in g  f re qu e ncy .  A ls o  t h a t  

t y r e  movement a t  these  f re q u e nc ies  appeared t o  be 

c o ncen t ra ted  in  the  band d i r e c t l y  below the  t r e a d  

c h ev ro n s .

To summarise, as f requency  in c re ase s  above 5Hz th e  

energy imparted by the  ram co n c e n t ra te s  i n  the  

t y r e ’ s t r e a d  band which becomes much more a c t i v e .  

Th is  a c t i v i t y  appears t o  have a damping e f f e c t  on 

the  movement exper ienced  by the  a x le  w i t h  a 

consequent  d i m i n i s h i n g  o f  d i s p la c e m e n t .
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5.8 Drive wheel tests conclusions

VJithin the  recommended range o f  i n f l a t i o n  p ressures  the  

n o n - r o l l i n g  t y r e  e x h i b i t s  a co ns tan t  s t a t i c  s t i f f n e s s  when 

under an a p p l ie d  load analagous t o  the  load f rom an 

e x c a v a t o r / l o a d e r  v e h i c l e ,  F igu re  3 8 ( a ) ( b ) .  As a consequence,  

the  va ry in g  a c c e l e r a t i o n  l e v e l s  in  the  t y r e ' s  f requency  

response t o  v i b r a t i o n ,  F igu re  4 1 ( a ) ,  cannot be the  e f f e c t  o f  

changes in  s t a t i c  s i f f n e s s .  Th is  i s  c o n s i s t e n t  w i t h  Hooker 

(1980) who a ls o  concluded t h a t  the  f re quency  e f f e c t  was 

independent  o f  i n f l a t i o n  p ressure  and could  be cons ide red  t o  

be a cas ing e f f e c t .

I t  has been shown in  F ig u re  39 ,  t h a t  when a s t a t i c  t y r e  i s  

v i b r a t e d  s p e c i f i c  mode shapes are induced i n  i t  which are 

i d e n t i f i a b l e  w i t h  narrow f requency  bands c e n t r i n g  on 3Hz,

11Hz and 19Hz. Since the  pneumatic  p ressure  d id  no t  have any 

e f f e c t  on the  t y r e ' s  s t a t i c  s t i f f n e s s  i t  i s  cons ide red  t h a t  

these f requency  mode shapes are f u r t h e r  ev idence  o f  th e  

cas ing  e f f e c t .  The re s i s t a n c e  o f  th e  t y r e  t o  e x t e r n a l  

e x c i t a t i o n  i s  demonstra ted  i n  F igu re  4 1 ( b ) ,  where ram fo r c e  

r i s e s  t o  a maximum at  2.5Hz b e fo re  decay ing a t  each f re que ncy  

down t o  10Hz. The t y r e ' s  a c c e l e r a t i o n  l e v e l  g e n e r a l l y  

m i r r o r s  t h i s  ram e f f e c t ,  t h e r e f o r e  the  geometry o f  the  mode 

shape i s  concluded t o  be r e s p o n s ib le  f o r  these 

f r e q u e n c y - r e l a t e d  l e v e l s .  The maximum f requency  f o r  these  

t e s t s  was r e s t r i c t e d  t o  10Hz because o f  the  i r r e l e v a n c e  o f  

h ighe r  f re q u e n c ie s  in  the  compar isons w i t h  IS 02 631 :1978(E ) ,
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and re fe rence  t o  F igu re s  31 t o  33 w i l l  show t h a t  the  decay i n  

a c c e l e r a t i o n ,  a t  the  a x l e ,  con t inu es  t o  about  25Hz.

The f requency  response recorded f o r  the  a x l e ,  F ig u re  42,  

bears s i m i l a r  f e a tu r e s  t o  t h a t  f o r  the  t y r e  in  F igu re  4 1 ( a ) ,  

p a r t i c u l a r l y  a t  2.5Hz and above.  The a n a l y s i s  o f  

a c c e l e r a t i o n  l e v e l s  at  the  a x le  on the  v e h i c l e  a l s o  shows the  

same f re quency  e f f e c t ,  t h e r e f o r e  the  t y r e ' s  c h a r a c t e r i s t i c  

response to  v i b r a t i o n  appears t o  be the  source o f  low 

f requency  problems t r a n s m i t t e d  t o  the  chass is  v i a  the  a x l e .

E x c i t a t i o n  a p p l ie d  t o  the  t re a d  r e s u l t s  in  r e l a t i v e l y  h igh  

d isp lacem en ts  o f  the  a x le  a t  1 .6Hz,  F ig u re  44.  Th is  

d is p la c e m e n t ,  combined w i t h  the  c o r re s p o n d in g l y  h igh  

a c c e l e r a t i o n  l e v e l s  in  t h i s  f re quency  r e g io n ,  w i l l  have 

re s u l t e d  i n  the  t e s t  c o n t r o l  d i f f i c u l t i e s  rep o r te d  i n  s e c t i o n  

5 . 7 . 1 .  The r e d u c t i o n  in  a x le  d isp lacement  a f t e r  2Hz 

c o r r e l a t e s  w i t h  the  drop in  wheel a c t i v i t y  and the  min im al  

d isp lacement  a t  6.3Hz and above w i t h  the  s t i l l n e s s  o f  t h e  

ax le  a t  the  same f r e q u e n c i e s .  Th is  emphasises the  need t o  

reduce the  t r a n s m is s io n  o f  a c c e l e r a t i o n  i n t o  the  v e h i c l e  

because the  l e v e l  c o n t in ues  t o  be h igh  even though a x le  

d isp lacement  f a l l s .

The c o n t r i b u t i o n  o f  phase d i f f e r e n c e ,  between ram and a x le  

movement, t o  the  t r a n s m is s io n  o f  v i b r a t i o n  i s  no t  proved 

here.  However, f u r t h e r  i n v e s t i g a t i o n  i n t o  these

1 46



r e l a t i o n s h i p s  shou ld be undertaken because the  b e h a v io u r  o f  

the  t y r e  casing below the  chevrons i n d i c a t e s  t h a t  an 

i n t e r m e d ia te  phase may e x i s t  t o  a id  t r a n s m is s io n  o f  energy-
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The tyre as a vibration isolator

1 D is p la c e m e n t t r a n s m is s i b i l i t y  th e o ry

The e x c a v a to r - lo a d e r  and i t s  s u s p e n s io n , th e  t y r e ,  can  be 

a p p ro x im a te d  by  a m a s s -s p r in g -d a m p e r m o d e l: -

m

k to li| c |
*  r ( t ) -road* undulation - applied, ram

-----------1----- ---------- d is p la c e m e n t .

The d is p la c e m e n t a t  th e  v e h ic le  i s  x ( t )  = k x  + e x . Due to  k x  and 

cx  b e in g  90° o u t o f  phase th e  d is p la c e m e n t m a g n itu d e  

| x ( t )  | = x 2 + c 2x 2 . The r a t i o  o f  v e h ic le  d is p la c e m e n t to  ro a d  

u n d u la t io n  can be e x p re sse d  i n  te rm s  o f  t r a n s m is s i b i l i t y  T ;

i . e . x
= T s in (w t  -  ty ) , w here  w = fre q u e n c y

t  = t im e

ip = phase a n g le .

C o n s e q u e n tly :

( i )  t  = / — *- ■ -
U ;  /  (1 -  w2 /oi  2 ) 2 +n . (2c2a)/wn ) 2

and

( i i )  = ta n -1  2 ;(M /M n )3_______________ta n  ( 1  -  a i / a 2 ) 2  + 4 c 2m2/o) 2
n n

The f o l lo w in g  g ra p h s , ’ A ’ and ’ B 1, show t r a n s m is s i b i l i t y  T and 

phase a n g le  ij; as fu n c t io n s  o f  th e  fre q u e n c y  r a t i o  m/wn f o r  tw o 

v a lu e s  dam ping r a t i o ,  £ , w here ton = n a tu r a l  f re q u e n c y .

