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1'6. U s n r r  

Exposure t o  vibration of drivers of trucks and tractor-trailers has 
often been imp1 icated as a negative influence on driver health and highway 
safety. This document reports the findings of a research project i n  which 
the state-of-knowledge on the links between the truck ride vibration 
environment and accident involvement was cri t ical ly reviewed by a panel of 
experts in an effort t o  evaluate i t s  significance as a public safety issue. 

The s tate-of- know1 edge 1 inking the truck vibration environment t o  
effects on driver performance, and ultimately accident i nvolvernent , i s  
i nsuffi ci ent t o  provide direct evidence of the significance a t  this time. 
Experimental d a t a  obtained in this project demonstrate that truck vibration 
level i s  related t o  road roughness from which i t  may be inferred that the 
vibration levels will increase in the future i f  the highway system continues 
t o  de teri  orate. 

The panel of experts recommends the continuation of research in the area 
of truck ride vibration and i t s  effects on driver performance, and in the 
area of road roughness as i t  affects ride, safety, and roadway deterioration. 
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Volume I - Summary Report; Volume I1 - Technical Report with 

Appendi ces 
17. K q  W d m  

Truck Ride, Vibrations, 
Driver Highway 
Acci dent Causation 

18. D i s k i k k r  S m *  

No Restrictions. This document i s  
avai 1 able through the National Techni - 
cal Information Service (NTIS), 
Springfield, Virginia 22161 

19. W v  C l d f .  (of *is m) 

Unclassified 
L 

0. 3rr*iav Clamit. (J M e  -1 

Unclassified 
21.No.ofP.p. 

203 
22, Price 





TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . .  LIST OF FIGURES iii 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . .  v i 

. . . . . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGEMENTS v i  i 

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  1 

1.1 I n t r o d u c t o r y  Remarks . . . . . . . . . . . . . . . . . .  1 

1.2 Problem Statement . . . . . . . . . . . . . . . . . . .  2 

1.3 Approach . . . . . . . . . . . . . . . . . . . . . . . .  3 

1.4 Repor t  O rgan i za t i on  . . . . . . . . . . . . . . . . . .  4 

2 . STATE-OF-THE- KNOWLEDGE REVIEW: RELATIONSHIP OF TRUCK 
RIDE VIBRATION TO HIGHWAY SAFETY . . . . . . . . . . . . . .  
2.1 I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . .  2.2 The Truck Ride V i b r a t i o n  Environment 

2.3 E f f e c t s  o f  V i b r a t i o n  on Man . . . . . . . . . . . . . .  43 

2.4 Does Ride V i b r a t i o n  C o n t r i b u t e  t o  t he  Acc iden t  
. . . . . . .  Frequency o f  Trucks and T r a c t o r - T r a i l e r s ?  75 

3 . THE RELATIONSHIP BETWEEN TRUCK RIDE VIBRATION AND 
HIGHWAY SAFETY: FINDINGS OF A CONFERENCE . . . . . . . . . .  99 

. . . . . . . . . . . . . .  3.1 Conference Goals and Design 99 

. . . . . . . . . . . . . . . . . .  3.2 Conference Products 103 

. . . . . . . . . .  4 . SUMMARY. CONCLUSIONS. AND RECOMMENDATIONS 125 

. . . . . . . . . . . . . . . .  4.1 Summary and Conclusions 125 

. . . . . . . . . . . . . . . . . . . .  4.2 Recommendations 128 

. . . . . . . . . . . . . . . . . . . . . . . . .  5 . REFERENCES 129 

APPENDIX A . BACKGROUND DATA RELATED TO THE CONFERENCE 
ENTITLED "TRUCK RIDE QUALITY AND HIGHWAY SAFETY-IS 

. . . . . . . . . . . . . . . . . . . . . .  THERE A CONNECTION?" 136 

APPENDIX B . EXPERIMENTAL MEASUREMENTS OF THE RELATIONSHIP 
BETWEEN TRUCK RIDE VIBRATION AND ROAD ROUGHNESS . . . . . . . . .  148 





LIST OF FIGURES 

Figure 

1 Pictorial representation of the primary elements in 
the link between truck ride vibration and 
s a f e t y . .  . . . . . . . . . . . . . . . . . . . . . . . . .  7 

2 Typical spectral densities of pavement elevation 
(average of two tracks) . . . . . . . . . . . . . . . . . .  12 

3 Elevation, velocity, and acceleration PSD's of the 
road roughness input t o  a vehicle traveling a t  50 
mph on the real and model roads . . . . . . . . . . . . . .  13 

4 Rat io  of roll  t o  bounce spectral densities for a 
typical road. . . . . . . . . . . . . . . . . . . . . . . .  14 

5 PSD's of bobtail versus loaded combination - COE 
tractor,  55 mph, on a smooth road . . . . . . . . . . . . .  16 

6 PSD's of bobtail versus loaded combination - COE 
t ractor ,  55 mph, on a rough road. . . . . . . . , . . . . .  17 

7 Isolation of a vehicle body from road input 
deriving from a quarter-car model . . . . . . . . . . . . .  19 

8 Calculated acceleration response of a mu1 t i  -degrees- 
of-freedom tractor-semi t ra i l e r  model t o  random 
road input. . . . . . . . . . . . . . . . . . . . . . . . .  20 

9 "Wheelbasefiltering" c a u s e s a v e h i c l e t o n o t  
respond t o  certain road frequency inputs. . . . . . . . . .  21 

10 I l lus t ra t ionof  f r a m e b e a m i n g v i b r a t i o n o f a  
. . . . . . . . .  conventional and a cab-over-engi ne truck. 23 

11 Typical PSDof vertical cabacceleration for a . tractor- t rai  l e r  (Crosby 1974). . . . . . . . . . . . . . .  24 

12 Typical best and worse case cab floor acceleration 
spectra on a tractor-semi trai  l e r  combination 
(Jex, 1981) . . . . . . . . . . . . . . . . . . . . . . . .  27 

13 Typical cab floor acceleration spectra showing effect 
of different operating speeds (Crosby . 1974). . . . . . . .  28 

14 RMS acceleration levels measured on the tractor and 
cab floor of ten vehicles on five road types 
(Jex, 1981) .  . . . . . . . . . . . . . . . . . . . . . . .  30 

15 Typical seat acceleration spectra for best and worst 
case tractor-semitrailer combinations (Jex, 1981) . . . . .  31 





Figure 

Typical seat acceleration spectra measured on a 
. . . . . . . . . . . . . .  straight truck (Mehta, 1981). 32 

Seat acceleration spectra for a loaded tractor 
plotted on 1 i near scale t o  i 1 l ustrate frequency 
distribution of the mean square value . . . . . . . . . .  33 

Weighted overall RMS acceleration levels on the seat 
of tractor-semi trai  l e r  combi nations on different 
roads (Jex, 1981 ) . . . . . . . . . . . . . . . . . . . .  35 

Weighted one- thi rd octave band RMS acceleration levels 
on the seat of tractor-semi t ra i l  er  combi nations on 
different roads (plotted from Jex, 1981). . . . . . . . .  36 

RMS vertical vibration levels of a truck as a 
. . . . . . . . . . . . . . .  function of road roughness. 40 

RMS forelaft  vibration levels of a truck as a 
functi on of road roughness. . . . . . . . . . . . . . . .  4 1 

Schematic i 11 us t ra t i  on of how vibration exposure may 
influence the human body and performance. . . . . . . . .  45 

x ,  y and  z axes used in vibration research (from 
Wasserman, e t  a l . ,  1979). . . . . . . . . . . . . . . . .  47 

Mechani cal model representation of human body exposed 
t o  vertical vibrations (from Von Gierke, 1974). . . . . .  49 

Bi odynami c model for studying human response and 
performance in vi brati on envi ronments (from Jex, . . . . . . . . . . . . . . . . . . . . . .  e t  a l . ,  1979) 50 

Effect of muscle tension on amplitude of shoulder 
vibrations (af ter  Gui gnard, 1965) . . . . . . . . . . . .  55 

Go1 dman' s composite subjective response curves and 
z-axis voluntary tolerance curves of Magid, e t  a l . ,  1960 
(af ter  Chaney, 1964 and Shoenberger, 1972) .  . . . . . . .  58 

I nternati onal Standard 2631. Longi tudi nal ( a Z )  
acceleration limits as a function of frequency and 
exposure time ; " f a t i  gue-decreased profi ci ency 
boundary" . . . . . . . . . . . . . . . . . . . . . . . .  71 

International Standard 2631. Transverse (ax,  ay)  
acceleration limits as a function of frequency and 
exposure time; "fatigue-decreased profi ciency 

. . . . . . . . . . . . . . . . . . . . . . . .  boundary" 72 





Figure 

29 Rank order of vehicle factors ,  in terms of the i r  
re lat ive importance as contributors to truck 
acci dents. . . . . . . . . . . . . . . . . . . . . . . . .  106 

30 Rank order of highway factors ,  i n  terms of the i r  
re lat ive importance as contributors to  truck 
accidents. . . . . . . . . . . . . . . . . . . . . . . . .  108 

31 Rank order of driver fac tors ,  in terms of the i r  
re1 a t i  ve importance as contributors t o  truck 
acci dents. . . . . . . . . . . . . . . . . . . . . . . . .  109 

32 Opinion Survey resul ts  for  truck accident relationship 
t o  ride vibration. . . . . . . . . . . . . . . . . . . . .  112 

33 OpinionSurveyresults f o r d r i v e r  hea l thre la t ionship  
to  ride vibration. . . . . . . . . . . . . . . . . . . . . .  112 

34 Opinion Survey resul ts  for  f re ight  damage relationship 
to truck vibration . . . . . . . . . . . . . . . . . . . .  113 

35 Opinion Survey resul ts  fo r  wear and deterioration 
relationship to  truck vibration. . . . . . . . . . . . . .  113 





LIST OF TABLES 

Table - 
1 

2 

. . . . . .  Selected Epidemiological Studies and Results. 62 

Distribution of the Number and Mileage of Tractor . . . . . . . . .  Combinations by Operator Classification 81 

Distribution of the Number and Mileage of Tractor . . . . . . . . . . . . . . .  Combinations by Fleet Size. 82 

Distribution of the Number and Mileage of Tractor 
. . . . . . . . . . . . . . . .  Combinations by Cab Style 82 

Distribution of the Number and Mileage of Tractor . . . . . . . . . . .  Combinations by Trailer Body Style. 84 

Distribution of Fatal Accidents by Collision Type . . . .  86 

Distribution of Fatal Accidents by Road Type. . . . . . .  86 

Fatal , Injury , and Property Damage Involvements by 
Col lision Type: Combi nation Vehicles Operated by . . . . . . . . . . . . . . . . . . .  Authori zed Carriers 88 

Non-Co11 i sisn Acci dents and Vehi cl es Overturned as 
Proporti on of A 1  1 1978 Single-Vehi cl e Tractor . . . . . . . . . . . . . . . . . . . . . .  Involvements. 92 

Non-Collision Accidents as a Proportion of A11 . . . . . . . . . . .  S'ingle-vehicle Tractor Involvements 92 

Proporti on of Involvements Coded with Broken Pavement 
. . . . . . . .  as a Contr ibutory Factor by Accident Type 94 

Single-Vehicle Tractor Accidents Involving Broken 
. . . . . . . . . . . . . . .  Pavement by Injury Severi t y  94 

Proporti on of Involvements Coded as Driver Fa t i  gued , 
. . . . . . . . . . . . .  Asleep, or I1 1 by Accident Type 95 

Si ngle-Vehi cle Tractor Accidents Involving Driver 
. . . . . . . . . .  Fatigue or Illness by In jury  Severity 95 

Fatal Involvements as a Proportion of A1  1 1978 Pol ice- 
. . . . . . . . . . . . . .  Reported Tractor Involvements 97 

Distribution of Tractor Involvements by Hours on Duty 
and Proportion of Drivers Dozing or I11 . . . . . . . . .  97 





ACKNOWLEDGEMENTS 

This report documents a research program performed for the Federal 
Hi ghway Administration exami ning the relations hip between truck vibration 
and hi ghway safety . The research i nvol ved experimental measurements of 
truck vibrations, a state-of- the-knowledge review of the vibrationlsafety 
relationship, and  the conduct of a conference t o  explore the consensus 
among experts on the topic. 

The authors wish t o  t h a n k  Messrs. Michael Sayers, John Campbell, 
and  Don Foster for their help in the collection and analysis of experimental 
da ta .  

The State-of-Knowledge Review on the Relationship of Truck Ride 
Vibration t o  Highway Safety (Section 2.0 of this report) involved broad 
areas and disciplines. Many people on the HSRI staff contributed to i t s  
writing, b o t h  in the preliminary form and as reflected in this report. 
Professor Leonard Segel authored the introductory section; Dr. Thomas D. 
Gi 11 es pi e , the secti on descri bi ng the truck ride envi ronmen t. Dr. Lawrence 
Schnei der prepared the section elaborating the effects of vibration on man, 
with the able assistance of HSRI staff members4elissa Pflug, Dr. Robert 
Matteson, and Cynthia Donahey. The last  section, examining the evidence 
t o  re1 ate vi brati on exposure t o  acci dent frequency, was prepared by 

Dr. Kenneth Campbell with assi stance from Dr. 01 i ver Cars ten. Throughout 
the endeavor, the staff received able assistance from Kris Huber of the 
HSRI Library i n identifying and obtaining the relevant 1 i terature. 

I n  preparation for the Conference, Dr. Ronald Lippett, Professor 
Emeritus a t  The University of Michigan, and his associate Kathleen D. 
Dannemi 1 1 er , provided the advice and concepts from whi ch the conference 
design was selected. Ms. Jeannette Nafe attended t o  the myriad of 

a h i  nistrative detai 1s essential t o  i t s  conduct. Finally, the conference 
participants, as identified i n Appendix A ,  deserve recogni t i  on for their 
professi onal dedication, as reflected i n  their contributions t o  the con- 
ference and their many he1 pful suggestions for improving the S tate-of- 
Know 1 edge Revi ew . 





1 . 0 INTRODUCTION 

1 . 1  Introductory Remarks 

This report documents a study sponsored by the Federal Highway 
Administration (FHWA) and conducted over the period of Ju ly  1 ;  1981 
through February 1982. The project was conceived o u t  of need t o  pro- 
vide governmental decision makers with guidance on the urgency of 
truck vibration as a societal issue merti ng federal involvement. 

I n  the mid-1970is, the vibration exposure of drivers of commer- 
cial trucks was raised as an issue t o  the federal government+amely, 
do vibrations (as well as noise, toxic fumes, and other factors t h a t  
contribute t o  truck "ride quality") have a negative effect on driver 
health and on highway safety. The responsible federal agencies, i nclud- 
ing the Federal Highway Admini stration and the National Highway Traffic 
Safety Administration, pooled their resources in a coordinated program 
addressing the issue. The FHWA took responsi bi 1 i t y  for investigating 
the safety aspects of this issue, leading t o  a comprehensive research 
program entitled "Ride Quality of Commercial Motor Vehicles and the 
Impact on Truck Driver Performance ," being established in 1977. 

I n  the f i r s t  few years, funding was obtained for the program t o  
proceed into i t s  initial phases. In the budget decision process for 
Fiscal 1981, Congress saw f i t  to question the need for the program and 

allocated funds for an assessment of t h a t  need. As stated in the 1981 
Appropri ations Bi 11 for the House of Representatives 

". . . . .the bill includes the budqet request of 
$100,000 t o  study truck ride qual i t y  . The Commi ttee, 
however, expects that these funds wi 17 conclude this 
research effort and t h a t  an appropriate report will be 
provided del ineati nq an.y truck ride qual i t y  safety 
eroblems as we1 1 as the actions required t o  correct any 
such ~roblems. " 



1 . 2  Problem Statement 

The design of trucks and tractor-trailers for efficiency in cargo 
transport involves compromises in "packaging" the driver. As a con- 
sequence, the driver ' s  envi ronment i n  a heavy-duty commercial vehicl e 
characteristically involves higher vibration levels than t h a t  experienced 
i n  other transport vehicles, namely, passenger cars and buses. I t  has 
been argued that the vibration exposure of commercial truck drivers 
could have long-term effects on driver health, or short-term effects on 
the driver's ability t o  control the vehicle safely. I f  these hypothe- 
sized health and safety effects are real, certain agencies within the 
federal government have authority and responsi bil i t y  under publ  ic 1 aw 
t o  take action which will ameliorate these effects. Further, irrespec- 
tive of the significance these issues may have today, i t  can be antici- 
pated that they could become more serious in the future, as a result of 

a continuing deterioration of the national highway system. 

Ultimately, the rationale for expending federal funds on this 
issue depends on i t s  seriousness i n  comparison t o  other social problems. 
In  the ideal case, the technical community will support the legislative 
decision makers by providing quantitative measures of the seriousness of 

a problem, which can be weighed against t h a t  of other problems i n  society 
competing for federal resources. Unfortunately, the publ i shed knowledge 
about  the effects of truck vibration on driver health and highway safety 
is  insufficient t o  provide those measures. 

Therefore, the objectives of this project were twofold: 

1 )  To demonstrate experimentally the direct dependence of 
truck driver vibration levels on the roughness of the 
highway surface in order t o  val idate the predictions t h a t  
the seriousness o f  the issue will grow with continuing 
deterioration of the national highway network. 

2)  To assess the collective knowledge on  the potential 
impact of truck driver vibration on highway safety in 
an effort t o  estimate the significance of the problem. 



1.3 Approach 

The methodology for addressing the f i r s t  objective i n  the project 
i s  we11 within current technology and was approached in a straight- 
forward manner. A t ractor-trai ler  was acquired as a t e s t  vehicle and 

instrumented i n  accordance with the most conunonly used practices t o  
measure the ride vibrations in the cab and on the driver 's  seat. The 
vehicle was driven over a selection of road surfaces known t o  be repre- 
sentati ve of the general spectrum of roughness conditions . The surface 
roughness was measured by means of the wheel track profiles obtained by 

a GMR-type inertial profilometer. The truck vibration measurements were 
analyzed t o  determine spectral characteristics and other s ta t is t ica l  
measures, as comnonly used to describe the properties of vibration 
exposure. Similarly, the road profiles were processed t o  obtain spectra1 
characteristics and the summary roughness numeric commonly used by the 
highway community t o  characterize road roughness. The relationships 
between the road roughness and various measures of truck vibration were 
then examined. A detailed discussion of this  portion of the study i s  
provided in Appendix B of the report. The findings most relevant t o  the 
vi bration/safety issue are presented, where appropriate, within the main 
body of the report. 

The second objective of the project, dealing with the assessment 
of know1 edge and estimating the significance of the vi bration/safety 
connection, presents a more di f f icul t  problem. The approach suggested 
by the sponsor and agreed upon by the research staff was t o  convene a 
conference of experts for the purpose of ( a )  establishing a consensus on 
the s ta te  of knowledge, ( b )  obtaining their collective judgments on the 
importance of the issue, and ( c )  defining the courses of action t h a t  
should be taken. 

The in i t ia l  steps i n  this  phase of the project focused on the 
identification of a selection of experts, and design of a conference 
bringing the appropriate methodology t o  bear on the group,  so as t o  

extract the desired products. ( I n  this l a t t e r  step, consul tation was 
obtained from experts experienced in the design of such conferences. ) 



A key feature of the approach involved the preparation of a s tate of 
knowl edge document addressing the relationship of truck ride vibration 
t o  highway safety. The document, which attempted t o  provide a basic 
structure t o  the 1 inks between vibration and safety, was sent t o  each 
conferee prior t o  the conference i n  order t o  provoke thought and dis- 
cussion. 

1.4 Report Organization 

This report has been arranged to present the reader with a 
systematic development of the knowledge surrounding the truck vibration1 
safety issue. 

The next section (Section 2.0) reviews the state of knowledge on 
the various aspects of the issue as reflected i n  the published l i tera-  
ture, with some of the emphasis reflecting the advice of the experts i n  

attendance a t  the conference. The section encompasses (a)  a characteri- 
zation of the truck ride vibration environment, ( b )  an assessment of 
the potential effects of those vibrations on the driver as they might 
influence his performance as a vehicle controller, ( c )  a postulation of 
ways in which the accident record might be affected by vibration- 
related changes i n  driver performance, and ( d )  an examination of the 
accident record for evidence of a relationship. 

Section 3.0 summarizes the findings of the conference subsequent 
t o  out1  ining i t s  objectives and design. Details related t o  the conduct 
of the conference, such as the 1 i s t  of attendees, agenda, etc.,  are 
provided i n  Appendix A .  

In the l a s t  section (Section 4.0) , the research staff attempts t o  
interpret and sumarize the findings of the knowledge review, the ride 
measurements, and the conference as they apply t o  the issue being 
addressed in th is  project. 

A detailed description of the experimental measurements of truck 
ride vibrations i s  provided in Appendix B. 



2.0 STATE-OF- THE- KNOWLEDGE REVIEW: RELATIONSHIP OF TRUCK RIDE 
VIBRATION TO HIGHWAY SAFETY 

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

The r i d e  v i b r a t i o n s  experienced by comnercial t r ucks  and t r a c t o r -  

t r a i l e r s  a re  known t o  be more severe than those occu r r i ng  i n  passenger 

cars  and buses. Consequently, the  highway cons t ruc t i on  and maintenance 

community has been s e n s i t i v e  t o  the  possi b i  1  i t y  t h a t  road-induced v i  bra- 

t i o n s  o f t e n  impact on d r i v i n g  comfort ,  highway sa fe ty ,  and the  opera t ing  

cos ts  experienced by the  road user (Brickman, 1972). Given a prognosis 

f o r  a steady d e t e r i o r a t i o n  i n  t he  sur face c o n d i t i o n  o f  the na t i ona l  

highway network (Clary,  1975), t he  quest ion can l o g i c a l l y  be r a i s e d  as 

t o  whether the  v i b r a t i o n s  e x h i b i t e d  by comnercial veh i c les  a re  c u r r e n t l y  

impact ing on motor c a r r i e r  sa fe ty  o r ,  whether t h e  c u r r e n t  s t a t e  o f  

a f f a i r s  w i l l  become a more ser ious problem i n  t h e  f u t u r e .  