These g raphs show t h a t : -

( i )  a t  re s o n a n c e , i . e .  w/wn = 1 .0 ,  th e  t r a n s m is s i b i l i t y  i s  

l im i t e d  o n ly  b y  th e  p re se n ce  o f  dam ping C, and

( i i )  o n ly  where co/a)n > /2  does v ib r a t io n  i s o la t i o n  become 

e f f e c t i v e .  I t  is  d e s ir a b le  to  make w/wn >> / 2 .
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2 Natural frequency of the test rig

The t e s t  r i g  used to  s im u la te  th e  v e h ic le - t y r e  sys te m  can be 

re p re s e n te d  by  th e  f o l lo w in g  d ia g ra m :-

□ -
M c

DC

w here  = c o n c re te ,  290 kg

M = w h e e l, 155 kg  
w ’

Me = e q u iv a le n t  mass = 4795 kg  

F o r a d y n a m ic a l ly  e q u iv a le n t  sys te m , k i n e t i c  e n e rg y  m ust be 

e q u a l to  t h a t  o f  th e  a c tu a l  sys te m .

x 2 = 4 ^  x 2 + - ^  ( 4 x ) 2 2 e 2 w 2 c

.*. M = M + 16M 
e w c

= 4795 kg

U s in g  th e  e s ta b l is h e d  t y r e  s t i f f n e s s ,  k  = 0 .4 8  kN/mm, page 106,
-  1 r  1 / 0 .48  X 106"th e  n a tu r a l  f re q u e n c y , f R = -------- = 1 .6  Hz

3 R e la t io n s h ip  o f  m odel to  t e s t  r i g

The d is p la c e m e n t o f  a mass is  d i r e c t l y  r e la te d  t o  th e  fo r c e

re c e iv e d  th e r e fo r e  F ig u re s  4 3 , 4 6 , 47 and 48 can be r e f e r r e d  to  

f o r  c o n f i r m a t io n  t h a t  th e  t e s t  s y s te m ’ s n a tu r a l  f re q u e n c y  i s  a t  

a b o u t 1 .6  Hz. F ig u re  48 in  p a r t i c u l a r  shows how th e  re s p o n s e  o f  

th e  a x le  fo l lo w s  th e  c la s s ic  t r a n s m is s i b i l i t y  c u rv e  i n  ’ A 1. The 

e x is te n c e  o f  th e  n a t u r a l  f re q u e n c y  a t  a b o u t 1 .6  Hz i s  a ls o  

c o n f irm e d  in  F ig u re s  4 3 ( a ) ,  4 6 ( a ) ,  4 7 (a )  where th e  tw o c u rv e s  a re  

90° o u t o f  phase a t  t h i s  f re q u e n c y .  Graph ’ C’ i l l u s t r a t e s

t r a n s m is s i b i l i t y  b y  re fe re n c e  to  th e  a c c e le r a t io n  o f  a mass an d ,
X •

by r e la t i n g  - to  a)/a>n shows t h a t  th e  maximum v a lu e  o c c u rs  a t  a 

h ig h e r  f re q u e n c y  th a n  con . I n  F ig u re  42 th e  a x le ’ s a c c e le r a t io n  

i s  a maximum a t  2 .5  Hz and th e n  decays to  a more c o n s ta n t  v a lu e  

a f t e r  4 Hz. T h is  a g a in  fo l lo w s  th e  c la s s ic  case and c o n f irm s  th e  

n a tu r a l  fre q u e n c y  a t  a b o u t 1 .6  Hz.
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I t  i s  n o t ic e a b le  in  F ig u re  48 t h a t  th e  maximum v a lu e  f o r  th e  

0 .5  mm d is p la c e m e n t o c c u rs  a t  2 .5  H z. T h is  in d ic a te s  t h a t  th e  

t y r e  does n o t  re sp o n d  l i n e a r l y  a t  s m a ll d is p la c e m e n ts ;  t h a t  th e  

peak  v a lu e s  w i l l  o c c u r  a t  h ig h e r  f r e q u e n c ie s  and c o n s e q u e n tly  

th e  m a s s -s p r in g -d a m p e r m odel i s  n o t r e le v a n t  i n  t h i s  c a se .

4 C o n c lu s io n s

( i )  The t e s t  r i g  f o r  th e  w h e e l was a t r u e  s im u la t io n  o f  th e

e x c a v a to r - lo a d e r  sys te m .

( i i )  A t th e  la rg e  d is p la c e m e n ts  to  w h ic h  th e  v e h ic le  w i l l  be

s u b je c te d  th e  n a tu r a l  fre q u e n c y  w i l l  be a b o u t 1 .6  Hz.

( i i i )  The t y r e  a c ts  as a s im p le  s p r in g  in  t r a n s m i t t in g  e n e rg y

fro m  th e  ro a d  to  th e  c h a s s is .
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CHAPTER 6

Quest ionnai re  t o  d r i v e r s  o f  earthmoving veh ic les

6 .0  In t r o d u c t  ion

Ride d iscom fo r t  is  a s u b je c t i v e  sensa t ion ,  consequent ly the 

r e s u l t s  from the o b je c t i v e  measurements needed t o  be 

supplemented by r ide-assessments from the d r i v e r s  o f  such 

v e h ic le s .  Humans o f te n  t o l e r a t e  la rge  v a r i a t i o n s  in 

environmenta l  c o n d i t io n s  a t  t h e i r  work place be fo re  complaining 

o f  d is c o m fo r t .  A lso ,  long- term f a m i l i a r i t y  w i th  work 

s i t u a t i o n s  o f te n  r e s u l t s  in  p a r t i c u l a r  env ironmental  c ond i t ion s  

being i d e n t i f i e d  w i th  the work procedures.  This r e la t i o n s h ip  

o f  task to  environment can become accepted as normal 

consequent ly conscious m on ito r ing  o f  the environment may not 

take p lace.  D r ive rs  o f  earthmoving veh ic le s  expect t o  

exper ience v i b r a t i o n s  when work ing ,  th e re fo re  an assessment o f  

t h e i r  d iscomfo r t  awareness,via a ques t ionna i re ,had  t o  be 

re la ted  t o  the more intense o r  l o n g e r - l a s t i n g  phys ica l  e f f e c t s .

6.1 Procedure

To ob ta in  the co -ope ra t ion  o f  the d r i v e r s  and t h e i r  employers 

i t  was necessary t o  avoid lengthy  in t e r r u p t i o n s  o f  the  work 

tasks .  A ques t ionna i re  was prepared and the study area
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condensed i n to  e igh t  quest ions s t ruc tu red  around cons ide ra t ions  

such a s : -

( i )  i f  d i scom fo r t  was experienced would i t  be in the pa r ts  o f  

the body i d e n t i f i e d  w i th  low frequency v ib ra t io n ?

C i i )  would the e f f e c t s  o f  any v i b r a t i o n  on the body p e r s i s t  

a f t e r  work ceased?

C i i i )  would the d r i v e r ' s  s e n s i t i v i t y  t o  v i b r a t i o n  be

heightened o r  suppressed by the o v e r a l l  per iod o f  such 

d r i v e r  experience?

With the except ion o f  the d r i v e r s  a t  JCB Research L t d ,  where 

pos ta l  arrangements were made, the d r i v e r ' s  surveyed were 

se lec ted at  random from the many s i t e s  around S h e f f i e l d .  The 

d r i v e r s  were in te rv iewed and t h e i r  answers and o the r  re levan t  

observa t ions  noted on the ques t ionna i re  shee ts .  See Appendix 

' K ' .

6.2  Discussion  o f  r e s u l t s

Ass is tance w i th  answers t o  t h i s  ques t ionna i re  was obta ined from 

f i f t e e n  o f  the twenty d r i v e r s  or  employers approached. I t  is  

acknowledged t h a t  f o r  s t a t i s t i c a l  purposes the sample number is 

sm a l l .  However, the in fo rm a t ion  provided does s t ro n g ly  support  

the conclus ions  here and from o the r  sources, about d iscom fo r t  

r i s k  from low frequency v i b r a t i o n .
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TABLE 10 (reference Appendix K )

Summary of the replies to the questionnaire from drivers of 
3CB3C Excavator-Loaders.

(Note: the number of replies relating to a question is
shoun in inverted commas, eg !2 !.)

Ques 1 How long have you been employed

Ques 5

Ques 6

Ques 8

(a)
( b )

in total: years 3i (o 0) IO 12 13 16 13
Dri vers '2 r 2l 2' Y Y 1 1

in your present employment; "Answers widely varying"

Ques 2 On average, how many days each week
do you drive such a vehicle? ^  days per week = 14-

3  " •• »» *• I
Ques 3 When the vehicle is being driven forwards

or backwards do you notice any unpleasant 
effects from the movement? Yes No

- 15’
Ques 4 If the answer to Ques 3 is ’Yes1 please indicate (by

a /) which of the following parts of your body this
disturbance most noticeably effects.

V '13' l l ' 3' ' s ' %IO' ’2 '

Head Neck Shoulders Arms Back Stomach Hips Legs]
Is this disturbance still noticeable after you have 
finished work? Yes No

- 1 2

If the answer to Ques.5 is 'Yes1 please state the 
length of time (eg 10 mins, 30 mins etc).

Minu t es IO 15 2 0 30 varies 1
A n s w e r s

Ques 7 Please state the approximate aee of 
you drive most often. ycars(apptbi)

2
the
2

6
vet
3

/
licl
A

2

e wl 
5

* r 1
lich

Answ e r s 2 6 3 4-
If you have any observations concerning the ’ride- 
comfort* of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

P l e a s e  s e e  i n d i v i d u a l  c jo 'e s t /o n a i r e  s h c z t s  For  r e s p o n s e s .
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Table 10 summarizes these answers.

A l l  the d r i v e r s  agreed t h a t  some degree o f  d iscom fo r t  was 

exper ienced when these veh ic les  are being d r iv e n  on 

c o n s t ru c t io n  s i t e s ,  re f  Quest ion 3.  I t  was not poss ib le  to  

r e la te  the s e v e r i t y  o f  d iscom fo r t  t o  the per iod o f  d r i v i n g  

exper ience,  r e f  Quest ion 1,  however, 80% o f  the d r i v e r s  were 

conscious o f  the d iscomfo r t  f o r  a t  leas t  ten minutes a f t e r  

stopping work,  r e f  Quest ions 5 and 6 . This conf i rms t h a t  

v i b r a t i o n  d iscomfo r t  was a p h y s io lo g ic a l  and not a 

psycho log ica l  e f f e c t .  Fur ther  support  f o r  t h i s  was provided by 

the answers t o  Quest ion 4 where a l l  d r i v e r s  i d e n t i f i e d  

v i b r a t i o n  d iscomfo r t  w i th  some p a r t  o r  p a r ts  o f  t h e i r  body. 

Ana lys is  o f  these answers showed strong c o r r e la t i o n  w i th  

Dieckmann's r e s u l t s ,  Figure 13, t h a t  low frequency v i b r a t i o n  is 

t ra n s m i t te d  t o  the upper body and neck w i thou t  a t te n u a t io n .

I t  is  concluded t h a t  low frequency v i b r a t i o n  d i s c o m fo r t ,  from 

these v e h i c le s ,  is  conf irmed by t h i s  survey and by the 

c o r r e l a t i o n  w i th  the o the r  s tud ies  as g iven be low : -

( i )  IS02631:1978(E) -  t h a t  f requenc ies  up t o  4Hz in the  'Z '  

ax is  provided the g rea tes t  r i s k  o f  v i b r a t i o n  d i s c o m fo r t .

( i i )  Excavato r - loader  v i b r a t i o n s ,  D Douglas -  t h a t  d iscom fo r t  

inducing a c c e le ra t io n  le v e ls  are generated at  

f requenc ies  up to  4Hz.
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( i i i )

( i v )

Dieckmann -  t h a t  Low frequency v i b r a t i o n  in the body 

t ran sm i ts  r e a d i l y  t o  the neck and head reg ion .

D r iv e r  d iscomfor t  survey , D Douglas -  t h a t  the  upper 

body and neck w i l l  exper ience most d iscom fo r t  when these 

veh ic les  are d r iv e n  over rough t e r r a i n .
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CHAPTER 7

7 SUMMARY

7-1 In t r o d u c t  ion

Human comfort is a s u b je c t i v e  c o n d i t io n  which is dependent 

upon one o r  more env ironmental  f a c to r s  i n f l u e n c in g  the 

person concerned at  t h a t  p a r t i c u l a r  t im e .  The mental and /or 

phys ica l  hea l th  o f  the person can a lso  in f luence  t h e i r  

assessment o f  com fo r t ,  consequent ly the s p e c i f i c a t i o n  o f  

env ironmental  f a c to r s  can on ly  p rov ide  g u id e l in e s  towards 

cond i t ion s  acceptable t o  a m a jo r i t y  o f  people.

In te r n a t i o n a l  Standard IS02631:1978(E) p rov ides the  

gu id e l in e s  to  which t h i s  study re la te s  and uses 

f requency - re la ted  a c c e le ra t io n  le v e ls  t o  in d ic a te  d iscom fo r t  

and d i s a b i l i t y  r i s k .  The r e s u l t s  o f  t h i s  work show t h a t  the 

d r i v e r s  o f  pneumatic ty red  ea r th  moving v e h ic le s  are exposed 

to  these r i s k s  from v i b r a t i o n s  produced as a consequence o f  

the v e h i c l e ' s  c o n s t ru c t io n  and the na ture  o f  the t e r r a i n  

over which they  t r a v e l .

7 .2  D iscuss ion

I t  has been demonstrated t h a t  these v eh ic le s  respond t o

v i b r a t i o n  in a c h a r a c t e r i s t i c  manner in each o f  the  th ree

axes. The frequency response and a c c e le ra t io n  le v e ls

assoc iated w i th  the v e r t i c a l ,  ' Z 1,  ax is  i d e n t i f y  t h i s  as the

c r i t i c a l  d i r e c t i o n  w i th  respect t o  d r i v e r  d i s c o m fo r t .  The

1 55



problem f re q u e n c ies  are those below 10Hz, however t h i s  

co nc lus ion  i s  dependent  upon the  p e r io d  o f  t ime assoc ia ted  

w i th  the  r i s k .  A normal work ing  day i s  u s u a l l y  d i v i d e d  i n t o  

two f o u r - h o u r  pe r iod s  separa ted  by a meal b re a k ,  lienee the  

f o u r - h o u r  l i m i t  in  the  Standard has been adopted in  t h i s  

s tudy .  When the  a c c e l e r a t i o n  l e v e l s  f rom the  s e a t ' s  

f requency a n a l y s i s  are compared to  t h i s  l i m i t  i t  i s  shown 

t h a t  se r io us  i n f r i n g e m e n ts  o c c u r ,  p a r t i c u l a r l y  in  the 

f re qu enc ies  below 5Hz.

The f a c t  t h a t  these in f r i n g e m e n ts  r e s u l t  f rom t r a v e l  over  

p a r t i c u l a r  conc re te  su r faces  does not  d e t r a c t  f rom t h e i r  

s i g n i f i c a n c e .  C o n s t r u c t io n  s i t e  t e r r a i n  i s  noted f o r  i t s  

changeable na tu re  which makes i d e n t i t y  measurements 

i m p r a c t i c a l .  However the  i n f l u e n c e  which such s u r fac e s  can 

have on the  v i b r a t i o n  induced in  v e h i c l e s  can be p r e d ic t e d  

from exper ience  and i t  was f rom such expe r ie nce  t h a t  the  

fo u r  t e s t  su r faces  were cons ide red  t o  produce r e s u l t s  

analogous t o  those f rom t y p i c a l  c o n s t r u c t i o n  s i t e s .  The 

v e h i c l e  ac ts  as a low f requency  f i l t e r  t o  any form o f  

v i b r a t i o n  i n p u t ,  t h e r e f o r e  the  f re quency  response i s  

c h a r a c t e r i s t i c  o f  the  a x i s  concerned w h i l s t  the  a c c e l e r a t i o n  

amp l i tude  w i l l  be c o n d i t i o n e d  by the  a m p l i tu d e  o f  the  

su r face  i r r e g u l a r i t i e s .

Hew v e h i c l e s  are shown t o  be a sso c ia te d  w i t h  d r i v e r  

d i s c o m fo r t  when used over v e ry  rough t e r r a i n ,  bu t  i t  i s  the  

o ld e r  v e h i c l e s  which produce d i s c o m f o r t ,  o r  even f a t i g u e ,  

over most s u r fac e s .  Th is  s i t u a t i o n  h i g h l i g h t s  the  n e c e s s i t y
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f o r  r e g u la r  and e f f i c i e n t  maintenance o f  the  v e h i c l e s  i f  

d r i v e r  d i s c o m fo r t  i s  t o  be p reven ted o r  a t  l e a s t  kept  t o  a 

minimum.

A c c e l e r a t i o n  l e v e l s  a p e r t a i n i n g  t o  the  d r i v e r ' s  seat  were 

the  va lues  f o r  a p p l i c a t i o n  t o  IS02631: 1973(E) bu t  the  

s i m i l a r i t y  o f  the  f requency  response t o  t h a t  a t  cab and ax le  

i n d i c a te d  t h a t  these  va lues  were genera ted e lsewhere .  To 

i d e n t i f y  t h i s  source cogn isance was taken o f  the  v e h i c l e ' s  

c o n s t r u c t i o n  and the  apparent  requ irement  t h a t  the  t y r e s  

should p ro v ide  suspension as w e l l  as t r a c t i o n .  Tes ts  on the  

t y r e  demonstrated  t h a t  when v i b r a t e d ,  i t  responded by 

adop t ing  d i f f e r e n t  mode shapes i d e n t i f i a b l e  w i t h  c e r t a i n  

narrow f requency  bands. These mode shapes are  shown t o  be 

r e l a te d  to  the  a c c e l e r a t i o n  because the  changes occur  in  

mode shape and a c c e l e r a t i o n  as the  f requency  r i s e s .