The quest ion o f  i n t e r e s t  has o f t e n  been posed and debated i n  the  

form " I s  there  a r e l a t i o n s h i p  between t r u c k  r i d e  qual i t y  and highway 

sa fe ty? "  The t e r n  " r i d e  qual i t y "  i s  broad based i n  i t s  meaning and f r e -  

quent ly  i s  de f ined t o  i nc lude  t h e  v i b r a t i o n  l e v e l s  t o  which cab occupants 

a re  subjected and o the r  f a c t o r s  such as cab noise, seat ing  comfort ,  ease 

o f  opera t ing  con t ro l s ,  e tc .  (M i l  1  e r ,  1979). I n  t h i s  document, however, 

o n l y  t he  v i b r a t i o n  component o f  " r i d e  qual i t y "  i s  being addressed. I t  

i s  a l so  necessary t o  note t h a t  "highway sa fe ty "  i s  most app rop r ia te l y  

de f ined as the  number and s e v e r i t y  of highway accidents l ead ing  t o  per-  

sonal i n j u r i e s ,  l o s s  o f  1 i f e ,  and proper ty  damage. On the  o ther  hand, 

d r i v e r  heal th,  as in f luenced by a long-term exposure t o  a v i b r a t o r y  

environment, i s  f requen t l y  r a i s e d  as an issue i n  t he  d iscussion o f  whether 

an exposure t o  v i b r a t i o n  leads t o  degraded sa fe ty  l e v e l s .  I n  t h i s  event, 

i t  i s  probably advisable t o  employ the  t e r n  "opera t iona l  sa fe t y "  t o  

encompass both t h e  r i s k s  of l oss  ( o r  i n j u r y )  t o  d r i v e r  hea l th  due t o  

long-term exposure t o  v i b r a t i o n ,  as we l l  as the  r i s k s  o f  l o s s  ( o r  i n j u r y )  

due t o  on- and off-highway accidents. I n  order  t o  1 i m i t  the  scope o f  

t h i s  state-of-knowledge review, emphasis i s  given t o  issues r e l a t e d  t o  

highway sa fe ty .  I n  t h a t  context ,  d r i v e r  hea l th  i s  o f  i n t e r e s t  p r i m a r i l y  

as i t  in f luences the  a b i l i t y  o f  t r u c k  d r i v e r s  t o  perform t h e i r  d r i v i n g  

func t ion  o r  task.  



When the key question is reformulated i n  the form, "Is there a 
relationship between truck vibration and highway safety?'' and interpreted 
l i terally,  one is forced t o  conclude that the answer i s  yes. A t  one 
extreme, i t  is clear that vibration constitutes a primary constituent of 
what is known as "road feel ," a quality on which truck drivers place a 
great premium for safe operation. A t  the other extreme, one can identify 
incidents in which truck accidents have occurred w i t h  severe vibration 
identified as a major causative or contributory factor. I t  follows that 
the vibration environment in trucks does impact on highway safety, with 
no, or l i t t l e ,  vibration being likely t o  degrade safety, and with too 
much being likely t o  cause the same result. Thus, the appropriate 
questions needing answers can best be stated as : 

1. "What is  the significance of truck vibration t o  the 
highway safety process today? 

2 .  "Are there forces a t  work in the highway and trucking 
communities t h a t  may elevate the significance i n  the 
future?" 

Clearcut answers of these questions cannot be provided by the 
scientific community. On the one hand, there is  general recognition 
that the overall condition of highway pavements is  degrading, and t h a t  
the situation wi 11 become more critical with the pressure for increasing 
truck sizes and weights as a means t o  improve energy efficiency, and 

the increase in truck miles as a percentage of t o t a l  vehicle miles. On 

the other hand, i t  does not  appear t h a t  any definitive research findings 
have recently surfaced t o  quantify the significance of the relationship 
between vibration and safety as a means t o  gauge i t s  importance in 
relation t o  other matters of public concern. 

To facilitate a presentation of what is  known regarding the 
negative or positive contri bution of  vi brati on t o  the accident record 
of the heavy-duty truck or truck combination, i t  is  helpful t o  visualize 
the elements of the system as shown in Figure 1 .  Beginning a t  the 
le f t  of the figure, truck ride excitation, which i s  dependent on many 





factors, results in the driver being exposed to a ride vibration 
environment. Some aspects of  that vibration contribute t o  the "road 
feel" of the vehicle having a direct, positive influence on accident 
potential. Of more interest here, however, is  the connection whereby 
vibration causes direct responses in the driver's body with the potential 
for a1 tering his performance as a vehicle control ler , thereby affecting 
accident potential. Finally, i t  must be recognized that vehicle vi bra- 
tion induced by road roughness can, under some circumstances, a1 ter  the 
performance of the vehicle in ways t h a t  could influence accident potential. 

Inasmuch as the connection through the driver i s  the main 
interest here, the elements o f  that connection are discussed in the 
three sections t h a t  follow. The vibration environment which exists in 
a truck cab i s  addressed f i r s t ,  b o t h  from the point of view of what pre- 
vail s in a "typical" truck traversing a "typical" road surface and what 
can exist in an atypical truck traversing a range of road roughness 
conditions. Second, the effects of vibration exposure on man are 
addressed with regard t o  i t s  potential influence on the driver as a 
decision maker and/or as a manual controller. We attempt t o  summarize 
what i s  known regarding the influence of exposure t o  vibration on the 
physiological and mental state of people, in general, and truck drivers, 
in particular; and we consider w h a t  is  known regarding the extent t o  which 
these physiological responses t o  vibration interfere w i t h  the driver's 
ability t o  perform a driving task. Lastly, the review concludes with 
statements or hypotheses which identify the potential for vibration- 
induced phenomena t o  contribute t o  accident frequency and thereby influ- 
ence the accident record. These statements form the basis for an examina- 
tion of the accident record t o  see whether any of these hypotheses can 
be supported. Overall, the objective i s  t o  summarize the facts, includ- 
ing the gaps i n  our knowledge, i n  such manner as t o  enable reasoned and 

sound conclusions t o  be drawn regarding the answers (or the lack thereof) 
t o  the two questions posed a t  the beginning of this section. 



2.2 The Truck Ride Vibration Environment 

Since the infancy o f  the automotive industry, the evolutionary 
development o f  the commercial truck has been driven by i t s  own set of 

unique properties, Whereas passenger cars and buses have evolved i n t o  
refined machines capable of transporting passengers a t  a high level of 
persona1 comfort, the truck has evolved t o  become a highly efficient, 
durable machine for the transport of goods. Although driver comfort and 

convenience are taken into considerat ion, the shape of trucks today 

derives largely from constraints imposed by road-use laws, functional 
requirements, and the need t o  optimize i t s  commercial efficiency. 

As a result, the vibration environment t o  which a truck driver i s  
exposed differs markedly from that of drivers of other motor vehicles- 
most notab ly  in i t s  severity. The characteristic differences derive 
from: 

1 )  driver location--namely, the driver i s  usually located 
a t  the extremities of the vehicle, rather than near i t s  
center of gravity (c.g.) 

2 )  trucks being dynamical l y  more active a t  low frequencies 
of excitation, as caused by the use of articulation for 
maneuverabil i t y  and frame flexi bil ity for durabil i t y  

3 )  truck suspension systems possessing substantial amounts 
of dry friction, thereby transmitting more road input t o  
the vehicle. 

The term "truck" as used here refers t o  two generic types of 

vehicles-the straight truck and the truck-tractor. A straight truck is 
a single-unit vehicle, in which the vocational body used t o  carry the load 
is affixed directly t o  the power unit. A truck-tractor is  the power unit 
used t o  haul a semi trailer.  Though mu1 tip1 e-trai ler  combinations 
("doubles" and "triples") are in conon use, their presence behind a 
semitrailer has no direct effect on the ride vibrations experienced by 

the tractor and hence these combinations need n o t  be distinguished from 
the tractor-semi trailer combination. 



The following discussion attempts t o  summarize what is  known 
regarding the vibration environment t o  which truck drivers are exposed. 
The objective is  t o  identify: 

1 ) the parameters detemi ni ng t h a t  envi ronment , and 

2 )  the knowledge gaps that must be filled t o  quantify 
this vibration environment in a thorough manner. 

2.2.1 The Truck Ride Process. The vibration produced in a 
truck is the result of i t s  dynamic response t o  various excitation sources. 
The resultant vibration therefore derives from the combination of vehicle 
response characteristics and excitation magnitudes and phasing . The 
excitation derives from two major sources--road roughness and on-board 
exci t a  ti on sources. 

Road Roughness has been defined (by the American Society for 
Testing and Materials) as "The deviations of a pavement surface from 
a true planar surface with characteristic dimensions that affect vehicle 
dynamics , ride qual i t y  , dynami c pavement 1 oads , and pavement drainage , 
e. g. , prof i le ,  transverse prof i l e y  cross slope, rutting. " The devia- 
tions along the wheel tracks essential 1y excite vertical and pitch motion 
responses, whi 1 e the differences in elevation between the wheel tracks 
are the major excitation of roll and other lateral motions. Road rough- 
ness derives, in part, from the random deviations which reflect the 
practical 1 imi t s  of precision t o  which a road surface can be constructed 
and maintained, and, in part, due t o  localized pavement dislocations and 

fai lures. The random qual i ties f i  t the general category of " broad-band 
random signals" and hence may be descri bed by we1 1-establ ished statistical 
functions such as the mean-square, or power spectral density (PSD) . The 
non-random components i ncl ude periodi c waves due t o  pavement construction 
or settling, and discrete dislocations. The pavement dislocations and 

failures may be potholes, pavement settlements in a bridge approach area, 
or other singular features t h a t  are not  characteristic of the surrounding 
roadway. Road roughness is commonly quantified in terms of summary 
statistics (Gil lespie, 1986) which do not distinguish between these two 
1 imi ts. For example, the PSD (measured with road profi lometers), "slope 
variance" (measured with CHLOE instruments), or "i  nches/mi le" s ta t is t ic  
(derived from the suspension motions of a passenger car) do n o t  distinguish 



whether the roughness measure derives from roughness uni formly distributed 
along the length of a road, or from one or two singular features in an 
otherwise smooth road. Therefore, the understanding of roads as an 
excitation source i s  limited i f  one only has data which determine the 
stationary random response of a vehicle. To identify the severe motion 
responses, which may occur as the result of pavement settlement a t  a 
bridge approach, the common s t a t i s  tical descriptors of pavement roughness 
are not adequate. 

The random profile of a road may be characterized by elevation 
content, as shown in Figure 2.  Though each road section is  unique i n  

i t s  spectral density, a1 1 spectra show a characteristic diminishing mag- 
ni tude wi t h  increasing wave number ( i  . e. , spatial frequency) (Gi 11 espi e 
1980). Rough roads differ from smooth roads by approximately an order of 
magnitude in their PSDs, and individual roads may differ  from the average 
trend (as depicted) by an order of magnitude, or more, a t  specific points 
i n  the spectrum. These elevation properties become an acceleration 
input t o  the wheels of a moving vehicle, where the acceleration input 
has an amplitude which increases with frequency. Figure 3 shows the 
transformation from an elevation PSD t o  an acceleration PSD using an 
assumed speed of 50 mph. Clearly, the amplitude of the acceleration input 
t o  a vehicle on a given road is dependent on i t s  speed. More specifically, 
the acceleration input magnitude caused by a given road bump increases 
with the square of the speed of travel (Gi llespie, 1981). Therefore, 
speed has a first-order influence on the manner in which road roughness 
exci tes a motor vehi cl e. 

The road presents no lateral acceleration input t o  a vehicle 
di rectly, b u t  rather, the elevation differences between the wheel tracks 
constitute a roll input that may be perceived as lateral acceleration by 
the driver. The roll excitation i s  quantified most understandably by 

comparison against the corresponding vertical input on a given road. 
Figure 4 shows the ratio of spectral densities for the roll and bounce 
inputs on a typical road. As seen i n  the figure, the roll input tends t o  
be on ly  a fraction of the vertical bounce magnitude in the low wave 
number band corresponding t o  1 ow frequency exci t a t i  on of a vehi cl e travel - 
ing  a t  normal speeds. I n  most cases, roll input only becomes comparable 
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Figure 2. Typical spectral densities of pavement elevation 
(average o f  two tracks). 
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Figure 3 .  Elevation, velocity, and acceleration PSD's of the road roughness input to a 
vehicle traveling a t  50 mph on the real and model roads from Figure 3 .  



Figure 4. Rat io  of ro l l  t o  bounce spectral densit ies for a 
typical road. 



t o  the vertical input a t  higher wave numbers. Because of the low 

resonant frequencies of vehicles in roll , the roll excitation a t  normal 
highway speeds (which arises from the lower band of wave numbers) is 
generally less significant than the vertical excitation. 

On-Board excitation sources are the rotating components of the 
vehicle including engine, drivetrain, and wheels. The engine and drive- 

train frequencies are a1 ways higher t h a n  wheel frequencies by virtue of 
the gear ratios by which their angular speeds are related. An exception 
t o  this rule i s  the case i n  which the engine/transmission may serve as a 
resonant mass on the vehicle (Stimel ing, 1965).  By and large, nonuniform 
wheel s and t ires constitute the major on-board vibration source, primarily 
during operation on smooth roads (Gi 11  espie, 1979).  A nonuniform, 
rotating t i r e  and wheel results i n  excitation a t  the rotational frequen- 
cies and each harmonic thereof. Should  any of the spatial harmonics a t  

the wheel (e.g.,  whole ratios or fractions of the circumference) be the 
same as a roadway spatial wave1 ength , strongly resonant conditions could 
develop (Jex and Zettner, 1981). The mu1 t iple wheel s on the vehicle may 
a1 so vary in their phase relationships, working together a t  various times 
t o  create bounce, pitch and roll excitation. A1 t h o u g h  t ires and wheel s 
serve as vibration excitation mechanisms a t  a l l  times on a l l  vehicles, 
their influence on the vibration spectrum is most apparent on smooth roads 
(Ervin, 1979),  as illustrated in Figure 5. On a rougher road, the same 
wheel excitation causes a smaller influence, as shown in Figure 6 ,  due 
t o  the greater damping t h a t  results with the larger deflections of the 
leaf spring suspensions which prevail on rough roads (Sayers, 1981). Thus, 
as a general rule, truck ride vibrations tend t o  exhibit more periodicity 
on smooth roads than on rough roads due t o  lower effective suspension 
damping, and due t o  the prominence of wheel excitation compared t o  road- 
way excitation a t  the f i r s t  and higher order harmonics of wheel rotation. 
I n  general , wheel -excited vibration i s  a common cause of customer dis- 
satisfaction, motivating vehicle manufacturers t o  give considerable 
attention t o  this problem in manufacturing control .  However, the 
phenomenon i s  difficult  t o  control in the field, i n  that i t  can be a 
strong vibration source with poor wheel maintenance or when tires have 
been "f la t  spotted" from a braking skid. 
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Figure 5. PSD's of bobtail versus loaded combination - COE tractor, 
55 mph, on a smooth road. 
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Figure 6. PSD's o f  b o b t a i l  v e r s u s  loaded  combina t ion  - COE t r a c t o r ,  
55 mph, on a rough road.  



Truck Vibration Response. The motor truck i s  a complex dynamic 
system responding t o  excitation inputs from the roadway and wheel s ,  
Because a full discussion of the state of knowledge would be quite lengthy, 
only a few key elements are discussed here. 

The vibration environment on a truck derives, in part, as a con- 
sequence of the dynamic response inherent t o  that configuration of a 
vehicular system and, in part, as a consequence of the specific design or 
operating conditions of the vehicl e. I n  the low-frequency regime, the 
vehicle system acts as a "rigid" body separated from the road by i t s  
running gear and i t s  suspension systems. On viewing the motor vehicle as 
a simple two-mass system, the manner in which the suspension acts t o  

attenuate road inputs becomes clear, as illustrated in Figure 7.  HOW- 

ever, real vehicles making contact with the road a t  numerous points 
respond in pitch and roll as well as in bounce or heave. Further, the 
road input along one track of the vehicle i s  the same for every wheel b u t  

delayed in time, according t o  the speed of travel . If the road is 
assumed t o  possess a cylindrical profile such t h a t  right and le f t  wheels 
see the same profile, a random road input will e l ic i t  the vibration re- 
sponse shown in Figure 8, as calculated for a tractor-semitrailer 
(Dokainish, 1980). 

An examination of Figure 8 shows t h a t  vertical vibration is dom- 

inated by a peak associated with the sprung-mass resonance. This peak is 
always present and we1 1 defined i n  trucks and tractors, a1 t h o u g h  the exact 
frequency may vary over the range of 1-4 Hz, depending on the suspension 
system and the operating conditions. On the other hand, the fore/aft 
acceleration response derives primarily from the pitching motions of the 
vehicle. This la t ter  response tends t o  be rather sensitive t o  "tuning" 
between the vehicle and road. Specifically , pitch excitation caused by 

road bumps passing f i r s t  under the front and then the rear wheels occurs 
only a t  certain frequencies which depend upon the ratio of speed t o  wheel- 
base, as shown in Figure 9. A t  normal highway speeds, pitch excitation 
is maximum in the range o f  3-5 Hz. As a result of their design, many of 
the shorter wheel base cab-over-engine tractors have pitch resonances in 
this range. ( I n  general, the longer tractor and the straight truck are 
less tuned t o  this mode. ) 
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Figure 8. Calculated acceleration response o f  a mu1 t i  -degrees- 
of-freedom tractor-semi trai  ler  model t o  random 
road input. 

Note: The IS0 curves shown in the bottom figures 
are for the "reduced comfort" boundary. 
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Figure 9.  "Wheel base f i l tering" causes a vehicle t o  not 
respond t o  certain road frequency inputs. 



The above-descri bed.. effects expl a i  n the dominant 1 ow-frequency 
vibrations present on a truck or tractor, b u t  are by no means the com- 
pl  ete picture. Vibration measurements on trucks have shown many other 
possible modes of vibration beyond those exhibited by the "rigid" body. 

Typically, the vertical bending mode of the frame, as illustrated in 
Figure 10, i s  quite important and may occur i n  the range of 6-9 Hz. In 
addition, other resonant modes will be present, as shown in Figure 11 ,  

The exact behavior of the vehicle and the degree t o  which these 
various vibration modes influence the vibration environment within the 
vehicle cab are dependent on the specific design of the vehicle frame, the 
cab mounting system, and the location of the fif th wheel which joins the 
trailer t o  the tractor. In general, one finds t h a t  as many as several 
dozen vibration modes, with frequencies ranging up  t o  20 HZ, contribute t o  
the t o t a l  ride response of the vehicle. The degree t o  which these num- 
erous modes are present and are significant determinants of the overall 
vibration spectrum depend upon the specific design actions adopted by the 
vehicle manufacturer in order t o  satisfy simultaneously the detai 1 ed speci- 
fications prepared by the purchaser and the road-use laws prevail i n g  in 
the states i n  which the vehicle will be used, In  the process of satisfy- 
ing these requirements, road-use laws influence the 1 ow-frequency rigid- 
body response of the truck b u t  exercise marginal influence on the high- 
frequency vibration behavior of trucks. 

2 . 2 . 2  TheTruck Driver's Environment. Themagnitudeof the 
vibrations present on a truck vary no t  only with time, b u t  with location 
on the vehicle. Thus, the fact that the driver is  located forward, above, 
or t o  the side of the center of gravity has some influence on his environ- 
ment. The cab i s  normally isolated, t o  some extent, from the rest of the 
vehicle, and the driver i s  further isolated from the motions of the cab by 

a seat which  contains cushioning material and frequently i t s  own suspen- 
sion system. Though  the truck manufacturi ng industry has imp1 emented 
design improvements over the years t o  improve the driver's environment 
(Hanna, 1979), i t  must be recognized t h a t  the ultimate goal cannot be 
complete isolation of the driver from vehicle vibration. Complete isola- 
tion from the vibrations which abuse, deteriorate, or even cause t i res ,  
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Figure 10. I l l u s t r a t i o n  of frame beaming vibrat ion o f  a 
conventional and a cab-over-engi ne truck.  
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Figure 11. Typical PSD of ve r t i ca l  cab accelera t ion for 
a t r a c to r - t r a i  l e r  (Crosby , 1974) . 



steering, suspensions, and other components t o  f a i  1 would most certainly 
constitute a safety hazard. I n  addition, i t  i s  well recognized t h a t  the 
"road feel" essential t o  safe driving, a t  least in part, consists of 
vi brati on feedback; a1 though there are no quantitative gui del ines t o  
suggest how much feedback is necessary, what portions of the spectrum are 
most important, or how i t  is perceived by the driver. 

Excluding noise, the vibration perceived and f e l t  by a truck 
driver can be broken down into four categories for discussion purposes, 
viz. : 

1 ) vibration of mirrors and instruments 

2 )  input through the steering wheel and controls 

3 )  input through the floor and f o o t  controls 

4)  direct (whole-body) vibration input through the seat 

By and large, much of what is known a b o u t  driver exposure t o  vibration 
is concentrated in measures of acceleration on the seat or a t  various 
points on the cab structure. Al though  the v i b r a t i o n  of external mirrors, 
either as a result of aerodynamic buffeting or cab vibration, may obsure 
vision t o  the rear, 1 i t t l e  has been done t o  quantify the magnitude of 
this problem, either a t  the as-built stage or a t  the vehicle-in-use stage. 
I t  appears t h a t  most truck drivers have encountered this problem a t  some 
time or other, since nearly 50 percent of the respondees in an informal 
PROD survey (Wi 1 son, 1979) indicated moderate (or greater) effects of 

vibration on the use of mirrors and instruments. Similarly, no da t a  
exist t o  quant i fy  the vibration input t o  the truck driver through the 
s teeri ng wheel and/or other hand-operated controls . As a f i rs t estimate, 
one could assume t h a t  typical cab vibration levels prevail a t  the various 
hand controls. However, i t  should be noted that the steering wheel and 

transmission shift  lever, with which the driver has the most extended hand 

contact, are b o t h  somewhat decoupled from the cab structure and- are exposed 
t o  excitation sources which are largely decoupled from the cab. 