In  terms o f  the  s p e c t r a l  d e n s i t i e s  the  f requency  response at  

the  t y r e  i s  comparable t o  t h a t  a t  the  a x l e ,  c o nse que n t l y  the  

energy i s  t r a n s m i t t e d  f rom the  a x le  t o  the  cab and seat  

r e s u l t i n g  in  the  i d e n t i f i e d  r i s k  o f  d r i v e r  d i s c o m f o r t .

Large d isp lacements  o f  the  a x le  a t  1 ,6Hz t o  2Hz were 

measured and observed and,  a l t ho u gh  d is p la ce m e n ts  do not  

appear in  the  S tandard ,  the y  are p h y s i c a l l y  expe r ie nced  in  

the  cab.  Th is  i s  con f i rmed  by the  d r i v e r s '  re fe re n c e  t o  the  

' r e a r  end bounce'  ie  h igh  d isp lacem en t  a m p l i tu d e  a t  low 

f reque ncy ,  in  the  su rve y ,  Appendix J . The su rvey  answers 

a ls o  c o n f i r m  the  e x is te n c e  o f  una cce p tab ly  h igh  a c c e l e r a t i o n  

l e v e l s  at  the  s e a t ,  l inen ques t ioned  about  any p h y s i c a l
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e f f e c t s  from ope ra t ing  the v e h i c le  the d r i v e r s  complained o f  

d iscomfo r t  in  the neck, shoulders and upper arms- These 

statements agree a lso  w i th  the conc lus ions o f  Dieckmann, 

i l l u s t r a t e d  in  Figure 13, Chapter 2.

7 .3  Conclusions

General conclusions have been o u t l i n e d  a t  the end o f  each 

chapter and the main f i n d in g s  o f  t h i s  i n v e s t i g a t i o n  are 

summarised as fo l l o w s :

( i )  D r ive rs  o f  earthmoving veh ic le s  s u f f e r  high le v e ls  o f

- 2
v ib r a t i o n  d iscomfo r t  va ry ing  from around 0 .6  m.s 

-2
to  6 m.s ,  as de f ined by I n t e r n a t i o n a l  Standard 

2631:1978, when t ra v e rs in g  i r r e g u l a r  t e r r a i n .

( i i )  The d is tu rbance due to  v i b r a t i o n  i s  predominant ly  low 

frequency,  <10 Hz, and t h i s  v i b r a t i o n  i s  shown to  

emanate from the la rge  diameter d r i v e  wheels.

( i i i )  The veh ic les  tes ted  had r e s i l i e n t  seats and cab mounts 

to  i s o la t e  the d r i v e r  from the induced v i b r a t i o n  and 

the re s u l t s  show th a t  these are c l e a r l y  i n e f f e c t i v e  f o r  

t h i s  purpose. Some p r e l im in a ry  work on t h i s  has been 

descr ibed in  H i l y a r d ,  C o l l i e r ,  McNulty and Douglas 

(1983).
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( i v )  The in v e s t i g a t i o n  suggests t h a t  to  a t tenua te  the energy 

p r i o r  to  i t s  en te r ing  the chass is  i s  a poss ib le  

s o l u t i o n .

Recommendations

I t  has been s ta ted  in  ( i i )  above t h a t  the t y r e  i s  the 

dominant source o f  d is tu rbance  t h e r e fo re  f u tu r e  

i n v e s t i g a t io n s  should concentra te  a t t e n t i o n  on the  in t e r f a c e  

between the chevron t read  band and the t y r e  main s t r u c t u r e .
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APPENDIX A

Instrumentat  ion f o r  Signal  Measurement and Analys is

The arrangements f o r  both measurement and ana lys is  o f  the s igna ls  

are shown in the block diagrams in Figure A1(a) and (b) and the 

ins t rum en ta t ion  cons is ted o f : -

( i ) acce le romete r,  type 4321

( i i ) v i b r a t i o n  meter,  type 2511

( i i i ) charge a m p l i f i e r ,  type 2635

( i v ) sound leve l  meter, type 2209

(v) tape recorder ,  type 7003

( v i ) narrow band spectrum ana lyse r ,  type 2031

(v i  i ) X-Y reco rde r ,  type 2308

a l l  manufactured by Bruel  8 K ja e r ,  Denmark.

General cons idera t ions  regarding measurement in s t rum en ta t ion  and 

technique

In v i b r a t i o n  s tud ies  the th ree  q u a n t i t i e s  o f  i n t e r e s t  a r e : -

( i )  v i b r a t o r y  disp lacement,

C i i )  v i b r a t c r y v e l o c i t y ,  and

( i i i )  v i b r a t o r y  a c c e le ra t io n .
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The re la tionship between them is simply explained as fo l lows:-

Considering the o s c i l l a t i n g  motion o f  a body about a re ference 

p o s i t i o n  t h e n : -

( i )  the ’ ins tantaneous disp lacement '  can be descr ibed 

mathematica l l y  by

X “ XpeakSin
■> X . sin (2Tfft) peak
- Xpeaksin (wt)

where: Xpeak = maximum displacement from refe rence p o s i t i o n  

w = Ztr'i or  angular f requency

t  = t ime

C i i )  the v e l o c i t y ,  ' v '  o f  the moving body is  the t ime ra te  o f  

change o f  i t s  d isp lacement,  th e re fo re :

dx
V =  f t  Which = w Xpeakcos(wt)

= V . cos(wt peak
_ Vpĝ 8^11 (wt + rr')  and
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( i i i )  the  ’ a c c e l e r a t i o n 1,  ' a ' ,  i s  the  t ime ra te  o f  change o f  the  

v e l o c i t y ,  t h e r e f o r e :

dv ,2 2 . { Na = = d x = -w X . sm(wt)
dF ^  peak

= -A . sin(wt)peak

= A , sin(wt + yf)peak

The r e l a t i o n s h i p s  between the  above parameters are des igned i n t o  the  

measur ing in s t ru m e n ts  used and ' a c c e l e r a t i o n '  va lues  are o b t a i n e d ,  

th rough  ' v e l o c i t y '  v a lu e s ,  f rom d isp lacemen ts  by an i n t e g r a t i o n  

p rocedure .

Acce lerometer  type  4521

1 General p o i n t s

An acce le rom e te r  i s  an e le c t ro m e c h a n ic a l  t ra n s d u c e r  which 

produces e i t h e r  a v o l t a g e  o r  a charge a t  i t s  o u tp u t  t e r m i n a l s  

which i s  p r o p o r t i o n a l  t o  the  a c c e l e r a t i o n  to  which i t  i s  

s u b je c te d .  Of the  two types i n  common use the  ' s h e a r '  

c o n f i g u r a t i o n  g iv e s  b e t t e r  r e s u l t s  and i s  p r e fe r r e d  t o  the  

' com press io n '  t y p e .
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The s e l e c t i o n  o f  an acce le rom e te r  o b v io u s l y  r e q u i r e s  

c o n s i d e r a t i o n  o f  the  parameters o f  the  v i b r a t i n g  system to  be 

measured, the assoc ia te d  env i ronm en ta l  c o n d i t i o n s  and the  

p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  the  a cce le ro m e te r .

2 S p e c i f i c  p o i n t s

At the  s t a r t  o f  the  s tudy  i t  was no t  known in  which o f  th e  

th r e e  axes;  ' X 1; 1Y * o r  1Z 1;  v i b r a t i o n s  would produce th e  %

g r e a t e s t  p roblems. The type  4321 a l lo w s  v i b r a t i o n  measurements 

t o  be made in  these th r e e  m u tu a l l y  p e r p e n d i c u la r  d i r e c t i o n s ,  

t h e r e f o r e  the  r e s u l t s  ob ta ined  are d i r e c t l y  comparable f o r  each 

road o r  t r a c k  p r o f i l e  used.

Acce le romete rs  and P r e a m p l i f i e r s

Acce le rom e te r ,  t ype  4321,  used in  t h i s  s t u d y ,  i s  p a r t i c u l a r l y  

manufac tured t o  i n d i c a t e  the  v i b r a t i o n  i n  t h r e e  m u tu a l l y  

p e r p e n d ic u la r  d i r e c t i o n s .  Th is  makes the  d ev i c e  i d e a l  f o r  these  

t e s t s  f o r  the  r e s u l t s  can be r e a d i l y  i d e n t i f i e d  w i t h  the  d i r e c t i o n s  

o f  the  c o - o r d i n a t e  system p r e v i o u s l y  mentioned in  IS02631-1978CE),  

ie  ’ X ' ,  1Y * and *Z *.  Other c h a r a c t e r i s t i c s  o f  t h i s  a c c e le ro m e te r  

which a ls o  i l l u s t r a t e  i t ’ s s u i t a b i l i t y  are w i t h  respec t  t o  the  

f o l l o w i n g : -
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( i )  w e ig h t

Recommended,, " t h e  we ight  should be a t  l e a s t  ten  t im es  less  

than the  e f f e c t i v e  we ight  o f  the  t e s t  

specimen"

A c tua l  we ight  = 55 grammes

Test  specimen w e i g h t ' - '  6 tonnes

( i i )  l i n e a r  f requency  range :

Recommended,  " t o  be w i t h i n  the  l i n e a r  f reque ncy  range o f  

the  a c c e le ro m e te r " .

A c tua l  l i n e a r  f re quency  range = 1 -  8.7kHz

Test  f re quency  range = 1 -  80Hz

( i i i )  maximum v i b r a t i o n  l e v e l :

Recommended,  " n o t  t o  exceed one t h i r d  o f  the  maximum shock 

r a t i n g  o f  the  acce le ro m e te r "

-2
A c tua l  maximum shock r a t i n g  = 100km . s

Test  maximum expected w i t h

respec t  t o  IS02631-1973CE)
_2

exposure l i m i t s  = 10m.s

( i v )  o p e ra t in g  tempera tu re  range :

A c tua l  maximum tem pera tu re  f o r  a cce le ro m e te r  = 250C

Test  ambient  tem pera tu re  10C t o  20C.
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y. - j -  c«

Voltage Equivalent

Note - dependence of voltage output on 
cable capacitance ;

ie V.=  Q , / ( C ^ C c )

Charge output does not depend on
cable capacitance C ° 0

Charge Equivalent O)
EQUIVALENT PIEZOELECTRIC ACCELEROMETER CIRCUITS 

WITH CONNECTING CABLE 

F ig u r e  A  2
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An a c c e le ro m e te r ' s  s e n s i t i v i t y  t o  v i b r a t i o n  may be d e f i n e d  as the  

r a t i o  o f  i t s ^ e l e c t r i c a l  o u tp u t  t o  the  mechanical  i n p u t  and in  terms 

o f  v o l t a g e  o r  charge
mV

i e  v o l t a g e  (mV) per  u n i t  o f  a c c e l e r a t i o n  : „ - 2m. s

PC
o r  charge (pC) per  u n i t  o f  a c c e l e r a t i o n  : g_2

In  d e c id in g  which u n i t s  t o  adopt  the  i n f l u e n c e  o f  the  connec t ing  

cables  had t o  be cons idered  because e x t r a  long cables  f rom the  

e x c a v a to r - l o a d e r  t o  the  in s t ru m e n ts  i n  the  accompanying ca r  were 

neccessary .  I t  can be seen f rom F igu re  A2(a) and (b)  t h a t  the  

v o l t a g e  o u tpu t  i s  dependent  upon cab le  capac i tance  bu t  the  charge 

o u tp u t  i s  n o t , t h e r e f o r e  charge o u tp u t  was s e le c te d .

P r e a m p l i f i e r s : V i b r a t i o n  M e te r ,  t ype  2511,  F igu re  A3

Charge A m p l i f i e r ,  type  2635,  F ig u re  A4

The need t o  measure the  v e h i c l e ' s  a c c e l e r a t i o n  l e v e l s  in  t h r e e  

separa te  axes s im u l ta n e o u s ly  caused an i n i t i a l  problem from lack  o f  

s u i t a b l e  in s t ru m en ts  t o  accept  the  t h r e e  connec t ing  c a b le s .  A 

s o l u t i o n  was found by us ing  the  above in s t ru m e n ts  and e nsu r ing  t h a t  

t h e y  were c a l i b r a t e d  on the  same source and t h a t  t h e i r  o u tp u t  

s ig n a l s  c o r r e l a t e d  w i t h  each o t h e r .
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General Purpose Vibration Meter

Ac c *

F i g u r e  A 3

Conditioning Amplifier 
(Battery Operated)

F ig u re  A  4
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Vibrat ion Meter, type 2511, Figure A3

Th is  in s t ru m e n t  was used as trie re fe ren ce  f o r  the  o th e r  two because 

o f  i t s  p a r t i c u l a r  des ign  f o r  t h i s  t ype  o f  measurement. I t  has a 

f requency  range f rom 0.3Hz t o  15!<Hz, i s  f u l l y  p o r t a b le  and p e r m i t s  

the  use o f  long a cce le ro m e te r  cab les  w i t h o u t  i t s  s e n s i t i t y  be ing  

in f l u e n c e d  by cab le  ca p a c i ta n c e .  I n i t i a l  s tu d ie s  suggested t h a t  

v i b r a t i o n s  i n  the  v e r t i c a l ,  1Z* a x i s ,  d i r e c t i o n  were l i k e l y  t o  be 

most im p o r t a n t ,  t h e r e f o r e  the  cable  f rom t h i s  o u tp u t  on the  

a cce le rom e te r  was connected t o  the  type  2511.

Charge A m p l i f i e r . ,  type  2635,  F igu re  A4

T h is  i s  ano the r  p o r t a b le  a m p l i f i e r  which a l lo w s  the  exac t  charge 

s e n s i t i v i t y  o f  the  acce le rom e te r  t o  be ' d i a l e d - i n 1. I t ' s  lower 

f re quency  l i m i t  o f  0.2Hz and upper f requency  l i m i t s ,  s e l e c t a b l e  f rom 

s i x  s teps t o  100kHz proved v a lu a b le  f o r  the  v i b r a t i o n  r e c o rd in g  in  

the  f requency  range 1 t o  80Hz.

P r e c i s io n  Sound Leve l  Me te r ,  t y p e  2 2 0 9 F ig u re  A5

Another  p o r t a b le  meter  f u l l y  adap tab le  f o r  measur ing v i b r a t i o n s  by 

f i t t i n g  an I n t e g r a t o r ,  t ype  ZR0020, i n  p lace  o f  the  microphone and 

changing the  a t t e n u a t o r  s c a le .  A d is advan tage  in  having t o  use t h i s  

meter  f o r  v i b r a t i o n  measurements i s  t h a t  i t s  lower f re qu ency  l i m i t  

i s  2Hz. However, the  f re q u e n c ie s  which can cause the  g r e a t e s t  

d i s c o m fo r t  are genera ted  in  the  v e r t i c a l ,  ' Z 1 a x i s ,  d i r e c t i o n ,  

t h e r e f o r e  t h i s  meter  was used t o  measure a c c e l e r a t i o n s  f rom the  

f r o n t  t o  rea r  mode, ie  'X '  a x i s .
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type 7003

Figure A 6

Sound  Level  M e t e r

Figure AS
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Tape Recorder,, type 7003, Figure A6

Measuring v ib r a t i o n s  in  a v e h ic le  w h i l s t  i t  was moving presented 

d i f f i c u l t i e s  but ana lys ing such s igna ls  was not p o s s ib le .  The 

output  from each p r e a m p l i f i e r  was fed i n t o  a separate channel on the 

tape recorder  and stored f o r  l a t e r  ana lys is  in  the la b o ra to ry .

The advantages from t h i s  p re c is io n  recorder  are:

( i )  i t s  des ign ,  p a r t i c u l a r l y  f o r  v i b r a t i o n  measurements

( i i )  F.M. recording technique from D.C. t o  10kHz

( i i i )  1.5 ips recording speed w i th  f requency range 0 t o  1kHz

( i v )  fo u r  channel recording and reproduc t ion  f a c i l i t y

Harrow Band Spectrum Analyser,  type 2031. Figure A7

Analys is  o f  the s igna ls  requi red a f a c i l i t y  to  concentra te  on the 

frequency range 1 to  30Hz which was a very smal l s ec t ion  o f  the 

poss ib le  s igna l  rece ived.  This ana lyser  al lowed the range 0 to  

100Hz to  be d isp layed in  increments o f  0.25Hz constant  bandwidth.

The a c c e le ra t ion  in fo rm a t ion  requ i re d ,  over the des i red  frequency 

range, needed to  be resp resen ta t ive  o f  the sur face p r o f i l e  

concerned. A means o f  averaging the s ig n a l  was requ i red and the 

Linear  Averaging fu n c t io n  o f  the inst rument proved i d e a l .