I n p u t  Throuqh the Floor or Throuqh Foot-Operated Controls. Truck 
cab vibrations have often been measured a t  the floor, either a t  the seat 
base or above the front- and rear-cab mounting points. I n  weighing such 



da ta ,  however, i t  should be recognized that the driver's feet m e y  not be 
t i g h t l y  coupled t o  the surface because they do not carry his weight and 

t h a t  floor mats or other cushioning materials may be present in the cab. 

A FHWA-supported study (Jex, 1981 ) provides the most comprehensive 
picture of the acceleration present in commercial vehicles in the U.S. 

by providing a base of comparable measurements on a number of trucks under 
varying operating conditions . Figure 12 shows the vertical and fore/aft 
acceleration spectra which exist a t  the floor in the best and worst case 
trucks encountered i n  that study. The data have been first-order low- 
pass filtered a t  5 3  and then 40 Hz in the processing so that some of the 
attenuation seen a t  higher frequencies derives from the f i  1 tering . Note 
t h a t  in the examples presented earlier (Figures 5 and 6 ) ,  no significant 
attenuation of the spectrum was evident o u t  through the upper frequency 
1 imi ts  of 25 Hz. Thus, entirely consistent data do not exist by which t o  
precisely define the bandwidth of the vibrations which are present a t  
various points on trucks. Common practice, as guided by the knowledge of 
human tolerance t o  vibration, has led researchers in truck vibration t o  
focus their interest in the frequency range extending up  t o  about  25 Hz. 
I n  that range, most of the vi bra t i  on energy tends t o  be observed between 
2 and 20 Hz. For the worst case vehicle of Figure 1 2 ,  the largest ampli- 
tudes may be recognized as being caused by (1 ) rigid-body motions in 
bounce and pitch as occur in the range of 2-5 H Z ,  ( 2 )  frame bending and 

other complex modes in the range of 5-10 Hz, and ( 3 )  unsprung-mass 
resonance which occurs a t ,  or just above, 10 Hz. These patterns, 
spanning several orders of magnitude in amplitude, are typical and may be 
seen in data reported by others. Comparable t o  the data presented in 
Figures 5 ,  6 ,  and 12 ,  data obtained with another conventional tractor show 
the same characteristic spectra, as demonstrated in Figure 13. The 
lowest frequency (bounce) resonance i n the verti cal acceleration spectrum 
is  evidence of the effect of speed on the amplitude of the input accelera- 
t i o n ,  whereas the reduction in the 3-Hz longitudinal resonance (rigid- 
body pitch mode) associated w i t h  the 40-mph case is  the likely result of 
"detuned" pitch excitation as results from a specific combination of 

speed and wheel base. 
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F i g u r e  12. Typical best and worse case cab floor acceleration 
spectra on a tracter-semi trai 1 er combination (Jex, 1 981 ) . 
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Figure 13. Typical cab floor acceleration spectra showing effect of 
different operating speeds. (Crosby , 1974) 
Note: The use of IS0 1- and 8-hour Fatigue-Decreased 

Prof i ciency boundari es for human to1 erance t o  
vibration are not considered meaningful as used 
here (Von Gi erke, 1982). 



The spectra alone do not provide a good quantitative measure of 
acceleration intensity. I n  the FHWA study (Jex, 1981 ) , RMS levels of 
acceleration occurring a t  the cab floor were also determined (see Fig. 
14). I n  general, the vertical component of acceleration tends t o  be 
greater than the forelaf t component. Both components increase wi t h  road 
roughness, ranging from the lowest values on smooth asphalt (SA) t o  
highest on patched asphalt ( P A ) .  Typical values range from a minimum of 
0.05 g's t o  a maximum of 0.20 g 's .  Not surprisingly, the highest 
magnitudes of forelaft  acceleration tend t o  show up on the short-wheel base 
cab-over-engine vehicles. 

Direct Vibration I n p u t  Through the Seat. Limited data have been 
pub1 ished in recent years which characterize the who1 e-body vibration 
input to drivers of highway tractors, as exist  a t  the dr iverheat  inter- 
face. These data are broadly characterized by the acceleration spectra 
shown in Figure 15. The spectra are quite similar t o  those measured on 
the vehicle floor with the exception that ,  a t  frequencies above 5 HZ, 
the spectra amp1 i tude i s  somewhat attenuated by the seat suspension. 
Figure 16 shows similar measurements, as obtained a t  the seat of a 
straight truck (Mehta, 1981 ) .  Both types of vehicles exhibit character- 
i s t i c  resonances in the resultant spectra. The straight truck (see Fig. 
1 6 ) ,  1 i ke the 1 ong-wheel base, conventional tractor (see Fig .  15), tends 
to exhibit 1 esser levels of forelaft  acceleration than vertical accelera- 
ti on. 

The acceleration spectra measured a t  the driver/seat interface 
exhibit a complex waveform whose shape i s  d i f f icul t  to interpret on a 
quantitative basis. Some insight can be gained by examining the spectra 
on a l i  near-1 i near scale in which case the area under the curve repre- 
sents the mean square value of the acceleration over the bandwidth con- 
sidered. Figure 17 shows the seat acceleration spectra for the tractor 
tested in this project (see Appendix 0 )  on rough and smooth roads. For 
the loaded tests  shown, the major portion of the mean square seat 
acceleration i n both the verti cal and fore/aft directions i s  concentrated 
in the 2.5-5.0 Hz band, indicating that most of the RMS acceleration 
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Figure 15. Typical seat acceleration spectra for best and worst 
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getting through to the driver via the seat comes from the low-frequency , 
rigid-body vibration modes. (When unloaded, the vertical acceleration 
tends to be more distributed across the spectrum.) 

The most broady accepted summary measure of whole-body vibra- 
ti on environment appears to be the ISO-wei gh ted val ue of RMS acceleration 
(ISO, 1978). The IS0 method, which i s  discussed in more detail in 
Section 2.3.7, weights the accelerations in accordance with the human 
body's to1 erance t o  vibration, and suggests 1 imi t s  for exposure appro- 
pri ate to preservati on of health (or safety),  worki ng efficiency , and 
comfort. The 1 imi t for working effi  ciency , known as the Fatigue-Decreased 
Proficiency (FDP)  boundary, i s  the most commonly used cr i ter ia  for 
judging vibrations that may affect performance in driving a vehicle. 

Figure 18a shows the ISO-wei ghted RMS seat acceleration 1 evels 
for a number of tractors and conditions as measured by Jex (1989) in 
the FHWA study. As reported here, these data represent the RMS value 
for the overall acceleration spectrum after  i t  i s  weighted in accordance 
with the IS0 sensitivity curves (the "weighted overall acceleration 
method"). However, the one- and four-hour FDP boundaries shown are 
appl i cable to the RMS acceleration contai ned in only one third-octave 
band. Comparison of the RMS for the whole spectrum against the limit 
for only a third-octave band i s  permitted in the Standard as an approxi- 
mation to simp1 i fy measurement and evaluation because, in most practical 
cases, the difference between this method and the method of choice i s  
usua l ly small and always conservative. Nevertheless , in cases where 
evaluation by the weighted overall acceleration method results in imper- 
missible levels, the user i s  instructed t o  evaluate the limits for each 
third-octave band of the spectrum. Figure 18b shows data for the same 
vehicles evaluated by the third-octave band method. I n  this case, the 
third-octave band RMS values (reported in the appendix of the Jex (1981 ) 
report) were each adjusted in accordance with the IS0 weighting factors ; 
then the weighted RMS value for the most cri t ical  third-octave band is  
plotted for direct comparison against the exposure limits. On the basis 
of the recommended method for evaluation shown in Figure 18b, i t  would 
appear that most tractors under most drivinq conditions would be 





U) 

I- FO I hr FOP Boundary 
K - -  2 
V LT 

V 

Surface Type Surface Type 
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Jex, 1981). 



permissible for a t  least three or more hours of exposure. Under worst 
case road conditions, the limit might drop t o  about  two hours if that 
road condition existed for extended distances. Most of the vehicles 
and roadway conditions reflected in Figure 18 were subjectively rated by 

the drivers as causing "none" t o  "mild" discomfort. Only one vehicle 
falling a t  the high level of vertical vibration was rated as causing 
"strong" t o  "extreme" discomfort. 

The small amount of data reported by Mehta (1981 ) in his study 
of straight trucks produced ISO-weighted RMS values on the particular 
test  route used in t h a t  study which are in the mid-range of the values 
measured by Jex, as shown in Figure 18a. The equivalent third-octave 
band values for Mehta's data are not  available. 

A second summary measure of vibration magnitude which is used by 

some t o  scale the vibration environment experienced by humans i s  the 
absorbed-power concept developed by Pradko and Lee (1 968) . Using this 
scal e, Foster ( 1  978) reports absorbed-power 1 eve1 s of three watts verti cal 
and nearly four watts longitudinal on a "typical" loaded COE tractor 
running on a secondary road. I t  i s  implied by Foster t h a t  much more 
acceptable ride is  equated with one watt of absorbed power along each 
axis. Mehta ( 1  981 ) , i n his study of straight trucks, measured absorbed- 
power levels of less t h a n  one watt for his selected test  route. 

2 .2 .3  Truck Ride Dependence on Road Roughness. As indicated 
earlier,  road roughness i s  a primary excitation source of truck ride 
vibrations. Road roughness i s  routinely measured by many state highway 
agencies as an i ndi cator of pavement condi t i  on. However, the measurement 
methods are keyed t o  discerning the roughness qua1 i t i  es t h a t  most impact 
on the ride comfort obtained in passenger cars, because passenger cars 
represent the numerical majori ty  of road users. I t  i s '  an ongoing concern 
as t o  whether these measures of roughness adequately detect the roughness 
qualities in a road surface of importance t o  commercial vehicles, such 
t h a t  future efforts by the highway community t o  maintain minimal rough- 
ness levels within the road network will be responsive t o  the commercial 
vehicle users as we1 1 as the passenger-car-drivi ng pub1 ic. 



The most popular method of measuring road roughness involves the 
response- type measuri ng sys tern, of ten call ed a "roadmeter" (Gi 11 espi e, 
et a1 . , 1980). The device consi s ts  of a host vehicle ( a  passenger car 
or two-wheel trailer with similar dynamic characteristics) in which a 
meter i s  mounted t o  detect the motions across the rear suspension. The 
suspension deflections are rectified and summed over a unit distance of 
travel along a road. The roughness i s  then quantified as an "Inches/ 
Mi leu s ta t i s t ic  ("Inches" of suspension deflection per "Mi le" of distance 
traveled). Such a measure is  obviously sensitive t o  the mechanical pro- 
perties of the host vehicle, the measurement speed, and many other vari- 
ables. However, a standardized measure of a comparable s ta t is t ic  has 
been proposed (Gi 1 lespie, e t  a1 . , 1980) and used t o  cal i brate roadmeters 
from a number of states. That s ta t is t ic ,  the "RARV" (standing for 
Reference vehicle Average Rectified Velocity) is  a measure of the nominal - - - - 
suspension deflection rate in " Inches/Second" caused by road roughness. 
I t  i s  closely related (by amplitude and spectral content) t o  the body 

accelerations t h a t  occur on the reference vehicle and may be mentally 
interpreted as a surrogate measure of body acceleration response t o  
roughness for a typical passenger car in the following discussion. The 
RARV measure wi 11 be used t o  quantify roughness level in the remainder 
of this discussion. 

Relationship of Truck Ride t o  Common Hi qhway Roughness Measures. 
Data t o  indicate how truck ride vibration levels relate t o  the common 
measures of road roughness do not  exist in the literature. Therefore, 
a limited study was conducted within this project t o  obtain a preview 
of the relationship that exists. (Details are given in Appendix B. ) 

A two-axle COE tractor was run a t  various speeds over a number of 
roads having various roughness levels , whi le accelerations on the cab 
floor and seat were measured. The road sites were measured by a GMR- 

type profilometer from which data i t  was possible t o  determine the rough- 
ness in "Inches/Second" on the RARV scale. On this scale, the very best 
roads are a t  the nominal limit of 0.5 I/S; a t  2 . 5  I/S, the road is con- 
sidered marginal by most users; and a t  3.0 I/S, the road is considered 



unacceptable by virtually all road users. Figure 19 shows the vertical 
acceleration levels measured a t  the driver's seat and on the cab floor 
as a function of road roughness level, whereas Figure 20 shows com- 
parable results for longitudinal acceleration. I t  may be observed t h a t  
the accelerations on the tractor floor have a f i rs  t-order relationshi p 

t o  road roughness. A slight nonlinearity is evident, and a residual 
acceleration exists a t  zero road roughness, which would be due t o  inputs 
from the on-board excitation sources. A t  the driver's seat, however, the 
vibration level is more variable wi t h  roughness, a rational consequence 
of the additional dynamics that come into play.  

Despite the greater scatter in the relationship t o  the seat 
vibrations, a rather direct influence of road roughness is  evident. 
Therefore, i t  may be predicted t h a t  truck ride vibration levels wi 11  
generally increase in severity as the road system continues t o  deteriorate 
in i t s  surface roughness condition. I t  may also be noted that the ISO- 

wei ghted thi rd-octave band acceleration levels seen i n  the upper right- 
hand plots of Figures 19 and 20 are consistent with those obtained by 

Jex and shown in Figure 18b. Whi le  the preponderance of da t a  points 
correspond t o  IS0 permissible exposure times of three hours or more, 
certain road roughness conditions can cause vibrations of a severity 
for which the a1 lowable exposure is  barely over two hours. , 

Vibration Transients. A1  though the vibration environment wi thin 
a truck is conveniently characterized by numeri cs whi ch represent an 
average condition (e .  g.  , RMS val ues and PSD' s )  , one can hypothesi re t h a t  
transient motions may represent a vibration regime more significantly 
linked t o  safety. Specifically, singular road bumps, such as potholes 
or pavement settlements a t  a bridge approach, may result in high ampli- 
tude, momentary vibrations t h a t  uniquely influence the dri ver' s abi 1 i t y  

t o  function as a vehicle controller. 

Obtaining quantitative estimates of the momentary vibration levels 
typical ly experienced by trucks is d i  f f i  cul t. The 1 i terature has very 
l i t t l e  t o  say on this topic. Jex (1981) analyzed his d a t a  t o  determine 
the mean- top- tenth and mean-bottom- tenth acceleration 1 eve1 s experienced 
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in his tes t  program. (The mean-top-tenth values represent the levels of 
random vibration peaks which are exceeded ten percent of the time on 
given types of highway. ) From the data that were reported, i t  appears 
that the top- and bottom- tenth percenti l e  poi nts are typical ly twi ce the 
ISO-weighted RMS levels. Thus the observed ISO-weighted RMS accelera- 
tions ranging from 0.05 t o  0.13 g '  s , as measured for various trucks under 
different conditions , would correspond t o  a top- tenth percenti l e  1 eve1 
of 0.1 t o  0.25 g 's .  These values, however, are likely to under-estimate 
the maximum amplitude of the momentary vibration levels which can occur 
in trucks, since the tes t  s i tes  were purposely selected t o  avoid "large 
surface transients." 

Mehta (1981) also reported data in a format which gives insight 
into peak momentary acceleration levels encountered i n  straight trucks. 
His his tograms of truck-seat accelerations indicate peak levels on the 
order of 0.3 g ' s ,  b o t h  in the forelaft  and vertical directions, on a 
vehi cl e where the corresponding unwei ghted RMS val ues were 0.08 and 0.13 
g ' s ,  respectively. Dupuis (1980), on the other hand, shows shock 
vibrations on the seat of a "truck transporting earth under heavy 
conditions" with peak acceleration amplitudes well over 1 g .  

Even with such data, however, i t  i s  diff icult  t o  infer what conse- 
quences can befall the truck driver as the data are incomplete, given 
that we have no information on the frequency content. High level accel- 
erations of well over 1 g exist a t  many points on a truck due t o  shocks 
and high frequency vibrations present in the chassis. Yet i t  i s  unlikely 
that these vibrations are of si gni f i cant consequence ( i  f momentari ly 
transmi tted to the driver) unless they contain suffi cient low frequency 
energy to se t  up whole-body motions a t  a comparable g level. Clearly, 
1 g accelerations a t  the seat interface a t  a 1-2 Hz frequency are likely 
t o  unseat the driver, complicating his control function in a much dif- 
ferent way than would occur when a 1 g acceleration prevai 1s a t  10 or 
20 Hz. As a practical example, note that small amounts of backlash in 
the seat mechanism can result i n  significant impact accelerations a t  the 
seat interface. If the data are processed so as t o  examine transient 



vibrations, these impacts may be the predominant source of high 
accelerations observed on the seat. 

To account for the instances where drivers have reported vehicle 
control problems occurring as a result of ( 1 )  being unseated by a road 
bump or ( 2 )  impacting the travel limit of the suspension seat ,  i t  must 
be assumed that low frequency (1-2 HZ)  accelerations on the order of 1 g 

or more were experienced. Obviously, these occurrences must be rare 
events, which depend on a coincidence of the right combination of road 
roughness, travel speed, and vehi cl e response characteris t i  cs. Bei ng 

rare, these events are not commonly experienced and reported in the 
l i terature on truck ride, yet that fact  should not be taken as evidence 
that such events cannot or do not occur. 

2 . 3  Effects of Vibration on Man 

Section 2 .2  has indicated that the vibratory stimuli t o  which 
truck drivers are exposed consist of random accelerations characteri zed 
by ( 1 )  frequencies ranging from 2 to 20 Hz and ( 2 )  amplitudes ranging 
from 0.05 t o  0.15 g RMS. Of course, vibration i s  not unique t o  the 
commercial truck and tractor-semi trai  l e r ,  Human exposure to vibration 
i s  comnon i s  many other modes of transportation, especially in ground- 
supported vehicles (both m i  1 i tary and agricultural ) and rotary-wi ng 

aircraft .  I t  i s  also common to a number of industrial occupations in 
which the operator i s  in contact with vibrating machinery. Because 
exposure t o  man-made vibratory envi ronments has increased as society has 
become more mobile, the growing concern about adverse effects of vibra- 
tion on human condition and performance has generated many studies, 
particularly within the l a s t  20 years. 

Basically , researchers have sought t o  understand the effects of 
vibration exposure on man's physical (biodynami c)  , physiological , psycho- 
logical, and pathological responses, and, perhaps most importantly, on 
man's ability t o  operate equipment and controls (performance). Unfor- 
tunately, the research findings are often inconclusive, conflicting and 

diff icult  t o  apply t o  the real world. Many factors contribute t o  this 
s ta te  of a f fa i rs ,  including the fo7lowing: differences in experimental 



stimuli ( i  .e. , intensity , frequency, direction, duration, type (random 
or transient) and points of application) ; variation in subjects, their 
orientation and posture; and the many ways in which vibration can affect 
the various organs and sensory-motor sys tems existing in the human body. 

Thus, organizing , summari zing, and i nterpreti ng the 1 i tera ture re1 ative 
t o  truck vibration is a difficult and challenging task. 

The following discussion highlights the findings presented in the 
literature within the context of the vibration levels which exist in the 
truck cab. Overview papers prepared by key researchers in the field have 
been re1 ied on heavi ly (vi z .  , Shoenberger, 1972; Lewis , 1962; Gui gnard 
and King, 1972; Weaver, 1979; Shoenberger, 1970; Hol land, 1966; Griffin 
and Lewis , 1978; Wasserman, 1979; Grether, 1971 ) . The reference section 
of this report contains only those references utilized in i t s  prepara- 
ti on. For a more complete bi b l  i ography on the subject of this chapter, 
the reader i s  referred t o  Klein, Allen, and Miller, 1980. 

I t  appears necessary t o  f i r s t  define some of the terminology and 

methods used i n experiments on v ibra t ion  exposure. Subsequent subsections 
discuss the different effects t h a t  vibration exposure can have on the 
human body. As i 1 lustrated in Figure 21, the imnediate and direct 
effect of vibration i s  the physical or biodynamic response of the human 
body and i t s  components. As a result of these mechanical responses, in- 
direct effects may result that interact with and influence each other as 
we1 1 as the bi odynamic response. These effects include short-term changes 
i n physiological function, psychologi cal state and fatigue, and perhaps 
1 ong- term (chronic) path01 ogi cal or heal th effects. These responses may, 
directly or indirectly, influence a person's ability t o  perform his 
assigned tasks. 

2.3.1 Basic Terminology. I t  i s  important t o  define basic term- 
i nology that applies t o  experiments in vibration research. Vibration can 
be general ly def i ned as a fluctuating mechanical disturbance of periodi c 
or non-periodic nature. The simplest type of vibration is sinusoidal 
(or harmonic) motion a t  a single frequency of oscillation. This type of 
vibration is favored in experimental activi ties because responses t o  the 
amplitude and frequency of the stimulus can be clearly described and 





control led. A 1  so, the re1 ati onshi p between displacement and accel era- 
t i o n  stimulus intensities are clearly defined and known (acceleration = 

frequency2 x displacement). However, real-world vibrations such as those 
experienced in the cab of a truck are seldom periodic nor of a single 
frequency, b u t  rather are non-peri odi c (irregular) and often transient i n 
nature. Never theless, these random vibrations , over a speci f i  ed period 
of time, can be described by complex summations of a series of sine waves 
having di fferent ampl i tudes and frequencies as determi ned by Fourier 
analysis of the random waveform. However, the use of random, or pseudo- 
random, vibrational stimuli in experiments makes i t  difficult t o  estab- 
lish correlations between measurements of stimulus intensity (and fre- 
quency) and human response. Experiments which use sinusoidal vibration 
stimuli, on the other hand, may not  yield results which are meaningful 
in the real world. 

Irrespective of whether the stimulus is  periodic and sinusoidal or 
non-periodi c and random, stimulus i ntensi t y  i s  def i ned, in most instances , 
as the acceleration t o  which a subject i s  exposed. I t  i s  convenient t o  
use a normalized measure of acceleration, namely, units of the earth's 
gravitational acceleration (where 1 g = 9.8 m/sec2 = 32.3 ft/sec2). For 
si nusoi dal stimuli , the acceleration may be reported ei ther as the peak 
ampl i tude or as a weighted level (average- or root-mean-square; RMS) . 
I n  the case of random vibra t ion,  there are a number of statist ics (or 
numerics) which can be and are used. I t  is  also common t o  refer t o  the 
vibration response ampl i tude in reference t o  the stimulus ampl i tude by 

reporting the ratio of these ampl i tudes , defined ei ther as the gain or 
the transmi ssi bi 1 i ty .  Stimulus ampl i tudes which are increased or amp1 i- 
fied (gain greater than 1 ) indicate high transmissi b i  1 i t y  , whi 1e 
attenuations in stimulus ampl i tudes i ndi cate low transmi ssi bi 1 i t y  . 

As expected, the direction of vibrational stimuli relative t o  the 
human body is  important. Different axis systems have been used t o  refer 
t o  the direction of these stimuli, b u t  the most common system, as used in 
this report, i s  i l lustrated in Figure 22. As shown, regardless of the 
position o f  the body (e.g., sitting, standing, supine), the positive 
x-direction i s  back t o  front, the positive y-direction i s  right side t o  
l e f t  side, and the positive z-direction i s  from feet t o  head. 



Figure 22. x,  Y and z axes used in vibration research 
(from Wasseman, e t  a1 . , 1979) 



2.3.2 Physical (Biodynamic) Response t o  Vibration. The effects 
of vibration on the phys i 01 ogy , psycho1 ogy , path01 ogy , and performance 
of the human subject are second order in that they derive from the 
vibratory displacement and accelerations of the organs, tissue, and body 

parts-that i s ,  from the direct response of the human body as a complex 
mechani cal sys tem. Thus, an unders tandi ng of the human body s bi odynami c 
characteri s t i  cs w i t h  respect t o  vibrational inputs i s important t o  under- 
standing bo th  short- and long-term effects on physiology and performance. 

Numerous studies have attempted t o  ( 1 )  measure and model the 
human body as a mechanical system of masses, springs, and damping ele- 
ments (see, for example, Figures 23 and 24), and ( 2 )  determine the 
transmi ssi bi 1 i t y  characteris t i  cs of the human mechanical sys tem. The 
results depend an extrinsic factors such as the point of stimulus appli- 
cati on, stimulus direction, stimulus i ntensi t y  , and the degree of coup1 i ng 

t o  the vibrational stimulus (e.g., the use of seat belts). They also 
depend on intrinsic factors such as subject posture, physical build, and 

muscle tension. 

While variations in all  these factors have led t o  differences in 
experimental results, there is  general agreement t h a t  when a seated sub- 
ject is  exposed t o  a vibration stimulus consisting of vertical motion of 
the seat, motions a t  frequencies between 3 and 7 Hz are transmi tted t o  
body parts with l i t t l e  resistance and even amplification ( i  .e., 
resonance)-that i s ,  with vibrational inputs t o  the seat a t  3 t o  7 HZ, 
other parts of the body wi 11 vibrate w i t h  even greater amp1 i tudes t h a n  
the applied stimulus. The human body, then, has h i g h  transmissi b i  1 i t y  

(resonant characteristics) a t  frequencies of vi bration that are commonly 
found t o  exist a t  the driver's seat in a truck cab. 

I n  experiments in which vertical vibration inputs are applied t o  
the seat of a seated subject, head resonance i s  generally reported a t  
3 t o  6 Hz and a t  these frequencies the head may vibrate a t  amplitudes of 
1-1/2 t o  3 times the stimulus amplitude. For lateral vibration inputs, 
y-axis resonances for the head, hip, and knee of seated subjects have 
been reported by Woods (1967) t o  occur a t  1.5 HZ, while Goldman and 
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Von Gierke (1960) have reported fore/aft (x-axis) maximum transmissi bi 1 i t y  

a t  the head and hip of 2 and 5 HZ, respectively. 

Another pronounced resonance phenomenon i s  the 5 Hz natural fre- 
quency of the abdomen. A t  this frequency, the abdominal contents and 

supporti ng structures form a mechani call y resonant system. I t  has a1 so 
been reported that chest resonance may occur a t  frequencies about  1 Hz 
higher than the frequency range inducing abdominal resonance and t h a t  a 
second major body resonance in response t o  z-axis vibration exists a t  
around 11 t o  14 Hz, a response associated with the mechanical character- 
i stics of the torso and spinal column. 

I t  follows t h a t  the human body can be considered t o  be a complex 
mechanical sys tem in which different body parts and organs are excited 
by stimulus frequencies in the range comonly measured in the truck cab 
and particularly a t  the truck cab seat. The human body i s  also a well- 
damped structure, however. Vibration amp1 i f i  cati on i n any di rection 
rarely exceeds a factor of three. 

2 . 3 . 3  Physioloqical Effects of Vibration. As stated by Guignard 
and King (1972), physiological effects of vibration are due primarily and 

most di rectly t o  the differenti a1 vibratory movement or deformation of 
the organs and tissues of the body and secondly, and more diffusely, t o  
stresses acti ng non-specif ical ly .  The primary effects tend t o  be fre- 
quency dependent, whil e the secondary effects are more dependent on the 
intensity and duration of the exposure. The literature contains a signi- 
ficant number of publications dealing with acute physiological changes 
induced by b o t h  mechanisms, b u t  often the results are reported without 
di s t i  nction as t o  likely cause. A brief overview of findings i s  presented 
below for select physiological systems. 

Respi ratory Effects. Recent research has confirmed earl ier  
observations that whole-body z-axis vibration a t  1 t o  100 Hz can result 
in increases in minute* respiratory volume and increased oxygen consump- 
t i o n .  These increases are general l y  attributed t o  raised metabol i c  

- - 

*Amount of ai r exchanged per mi nute. 
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activity due t o  increased activity of skeletal muscle in maintaining 
posture and are interpreted as being similar t o  that caused by physio- 
logical response t o  exercise. For example, ( 1 )  Zechman, e t  a l .  (1965) 

found increased amp1 i tude of airflow osci 1 lation during . 5  g peak-to- 
peak acceleration near 5 Hz, ( 2 )  Hoover and Ashe (1962) found increases 
in respiratory minute volume a t  8, 11, and 15 Hz for .8, 1.5, and 2.8 g 

intensities, respectively, and ( 3 )  Duffner, e t  a1 . (1962) found t h a t  z- 
axis vibration a t  .15, , 3 ,  and .35  g ,  a t  lower frequencies, increased 
oxygen consumpti on. I n  general , however, consi deri ng the i ntensi ties and 

periodic nature of the stimuli needed t o  produce measurable increases , i t  
i s  doubtful that these findings have any significance t o  the issue of 
interest. 

Other researchers have noted hyperventi lat i  on as a response t o  
vibration of 1 t o  10 Hz a t  .5 g or greater, with a maximum response a t  
abou t  5 Hz indicating a connection w i t h  resonant vibration of the 
thorax-abdomen system. Nhi le hyperventi lation has the potential for 
adversely affecti ng performance efficiency , i t  i s  again doubtful t h a t  
i t  is significant a t  exposure levels common t o  the truck cab. 

To sumari ze, short-term sinusoidal vibrations over the 2-10 Hz 
range will result in hyperventilation and increased oxygen consumption 
a t  acceleration levels above . 3  t o  .5 g!s. A t  lower acceleration levels, 
respiratory effects are small or absent and no data exist t o  document 
effects of low acceleration, long-duration, random vibration on respi ra- 
tory function, 

Cardiovascu1,ar Response. As w i t h  the respiratory sys tem, changes 
in cardiovascular function have been observed when man and animals are 
exposed t o  whole-body v ib ra t ion  a t  infrasonic (less t h a n  10 Hz) fre- 
quencies. However, the acceleration levels required t o  produce these 
short-term responses t o  regular stimuli are quite high compared t o  the 
levels sustained in the truck cab. 

Hood, e t  a1. (1966) conducted a study of humans who were subjected 
( i  n the supine posi ti on)  t o  verti cal si nusoi dal  vi bration a t  frequenci es 
ranging from 2 to  12 Hz with acceleration held fixed a t  .6 and 1.3 g 's .  
These experiments i ndi cated t h a t  cardiovascular changes were most 



pronounced a t  the 8 and 10 Hz frequencies. A t  the 1 . 2  g acceleration 
level, mean arterial blood pressure, heart rate, cardiac index, and 

oxygen consumption index rose from 20 percent t o  100 percent of control 
values. A t  the .6 g acceleration level , increases in cardiovascular 
responses were much less pronounced. Changes in mean arterial  pressure 
were very s l  i gh t ,  a1 though the cardiac i ndex* i ncreased from about 3 . 3  

t o  3.9. The results can be explained by a drop in peripheral vascular 
resi stance. The i ncrease in cardiac index was mediated through i ncreases 
in both heart rate and stroke volume. Oxygen consumption also increased 
about 15 percent. On comparing the results from the experiments conducted 
a t  the 1 .2  g and .6 g acceleration levels, i t  appears that 0.6 g may be 
near the threshold for significant effects ( i  .e. , lower acceleration 
1 evels are not 1 i kely t o  e l i c i t  any shif ts  in cardiovascular parameters). 

Interpreting the results of many studies i s  d i f f icul t  because 
much of the data have been obtained in experiments conducted with animals 
rather than man. However, a few general statements can be made concern- 
i ng the cardiovascular responses of humans t o  vibration. A t  fractional 
g acceleration levels, there is  probably no significant effect on the 
cardiovascular system. The s 1 ight changes i n heart rate,  cardiac o u t p u t ,  
mean blood pressure, and oxygen consumption are likely t o  be similar t o  
the changes produced by low level exercise. On the other hand, i f  there 
is  significant periodic vibration imposed on human subjects near the 
frequency of the cardiac cycle, a modulation of pulse pressure could 
occur. However, the effect of chronic exposure to this condition has not 
been established for humans. Also, resonances of the blood mass oscil- 
lating in the elast ic  arteries could be significant, i f  the frequency of 
the vibratory i n p u t  i s  near any of the resonant frequencies. 

Muscle Activity and Postural Mechani sms . Dupuis (1974) found 

increased electromyograph (EMG) activi ty occurring in the postural muscles 
as a result of vibratory input from a tractor. Increased muscle activity 
may be the result of a vestibular or proprioceptive reflex which tr ies 

*Cardiac index i s  defined as the cardiac o u t p u t  i n  l i t e r s  per 
minute per square meter of body surface (L /min /m2) .  



t o  maintain body position through contraction of the proper muscle groups 
(this hypothesis would apply more t o  vibration along the x and y axes). 
Increased muscle activity may also result from the tonic vibratory reflex 
( T V R )  which causes muscle tendons t o  stretch in response t o  vibration. 
Through speci a1 receptors i n the tendons, a spinal reflex i s  i n i  ti ated 
t o  contract the muscles i n  a way t h a t  tends t o  restore the initial 
position of the tendon or attached limb. I n  other words, a continual 
periodic stretching of the muscle as caused by vibration can result in 
contractions of the muscle a t  the vibration frequency. 

These muscular contractions are be1 ieved t o  lead t o  muscle fatigue 
and, indeed, this factor has generally been accounted for in the develop- 
ment of the fatigue-decreased-profi ci ency boundary as exists i n IS0 
Standard if2631 (ISO, 1978). Poul ton (1  978) has suggested, however, t h a t  
the muscle tension induced by vibration may not always be harmful and 

that a t  a frequency of 5 Hz (corresponding t o  maximal resonance of the 
human body), increased muscle tension results in increased vi gi 1 ance 
which is beneficial t o  performance. As illustrated in Figure 25, the 
increased muscle tension occurring a t  5 Hz i s  explained by no t ing  that 
muscle tension reduces shoulder vibration a t  this frequency, b u t  increases 
shoulder vibration a t  other frequencies. Presumably, the tendency is t o  
tense up  when the vibration stimulus is  in the vicinity of 5 Hz, an act 
which increases vigilance, and t o  relax a t  the lower and higher frequen- 
cies, which presumably decreases v i  gi 1 ance. A1  though the short-term 
effect of muscle tension may be increased vigilance and alertness, the 
long- term effect may be increased fatigue much as would result from a 
long period of mi ld exercise. 

Ocular-Motor Sys tem (Visual Acui t.y ) . There are basi cal ly two 
sensory inputs t o  the ocular muscles t h a t  provide visual acuity during 
body (head) motion or when a subject is  engaged in tracking moving 
objects. The pursuit reflex i s  essentially a visual feedback system 
whereby retinal information i s  used t o  track moving targets wi t h  the head 
fixed or track fixed targets when the head rotates. The vestibular- 
ocular reflex uti 1 i zes head motion information transmitted from vestibular 



Figure 25. Effect of muscle tension on amplitude of shoulder 
vibrations (after Gui gnard, 1965). 



receptors of the inner ear t o  extra-ocular motor neurons controlling eye 
muscle contraction, and thereby enhances the ability of the eyes t o  f i x  

on non-moving targets when the head is moving. 

I t  has been established by a number of researchers t h a t  the pur- 
suit  reflex breaks down a t  osci llation frequencies above 1 Hz (approxi- 
mately) or when the angular velocity of the target exceeds 50 deg/sec. 
Neurophysi 01 ogi cal studies wi t h  monkeys (Fernandez and Go1 dberg , 1971 ) 
and visual acuity experiments with human subjects have shown that the 
vestibular system provides the necessary information for compensatory 
eye movements in the frequency range of 1-10 Hz where the pursuit reflex 
i s  ineffective. 

For the situation in the truck cab where the head may move with 
frequencies generally less than 10 Hz, i t  seems clear t h a t  the person 
with normal vestibular function will have l i t t l e  or no difficulty per- 
forming visual tasks with respect t o  non-movi ng objects outside the cab. 
However, since the pursuit reflex does no t  provide for visual image 
stabilization much above 1 Hz, truckers with reduced or no vestibular 
function may have difficulties in reading signs and extracting other 
i nforma t i  on from the roadway. 

For image stabilization within the cab, the situation i s  more 
complex. With the head moving, vestibular information i s  transmitted t o  
the extra-ocular muscles attempting t o  move the eyes t o  compensate for 
this movement. B u t ,  since the cab interior is also moving (differently 
t h a n  the head i t s e l f ) ,  these vestibular signals are, in fact, inappro- 
priate and must be suppressed for good visual acuity. Barnes and Benson 
(1977) have found that the breakdown in suppression of vestibular infor- 
mati on has gain/frequency characteristics s imi 1 ar t o  those of the pursui t 
reflex, suggesting that i t i s  the pursui t ref1 ex which suppresses 
inappropriate vestibular signals. This means, however, that inappro- 
priate vestibular information above 2 Hz cannot be adequately suppressed. 
I f  the truck driver's head experiences osci 1 lations a t  a frequency of 
2 Hz or above, visual acuity for reading similarly moving panel displays 
wi 1 1 be decreased because of i nappropri ate eye movements generated by 



the vestibular system. I n  addition, i f  the displays are oscillating 
above 2  Hz either o u t  of phase with or a t  different frequencies or amp1 i -  
tudes from the driver's head, the pursuit reflex would not  be adeqiate 
t o  provide image s tabi l i  za t ion  even wi t h o u t  the i nappropriate vestibular 
signals. I t  i s ,  therefore, 1i kely t h a t  when the truck driver's head 
experiences osci 1 lations of significant magni tude above 2 Hz, the abi 1 i t y  

t o  read panel-mounted gauges may be seriously decreased. 

2 . 3 . 4  Psycholoqical Effects. 

Subjective Responses. A major portion of the experimental data 
t h a t  has been collected t o  define the response of the human operator t o  
vibration relies on the subjective reactions of subjects and workers t o  
experimental and real-world environments. There has been considerable 
criticism of studies which collect these types of results, both because 
of the lack of an objective measurement terminology (e.g., use of terms 
like "annoying," "discomfort," "painful"), and a lack of sufficient 
human factors input in the design of the experiments. 

One attempt a t  describing human subjective response t o  short- 
tern vibration exposures was compi led by Goldman uti 1 i zi ng the results of 

Ziegenruecker and Magid (1959). The results show the greatest sensi- 
tivi ty and least tolerance in the range of 4  t o  8 Hz, as illustrated in 
Figure 26. Barton and Hefner (1976) and others (Sandover, 1979 and 

Dupuis, 1975) have shown that vibration levels of normal ambulation 
(wal king) exceed those levels of exposure found i n typical earth-movi ng 

machinery. Yet, the subjective response in ambulation is one of unper- 
ceptable vibration, while the subjective response t o  vibration in earth 
movers is  t h a t  the vibration level i s  high. While i t  is  pointed o u t  
t h a t  man may have an instinctive tolerance t o  vibration inputs to the f o o t ,  
this paradox i 11 ustrates the problem of working wi t h  subjective response 
data . 

While caution must be used in applying these data  t o  any given 
situation, due t o  the subjective nature of the experiments from whi ch 
they were derived and a mu1 t i  tude of other associated problems (e.g., 
the boundaries may shift  up or down depending on the particular situation 
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Figure 26. Goldman's composite subjective response curves and 
z-axis voluntary to1 erance curves of  Magid, e t  a1 , 1960 

( a f t e r  Chaney, 1964 and Shoenberger, 1972 ) . 



and type of personnel i nvolved-Von Gierke, 1975) ,  they can nevertheless 
serve as a useful reference for assessing the severity of the vibration 
environment within the truck cab. Given the results out1 ined in the 
previ ous section, the Goldman plot suggests that the truck environment 
may be within the subjective range of "unpleasant." 

Stress Effects. In addi t i  on t o  the conscious subjective responses, 
psychologi cal stress (irrespective of driver or subject awareness) i s 
often implicated as a significant consequence of exposure t o  vibration. 
A number of studies in which subjects have been exposed t o  vibration levels 
found within trucks and rotorcraft have sought t o  measure this stress 
through a number of indicators such as: 

1 ) increase in heart rate 
2 )  increase or decrease in blood pressure 
3)  increase or decrease in hormone levels 
4)  development of ulcers or gastric upset. 

In general, results show no significant evidence for vibration 
causing stress reactions (McCutcheon , 1974; Mackie, 1974; Horni ck, 1966; 
Grether, 1972).  I n  fact, driving or riding as a passenger in an auto-  
mobi le appears t o  e l i c i t  more significant cardiovascular responses from 
the average driver than have been found due t o  mechanical circumstances 
within the truck cab (Simonson, 1968). 

The possible synergistic effects of heat, noise, and vibration 
have also been investigated w i t h  somewhat conflicting results. Grether 
(1971 and 1972) and Mackie (1974) found no significant changes when 
these s tressors were present concurrently. Gui gnard (1  979) ci tes evidence 
for increased hormone levels among industrial workers (no t  truck drivers) 
exposed t o  noise and vibration. Mackie (1974)  found that the rate of 
adrenal i n production whi 1 e driving was above normal resting 1 eve1 s no 
matter wha t  the truck cab environment. I t  may well be t h a t  the alertness 
and concentration necessary t o  keep a truck safely on  the road far ou t -  
weighs any input from a mechanical standpoint. 

Simulated heat and vibration stresses well above the range 
encountered in the truck cab environment have been investigated in 



aerospace research. Winters (1963) found decreases in 17-OH steri od 

excretion and an increase in catachol ami ne excretion in monkeys, b u t  the 
changes were not significant enough t o  clearly indicate physical or 
emotional stress levels. Megel (1962) hypothesized that the kidney weight 
increase observed in rats under high heat and vibrational conditions may 

have been due t o  s tress-i nduced release of antidi ureti c hormone ( A D H )  . 
A t  best, this is  circumstantial evidence for stress reactions and i t  
occurred under heat and vibration conditions general ly exceeding that of 
the truck driver's environment. 

2 . 3 . 5  Pathological Effects. Pathological effects due t o  whole- 
body vibration are general 1y classified into two categori es--.acute and 

chronic. Acute effects are the painful and injurious results of short- 
tern exposure to  intense levels of vibrational stimuli . They are associ- 
ated w i t h  vibration magnitudes well in excess of 4 or 5 g's and thus 
acute effects are not  an issue in the context of driving a truck. Chronic 
effects, on the other hand, involve the issue of whether long-term health 
problems result from repeated exposure t o  moderate, b u t  no t  immedi ately 
damagi ng,  levels of vibration. 

Milby (1974) pointed o u t  that the long-term health question 
requi res consideration of bo th  cause-effect mechanisms and s tati  s t i  cal 
associations : 

" , . . the finding of a positive re1 a t i  ons hi p between exposure 
and morbi di t y  experience is termed an association and cannot 
be attributed to a cause and effect relationship without the 
eventual specification of a mechanism of action. The litera- 
ture of epidemi 01 ogy includes classic examples of strong 
associations which subsequently turned o u t  t o  be spurious in 
nature. To rei terate , even the strongest s ta t i  s ti cal associ a- 
tion cannot be considered proof of causation. " 

There i s  no known cause-effect mechanism a t  the vibration levels 
of trucks and heavy equipment. Such vibration levels are less than those 
of natural activities such as walking. Dupuis (1976) measured typical 
vertical vibration levels of 0.55 g's RMS a t  the hip and 0.39 g's RMS a t  
the head of walking subjects. Simic (1970) measured similar vertical 



vibration levels on walking subjects, and also showed t h a t  the fore/aft 
and side- to-side vibration levels a t  the lumbar spine were 6 5  t o  81 
percent and 37 t o  48 percent, respectively, of the vertical levels. 
Barton (1976, 1981 ) analyzed vertical vibration from walking according 
t o  the IS0 methods and, a1 though the levels were 1 ower than those reported 
by Dupuis and Simic, the results exceeded measured levels on heavy equip- 
ment. Dupuis, Simic, and Barton, each with a different format, a l l  

showed peak values, or shocks, i n the range of 0 .5  t o  1.0 g Is wi t h  each 
walking step. 

In view of the fact t h a t  vehicle vibration levels were well below 
those of the natural acti vi ties replaced by vehicles , Guignard (1970) 

hypothesized t h a t  external ly imposed whole-body vibration somehow affects 
human organs differently than does self-generated vibration. No evidence 
nor theory has been developed t o  date t o  support the hypothesis. A few 
authors have hypothesi zed that who1 e-body vibration acts as a general i zed 
stress. The previous section in this report stated that there i s  no 
significant evidence of vibration causing stress reactions. From the 
long-term aspect, Smith (1978) showed t h a t  farm laborers (tractor driving ) 
and heavy equipment operators, b o t h  occupations wi t h  regular exposure t o  
vibration levels higher than those of trucks, had a significantly lower 
t h a n  average incidence of s tress-related diseases (coronary heart and 

artery disease, hypertension, ulcers, and nervous disorders ) . Thus, t o  
date there has not  been developed a theory of a cause-effect mechanism 
whereby pro1 onged exposure t o  truck vibration would lead t o  long- tern 
health problems. 