L inear  averaging uses a converging a lgo r i thm  which means th a t  a 

co r re c t  spectrum is  always d isp layed on the screen whether the 

averaging is  complete or  no t .  The advantage o f  t h i s  i s  t h a t  the 

maximum amount o f  in fo rm a t ion  can be obta ined from a l im i te d  amount
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Narrow Band Spectrum Analyzer

type 2031

F igu re  A 7

X-Y Recorder

• •  ■ •

4 i ; ’
»  •  •

--------  — •
r * .....

f  : ■ —  — :• r . ________1 ® T  <§

j . . .I..
---------

— * - i 

# ! •

m >  ©

type 2308

F igu r e  A 8
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o f  da ta .  Where the f u l l  scale f requency i s  set  at  100Hz a 4 seconds 

record length  i s  requi red f o r  ana lys is  o f  each sample. In 

s i t u a t i o n s  l i k e  t h i s  s tudy ,  where the number o f  spectra requ i red  to  

be averaged to  achieve conf idence is  not known, L inear  Averaging is  

va luab le  f o r  the r e s u l t  d isp layed w i l l  always be a t ru e  average.

X -  Y Recorder, type 2308  ̂ Figure AS

The p r o je c t  has resu l ted  in  one hundred separate s igna ls  to  be 

s tu d ie d ,  consequent ly the need f o r  quick reproduct ion  o f  the 

ana lys is  d isp layed  on the narrow band spectrum ana lyser  was 

necessary. This recorder  is  designed f o r  use w i th  the N.B.S.A. and 

prov ides  an accurate hard copy f o r  l a t e r  s tudy.
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A P P E N D I X  *Bf

Landrover test results : graphical presentation of spectral 
densitities on fX', 'Y* and *Z* axes at axle, cab and seat 
over different road surfaces.

177



Q l

02 S
r
i

"O

inCO

I

w co co

CM

I
S

U) I
co

u.

N J f ;  hi
cn

Ll
178



03
Q.
X

LU

n
TO 0)1 
TO I

1!
X  i UJ '

io
z

)

CD CO

CO CO

3

*

P  CO

QP
 

10
02

 
j_ 

A
N

O
FZ

o
vE

K
 

M
ea

su
rin

g 
O

bj
ec

t:



CL

XS

^  CO CO

CM

lO.

o  o

TO to

u_

CM

TJ

Uj
1 8 0

QP
 

10
02

 
 ̂

M
ea

su
rin

g 
O

bj
ec

t:



CD CO

in
. $

n o  
0

*i
t

u

<0
(A ■Q

I *3P
I O
1
I! tfl

-a A
■3 ! *

i p

- 8
1

8
i>S I -

°X;
°  [71

° i !cnjU

181 QP
 

10
02

 
L

/^
/v

P
fl

O
V

E
R

 
M

ea
su

rin
g 

O
b

je
ct

:



T3

Q.
O)

ST

a

■a

j=C.
in

CM

T3 CO

U_

182

QP
 

10
02

 
/^

yq
rv

/ 
P

 i
tO

V
£

^ 
M

ea
su

rin
g 

O
b

je
ct

:



Q .

CV in

11.

CO
Q.

183

CO o ,  in.

CO ^

^  CO CO

o  m  w.
CM

CO ^  W

CO CO 'P .

O #
CO * !

QP
 

10
02

 
R

.O
V

E
R

 
M

ea
su

rin
g 

O
b

je
ct

:



T3

"O

CD CO

O O

CO

C\J

Q.

O)
^  N

QP
 

10
02

 
|_ 

^M
p

g
fl

v
^g

R
 

M
ea

su
rin

g 
O

bj
ec

t:



m

od -r

CD CO

S .

CM

CO ir>-

►

o  o

CO in

°  nCM '

TJ
Q.

185

QP
 

10
02

 
L

fi
it

s
iD

R
P

^
e

.^
. 

M
ea

su
rin

g 
O

bj
ec

t:



?!03 1aix
I D  ;

•a0)"Ocraax
LD

Oz

to
•ac
oo03
CO

CD COI

Jj
i

i

I
J :
CO

O
CD O O o

CO
o

U_

U .  Li!

186

QP
 

TO
O!

' 
I-

A
/n

j
D

 K
.C

>v
'£

R 
M

ea
su

ri
ng

 
O

b
je

c
t.



A P P E N D I X  ’C*

JCB 3CX Excavator/Loader test results : graphical 

presentation of spectral densities in *X*, *Yf and *Z* 
axes at axle, cab and seat over four different test tracks.
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A P P E N D I X  , DI

Computer programmme f o r  the a n a lys is  o f  re s u l t s  from Appendix ' C• 

to  p rov id e :

1 f o r  each o f  30 frequenc ies  between 1Hz and 80Hz the 

fo l lo w in g  in fo rm a t io n : -

Ca) convers ion o f  a c c e le ra t io n  from dB to  m/s 

(b) a m p l i f i c a t io n  -  a t te n u a t io n  r a t io s  f o r

Seat ;  Seat ;  Cab 
Axle Cab Axle

2 At s e a t ,  cab and ax le  the fo l lo w in g  s t a t i s t i c a l  d a ta : -  

mean, v a r ia n c e ,  standard d e v ia t io n .

3 C o r re la t io n  c o e f f i c ie n t  f o r  Axle : Seat ; Cab : Seat ;

Axle : Cab.
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APPENDIX D

COMPUTER PROGRAMME : 'VIBAN1

The programme, in 'MBASIC1,  operates on the 'd B 1 s p e c t ra l  d e n s i ty  

values in the frequency analyses from acce lerom eter lo c a t io n s  a t 

a x le ,  cab and seat to  p roduce :-

( i )  a c c e le ra t io n  values in m/s^,

( i i )  a c c e le ra t io n  r a t io s  f o r  seat ;  se a t ; cab
axle  cab ax le

( i i i )  values o f  the mean, v a r ia t io n  and standard d e v ia t io n

o f  a c c e le ra t io n  a t each lo c a t io n ,

( i v )  c o r re la t io n  c o e f f i c ie n ts  w i th  respect t o : -

ax le  : sea t;  cab : sea t;  ax le  : cab

The p r in c ip a l  frequenc ies  f o r  ( i )  and ( i i )  above were the  tw e n ty ,  

o n e - th i rd  octave cen tre  frequenc ies  from 1Hz to  80Hz in 

IS02631: 1978(E). To improve the v a l i d i t y  o f  the s t a t i s t i c a l  data  

from ( i i i )  and ( i v )  ten  fu r t h e r  frequenc ies  re -s p e c t ra l  d e n s i ty  were 

inc luded . These frequenc ies  had the remaining h ighest 

a cce le ra t io n s  recorded a t the seat o f  the  machine to  which cab and 

ax le  values were re la te d .
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5 LPRINT CHR$(18)
10 PRINT TABUS) "VIBRATION ANALYSIS PROGRAM"
20 PRINT
30 DIM SV(30),CV(30),AV(30),SA(30) ,CA(30) ,AA(30) ,HZ(30) ,RSA(30) ,RSC(30), 

RCA(30)
40 REM DATA INPUT
50 INPUT "ENTER FULL SCALE LEVEL FOR SEAT CAB AND AXLE IN 

m/sA2";SFS,CFS,AFS
60 PRINT
70 PRINT "ENTER THE dB LEVELS FOR SEAT CAB AND AXLE FOR THE FOLLOWING 

FREQUENCIES":PRINT 
80 FOR I = 1 TO 30 
90 READ HZ(l)
100 PRINT HZ(l); "Hz";
110 INPUT SV (I),CV(l),AV(l)
120 PRINT
130 NEXT I
140 DATA 1,1.25,1.6,2,2.5,3.15,4,5,6.3,8,10,12.5,16,20,25,31.5,40,50,63,80 
150 DATA
160 LPRINT " NO. FREQUENCY (Hz) SEAT ACC (dB) CAB ACC (dB) AXLE ACC 