Simi larly , the 1i terature does no t  provide persuasive evidence 
of a statis  t i  cal association between health problems and prolonged occu- 
pati onal exposure t o  whole-body vibration. Table 1 summarizes the 
findings of some of the better known studies. One or another investiga- 
t i o n  points t o  possible associations between vibration and certain health 
problems such as pepti c u l  cers , appendi ci t i  s , vertebrogeni c pain, and 

diseases of the male geni tali  a. However, the discrepant pattern suggests 
t h a t  other occupational factors may be i nvol ved, i ncl udi ng di etary habi ts  
of long-di stance dri vers , hand1 i ng of cargo and baggage, etc. Further, 











as Mil by and Spear (1974) point o u t ,  a certain number of false positive 
findings can be expected simply by chance in a given epidemiological 
study, even in the absence of any exposure-related causation. Thus, 
the studies t o  date are notably lacking in providing persuasive evidence 
of a pattern of health problems related t o  truck ride quality. Of 
particular interest i s  that the trend of the data  i s  suggestive that 
persons exposed t o  occupati onal who1 e-body vi brati on have 1 ess ki dney 
problems than non-exposed persons . 

A t  the present time, then, there i s  no hard evidence that whole- 
body vibration related t o  truck ride is  a factor in causins health pro- 
blems which, in turn, might affect the highway safety of trucks. Yet, 
while truck vibration cannot generally be linked t o  health problems as 
a causative factor, i t  may be a factor ( t h o u g h  not  proven) in aggravating 
and promoting existing diseases and health problems. Thus, for truck 
drivers with certain health problems (regardless of cause), poor truck 
ride quality could be a factor i n  reducing driving effectiveness and 

attentiveness and thereby reduce truck safety. 

2 . 3 . 6  Performance Changes Due t o  Vibration Exposure. 

General, Whereas the biodynamic, physiological , pathological , 
and psycho1 ogi cal effects of vi brati on exposure may be important phenomena 
w i t h  respect t o  driver health, their importance t o  motor carrier safety 
lies only in the extent t o  which these phenomena cause changes or decre- 
ments in the ability of a driver t o  perform his or her driving task. As 
indicated earlier, human performance can be directly affected by the 
biodynamic response of the human body t o  vibration and may be less directly 
affected by the physiological, pathological , and psychological stresses 
that may resul t from these bi odynami c responses. 

There have been many efforts, in the past 20 years or so, t o  study 
the effects of vibration exposure on human performance. Most o f  these 
studies have been motivated by a concern with the vibration levels 
encountered in mi 1 i tary vehicles and generally have exposed subjects t o  
sinusoidal stimuli of varied intensity, frequency, and duration along the 
z-axis. There have also been some studies involving vibration i n  the 



x- and y-axis directions , mu1 ti-dimensi onal vibrations , and random or 
pseudo-random vibrations wi t h  mu1 t i  ple frequency components. As with 
other studies concerned with the effects of vibration on man, a multitude 
of techniques, experimental conditions , and types of investigations have 
been used and the results are often in conflict, w i t h  considerable dis- 
agreement existing. I t  i s  not the purpose here t o  bring all of these 
results into focus on the truck ride process, b u t  rather t o  highlight some 
of the more general observations. 

There are three basic levels a t  which external stimuli-li ke vibra- 
t i o n  may affect performance. These are: (1  ) afferent or sensory inter- 
ferences, ( 2 )  central nervous system interference, and ( 3 )  efferent or 
motor control interference. A t  the sensory level, the primary concern has 
been that of visual acuity and a number of studies have attempted t o  
i nvesti gate vibration effects on visual performance. In assessing the 
performance of the central nervous system, reaction time measurements and 

perceptual judgment tasks (choi ce reacti on time) have been commonly used. 
Motor control performance has been investigated by as king subjects to 
perform compensatory tracking tasks (which a1 so involve sensory and 

central nervous sys tem performance) and ,  1 ess frequent1 y , other types 
of motor control tasks . 

Visual Acuity . There is a general consensus in the 1 i terature 
that exposure t o  whole-body vibration a t  frequencies ranging from 1 t o  
25 Hz can result in significant loss of ability t o  stabilize images o f .  
objects fixed in space. The loss of visual acuity is  related t o  the 
magnitude of oscillation in this frequency range and is also sensitive 
to other factors such as the type of vibration, subject posture, display 
illumination levels, viewing distance, and the degree of coupling of the 
subject t o  the stimulus. The findings are consistent w i t h  knowledge 
about  the role of the vestibulo-ocular system in compensatory eye move- 
ment for head movement and, given that truck cab seat vibration frequen- 
cies fal l  mainly within 2-10 Hz, i t  would seem t h a t  loss of visual acuity 
for objects outside the cab ( i  .e. , stationary and distant o b j e c t s )  i s  not 
a serious problem. 



There are relatively few studies deal ing with vibratory effects 
on visual acuity in the case of objects which are moving along with the 
subject. As previously discussed, the vesti bulo-ocular system does not 
deal adequately with this situation and the limits of the pursuit system 
t o  suppress the vestibular reflex or track the targets above 2 Hz pro- 
bably result in decreased visual acuity a t  frequencies below 10 Hz. I t  
has also been reported by Guignard and Irving (1962) t h a t  the decrement 
in visual acuity for fixed targets was largest for frequencies of 3.5 Hz 

(for a stimulus frequency range of 2-10 Hz) when targets were near the 
eyes. The implication i s  that large amplitude oscillations due t o  whole- 
body resonance effects resul ted i n the greatest visual acui t y  decrement 
due t o  1 imi t s  i n  compensatory eye movements. 

Reaction Time and Perceptual Judgment. Reaction time experiments, 
with and without perceptual judgment (i .e. , choice) , are general ly con- 
sidered t o  be measures of central, rather than peripheral o r  sensory, 
neural processes. Beginning with Coermann i n  1938, a number of experi- 
ments have been conducted t o  assess the effects of vibration on central 
nervous system function using bo th  si nusoidal and random vibrations . Whi 1e 
some minor decrements in performance have been noted (Shoenberger , 1970 ; 
Horni ck, 1962) ,  these decrements have been found for vi brati  on s timul i 
well above the typical levels of vibration t h a t  exist i n  the cab of a 
truck ( i  .e., above .35 peak g ) .  For the most part, there i s  fairly sub- 
s tantial evidence (and agreement) that the central nervous function and 

tasks dependent on i t  are highly resistant t o  performance decrements 
duri ng whole-body vibration i n  the . 5  t o  10 Hz range (Grether, 1971 ) . 

Tracki ng and Other Motor Tasks . Two-dimensi onal compensatory 
tracking tasks have been the most common experimental tool used t o  assess 
changes in human performance due t o  environmental stress factors such as 
vibration. Specific task requirements vary b u t ,  in general, the subject 
i s  requested t o  control the position of a cursor on a visual display w i t h  

respect t o  another moving or stationary target or region, using hand or 
foo t  controls. The control dynamics are important and may be varied 
between tests or within a test  t o  increase or decrease task difficulty . 
The ability t o  perform these tracking tasks depends b o t h  on motor 



performance skills and visual acuity, and decrements in either or b o t h  

can lead t o  decrements in performance ( i  . e. , increases i n  the tracki ng 

error) . 
Most tracking experiments performed t o  elucidate the effects of 

vibration have used si nusoidal stimuli covering a range of frequencies, 
amp1 i tudes, and exposures. However, a limited number of tests have also 
been made using random stimuli with a 1 imi ted bandwidth. Most studies 
have involved z-axis vibration b u t  subjects have also been exposed t o  
x- and y-axis vibrations. 

Collins (1973),  Grether (1971 ) , and others have attempted t o  
sumnari ze the results of tracking experiments conducted in the presence 
of vibrational stimul i . While much of the work has been criticized 
(Guignard and Kim, 1972) as ( 1 )  being of "poor qua1 i ty" and ( 2 )  using a 
"diverse rnethodlogyn which leads t o  confusion, there i s  substantial evi- 
dence that z-axis vibration adversely affects a person's ability t o  per- 
form tracking tasks. Noticeable increases i n tracki ng  error have been 
found in the range of 2 t o  16 Hz (especially around 4 Hz) for seat 
acceleration amplitudes of .05 g RMS and up  in the z-axis direction. 
Vibration inputs along the x and y axes have also been found t o  interfere 
with performance a t  these levels, with the largest performance decrements 
occurring a t  1.5 t o  2 Hz. These findings , along with the fact t ha t  the 
degree of decrement is of ten proportional t o  vibration amp1 i tude, suggest 
t ha t  mechanical interference ( a t  hand or eye) i s  primarily responsible 
for the observed decrements i n  performance. Addi tional factors support- 
i ng this conclusion are the observations t h a t  tracki ng decrements tend to  
be greatest in the direction of the vibrational stimuli, and that support 
and restraint devices for the arm significantly reduce the effects of 

vi brati on. 

Since most experiments have utilized sinusoidal stimuli, there i s  
concern over whether these resul t s  are appl i cable t o  the real world i n 
which random vibration prevai 1s. However, Weisz, e t  a l .  (1965) and Parks 
(1961) bo th  used three types of stimuli (sinusoidal, sinusoidal with 
random amp1 i tude, and a true random process) and found  no difference i n  

the effects produced by any of the three types. 



A lesser number of studies have utilized other types of motor 
control tasks t o  study effects of vibration. Loeb (1955) used tests of 
mi rror traci ng , tapping speed, manual s teadi ness , and hand grip and found 

only s teadi ness t o  be decremented. Schmi t z  (1  959) studied hand tremor, 
body sway, foot pressure, and foot reaction time and found only f o o t  
pressure t o  be significantly decremented. Chaney and Parks (1964), 
using vertical vibration between 1 and 27 Hz, found increased errors in 
using controls for adjusting meters, and Guignard and Irving (1960) found 

decrements in the precise posi t i  oni ng of markers. Most recently , 
Gauthier, e t  al.  (1981 ) found significant decrements in position, velocity, 
and force control for 18 H Z ,  .1 g vertical vibration and concluded t h a t  
a1 terations i n proprioceptive information from muscle sensory receptors 
is responsible. 

2.3.7 Standards for Human Exposure t o  Whole-Body Vibration. As 
has been seen from the 1 i terature, the potential consequences of human 
exposure t o  vibration cover a broad range of effects, extending 
from ( a )  simple concerns for comfort, t o  ( b )  the ability t o  perform work 
tasks, t o  (c)  the risks of endangering health or safety. The national 
and international standards organizations have responded t o  the need for 
guidance in this area and have developed guides for evaluating human 
exposure t o  whole-body vibration. The most widely recognized of these 
are the International Standard ISQ-2631 (ISO, 1978) and the American 
adaptation ANSI S3.18 (ANSI, 1979) .  These standards reflect the best 
consensus on the knowledge t o  date as t o  human tolerance t o  vibration. 
The standards define boundaries for exposure t o  vibration as a function of 
intensity, frequency, duration, and direction. Figures 27 and 28 show 
the 1 imi ts  for 1 ongi tudinal and transverse vibration known as the Fatigue- 
Decreased Proficiency ( FDP) boundary. Quoti ng from the Standard, the FDP 

boundary 'I. . . .specifies a 1 imi t beyond which exposure t o  vibration can 
be regarded as carrying a significant risk of impaired working efficiency 
in many kinds of tasks , parti cularly those in which time-dependent effects 
("fatigue") are known t o  worsen performance as, for example, i n  vehicle 
drivi ng . " Guide1 ines are also suggested for a n  Exposure Limi t ( i  . e. , 



Figure 27. Internat iona l  Standard 2631. Longitudinal  ( a Z )  a c c e l e r a t i o n  1 iml ts  as  a 
f u n c t i o n  of frequency and exposure time; "fat igue-decreased  p r o f i c i e n c y  
boundary. " 





for preservation of health or safety) and a Reduced Comfort Boundary 
( i  .e. ,  for  preservation of comfort). The 1 imi t s  take the same form as 
the FDP boundary, being increased by a factor of two in the f i r s t  case, 
and reduced t o  one-third the FDP level in the second case. 

The standards define a specific method by which the ui bration 
spectrum i s  to be evaluated against the suggested boundary. For broad- 

band vibration such as occurs w i t h  trucks, ". , . the RMS value of the 
acceleration in each (one- third octave) band i s  to be evaluated separately 
with respect t o  the appropriate 1 imi t a t  the centre frequency of that 
band." This i s  the method of choice in that i t  i s  sensitive t o  vibra- 
tion concentrated in narrow bands that may have specific influence on the 
human body. 

I n  addition, a weighted overall acceleration method of evaluation 
i s  also a1 lowed as an approximation by which to simplify measurement and 

characterize the vibration by a single quantity. By this method the 
overall spectrum i s  weighted in accordance w i t h  the 1 imi t s  shown i n  

Figures 27 and 28 t o  yield an ISO-weighted RMS for the total spectrum. 
The RMS for the whole spectrum will ,  in general, exceed that of a one- 
third octave band; hence, the method i s  conservative in that the evalua- 
tion will indicate vibration conditions worse than they really are. An 

appropriate adjustment for this error would be t o  increase the exposure 
cr i ter ia  by a factor somewhere between one and four, depending on the 
vibration spectrum, I t  i s  on this basis that Von Gierke has recommended 
an adjustment factor of 1 . 7  when using the weighted overall acceleration 
method t o  evaluate truck ride (Von Gierke, 1982). Nevertheless, in 
cases where this method results in impermissible levels of vibrations, 
the standards recommend resorting t o  the detai led method based on third- 
octave band frequency analysis. 

In general, the IS0 and ANSI standards indicate that a truck 
driver who experiences thi rd-octave band verti cal vibration intensities 
of 0,056 g 's  RMS in the 4-8 Hz range would be i n  a "reduced comfort" 
condition af ter  a short time interval and would experience decreased 
proficiency af ter  four hours of exposure. Further, a t  the level of 0.12 

g ' s RMS , the driver would experience an immediate "reduced comfort" 



condition leading t o  decreased proficiency within a one-hour period. 
I t  also must be considered that the standard guide assumes daily routine 
exposure, five days per week. Less frequent exposure might favor 
acceptance of sl i gh t ly  higher levels, 

2.3.8 Summary, The human body i s  a complex biodynamic system 
which responds t o  vibratory inputs in many ways, depending on the loca- 
t i o n  and direction of the applied stimulus. Examination of the available 
evidence suggests t h a t  the vibration stimuli which commonly exist in the 
cab of heavy goods vehi cles are 1 i kely t o  cause : 

1 ) l i t t l e  or no effect on physiological function of the 
cardiovascular and respiratory systems, 

2)  a tendency t o  increase muscle tension, especially a t  
frequencies near 5 Hz, 

3 )  l i t t l e  effect on visual acuity with respect t o  fixed 
objects a t  a distance, 

4)  a degradation of visual acuity with respect t o  ( a )  objects 
moving with the subject's head or ( b )  fixed objects near 
the eyes, 

5 )  a subjective rating of "unpleasant" or "uncomfortable" 
(in some situations) , b u t  no measurable change in mental 
stress, 

6 )  ' increased fatigue after significant and continuous periods 
of exposure, similar t o  that resulting from mild exercise, 

7 )  possible increase in subjective symptoms of certain patho- 
1 ogical disorders , such as spi nal problems, after repeated 
exposures over a period of years, 

8) no measurable direct effects on reaction time or intellec- 
tual processes (e.g., CNS function), and 

9 )  measurable decrements in compensatory tracking task per- 
formance, s teadi ness tasks, f o o t  pressure control , and 

other f i ne-motor control tasks . 



Many of these f i  ndi ngs have been obtained i n 1 aboratory settings 
which bear l i t t l e ,  i f  any, relationship t o  the real-world process of 

driving a truck. Consequently, Klein (1980) and his associates have 
recommended t h a t  the effects of vehi cl e vibration upon driver performance 
be investigated by requiring driver subjects "to perform real-world 
tasks . . . under very tightly control led traffic and vibration scenarios ." 
Arnberg and Astrom (1979) did, in fact ,  use a driving simulator t o  examine 
the influence of road roughness on the "tiredness" and performance of 
drivers engaged in control of a passenger car. In these experiments, 
30 subjects were exposed t o  random vibrations a t  levels corresponding t o  
the two-hour Fati gue-Decreased-Profi ci ency boundary defined i n IS0 2631 . 
Arnberg concluded t h a t  this vibration level (as induced by road roughness 
in a passenger car) does affect a driver's performance and "alertness ," 
b o t h  during the period when vi brati on i s  being experienced and after- 
wards. Again, the key question i s  whether these observations, as derived 
from a simulator experiment, hold  in the real world and whether, i n  fact, 
the observed changes i n driver performance and behavior are significant 
factors re1 ati ve t o  the accident causati on process. 

2 . 4  Does Ride Vibration Contribute t o  the Accident Frequency of 
Trucks and Tractor-Trai 1 ers? 

The discussion in the preceding section has attempted t o  charac- 
teri ze the truck ride environment, and draw from the literature on the 
effects of vibration on man, t o  determine in what ways the driver's bio- 

dynamic state may be altered by the presence of vibration. The ultimate 
objective, however, is  t o  look for vibration effects on safety as 
measured by accident frequency. Since the accident record lacks i nfor- 
mation which would define the vibration levels present in an accident- 
involved truck, alternative methods must be used for correlating vi bra- 
t i o n  with accident frequency. The a1 ternative chosen here is t o  hypothe- 
size the possible ways in which vibration could impact on performance 
of the driver/vehicle system and look for associated effects in the 
accident record. I t  should be noted t h a t  these mechanisms, as listed 
below, are hypothesized as ways in which truck vi bration could i ncrease 
the potential for accidents simply for the purpose of guiding the analysis 



of accident data. However, only the results from that analysis can infer 
whether these mechanisms are potentially significant. Further, i t  should 
be recognized that this process cannot assess the potentially positive 
influences that truck vibration could have on accident prevention. 

The f i r s t  possible way that the truck ride vibration environment 
can lead t o  decrements in d r i v i n g  performance of consequence t o  motor 
carrier safety i s  due t o  the blurring of images in the rear-view mirror. 
Loss of visual acuity, in this instance, is probably most severe when 
the mirror vibrates a t  higher frequencies than the driver' s head ( i  . e., 
the object moves and the head doesn' t )  , in which case the visual pursuit 
reflex i s  completely inadequate for image stabilization. I t  may also 
occur as a resuf t of inappropriate vestibular compensation, i f  the 
mirror is  moving with the head. In any case, the. decrease in image 
clarity could possibly lead t o  errors in perceiving a passing vehicle or 
in deciding when t o  merge back into a lane after passing. A t  a minimum, 
i t  would increase the time required t o  look in the mirror ( i .e . ,  look 
away from the traffic ahead), and this interruption could be a factor in 
accident causation, especially in heavy traffic. A decrement in the 
ability to  see images clearly in the rear-view mirror would be especially 
significant a t  dawn or dusk when headlights are possibly turned off and 

during wet weather when visual acuity is  already decreased and glare and 

road surface reflection add t o  the problem of image clarity. 

A second way in which vibra t ion may lead t o  performance decrements 
of significance t o  safety i s  the possible increase in fatigue experi- 
enced after a long period (e.g., four hours or more) of driving. Such 
fatigue appears t o  be caused mainly by the increased muscle tension 
required t o  maintain a seated position and reduce head and shoulder 
vibration, or because of tonic reflex stimulation through muscle spindle 
receptors in the muscles themselves. Presumably, fatigue would 1 ead t o  
decreased vig i  1 ance and alertness, resulting in delayed or inappropriate 
responses t o  emergency situations. On the other hand, the muscle tension 
response t o  vibration may act to prevent sleep and this result would be 
a positive factor. The increased vigilance or alertness due t o  



vi brati on-i nduced muscle tension has been previously noted and, pre- 
sumably, i s  a positive factor,  prior t o  fatigue setting in. 

I n  this regard, i t  should be noted that much of the evidence for 
vi bration-i nduced fatigue comes from diverse experiments in which the 
data are primarily subjective in nature. Given the lack of objective 
data defining the increase in fatigue caused by vibration, per se,  i t  
may be that the normal demands of d r i v i n g  a truck are fa r  more important 
t o  the fatigue process (McDonald, 1979). 

McDonald (1979) has reviewed the fatigue research which has been 
conducted over the past 40 years or so and concludes that this research 
provides l i t t l e  insight into the true nature and causes of fatigue, parti- 
cularly as occurs in the occupation of driving a truck. He submits that 
the actual task of driving a truck i s  not particularly demanding and that 
driving for long periods i s  not sufficient,  per se, t o  cause a signifi- 
cant deterioration in the driving function. Rather, he argues that the 
typical truck driver i s  stressed in many ways. For example, besides the 
exposure t o  a vibratory environment and the long hours of work, there i s  
the problem of working a t  n i g h t  or on a1 ternating sh i f t s ,  the uncomfor- 
table physical conditions (e.g. , h i g h  noise levels) , the schedule pres- 
sure, and so on,  a1 1 of which, in combination with bad weather, congested 
traff ic ,  or monotonous driving condi t i  ons , can lead t o  deterioration in 
(a)  decision making, ( b )  risk taking, and (c)  general courtesy t o  other 
road users, as we1 1 as t o  drowsi ness and i na t tenti  veness . 

A third way in which vibration can lead t o  an increased potential 
for an accident event i s  the large amplitude oscillation or bump which 
jars a driver from his seat and therefore from a position of control. 
Such an event i s  likely to be an infrequent occurrence and would only be 
safety related i f  the driver were executing a maneuver (e.g., a sharp 
turn or an emergency stop), or i f  the road conditions were such as t o  
requi re constant and careful attenti on t o  the control process. 

A fourth way in which vibration may lead to performance decre- 
ments on the part of the driver i s  the morbidity that might occur or be 
aggravated w i t h  long-term exposure t o  vibration. If a truck driver 
suffers from physical ailments such as low back pain or gastrointestinal 



disorders (regardless of the ini t i  a1 cause), truck vibration may aggra- 
vate the symptoms and disease severity. The resulting discomfort may 
1 ead t o  increased stress,  fatigue, di s traction, and perhaps t o  seated 
posi tions which could reduce driving effectiveness. 

A f i f th  way in which vibration could lead t o  an increased potential 
for truck accidents derives from the influence of vibration on a driver 's 
abi 1 i ty t o  manipulate the steering, braki ng , and thrott le  controls on 
the vehicle. The practice of using laboratory tracking tasks t o  measure 
the influence of vibration on the abil i ty of a human operator t o  perform 
a control function imp1 ies that the i nves ti gator be1 i eves that these 
1 aboratory findings have relevance to the real-world tasks of control 1 i ng 

a truck and resolving t ra f f ic  conflicts. However, there i s  no direct 
evidence to support this assumpti on. There i s ,  however, some anecdotal 
evidence t o  suggest that the vibration experienced in a truck cab can 
interfere with the abil i ty of the driver to modulate the brake pedal 
when making an emergency stop on a rough section of roadway. 

A1 though not i nvol vi ng the driver directly and thereby - not 
justifying the term "ride," a sixth way in which vibrations, per se ,  
can influence the accident record derives from the vertical response of 
the running gear t o  the disturbance created by the uneven road surface, 

' 

To the extent that the t i res  lose contact with the road surface, the 
abi 1 i ty of the truck to "hold the roadn wi 11 be degraded. I n  other words, 
steering and braking performance wi 11 suffer irrespective of what con- 
trol actions are taken by the driver, other than the significant action 
of selecting a speed which wi 1 1 reduce the disturbance created by the 
road. Not only i s  there very 1 i t t l e  analytical and experimental research 
addressing the dynamics of the "road-holding" phenomenon (as occurs in 
heavy goods vehicles) , there i s  l i t t l e  evidence to indicate the impor- 
tance of the "road-holdi ng" process to the accident record. 

Given that the l i terature can be interpreted t o  suggest several 
possible vibration mechanisms (as identified above) that may contribute 

t o  the accident record, i t  follows that some attempt should be made t o  
detemi ne whether the accident record can be interpreted t o  shed 1 i g h t  

on any, or a l l ,  of the identified paths by which the safety of motor 



carrier operations may be influenced by truck ride qua1 i ty. A t  present, 

i t  appears that no such studies have ever been made. Consequently, an 
effort  i s  made below to review existing information on the use and 
accident experience of one speci f i  c segment of the motor carrier f l ee t ,  
namely, the combination vehi cle which consists of a truck tractor haul i ng 

a semi t ra i l e r .  First,  data on the national population of tractor- 
t ra i  ler  combinations and thei r use i n motor carri er operati ons are 
sunarized, followed by an overview of their accident experience. Inasmuch 
as 1978 i s  the la tes t  year for which s ta te  accident records are available, 
truck usage and accident data for the same time period are used through- 
o u t  most of the analysis. Subsequent t o  this overview, an ef for t  i s  made 
t o  interpret the data w i t h  respect t o  the possible impact of ride 
vibration on accident i nvolvement. 

2.4.1 Tractor-Trai 1 er  Combi nations in the U. S . : Their Numbers 
and Use. I n  1978," the Federal Highway Administration (FHWA) reported 
t h a t  there were about 1,400,000 combination vehcles registered in the 
United States. These vehicles accounted for 0.9 percent of al l  vehicles 
registered that year. The FHWA also estimated that these combination 
vehicles traveled about 67 billion miles in 1978, or about 4.3 percent 
of the mi leage accumulated by the total vehicle population. (Combi na- 
tion vehicles with straight trucks as power units are included in these 
figures . ) The es timated average annual mi 1 eage driven per combi nation 
vehicle i s  50,000 miles (FHwA, 1978). 

Descriptive information on the national population of trucks i s  
provided by the Truck Inventory and Use (TIU) Survey conducted in 1977 
by the Bureau of the Census as part of the Census of Transportation. 
Descri p ti ve s ta t i  s ti cs on the vari ous types of combi nati ons and thei r 
use have recently been prepared from the TIU Survey by Campbell, e t  a l .  

(1981). 

*In 1980, the la tes t  year for which FHWA data i s  available, the 
estimated combination vehicle mileage decreased to 60 b i  11 ion miles 
(4 .0  percent of the total vehicle mileage), resulting in estimated 
average annual mileage for combination vehicles of 42,705 miles. 



Table 2 shows the distribution of tractor combinations in 1977 

by operator classification. Also shown is  the average annual mileage of 
vehicles in each of the operator classifications and the percentage of 

the total annual vehicle mileage accumulated by tractor combinations 
in each classification. I t  i s  observed tha t  private carriers are the 
1 arges t si ngl e group, operati ng 47 percent of the tractor combinations 
and accumulating 38 percent of the total mileage. The common and contract 
carriers taken together are referred t o  as ICC "authori zed" carriers and 

operate 32 percent of the tractor combi nations whi ch accumu 1 ate 43 per- 
cent of the total mileage. The differences in the proportions of 

vehicles and total mileage for these two groups arises from the differ- 
ence in average annual mileage reported in the survey for the vehicles in 
the two groups. Tractor combi nations operated by au thori zed carri ers 
had an average annual mileage of 65,000, while the combination vehicles 
operated by private carriers had an average annual mileage of about  
40,000. 

Table 3 shows the distribution of tractor combinations by f leet  
size. Fleet size is  defined by the TIU Survey as the number of tractors 
operated from the same "base of operation," namely, the locality in which 
the tractor i s  based. Almost one-fourth of the tractors are in "fleets" 
t h a t  have only one tractor a t  a given base of operation. These carriers 
are typi ca 1 ly characteri zed as "owner-opera tors. " Tractors in larger 
fleets tend t o  have higher average annual mileage than tractors in 
smal ler fleets. About 15 percent of the tractors are in fleets of 50 or 
more. These fleets accumulate 22 percent of all combination vehicle miles. 

Tractors can be described as "cabover" (cab-over-engine) or "con- 
ventional" (cab-behi nd-engine) and refinements thereof. Table 4 shows 
the distribution of tractors in the United States by cab style. Cab- 
forward and cabover tractors constitute 43 percent of all tractors and 
accumulate 54 percent of a1 1 tractor miles. The cabover tractors are 
more frequently used in long-haul service and have higher average annual 
mileages, as indicated in Table 4. 

The distribution of tractors by cab style is  probably the most 
pertinent descriptive information avai lab1 e with regard t o  ride vi bra- 
t i o n  issues. Cab styles are listed in Table 4 in order of increasing 



Table 2. Distribution of the Number and Mileage of Tractor 
Combinations by Operator Classification. 

1977 TIU SURVEY 

Percent 
of Total 
Miles 

Operator 
Classification 

Private 
For Hire 

Common 
Contract 
Exempt 
Intrastate 
Daily Rent 

Unknown 

Total 

Estimated Vehicles 

Number Percent 

*The version of the TIU file currently being used by the 
FHWA for the Highway Cost Allocation Study estimates that in 
1977 there were 1,082,000 tractor-trailer combinations in 
the contiguous 48 states. 

Average 
Annual 
Mileage 

Source: Campbell , et a1 . (1981 ) 



Table 3. Distribution of the Number and Mileage of Tractor 
Combinations by Fleet Size*. 

1977 TIU Survey 

Fleet Size 

*Number of tractors operated from the same "base of 
operation." 

1 
2-5 
6-10 
11-20 
21 -50  
51 -100  
1 00+ 
Unknown 

Total 

Source: Campbell, et a1 . ( 1  981 ) 

Estimated Vehicles 
, I 

Number Percent 

Table 4. Distribution of the Number and Mileage of Tractor 
Combinations by Cab Style. 

1977 TIU Survey 

Average 
Annual 
Mileage 

20.9 
18 .1  
10.8 
11 .2  
15.1 
9.7 

12.2 
1.9 

100.0 

199 ,269  24.3 1 42 ,544  

Percent 
of Total 
Miles 

177 ,983  21.7 
9 2 , 2 2 8  11.2 
8 9 , 4 1 2  10.9 

103 ,851  12.6 
6 1 , 0 4 1  7 .4  
6 4 , 6 9 0  7 .9  
3 2 , 5 0 7  4.0 

821 ,113  100.0 

Cab Forward 
Cabover 
Short Conventional 
Medium Conventional 
Long Conventional 
Other & Unknown 

4 i ,  141  
4 7 , 3 8 4  
5 0 , 7 8 0  
5 8 , 7 7 1  
6 4 , 6 2 4  
7 6 , 6 4 9  
2 3 , 4 0 8  

4 9 , 3 1 0  

Cab Style 

Total 1 821 ,113  100.0 1 49 ,310 

Source: Campbell , et a1 . (1 981 

Estimated Vehicles 

Number Percent 

Average 
Annual 
Mileage 

Percent 
of Total 
Miles 



wheelbase length. Vehicles with a shorter wheel base generally produce 
a more severe ride as compared t o  those with a longer wheelbase. Table 
4 i l lustrates the extensive use of cabover tractors in high mileage 
service where the long-term effects of ride vibration are most 1 i kely t o  
be re1 evant. 

Table 5 i s  derived from survey responses which described the 
t r a i l e r  unit most frequently used with a given tractor. Vans, as a group, 
are the most frequently used type of t ra i l e r  and account for nearly 48 
percent of the reported t ra i l e r  units. Platform t ra i lers  are hauled 
most frequently by 25 percent of the tractor owners, followed by tank 
t ra i lers  a t  10 percent. The tractors which most frequently pull van 
t ra i lers  accumulate 58 percent of the total mileage. Tractors used t o  
haul auto transport and tank trai lers also have higher average annual 
mileages than tractors which most frequently pull other types of t ra i lers .  

2 . 4 . 2  Overview of Cmbi nati on Vehicle Accident Experience. The 
Fatal Accident Reporting Sys tern ( F A R s )  operated by the  National Highway 
Traffic Safety Admini stration (NHTSA) collects uniform data on a1 1 

police-reported motor vehicle t ra f f ic  fa ta l i t i e s  in the United States. 
The accident experience of combination vehicles during calendar years 
1975-1979 has been extracted from the FARS data by 0 '  Day, e t  a1 . (1980). 
I n  1978,* 4,231 combination vehicles were involved in fatal  accidents in 
the United States. (Bobtail tractors are included in these figures.) 
Combination vehicles constituted 6.5 percent of a1 1 vehicles involved in 
fatal  accidents in t h a t  year. The fa ta l i t i e s  included 971 occupants of 
heavy trucks, constituting 20 percent of the total number of fa ta l i  t ies  
in accidents involving combination vehicles (4 ,746) .  I n  turn, the number 
of f a ta l i t i e s  in accidents involving combination vehicles constituted 
9 .4  percent of a11 motor vehicle t raf f ic  fa ta l i t i e s  in 1978. I n  other 
words, fatal  accidents involvi ng combination vehicles have more fa ta l i t i e s  
per accident than fatal  accidents not involving combination vehicles . 

*In 1980, the number of combination vehicles involved in f a t a l  
accidents decreased t o  3,897, with reduction in total fa ta l i  t ies t o  
4,409, constituting 8.6 percent of a1 1 motor vehicle t ra f f ic  fa ta l i t i e s .  



Table 5. Distribution of the Number and Mileage of Tractor 
Combinations by Trailer Body Style. 

Source: Campbell et a1 . (1 981 ) 

Trailer 
Body Style 

Platform w/Devices 
Low Boy 
Other Platform 
Cattle Rack 
Insulated Nonrefrig. Van 
Insulated Refrig. Van 
Furniture Van 
Open Top Van 
Other Enclosed Vans 
Beverage 
Utility/Mobile Service 
Winch or Crane 
Wrecker 
Pole or Logging 
Auto Transport 
Boat Transport 
Mobile Home Pullers 
Garbage Hauler 
Dump 
Tank/Liquids 
Tank/Dry 
Concrete Mixer 
Other 
Unknown 

Total 

Estimated Vehicles 

Number Percent 

19,107 2.3 
49 ,538  6.0 

137,846 16.8 
16 ,086 2.0 
26 ,465  3.2 
58 ,460  7.1 
3 2 , 1 8 4  3.9 
13 ,897 1,7 

2 6 0 , 8 0 6  31.8 
7 ,122  0 . 9  

9 8 0  0.1 
9 , 9 6 7  1.2 

4 7 7  0.1 
29 ,159 3.6 
11 ,814  1.4 

9 4 6  0 .1  
6 , 4 9 5  0.8 
1 ,847 0 .2  

4 9 , 7 5 2  6.1 
66 ,050  8 .0  
16 ,601  2.0 

1 ,783  0 .2  
3,548 0.4 

8 7  0.0 

821 ,113*  100.0 

Average 
Annual 
Mileage 

32,978 
2 0 , 7 4 2  
42 ,190  
54 ,402 
61 ,040 
73 ,947  
46 ,251 
51 ,187 
55 ,191 
24 ,235  
13,094 
20 ,001 
30 ,263 
36,774 
63,207 
36,214 
26 ,358 
33 ,424  
44 ,942 
58 ,391  
59 ,851  
10 ,761 

2,820 --- 
49 ,310  

Percent 
of Total 
Miles 

1.6 
2.5 

14.4 
2.2 
4.0 

10.7 
3.7 
1.8 

35.6 
0.4  --- 
0.5 --- 
2.6 
1,8 
0 . 1  
0.4 
0.1 
5.5 
9.5 
2.5 
0.1 --- --- 

100.0 



The number of combination vehicles involved in fatal  accidents in 
the United States increased a t  a rate of a b o u t  1 2  percent per year over 
the period 1975-1 978. Over thi s same period, combination vehicle mi leage, 
as reported by the.FHWA, increased about 7 percent per year. Passenger 
car mileage increased about 4 percent per year d u r i n g  this period. In 

1979, the increase in combination vehicle m i  leage and fatal  accident 
involvement leveled off ,  and preliminary i nformati on i ndicates that for 
1980 the mi leaged decreased 11 percent while fatal  accidents decreased by 
16 percent. 

A breakdown of fatal  accidents by col 1 i sion type i s  given in 
Table 6. About 27 percent of the fatal  accidents involving combination 
vehicles are seen to  be single-vehicle accidents, which, in this table 
only, includes accidents involving pedestrians . Note that angle (or 
intersection- type) collisions are the most common type of cot 1 i sions which 
produce fa ta l i t ies .  Also shown in this table i s  the percentage of a l l  
fatal accidents involving combination vehicles in each type of coll ision. 
For example, 3.9 percent of a l l  fatal  single-vehicle accidents in 1978 
involved combination vehicles. Overall, 8.9 percent of a1 1 fatal  acci- 
dents invol ved a combination vehi cle. Percentages fa1 1 i ng above or below 
this overall figure for any particular subgroup indicate that combination 
vehicles are involved in proportionally more or less accidents in that 
subgroup as compared to a1 1 other vehi cl es ( pri nci pal ly passenger cars) . 
Thus, Table 6 indicates that combination vehicles are involved in pro- 
porti onately fewer si  ngle-vehicle fatal  accidents and proportionately 
more of a l l  the remaining categories which involve more than one vehicle. 
This finding may be taken as a reflection of a higher probability of 
fa ta l i ty  in a mu1 tiple-vehicle accident when one of the vehicles i s  a 
combination vehicle. 

The distribution of combination vehicle fatal  accidents by road 
class i s  shown in Table 7. The majority of these accidents (62.6 

percent) occur on U.S. and s ta te  routes that are not limited access. Only 
23.6 percent of the fatal accidents involving combination vehicles occur 
on Interstate and other limi ted-access roads. Again, combination vehicle 
fatal accidents occur more frequently on rural roads as compared to fatal  
accidents not involving combination vehicles. This finding i s  probably 



Table.6. Distribution of Fatal Accidents by Collision Type. 

Single Vehicle 
Rear-end 
Head-on 
Rear-to-rear 
Angle 
Sideswipe 
Unknown 

Col l i s ion  Type 

Total  
- - - - - ppp 

Source: O'Day, et al. (1980) 

Combination Vehicle 
F a t a l  Accidents 

Number Percent 

Table 7 .  Distribution of Fatal Accidents by Road Type. 

Percent of A l l  
F a t a l  Accidents 

f o r  Each Col l i s ion  Type 

- - 

Source: 0 ' Day, et a1 . (1 980) 

Percent of A 1 1  
F a t a l  Accidents 

fo r  Each Road Class 

23.0  
8 . 3  

17.1 
8.8  
5 . 1  
2 .6  
2.7 
2 .2  
6.2 

8.9 

Road Class 

I n t e r s t a t e  
Other l imi ted  access 
Other U.S. route  
Other s t a t e  route 
Other major a r t e r y  
County road 
Local s t r e e t  
Other road 
Unknown road c l a s s  

Total  

Combination Vehicle 
F a t a l  Accidents 

Number Percent 

90 1 22.5 
45 1.1 

12 17 30.4 
1288 32.2 
56 1.4 

187 4.7 
239 6.0 
20 0.5 
46  1.2 

3999 100.0 



a reflection of the difference in the use of combination vehicles as 
compared to  other vehicles. Sta t is t ics  gathered by the FHWA for 1978 
indicate that combination vehicles accumulate about 81 percent of their 
mileage on rural roads, while passenger cars accumulate about 42 percent 
of thei r mi 1 eage on rural roads ( FHWA, 1978). 

The FARS data provide a relatively complete enumeration and 
description of fatal accidents a t  the national level. However, o n l y  a 
small percentage of a l l  accidents are severe enough t o  produce fatal 
i njuries. Clearly, information on injury and property-damage-only accidents 
i s  needed to complete the accident picture. However, the only other national 
data source on heavy truck accidents are the reports submitted by carriers 
to the Bureau of Motor Carrier Safety (BMCS). These accident reports are 
f i  led by interstate carriers for a1 1 accidents, involving their vehicles 
which result  in death, injury requiring treatment away from the scene of 
the accident, or 2,000 or more do1 lars of property damage. Authorized 
carriers are the major group reporting to the BMCS. 

An examination of the BMCS data for 1978 yields the number of 
f a t a l ,  injury, and property-damage involvements shown in Table 8. Com- 
bination vehicles in single-vehicle accidents are shown separately from 
combination vehicles involved in.al l  other types of collisions. Single- 
vehicle involvements comprise 35.8 percent of the total number of accidents 
that are reported. Property-damage-on1 y involvements have a higher pro- 
portion of s i  ngle-vehicle involvements, while the accidents involving 
injuries and fa ta l i t i e s  have higher proportions of multiple-vehicle 
collisions. 

Not a1 1 carriers that operate combination vehicles report acci - 
dents to BMCS. Consequently, the number of injury accidents reported t o  
the BMCS is  not the national total for combination vehicles. However, 
a rough approximation of such a national total may be obtained by 

inflating the number of in jury involvements reported to BMCS for author- 
ized carriers by the ratio of the combination vehicle fatal  involvements 
reported by FARS to the combination vehicle fatal  involvements reported 
t o  BMCS. The number of fatal  involvements reported t o  BMCS i s  38.3 

percent of the fatal involvements reported by FARS. This figure i s  



Table 8. Fa ta l ,  I n j u r y ,  and Property  Damage Involvements by 
Col 1 i s ion  Type: Combination Vehicles Operated by 
Authorized Car r ie rs .  

1978 BMCS 

*The BMCS reporting threshold is $2 ,000  property 
damage or more. 

Accident 
Severity, 

Property 
Damage* 
Injury 
Fatal 

Total 

Collision Type 

Single Vehicle Other 
6 

Number Percent Number Percent 

4 6 7 8  53.7 4 0 2 7  46.3 
3817  27.0 10304  73 .0  

268  16.5 1353 83.5 

8463  35.8 15684  64.2 

Total 

Number Percent 

8 7 0 5  100.0 
14121  100.0 

1621 100.0 

24447  100.0 



reasonably consistent w i t h  the percentage of combination vehicle mi leage 
accrued by the authorized carriers ,  namely, 42.9 percent, as shown i n  

Table 2. On adjusting the BMCS data by this  rat io of fatal involvements, 
a national estimate of approximately 36,900 injury i nvolvements i s  
obtained. 

To supplement the data on fatal and i njury-producing accidents, 
f i  les of pol i ce-reported accidents in the States of Michigan, Pennsylvania, 
Texas, and Washington (as maintained a t  HSRI ) have been examined t o  es t i -  
mate a national total of injury and property-damage accidents as would 

be reported by the police in al l  of the 48 contiguous states.  Without 
recounting the details of this  exercise, i t  can be stated that approxi- 
mately 20Q,000 combination vehicles are involved i n pol ice-reported 
accidents annual ly . About 2.2 percent of these involvements produce fatal  
injuries and another 32 percent produce non-fatal injuries. The majority 
of the injuries (fatal  and non-fatal) are received by occupants of the 
other vehicle (usually passenger cars) in mu1 tiple-vehicle coll i sions. 
The majority of these involvements occur on rural roads. The available 
descriptive information on the accident involvement of combination 
vehicles i s  consistent with their extensive use in long-haul service, as 
indicated in the exposure data. 

2.4.3 Evidence of the Effects of Ride Quality on Accident 
Involvement. This section reviews the most perti nent computerized 
accident f i l e s  publicly available in the U.S. t o  see of existing data 
provi de any evidence t o  support the hypothes i zed mechani sms re1 a t i  ng ride 
vibrations t o  highway safety. In general , the causes of accidents are 
not we1 1 understood. This situation arises from the fact  that any acci- 
dent has more t h a n  one causative factor,  and these factors interact in 
complex ways. Accidents are rare events and, s t r i c t ly  speaking, each one 
i s  unique. Efforts t o  identify the effect of any specific factor are con- 
founded by superimposed effects and interactions of other factors. Stat is  
tical techniques provide an analytical means t o  cope with problems of 
this nature. However, s t a t i s t i ca l  results can be misleading unless the 

f i ndi ngs are coup1 ed wi t h  independent know1 edge of the mechani sms 
operati ng . 