(dB)"
170 LPRINT
180 FOR I = 1 TO 30
190 LPRINT USING " ££ £££.££ £££.£ £££.£

£££.£";I,HZ(I) ,SV(I),CV(I),AV(I)
200 NEXT I
210 LPRINT:LPRINT "FULL SCALE LEVEL FOR SEAT = ";SFS;"M/S"2"
220 LPRINT "FULL SCALE LEVEL FOR CAB = ";CFS ;"M/S"2"
230 LPRINT "FULL SCALE LEVEL FOR AXLE =";AFS;"M/S"2"
240 LPRINT
300 REM CALCULATIONS
310 FOR I = 1 TO 30
320 SA(I) = SFS * (10"(SV(I)*.l/2))
330 SUMS = SUMS + SA(l)
340 SQS = SQS + (SA(I)"2)
350 CA(I) = CFS * (10"(CV(I)*.l/2))
360 SUMC =SUMC + CA(l)
370 SQC = SQC + (CA(l)~2)
380 AA(I) = AFS * (10"(AV(l)*.l/2))
390 SUMA = SUMA + AA(I)
400 SQA = SQA + (AA(I)"2)
410 NEXT I
420 SM = SUMS/30
430 CM = SUMC/30
440 AM = SUMA/30
450 SASS = SUMS"2
460 CASS = SUMC'2
470 AASS = SUMA"2
480 FOR I = 1 TO 30
490 VS = VS + (SA(I)-SM)"2
500 VC = VC + (CA(I)-CM)"2
510 VA = VA + (AA(I)-AM)"2
520 RSA(I) = SA(I)/AA(I)
530 RSC(I) = SA(I)/CA(I)
540 RCA(I) = CA(I)/AA(I)

2 2 8



550 SAS = SAS + (AA(I)*SA(I))
560 SCS = SCS + (CA(l)*SA(l))
570 SAC = SAC + (AA(I)*CA(l))
580 NEXT I 
590 VS = VS/29 
600 VC = VC/29 
610 VA = VA/29 
620 SDS = VS".5 
630 SDC = VC".5 
640 SDA = VA".5
650 TAC = SAC - (SUMA * SUMC/30) '
660 BAC = ((SQA - AASS/30) * (SQC - CASS/30)) " .5
670 CCAC = TAC/BAC
680 TCS = SCS - (SUMC * SUMS/30)
690 BCS = ((SQC - CASS/30) * ( SQS - SASS/30)) " .5
700 CCCS = TCS/BCS
710 TAS = SAS - (SUMA * SUMS/30)
720 BAS = ((SQA - AASS/30) * (SQS - SASS/30)) " .5
730 CCAS = TAS/BAS
740 LPRINT "FREQUENCY SEAT CAB AXLE S/A

S/C C/A"
750 LPRINT " HZ M/S"2 M/S"2 M/S"2"
760 LPRINT
770 FOR I = 1 TO 30
780 LPRINT USING "££.££ £££.£££---  £££.£££--- £££.£££---

£££.££ ££.££ ££.££" ;HZ(l),SA(I),CA(l),AA(I),
RSA(I),RSC(I),RCA(I)

790 NEXT I 
800 LPRINT
810 LPRINT USING "MEAN------------ £££.£££- £££.£££----

£££•£££--- ";SM,CM,AM
820 LPRINT USING "VAR £££.£££---  £££.££"---

£££.££""""";VS,VC,VA
830 LPRINT USING "SD--------------££.££---  ££.££----

££.££--- -;SDS,SDC,SDA
840 LPRINT USING "CORR £.££ A/S £.££ C/S £.££

A/C"; CCAS,CCCS,CCAC
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A P P E N D I X  TE*

Graphical presentation of acceleration levels (ra/ŝ ) - v - 
frequency (Hz) at axle, cab and seat, over each test track 
for both 'new1 and fnot new1 JCB 3CX Excavator/Loader vehicles.
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Graphical presentation of amplification - attenuation ratio's

for an(̂  7“  over each test track for both 'new' andAxle Axle
fnot new* JCB 3CX Excavator/Loader vehicles.
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A P P E N D I X  *Gf

Graphical presentation of tyre responses to sinusoidal 
excitation at one-third octave centre frequencies from 
1Hz to 10Hz.
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A P P E N D I X .  fH'

Graphical presentation of axle acceleration, ram displacement 

and ram force at one-third octave centre frequencies from 

1Hz to 10Hz.
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Drawing f o r  the  c o n s t r u c t i o n  o f  the  ' A '  f rame su p p o r t  
t o  the  d r i v e  wheel d u r in g  s t a t i c  wheel t e s t s .
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A P P E N D I X  J

Computer d iagrams i l l u s t r a t i n g  the  f i r s t  t h r e e  f re que ncy  
modes o f  the  c a n t i l e v e r  f rame f o r  d r i v e  wheel v i b r a t i o n  response t e s t s
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Completed q u e s t i o n n a i r e  shee ts  f rom the  i n t e r v i e w s  
w i t h  d r i v e r s  o f  JCB 3C E xcava to r -Loader  v e h i c l e s

405



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: 3  _ years months
(b) in your present employment; — _ years -4- months

Ques 2 On average, how many days each week
do you drive such a vehicle? 3  days per week

Ques 3

Ques 4

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes No

If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head Neck  7 -----Shoulders Arms Back *7Stomach Hips Legs]
Ques 5 Is this disturbance still noticeable after you have 

finished work? *//^Yes _No

Ques 6 If the answer to Ques 5 is ‘Yes* please state the 
length of time (eg 10 mins, 30 mins etc).

_/0 minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. $L years.

Ques 8 If you have any observations concerning the 'ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
4 0 6



Observations and/or Notes

<* 6 r  O-v^jTb^ S ’ *  t> \ tAi ^  rwfeuaAA;

A / '  0 ^  ^  A  *AorJr ^ tJ 1m / ux&

ŷJ\_(X-y\ r*T£-&^ J\6~ J'&s* < 3 ^ - 7 ) , l>?Aj(L <£cVvl

C^uix. (X a JKcJ<^'^2P ^ r v ^ t  c ^  /6A s£  o A o & y  (^yncrr<

v̂M.oL ^  )t̂ jU^J\a w £A ■

Thank you for your time and assistance.
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: years &  months
(b) in your present employment; — years &> months

Ques 2 On average, how many days each week
do you drive such a vehicle? 3  days per week

Ques 3 When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes

Ques 4 If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head Neck
----IT— ---
Shoulders Arms Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have 
finished work? * No

Ques 6 If the answer to Ques 5 is 'Yes* please state the 
length of time (eg 10 mins, 30 mins etc).

minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. S ' years.

Ques 8 If you have any observations concerning the 'ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
4 0 7



Observations and/or Notes

Thank you for your time and assistance.
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?

^ years(a) in total:
(b) in your present employment;

months 
years X, months

Ques 2 On average, how many days each week_
do you drive such a vehicle? ^  days per week

Ques 3

Ques 4

Ques 5 

Ques 6

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yeaf No

If the answer to Ques 3 is ‘Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

j  y  j  j

Head Neck Shoulders Arms Back Stomach Hips Legs

Is this disturbance still noticeable after you have 
finished work? * Y^s No

If the answer to Ques 5 is 'Yes* please state the 
length of time (eg 10 mins, 30 mins etc).

: \ o  minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. years.

Ques 8 If you have any observations concerning the 'ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
408



Observations and/or Notes

Thank you for your time and assistance.
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: _6_ years 3  months
(b) in your present employment; years 3 months

Ques 2 On average, how many days each week
do you drive such a vehicle? S  days per week

Ques 3 When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes^- No

Ques 4 If the answer to Ques 3 is 'Yes' please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head Neck Shoulders Arms Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have 
finished work? *v^Yes No

Ques 6 If the answer to Ques 5 is ‘Yes' please state the 
length of time (eg 10 mins, 30 mins etc).

I 5  minutes

Ques 7 Please state the approximate age of the vehicle which
you drive most often. joduu  \  years.

Ques 8 If you have any observations concerning the 'ride-
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
4 0 9



Observations and/or Notes

Cl U j  V v i c  Vv (XJT̂ L. i v, .vU L  C7~'-*̂  ? o j " >  I'v

U ru i. (Av^<- \vw ;’V^- VViv\“ V̂ JMT LVvoj^, VJv UU crTaXtK. JV-i V T  »T\;v\ju»
V

vxJoTVv, t tV \ vV- i  C»X d.c^<£-T So>TTViL. kTV  H '- i -  ^-IrT *■

Ls-̂ 'ti.ck crV *Mr Ul-c^Y .

Thank you for your time and assistance. 
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total:  (p years S  months
(b) in your present employment; years j5 months

Ques 2 On average, how many days each week -
do you drive such a vehicle? days per week

Ques 3 When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes No

Ques 4

Ques 5 

Ques 6

If the answer to Ques 3 is 'Yes1 please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

_ /  /  /
Head Neck Shoulders Arms Back Stomach Hips Legs

Is this disturbance still noticeable after you have 
finished work? ♦ tf/yes No

If the answer to Ques 5 is ‘Yes* please state the 
length of time (eg 10 mins, 30 mins etc).

minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. vjZiJ _ years.

Ques 8 If you have any observations concerning the 'ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
410



Observations and/or Notes

A /o rfe . fy  fy u & i .