As a means of addressing this issue with limited resources, the 
accident f i  les were interrogated t o  identify the prevalence of the factors 
of interest. Factors that are infrequently associated with accidents 
generally will not merit attention as much as factors that are frequently 
associ ated wi t h  accidents. For the purposes of this review , the per- 
t i  nent question i s  whether existing accident data provide significant 
evidence t o  support the hypothesized mechanisms re1 a t i  ng ride vi brati ons 
and highway safety. The finding of such evidence would support the need 
for further study. The finding of no evidence would not necessarily imply 
that ride vibrations do not influence highway safety, b u t  only that 
existing data do not support the hypothesized mechanisms. If the true 
mechanisms are very complex, they may require complex analytical techni- 
ques and detailed data t o  reveal them. With this perspective, the follow- 
i ng material presents the avai 1 able data on the incidence of specific 
factors suggested by the hypothesized mechanisms. 

One of the possible short-term influences of v ib ra t ion  on driver 
performance (identified earl i e r )  i s  degraded rear vision due t o  vibration 
of rear-view mirrors. One m i g h t  hypothesi re that such a problem might be 
evidenced in passing maneuvers, either in seeing a passing vehicle, or in 
merging in front of a passed vehicles. The available accident data do not 
have sufficient detai 1 t o  identify these specific si  tuations. However, 
passing (including improper passing) i s  indicated as a contributing factor 
in less than one percent of the pol i ce-reported accidents involving com- 
bi nation vehicles in Texas and Washington. (The passing vehi cle, car or 
truck, is not identified.) Thus, the available data do not identify any 
significant classes of accidents where mirror vibrations may be relevant. 

Earlier, i t  was suggested that the vibration environment in the 
tractor cab migh t ,  on the one hand, produce decrements in motor control 
and, on the other hand, displace the driver from the controls altogether 
i f  a severe bump was encountered. I t  can be hypothesized t h a t  these 
phenomena, i f  they in fact  occur, are likely t o  have more influence on 
s i ngl e-vehi cle accidents than mu1 t i p 1  e-vehi cle accidents where the 
accident process is much more complex. 



To test  this hypothesis, si ngl e-vehi cle accidents i nvolving com- 
bination vehicles as reported by the aforementioned four states have 
been broken down i n t o  coll ision and non-col lision accidents. The f i r s t  
column in Tab1 e 9 shows the proportion of si ngle-vehicl e combination 
vehicle accidents that do not  involve a coll ision. A 1  so shown (see the 
second column) i s  the proportion of these accidents where the prime event 
coded in the police report i s  the vehicle overturning. The states seem 
t o  fall  into two groups, with Michigan and Pennsylvania forming one pair, 
Texas and Washington the other. The f i r s t  pair has a substantially 
smal ler proportion of s i  ngle-vehi cle accidents t h a t  are non-coll ision, and 

also a smaller proportion of vehicles overturned. The proportion of 
vehicles overturned in Washington i s  almost as high as the proportion of 
a1 1 non-col l i s i  on accidents i n  Pennsylvania. Additional detai 1 on non- 
col lision accidents is  avai lable from the BMCS accident reports. Table 
10 shows the proportion o f  single-vehicle involvements listed as "ran- 
off-road," "overturn," and " jackknife" as the primary non-col lision event. 

In general , non-col 1 isi  on accidents are a much higher proporti on 
of a1 1 single-vehicle involvements in the BMCS da ta  than in the state 
fi les.  However, no information is available in either set of f i les  which 
can attribute a portion of these "loss-of-control" accidents t o  a vibra- 
tory event. This i s  not  t o  say t h a t  vibratory phenomena have not  con- 
tri bu ted t o  the s i ngl e-veh i cl e accident record, only that the record 
i tself does not  contai n information which permi ts us t o  test  the hypothesis. 

On the other hand, both the Texas and Washington f i les  code "foot 
sl ipped off clutch or brake" under "contributing circumstances." This 
factor is  indicated in less than 0.1 percent of the accidents involving 
combination vehicles. Existing data indicate that problems i n  this 
aspect of motor control, whether vi brati on-i nduced or no t ,  are no t  a 
significant contributing factor t o  the accident record. 

A second way of testing the hypothesis t h a t  vibration can lead 
t o  a loss-of-control event is  t o  consider those accidents i n  which holes, 
ruts, or bumps in the road are coded as a factor. The frequency with 
which broken pavement is  coded in three of the four state fi les i s  shown 



Table 9. Non-Collision Accidents and Vehicles Overturned as 
Proportions of A1 1 1978 Single-Vehicl e Tractor 
Invol vements. 

State 
Accident Type 

Table 10. Non-Coll ision Accidents as a Proportion of All 
Single-Vehicle Tractor Invol vements. 

Non-Collision 

Michigan 

Pennsylvania 

Texas 

Washington 

1978 BMCS 

Vehicle Overturned 

32.2% 

28.9% 

44.7% 

43.9% 

14.5% 

13.7% 

25.2% 

27.1% 

Accident Type 

Ran-off-road 
Overturn 
Jackknife 
Other 

All Non-Collision 

Number Percent 

2032 23.2 
22 15 25.3 
1395 15.9 
743 8.5 

6389 72.9 



in Table 11 .  As would be expected, this factor i s  cited more frequently 
for single-vehicle involvements than for mu1 t i  ple-vehi cle involvements. 
I t  should be noted, however, that broken pavement general 1y does not 
result in accidents containing a high risk of in jury  or fa ta l i ty .  Table 

1 2  shows that no fa ta l i  t ies  occurred in these three states and that the 
in ju ry  risk i s  not very high. In addition, the 1978 FARS f i l e  shows that 
ruts ,  holes, and bumps in the road were reported as a contributing factor 
in three fatal  accidents involving a combination vehicle. ( A 1  though 

three fatal accidents cannot be viewed as insignificant, the fact  that 
ruts,  bumps, and holes were coded in the f i l es  does not mean that they 
were instrumental in causing a vehicle vibration; rather,  the accident 
may have resul ted from the driver t ak ing  action t o  evade the pavement 
defect. Further, this finding should be tempered by the fact  that roadway 
maintenance or construction, namely, the action required t o  eliminate 
pavement defects, was reported as a contributing factor in 44 fatal acci- 
dents involving combination vehicles in that same year. ) From the accident 
data, then, i t would appear that existing levels of highway mai ntenance 
are sufficient to prevent pavement defects from making a significant 
contribution to the accident record. 

Lastly, the accident record should be examined to see whether 
1 ong- term exposure t o  who1 e- body vibration causes accidents that could 
be attributed to driver fatigue. Clearly, this examination wi 11 be 
d i f f i cu l t  since the effects of fatigue are pervasive, ranging from 
decreased vigi lance to impaired driver reactions and judgments t o  actual ly 
fal l ing asleep. The primary problem i s  that  the reporting police officer 
generally has no basis for concluding that fatigue i s  a factor other 
than the evidence that the driver fe l l  asleep, or was nearly on the verge 
of doing so. I n  many s ta tes ,  the accident report does no t  permit the 
reporting officer t o  desigate "fatigue" as a factor ,  rather he i s  con- 
strained t o  indicate that the driver was "asleep" or " i l l . "  Table 13 
shows the proporti on of combi nati on vehicle accidents in which the pol ice 
identified the driver as being "fatigued," "asleep," or " i l l "  in the four 
s tates whose f i l es  were suitable for conducting this analysis. I t  i s  
observed that these three driver descriptors are consistently coded more 
frequently for single-vehicle accidents than for mu1 tiple-vehicle acci- 
dents in which a combination vehicle i s  involved. Table 14 shows a 



Table 11. Propor t ion  o f  Involvements Coded w i t h  Broken Pavement 
as a Cont r ibu tory  Factor  by Accident Type. 

Table 12. S i  ngle-Vehicle T rac to r  Accidents I n v o l v i n g  Broken 
Pavement by r n j u r y  Sever i ty .  

State 

All 
Accidents 

0.1% 

0.8% 

0.2% 

NA 

State 

Michigan 

Pennsylvania 

Texas 

Washington 

Michigan 

Accident Type 

Most Severe Injury in Accident 

NO Injury 1 Injury I Fatality 

Pennsylvania 

Texas 

Washington 

Single-Vehicle 

0.6% 

2.1% 

0.5% 

NA 

TOTAL 

Other 

0,04% 

0.2% 

0.1% 

NA 



Tab1 e 13. Proportion o f  Involvements Coded as Driver Fatigued, 
Asleep, or I l l  by Accident Type. 

State 

Michigan 

Pennsylvania 

Texas 

All 
Accidents 

Accident Type 

Washington 

Single-Vehicle 

Table 14. Single-Vehicle Tractor Accidents Involving Driver 
Fatigue or Illness by Injury Severity. 

Other 

State 

Michigan 

Pennsylvania 

Texas 

Washington 

TOTAL 

100.0% 

100.0% 

100,1", 

100.0% 

Most Severe Injury in Accident 

No Injury 

45.8% 

35.3% 

33.6% 

5 1 . 5 %  

Injury 

50.0% 

5 6 . 9 %  

59.9% 

39.4% 

Fatality 

4.2% 

7.8% 

6.6% 

9.1% 



further breakdown of sing1 e-vehi c1 e accidents in which driver fatigue or 
illness i s  coded. The relative proportions are given for three gross 
levels of injury severity, namely, no injury, injury, and fa ta l i ty .  I t  
should be noted that fatal accidents are much more common when fatigue 
or illness i s  implicated in a single-vehicle accident than is  true for 
a7 1 s i  ngle-vehicle accidents involving combination vehicles, as shown 
in Table 15. 

The accident reports submitted t o  the BMCS indicate the number of 
hours the driver had been on du ty  a t  the time of the accident. Table 
16 shows the distribution of hours on duty for a1 1 tractor involvements 
reported to the BMCS by authorized carriers in 1978. About 60 percent of 
the involvements listed in Table 16 occurred when the driver had been 
on duty four hours or less. The number of drivers that were reported t o  
have been sick or have dozed a t  the wheel i s  also shown in Table 16 for 
each reported hour on duty. The percentage of drivers recorded as 
dozing or sick has been calculated for each hour on duty. This percent- 
age steadily increases from 0.9 percent d u r i n g  the f i r s t  hour on du ty  

to 8.3 percent d u r i n g  the eleventh and twelfth hour. 

These tables provide a fair ly comprehensive picture of the extent 
to which combi nation vehicle accidents involve extreme fatigue or i 11 ness 
on the part of the driver. Clearly, these factors may be involved more 
than indicated here, in a manner that i s  too subtle t o  detect by means 
of existing data collection programs. Further, t o  interpret Table 16 in 
a meaningful way, one needs information on the vehicle mi leage that i s  
accumulated as a function of the hours that drivers have been on duty. 
Since such data are not available, we are limited in the conclusions that 
we can draw relative t o  fatigue as a factor in causing accidents. Whether 
fatigue is  influenced by the presence of vibration, either positively or 
negatively, i s  clearly not deducible from the accident record. 

2.4.4 Concluding Statements. 

1 .  Given accident data f i l es  in their existing form and the 
current s tate of accident causation research, i t  i s  not possible t o  
establ ish any s i  gni f i  cant 1 ink between ride vibrations and accident 



TaM--clS. Fatal Involvements as a Proportion of All 1978 
Pol ice-Reported Tractor Involvements. 

Table 16. Distribution of Tractor Involvements by Hours on Duty 
and Proportion o f  Drivers Dozing or 1 1 1 .  

1978 BMCS -- Authorized Carriers 
- - 

State 

Michigan 

Pennsylvania 

Texas 

Washington 

All 
Accidents 

1.4% 

2.9% 

2.5% 

1.9% 

Accident Type 

Percent 
Dozed for 
or I11 Each Hour 

38 0.9 
4 1 1.3 
44  1.4 
53 1.8 
4 9  1.9 
4 6  2.2 
43 2 .5  
2 6  1.9 
22  2.4 
11 3.5 

9 8.3 
22 1.5 

9 3.5 

413 1.7 

Hours on 
Duty 

1 
2 
3 
a 
5 
6 
7 
8 
9 
10 
11-12  
Not App. 
Unknown 

Total 

Single-Vehicle 

0.8% 

1.6% 

1.4% 

0.9% 

Number Percent Cum. 
Percent 

4 3 2 0  17.7 19.0 
3 2  17 13.2 33.2 
3 1 7 8  13.0 47 .1  
2 9 9 9  12.3 60 .3  
2 5 2 0  10.3 71 .4  
2 123 8.7 80.8 
1705 7.0 88.3 
1347  5.5 94 .2  

8 9 9  3 . 7  98.2 
310  1.3 99 .5  
109 0.4 100.0  

1465  6.0 -- 
255  1.0 -- 

24447  100.1 -- 

Other 

1.6% 

3.5% 

2.8% 

2.2% 



involvement. I n  those cases where the accident data f i l es  provided suffi- 
cient detai 1 t o  examine hypothesized mechanisms, the possible occurrences 
were infrequent. For other mechanisms, the exi sting data were inadequate. 

2. With regard t o  short- term effects of ride vi brati on-degraded 
vision in vibrating mirrors, reduced proficiency in control modulation, 
and loss of control due t o  severe bumps-the available data do not provide 
si gnificant evidence t o  support the hypothesi zed mechanisms relating these 
short- term vibratory effects t o  accident involvement. 

3.  Thus, the most likely connection between truck ride quality 
and accident involvement i s  the synergism between mu1 t i  - hour exposure t o  
vibration and a1 1 of the other negative aspects associated with driving 
a heavy goods vehicle. (For lack of a more objective definition of the 
manner in which drivers respond and react t o  a host of negative elements, 
both internal and external, we are forced t o  refer t o  this i 11-defined 
s ta te  as "fatigue.") 

The avai 1 able accident data indicate that extreme fatigue (fa1 1 ing 
asleep) i s  a contributing factor to a significant fraction (1-2 percent) 
of a l l  combination vehicle accidents and 2-4 percent of a l l  fatal combina- 
tion vehicle accidents. I t  i s  reasonable t o  conjecture that less extreme 
fatigue has a more pervasive influence on aspects of the driving task, 
such as vi gi lance. However, the avai 1 able data provide no means of 
identifying the contribution of ride vibrations t o  fatigue. Thus, the 
most 1 i kely hypothesis re1 ating ri  de vi bra tions and acci dent involvement 
i s  the interaction of vibration with a l l  of the other stresses associated 
with d r i v i n g  a heavy truck. The current s tate of knowledge i s  not adequate 
t o  evaluate this hypothesis. 

4. I n  general, the existing 1 i terature and the above i nterpre- 
tation of the accident data do n o t  provide evidence that the hypothesized 
mechanisms relating truck ride vibrations to accident involvement are 
important or significant. This f i  ndi ng does not necessarily imply that 
ride vibrations do not contribute significantly t o  highway safety. However, 
i f  ride vibration does contribute significantly to highway safety, i t  means 
that the mechanisms operating may be more complex than those hypothesized 
or that more detai 1 ed data and sophi s t i  cated analysi s techniques are requi red. 



3.0 THE RELATIONSHIP BETWEEN T R U C K  R I D E  VIBRATION AND HIGHWAY SAFETY : 
FINDINGS OF A CONFERENCE 

3.1 Conference Goals and Design 

From the inception of this project i t  was recognized that hard 
evidence was unlikely t o  exist by which t o  draw scientific conclusions 
on the contributions of truck ride vibrations t o  the accident record. 
The convening of a conference of knowledgeable parties was adopted, a 
priori, as an appropriate means t o  address the issue. The conference 
approach ensured that the information base from which the significance 
of the issue was t o  be evaluated was not  limited only t o  pub1 ished 
knowledge, b u t  included u n p u b l  i shed knowledge, as we1 1 as the practical 
experience accrued by those with direct involvement in the subject. The 
conference format a1 so provided means t o  develop judgments, i n  the 
absence of hard evidence, representing a consensus drawn from a broad 
range of interests. 

3.1.1 Conference Goals. The primary goals of the conference 
were the development of substantive information as t o  the significance 
of truck vibration, f i rs t ly  t o  safety and secondly t o  driver's health. 
Inasmuch as the resul t s  would necessarily rely on judgments, experience, 
and even intuition, more specific goals were established as follows: 

1 )  To achieve as much clarity and consensus as i s  feasible 
concerning the causal 1 i nkages between ride vibration and the accident 
record by ( a )  critique of the accuracy and adequacy of the State-of- 
Knowledge Review and ( b )  the development of "truth" statements from the 
conference participants. 

2 )  To obtain measures of the perceived importance of truck 
vibration t o  safety and health from the collective group. 

3 )  To develop recommendations for courses of action seen as 
appropriate by the group. 



3.1.2 Selection of Participants. The goals of the conference 
dictated the assembly of a spectrum of participants who possess differ- 
ent perspectives on the issues involved. Accordingly , the question of 
who should participate resolved t o  the question of which cons ti tuencies 
should be represented, For the purposes of this conference, i t  was 
concluded that the following groups should be represented: 

a )  the truck driver, 

b )  the trucking i ndus t ry ,  

c )  the manufacturer of trucks and truck components, and 

d )  the highway communi ty .  

Within each category, the specific choice of individuals must appro- 
priately cover the spectrum from those with direct experience in the 
industry, t o  those with a scientif ic  background in the area. As an 
example, the truck driver 's interest was seen as needing representation 
from the level of an experienced truck driver, t o  researchers and 

scientists concerned with the effects of vibration on man as would affect 
driving performance. In the las t  category, i t  should be noted that 
federal government staff representi ng the sponsors of the conference also 
attended, both as parti ci pants and observers. 

Wi t h  the cons t i  tuencies thus defined, 30 prospective conferees 
agreed to participate in the conference, of which 26 attended. ( A  l i s t  
of conference attendees w i  11 be found in Appendix A .  ) 

3.1 .3 Conference Design. I n  proceedi ng to devel op a "Conference 
Plan" (as defined and required by Task A of the work statement), HSRI 
staff quickly concluded that the objective of developing a consensus was 
n o t  likely t o  be realized unless the structure and format of the meeting 
were speci f i  cal ly designed so as t o  faci 1 i ta te  conferral and generate a 
dynamism in the discussions and interactions occurring between the 
various conferees. To this end, the assistance of Dr. R .  Lippett and 

associates was obtained t o  help i n  the design and conduct of the 
conference. 



Aside from the general considerations required for procedural 
matters , the conference was desi gned around a three-s tep process, 
characterized as follows: 

Education - Prior t o  the conference, a state of the 
knowledge document addressi ng the relationship of truck 
ride vibration to highway safety was prepared and sent 
t o  each participant. The document attempted t o  provide 
background information and a basic structure t o  the links 
between v i  brati on and safety , hypothesi zi ng what 1 i nks 
migh t  exist in order t o  provoke though t  and discussion. 
Additionally, a t  the outset of the conference the parti- 
ci pants were exposed t o  the various viewpoints on the 
issue by hearing informal discussion from principals 
representing the historical perspective, as we1 1 as t h a t  

of the interest groups involved. 

Assessment - With this background in a1 1 the various 
aspects. of the issue, the participants were given brief 
presentations on the pub1 is hed techni cal know1 edge 
relevant t o  each link in the connection between vi bra- 

t i on  and safety. Then, in a setting of groups comprised 
of persons from each of the special interest areas, the 
participants were asked t o  assess what was known and no t  
known a b o u t  t h a t  aspect o f  the issue. 

Products - I n  the latter portion of the conference, the 
participants were chal lenged t o  apply their worki ng 

knowledge, judgment, and opinion or i ntui t i  o n ,  based on 
their confrontation with the issue, t o  provide products 
desired from the conference. These products include an 
appraisal of what is known and not known relative t o  the 
issue , i ncl udi ng thei r consensus on these "truths. " The 
second product was their judgment as t o  the importance of 
vibration among the many factors which bear on the safety 



of the highway/vehicle/dri ver system. And finally , the 
participants were asked t o  propose courses of action appro- 
pri ate to  each consti tuency as suggested from their 
consideration of the issues. 

To faci 1 i tate the above-defi ned process, a conference spanning 
three days (viz., a Sunday-evening session, a full day on Monday, and 

a three-quarter day on Tuesday) was held. (An outline of the conference 
schedule wi 11 be found in Appendix A. ) Given the desire for maximizing 
the opportunities for dialogue, the conferees were divided into small 
working groups in order t o  facilitate group interaction and discussion. 
A t  the beginning of the conference, the groups were comprised of a 
heterogeneous mixture of the cons ti tuencies t h a t  were present. This 
arrangement served a dual purpose. First, i t  provided for a variety of 
points of view and backgrounds being brought t o  bear as attendees sought 
t o  generate accep tab1 e general i zati ons (truth statements ) from the know- 
1 edge and "facts" that were presented. Second, i t provi ded opportuni ties 
for parti ci pants t o  have their hori zons broadened, si nce the di scussi on 
a t  each table reflected a wide variation in professional responsibilities 
and technical discipl i nes . 

On Tuesday, however, the working groups were homogeneous in their 
make up  (see Appendix A for a 1 isting of the heterogeneous and homo- 
geneous groupings used in the course of the conference). This 1 at ter 
seati ng arrangement permi tted participants w h o  had simi lar backgrounds and 

vested interests t o  f i  1 ter the statements generated by the various 
heterogeneous groups (on the previous day) through their own special 
concerns. In this manner, any concern that a particular cons t i  tuency did 
n o t  get an adequate hearing was greatly m i  ti gated. The recommendations 
for courses of action were generated by homogeneous groups i n  the 
expectation t h a t  each group would best identify the individual con- 
s ti tuenci es t o  be charged wi t h  t h a t  respons i bi 1 i t y  . The development of 
consensus proceeded i n three s tages-fi r s t  , wi t h i  n heterogenous groups 
of conferees, then wi thi n homogeneous groupi ngs , and final 1y , wi t h i  n the 
conference as a whole, wherein each group interacted (in a give and take 



way) with other groups so as t o  arrive a t  truth statements, conclusions, 
and recommendations broadly acceptable t o  a1 1 present. 