( fa  ^  s t& o  k  U /3 U lp  (J ijĵ e + e A jr / n ^ A c y L ^ a

C ta jJ t] ' u ^ J a  l/ o u 7 p & , ^  & -A  ■ O & tX '̂ A  . J L
n \ 1 -y * , y

y-̂ 'l d  ^  U^e.0 . ' Z y ^ G u z & A  cJ  (JK O SisC-A

j {  c u x . rX lU > {  IX c iio  <=■' "  ^

{JxoAii &o tx / s o c A i A  -^s-M ,s>-s-e‘-^~'

Thank you for your time and assistance.
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1

Ques 2 

Ques 3

Ques 4

Ques 5 

Ques 6

Ques 7 

Ques 8

How long have you.been employed 
to drive wheeled earth-moving vehicles?
(a) in total: years &  months
(b) in your present employment; 5 years —  months

On average, how many days each week
do you drive such a vehicle? days per week

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes

If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

NeckHead Shoulders /Arms Back Stomach Hips Legs

Is this disturbance still noticeable after you have 
finished work? * Yes* -~Ncr‘

If the answer to Ques 5 is *Yes* please state the 
length of time (eg 10 mins, 30 mins etc).

 minutes

Please state the approximate age of the vehicle which 
you drive most often. _ 5 "L_ years.

If you have any observations concerning the 'ride- 
comfort' of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
411
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D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: years 9 months
(b) in your present employment; £>_ years months

Ques 2 On average, how many days each week
do you drive such a vehicle? S  days per week

Ques 3

Ques 4

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? No

If the answer to Ques 3 is 'Yes1 please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

" ..... V /Head Neck Shoulders Arms Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have 
finished work? * ̂ Y e s  _No

Ques 6 If the answer to Ques 5 is 'Yes' please state the 
length of time (eg 10 mins, 30 mins etc).

 minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. years.

Ques 8 If you have any observations concerning the ' ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
41 2



Observations and/or Notes
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D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: /0 _ years months
(b) in your present employment; ^2 years —  months

Ques 2 On average, how many days each week
do you drive such a vehicle? $  days per week

Ques 3

Ques 4

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes No

If the answer to Ques 3 is 'Yes' please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

V |Head Neck Shoulders Arms Back Stomach Hips Legs |

Ques 5 Is this disturbance still noticeable after you have
finished work?

e a
Yes No

Ques 6 If the answer to Ques 5 is fY e s ‘ please state the
length of time (eg 10 mins, 30 mins etc).

minutes

Ques 7 Please state the approximate age of the vehicle which
you drive most often. S' years.

Ques 8 If you have any observations concerning the ' ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
413
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D Douglas, Department of Building, Sheffield City Polytechnic

’’Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: years months
(b) in your present employment; years months

Ques 2 On average, how many days each week
do you drive such a vehicle? S. days per week

Ques 3 When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? * Y e s ^  No

Ques 4 If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head Neck Shoulders Arms Back Stomach Hips Legsj
Ques 5 Is this disturbance still noticeable after you have 

finished work? * Yes N o ^

Ques 6 If the answer to Ques 5 is 'Yes' please state the 
length of time (eg 10 mins, 30 mins etc).

minutes

Ques 7 Please state the approximate age of the vehicle which
you drive most often. _ c3 _ years.

Ques 8 If you have any observations concerning the 'ride-
comfort * of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
4 1 4
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D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1

Ques 2

Ques 3

How long have you been employed 
to drive wheeled earth-moving vehicles?
(a) in total: years 3  months
(b) in your present employment; years Q,. months

On average, how many days each week
do you drive such a vehicle? S  days per week

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes -5̂

Ques 4 If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head Shoiprffers Arms Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have
finished work? * Yes

Ques 6 If the answer to Ques 5 is 'Yes* please state the
length of time (eg 10 mins, 30 mins etc).

Q p )  I ? . .  minutes

Ques 7 Please state the approximate age of the vehicle which
you drive most often. __tS _ years.

Ques 8 If you have any observations concerning the *ride-
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
415



Observations and/or Notes
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Thank you for your time and assistance.
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling”.

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?

Ques 2 

Ques 3

Ques 4

Ques 5

Ques 6

Ques 7 

Ques 8

(a) in total:
(b) in your present employment;

JJQ- years Jp months 
-f- years 9 months

On average, how many days each week
do you drive such a vehicle? £  days per week

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yesv/^ No

If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

"■ T" / r-7*— X

Head Neck Shoulders Arms Back Stomach Hips Legs

Is this disturbance still noticeable after you have 
finished work? Yesy  _No

If the answer to Ques 5 is fYes* please state the 
length of time (eg 10 mins, 30 mins etc),

j °Ji §  minutes

Please state the approximate age of the vehicle which 
you drive most often. & JziP,L years.

If you have any observations concerning the ' ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
416
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Thank you for your time and assistance.
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D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you.been employed
to drive wheeled earth-moving vehicles?
(a) in total: J^L years months
(b) in your present employment; 4^ years 3 months

Ques 2 On average, how many days each week
do you drive such a vehicle? S  days per week

Ques 3 When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes. No

Ques 4 If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head
/

Neck Shoulders Arms
✓

Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have 
finished work? * Yes^ No

Ques 6 If the answer to Ques 5 is 'Yes* please state the 
length of time (eg 10 mins, 30 mins etc).

lO minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. 3  years.

Ques 8 If you have any observations concerning the 'ride- 
comfort' of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
417
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D Douglas, Department of Building, Sheffield City Polytechnic

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1

Ques 2 

Ques 3

Ques 4

Ques 5 

Ques 6

Ques 7 

Ques 8

How long have you been employed 
to drive wheeled earth-moving vehicles?
(a) in total: years months
(b) in your present employment; S_ years months

On average, how many days each week
do you drive such a vehicle? &  days per week

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes No

S

If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

|— S's [— 7^1
Neck Shoulders Arms Back Stomach Hips Legs

Is this disturbance still noticeable after you have 
finished work? * Yes^ _No

If the answer to Ques 5 is 'Yes' please state the 
length of time (eg 10 mins, 30 mins etc).

minutes

Please state the approximate age of the vehicle which 
you drive most often. __3 years.

If you have any observations concerning the 'ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
418
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D Douglas, Department of Building, Sheffield City Polytechnic

’’Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling”.

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: U>- years _ months
(b) in your present e m p l o y m e n t ;  years ^ m o n t h s

Ques 2 On average, how many days each week*
do you drive such a vehicle? ^  days per week

Ques 3 When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *YesV  No

Ques 4 If the answer to Ques 3 is 'Yes1 please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

Head Neck Shoulders Arms Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have 
finished work? * Yes TRo/

Ques 6 If the answer to Ques 5 is 'Yes' please state the 
length of time (eg 10 mins, 30 mins etc).

minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. To years.

Ques 8 If you have any observations concerning the 'ride- 
comfort' of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

♦Please tick (/) the appropriate answer.
4 1 9
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Thank you for your time and assistance.
D Douglas



D Douglas, Department of Building, Sheffield City Polytechnic
1

"Questionnaire to drivers of wheeled earth-moving vehicles 
concerning their awareness of and response to vibrations produced 
by the vehicles when travelling".

This questionnaire is part of a private research study towards 
the award of the degree, Master of Philosophy, from the Council 
for National Academic Awards. The necessary measurements of 
vibrations have been carried out and this final part is to 
ascertain and integrate the opinions of drivers concerning their 
assessment of comfort.
If you will take a few minutes of your time to answer the 
following questions for me I shall be most grateful.

Ques 1 How long have you been employed
to drive wheeled earth-moving vehicles?
(a) in total: 2 ?  years —  months
(b) in your present employment; years - months

Ques 2 On average, how many days each week
do you drive such a vehicle? ff days per week

Ques 3

Ques 4

When the vehicle is being driven forwards 
or backwards do you notice any unpleasant 
effects from the movement? *Yes No

If the answer to Ques 3 is 'Yes* please indicate (by 
a /) which of the following parts of your body this 
disturbance most noticeably effects.

✓Head Neck Shoulders Arms Back Stomach Hips Legs

Ques 5 Is this disturbance still noticeable after you have
finished work? *_ Ye^^ No

Ques 6 If the answer to Ques 5 is 'Yes* please state the
length of time (eg 10 mins, 30 mins etc).

&.0 minutes

Ques 7 Please state the approximate age of the vehicle which 
you drive most often. 3  years.

Ques 8 If you have any observations concerning the 'ride- 
comfort1 of these vehicles which are not covered by 
the above questions, or you wish to add notes about 
any of your answers, please list them overpage.

*Please tick (/) the appropriate answer.
4 2 0



Observations and/or Notes
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Thank you for your time and assistance.
D Douglas