Several subordinate features of the conference involved acti vi ties 
that assisted each attendee t o  appreciate that one's point of view is 
highly dependent on the background t h a t  he (or she) brings t o  a meeting 
of this kind.  For example, as indicated above, each conferee was made 
fami l ia r  with the thinking, experiences , and advocacy actions which led 
t o  the es tab1 i shment of the truck ride/safety project wi thin the Federal 
Highway Administration by having an informal interview session (on 
Sunday eveni ng) w i t h  the then FHWA Associate Admi n i  s trator for Safety , who 

had a key involvement in the establishment of the project. I n  addition, 
conferees were exposed, via informal interviews on Monday, t o  the views 
held by their peers on the overall nature of the truck safety problem and 

on the extent t o  which the truck accident record is influenced by factors 
other t h a n  truck ride quality. Exposure t o  this latter set of views was 
accomplished by means of an Opinion Survey (see Appendix A )  which required 
t h a t  each conferee render a judgement on the relative contribution of 
various driver/vehi cle/roadway factors t o  the accident record, prel imi nary 
t o  rendering a judgment as t o  the relative importance of truck vibration 
as a mechanism 1 eading t o  traffic accidents. By feeding the results of 
this survey back t o  the conferees as soon as the d a t a  could be processed, 
the conferees obtained feedback on how their views compared with those 
of their peers and also gained insight on the extent t o  which different 
cons t i  tuencies saw the world somewhat di fferently . 

3 . 2  Conference Products 

The products of the conference are compiled here i n  terms of 
three types of resul ts-the findings of an Opinion Survey, a set of 
"truth statements ," and a set  of recomendati ons . (The interpretations 
drawn from these products are contained in Section 4.0. ) Each of these 
products serves t o  register the individual and collective views of the 
conferees on the significance and character of the truck ride problem. 
To the maximum extent possible, the presented material accurately reflects 
the specific statements and recommendations actual ly  made by conference 



participants. The authors have exercised an  edi t i  ng role t o  add t o  the 
clarity of the statements where deemed appropriate. I n  the editing 
function, the authors have tried t o  be guided by the context of the dis- 
cussion and debate which ensued during the progress of the conference 
i tsel f .  

3.2.1 Opinion Survey 

Part One - Ranking of Accident Factors 

On the f i r s t  evening, the conferees were given an Opinion Survey 
form (see Appendix A )  t o  f i l l  o u t  prior to convening the opening session. 
As indicated earl ier ,  the purpose of the Survey was to provide some scale 
of comparable issues against which t o  measure the significance of the 
vibration/safety issue. The Survey required the conferee to rank three 
sets of factors which were selected as having some potential connection 
with the accident involvement of heavy trucks. The factors were organized 
i nto the fol lowing sets : 

-Vehicle Factors 

-Highway Factors 

-Truck Driver Factors 

Each se t  consisted of eight factors, often identified as having a 
potential relevance t o  highway safety. The participants were i ns tructed 
t o  rank the eight factors to reflect  their view of the relative impor- 
tance of each as contributors t o  truck accidents. The instruction sheet 
acknowledged that the participants may have had 1 i t t l e  i nformation or 
experience from which to draw their ranking choices.* The specific ranking 

*It should be noted that some of the participants objected to 
col lection and use of the data in both Parts One and Two of this Opinion 
Survey on the basis that they had no expertise or other information from 
which t o  make judgments. Others were concerned that data existed by which 
to establish factual answers t o  the questions asked on the survey, in 
which case they were not matters of opinion a t  a1 1. In general, the 
necessary information does not exist,  hence opinions are a11 that are 
avai lable. 

The authors appreciated those concerns, however, under the 
circumstances i t  was f e l t  that this was the most appropriate way t o  



was n o t  of direct importance. Rather, i t  was acquired t o  serve as a 

relative scale, prior t o  any discussions of vibration, against which t o  
rank the significance of vibration. These in i t ia l  l i s t s  did not include 
any ride-vibration-related factors. I n  a subsequent ranking activity on 
the second day of the conference, the conferees received their f i r s t  
ranking forms back and were asked t o  place ride-related factors relative 
t o  the other factors which had been previously ranked. 

The results of this exercise are presented in Figures 29, 30, and 

31. Note that each figure shows the average rank order of each factor 
as established by the conferees within each of the three above-mentioned 
sets .  Although individual rankings could range from one t o  eight, the 
averaged results typical l y  range from 2 t o  approximately 6.5. 

I n  the Vehicle Factors se t  (Fig. 2 9 ) ,  the averaged rankings 
reported by the overall group (on the right side of the figure) range 
from 2.8 to 6.5,  with "Poor Maintenance" and "Poor Truck Conspicui ty"  

defining the most and least important factors, respectively. The other 
six Vehicle Factors have rank values which cover a narrow range, b u t  

which are rather distinctly separated from the f i r s t -  and last-ranked 
i terns. The narrow grouping i s  general ly  indicative of disagreement among 
the conferees as to the order of priority for these factors. ( A  random 
ranking would place each factor a t  a value of 4.5.)  A t  the l e f t  side of 
the figure, the rankings of a factor labeled "Rough Ride Vibrations" are 
shown as determined by each of the four groups into which the conferees 
were divided on Tuesday, namely, 

-Driver Group (including those involved in research on 
human tolerance t o  vibration, and others concerned wi t h  

the health and safety of truck drivers) 

measure judgments. I n  Part One, the eight-i tern scales were obtained only 
for the purpose of determining whether ri  de-related factors were con- 
sidered t o  be of more-, equal-, or less-importance than other common 
safety issues; and the authors have tried t o  portray the results only i n  
that light. Part Two was an attempt t o  measure judgments as t o  where 
vi bration-re1 ated factors have their most impact on highway transporta- 
tion, agai n using the results with a sensitivity t o  their meaning. The 
authors apologize t o  any of the participants who feel that the attempts 
t o  measure judgments were inappropriate to the conference. 



As Voted by the 

Whole Grouo: 

-%or Maintenance 
3 -  

i 
T 

Poor Inherent Brakinq Performance 
/ 

d Tire Blowout I /  4+ 
I , Pax Roll Stability 

As Voted by k o s  Excessive or Pwrly Distributed Load 

Rcoresen tinpl I - Pwr Tre Traction 

- Poor Steering Contml 

r ortvm - 6 I 
Ro h Ride M m f a O u r i q ~  - - 4- AVE @ - 
Vibrutians Pcor Truck Cons~icuity 

Hiqhway 

Trucking / 

Figure 29. Rank order of vehicle factors, in terms of their relative 
importance as con tri butors t o  truck accidents . 



-Manufacturi ng ( i  ncludi ng those employed by motor vehicle, 
trai 1 er ,  and vehicle component manufacturing organi zati ons 
or thei r trade associ a t i  ons ) 

-Highway (including those involved in highway engineering 
and research) 

-Trucking (including those involved in motor freight opera- 
tions, motor carrier safety regulation, and trucking trade 
associations ) 

The average ranking obtained for "Rough Ride Vibrations" as a contributing 
factor t o  accidents i s  6.5,  a ranking approximately equal t o  that given 
t o  "Poor Truck Conspicui ty," which fa l l s  a t  the bottom of the in i t i a l  
ranking l i s t .  Given t h a t  the standard deviation of the rankings for the 
rough ride factor i s  1.6,  the specific differences obtained i n  the rank- 
i n g ~  given by the four interest groups i s  no t  of great significance, b u t  

i s  indicative of general agreement that rough ride vibrations are of low 
priority among - truck factors contributing to accidents. 

Figure 30 shows the rank order given to Highway Factors as 
potential contributors t o  truck accidents. On the right side are the 
factors which were ranked before the s t a r t  of the conference, showing 
"Slippery Pavement" as the distinctly first-ranked item, followed by 

"Poor Interchange Design" and "Inadequate Bank on Curves." The very t ight  
grouping of the five remaining factors i n  a virtual l a s t  place i s  indica- 
t i  ve of l i t t l e  agreement among the participants as t o  their order of 
importance. A t  the l e f t  of the figure are shown the rankings given by 

the four respective interest groups to the highway factor "Distributed 
and Locali zed Roughness." In this instance, the pavement roughness factor 
has been given an average rank of 5.1-3 value that places i t  i n  the 
vicinity of the five closely grouped factors as ranked in i t ia l  1y by a1 1 

of the conferees. The standard deviation of the ranking given t o  the 
highway roughness factor is 2.1 , again i ndi cati ng that the spread in 
ranki ngs yielded by the fou r  interest groups i s  of marginal significance. 

I n  Figure 31, the ranking of Truck Driver Factors i s  presented. 
The resul t s  show that the conferees viewed "Aggressive Driving Tactics" 
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as a decidedly important factor, with a fairly broad distinction of 
rankings obtained for the other seven factors, ranging from 3 . 5  t o  6.2.  

On the le f t  side are shown the ranki ngs given by each interest group t o  
the factor 1 abeled "Performance Degraded by Vibration. " A1 though a 
larger spread in the rankings given t o  this ride-related factor by the 
four interest groups i s  evident, the average ranking again appears a t  the 
bottom of the scale as developed in the initial ranking exercise. I t  

should be noted that the standard deviation of the rankings obtained for 
the vibration factor is 1.9 .  

The ranking of ride-related factors was determined as a function 
of the respective interest groups on the supposition t h a t  the differing 
groups possessed differing 1 evels of i nformation or experience in each of 
the subject areas, viz., vehicle, highway, and driver factors. For 
example, i t  might be assumed t h a t  the vehicle manufacturers and trucking 
organizations would have a stronger basis upon which t o  rate the impor- 
tance of ride vibrations among vehicle factors because of their direct 
involvement in vehicle design and usage, Following this line of reason- 
i n g ,  we observe that: 

1 ) Individuals in the manufacturi ng and trucki ng groups 
placed the truck factor, "Rough Ride Vi brat-ions ," 
lower in rank t h a n  the average ranking produced by 

the enti re group of conferees, 

2 )  The highway group ranked the highway factor, "Distributed 
and Local ired Roughness ," slightly, b u t  insignificantly, 
higher t h a n  the average ranking. 

The dri ver-ori en ted group pl aced the driver factor, "Per- 
formance Degraded by Vibration," significantly above the 
average ranking established by the conferees a t  large. 
Given the number of i ndi vi duals i n the dri ver-ori ented 
group, as we1 1 as the overall group, we can be 80 percent 
confident t h a t  the mean val ue of the dri ver-ori ented 
group's ranking would be above the overall mean should a 
1 arger data sample be taken (assumi ng normal distribution). 



Whereas this observation may be statistical l y  satisfying , 
the net outcome appears t o  be t h a t  a1 1 of the i nterest 
groups have placed this vibration-re1 ated driver factor 
near the bottom of the overall rankings, with the driver- 
oriented group giving a somewhat higher importance t o  
the dri ver factor. 

Part Two - Numerical Estimates 

Following this establishment of the relative importance of vi bra- 
t i o n  as a contributor t o  the accident record, a second part of the Opinion 
Survey was administered t o  obtain some absolute readings. Specifical ly , 
questions were posed asking for a numerical estimate of the involvement 
of vi brati on-re1 ated factors in the causation of: 

1 ) accidents, 

2 )  driver health problems, 

3 )  freight damage, and 

4 )  component wear and degradation. 

The f i r s t  two factors were of primary interest, the last  two being 
included simply t o  provide a supplementary measure for evaluating the 
res u l  ts . 

A t  the time Part Two was administered, the conferees had heard 
and discussed the evidence 1 inking vibration t o  safety, with secondary 
considerations of heal t h .  The Survey now asked for thei r considered 
judgment based on the weighing of t h a t  information. 

I n  response t o  each question, the conferees were asked t o  check 
one of the seven boxes (as shown below) t o  indicate his estimate (or 
guess) of the likely involvement of a vi bration-related factor. Shown 

in Figures 32 through 35 are the resul t s  as complied for the four interest 
groups, as we11 as for the conferees a t  large. Figure 32 illustrates 
the percentage of truck accidents estimated by the conferees as being 
significantly contributed t o  by the fact that the involved trucks exhibited 
strong ride vi brations . The overall , and the i ndi vi dual i nterest group, 
estimates were in the vicinity of 1 t o  2 percent. 



F'igure 32. Opinion Survey results for truck accident relationship 
ride vibration. 
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Figure 33. Opinion Survey resul ts for driver heal t h  relationshi p t o  
ride vibration. 



What fraction of the total freight damaqe experienced during 
the cartage of goods by motor truck is caused by mechanical 
vibration while the vehicle i s  underway? (As opposed to being 
caused, for example, by mishandling a t  the dock, improper 
blocking of the load, water damage, etc.) 
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Figure 34. Opinion Survey results for freight damage relationship t o  
truck vibration. 
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Figure 35. Opinion Survey results for wear and deterioration relation- 
ship t o  truck vibration. 
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In estimating the likely contribution of ride vibration t o  the 
health problems suffered by career truck drivers, the conferees produced 
the results shown in Figure 33. More scatter exists in the values 
registered, wi t h  the average percentage fracti on bei ng 4.6 percent. 

I n  Figure 34, the estimates of the contri bu tion of ri de vi bra- 
tion t o  the incidence of freight damage during the cartage of goods is  
shown. One conferee pointed o u t ,  during verbal discussion of these 
results, that only trucking organizations would be 1i kely t o  have any 

di rect experience with the freight damage problem. Accordingly, he 
suggested t h a t  i t  is significant that the "Trucking" group entered an 
estimate which was markedly lower t h a n  those entered by a1 1 other groups. 
( I t  should also be stated t h a t  50 percent of the conferees elected not t o  
enter an estimate for "freight damage. " ) 

In Figure 35, we see tha t  the conferees a t  large estimated t h a t  
7 . 3  percent of the wear and deterioration of truck components can be 
attri buted t o  the mechani cal vi brati on i nduced by road roughness. Agai n , 
i t  i s  noted t h a t  the driver-oriented group, which probably possesses the 
minimum basis for making such an estimate, placed this factor a t  15 per- 
cent, whi 1 e the rnanufacturi ng group (presumably having the greatest basis 
for making an estimate of this influence) produced an estimate of approxi- 
mately 4 percent. 

3.2.2 Compiled Truth Statements. A major o u t p u t  of the confer- 
ence consists of " truth statements" ref1 ecti ng the participants ' views 
of the most significant facts or judgments which describe the current 
state of affairs w i t h  regard t o  truck ride and traffic safety. Certain 
of these statements address the focal issue ( i  .e., ride versus safety) 
of the conference. Other statements speak t o  the state of the sciences 



and the  technologies which, l i m i t e d  though they may be, form the  basis 

f o r  determining the f a c t u a l  re1 a t ions  h i p  between r i d e  and sa fe ty .  

Presented below are the  f i n a l  versions of the " t r u t h  statements" 

which were produced by the  conferees. The statements were developed i n  

the fo l l ow ing  manner: 

a) On the  second day o f  the  conference, each o f  the  

heterogeneous groups compi 1 ed statements o f  t r u t h  

subsequent t o  hear ing b r i e f  presentat ions on the 

s t a t e  o f  knowledge i n  each sub jec t  area. 

b )  The conference s ta f f  ed i ted  and combined these s ta te-  

ments i n t o  a s e t  which was reproduced and d i s t r i b u t e d  

fo r  cons idera t ion  by the  homogeneous groupings on the 

t h i r d  day. 

c )  Each homogeneous group went through t h i s  combined s e t  

o f  statements and se lec ted  those which, w i t h  perhaps 

some mod i f i ca t i on ,  represented the  po in t s  which they 

most wanted t o  present t o  the conferees a t  l a r g e  i n  

seeking a consensus endorsement. Each group presented 

one statement f o r  cons idera t ion  and v o t i n g  by the 

conferees a t  la rge .  As each statement was presented, 

suggestions were en ter ta ined from o ther  p a r t i c i p a n t s  

fo r  poss ib le  mod i f i ca t ion  of the  statement. A f te r  a11 

suggested modi f i ca ti ons had been cons i dered by the  

group whi ch o r i  g i  na l  l y  offered the statement, votes were 

taken t o  determine (1)  the number o f  p a r t i c i p a n t s  who 

agreed and disagreed w i t h  the  (as-modi f i e d )  statement 

and ( 2 )  the number of conferees who f e l t  t h a t  the  

statement was important  t o  the issue. 

d) Step ( c )  , above, was repeated i n  the t ime avai 1 able 

u n t i l  each i n t e r e s t  group had the  oppor tun i ty  o f  pre- 

sent ing  a t  l e a s t  three statements fo r  cons idera t ion  by 



the conferees a t  large. I n  a few cases, a specific 
interest group opted t o  produce a completely new truth 
statement and offer i t  for voting by the conferees a t  
large. 

Preceding each truth statement ( 1  isted by the group of origin) 
i s  the vote tally which regi steres the degree of AGREEMENT or DIS- 
AGREEMENT and the degree of IMPORTANCE assigned by the conferees t o  each 
statement. I t  should be noted that a t  the beginning of this session, 
25 parti ci pants remai ned in attendance. As the session proceeded, however, 
certain persons were being pressed by their travel schedules such tha t  

only 21 persons remained a t  the time of the las t  vote-taking. 

Truth Statements Submitted by the Driver-Oriented Group 

1 )  (Agreement: 22 yes, 0 no; Important: 15  yes, 1 no) 

IS0 (International Organization for Standardization) Standard 
Number 2631 is the most widely recognized guide for evaluating 
human response t o  vibration, b u t  the application of this 
standard t o  the truck ride process may require that the 
boundaries in the standard be adjusted in the light of real 
da ta  for the truck driving envi ronment. 

(Agreement: 23 yes, 0 no; Important: 8 yes, 0 no) 

If morbi di t y  is associated wi t h  1 ong- term vibration expo- 
sure or if chronic diseases are present in the truck driver 
through other causes, the afflicted state of the driver may 
reduce driving effectiveness as a result of discomfort, 
stress, fatigue, and distraction. 

3 )  (Agreement: 74 yes, 3 no; Important: 11 yes, 0 no) 

Vibration may increase fatigue, and as a result of dimin- 
i shed vi gi 1 ance and a1 ertness , cause del ayed or i nappropri ate 
responses to emergency situations ; a1 though i t  must be noted 
t h a t  prior t o  fatigue, vibration may increase vigilance and 

a1 ertness . 



4) (Agreement: 18 yes, 0 no; Important: 8 yes, 5 no) 

Large amp1 i tude momentary vi brati ons may jar the dri very 
who is n o t  adequately restrained by a seat be1 t ,  from his 
seat and therefore from a position of control. 

5 (Agreement: 17 yes, 4 no; Important: 5 yes, 1 no) 

Severe vibration may decrease the dri ver' s abi 1 i t y  t o  
manipulate or modulate the steering, braking, and throttle 
control s i n an emergency maneuver. 

6) (Agreement: 5 yes, 14 no; Important: 2 yes, 14 no) 

Loss of visual acuity incident t o  mirror vibrations would 

increase the time requi red t o  assimi 1 ate rear vision i nfor- 
mation ( a  distraction from forward vision tasks) with the 
possi bi 1 i ty  for increasing errors in passing and mergi ng 

maneuvers. 

Truth Statements Submitted by the Vehicle Manufacturing Group 

1 )  (Agreement: 18 yes, 1 no; Important: 14 yes, 0 no) 

The state of the ar t  in truck design exists t o  make 1 ine- 
haul trucks "comfortable" on a road surface having a PSI 

rating of 3.0 or better. (Ed. Note: The designation "PSI"  

stands for a rating of pavement roughness level called 
"Present Serviceability Index." An index number of 3.0 per- 
tains t o  road surfaces which are in fa i r  condition, on the 
verge of needi ng resurfaci ng . ) 

2 )  (Agreement: 25 yes, 0 no; Important: 20 yes, 0 no) 

There is currently no bank of data available documenting 
the typical ride vibrations of trucks for real periods of 
exposure and for yearly driving patterns. 



3 (Agreement: 23 yes, 0 no; Important: 19 yes, 0 no) 

Any investigations into the re1 ati ons hi p between truck ride 
vibrations and accident i nvol vement nus t consider inter- 
actions bebeen vibration and the other factors contributing 
t o  fatigue. 

Truth Statements Submitted by the Truckinq Group 

1 ) (Agreement: 25 yes, 0 no; Important: 25 yes, 0 no) 

Current accident data are not sufficient t o  establish any 

significant link between ride vibrations and accident 
involvement. 

2 )  (Agreement: 23 yes, 0 no; Important: 20 yes, 0 no) 

There i s  insufficient evidence t h a t  vi brati on-i nduced fatigue 
is a significant factor in truck accidents. 

Truth Statements Submi tted by the Highway Group 

1 )  (Agreement: 25 yes, 0 no; Important: 19 yes, 0 no) 

We are able, with current methods, t o  reasonably charac- 
terize pavement roughness as experienced by trucks except 
for two special pavement features, namely: 

a )  Periodic roughness such as excites truck 
resonances 

b )  Local , severe bumps and pot-holes 

2 )  (Agreement: 25 yes, 0 no; Important: 23 yes, 0 no) 

With data showing a significant sensi tivi ty  of truck vi bra- 
tions t o  road roughness, future deterioration of pavements, 
if uncorrected, i s  expected t o  i ncrease the vibration 
exposure of truck drivers . 



(Agreement: 8 yes, 0 no; Important: 8 yes, 1 no) 

Limited data, currently available, show that a truck 
driver spends a significant portion of his time driving 
with vibration levels that exceed the unadjusted IS0 
four-hour criterion. (Ed. Note: The IS0 criterion in 
question i s  presented i n  Figures 27 and 28. ) 

Although the exercise t h a t  produced the above statements served 
t o  establish the degree t o  which the conferees agreed on most points which 
had been raised during the conference, time was n o t  available t o  present 
and vote upon a1 1 of the truth statements which had been generated. Listed 
below are three statements which were included in the s e t  of statements 
considered by the homogeneous groups and which were recorded on their 
worksheets as meriting rather broad endorsement: 

1 ) The shape of the IS0 weighting curves ( i  .e. , plotting 
RMS acceleration level versus frequency) is  a reason- 
able way of assessing the relative importance of various 
parts of the vibration spectrum. 

2 )  There are no applicable data for evaluating the response 
of humans t o  short transient excitations such as experi- 
enced by the drivers of trucks encountering potholes and 
the like. 

3 )  There i s  no standard practice for measuring the ride 
vibrations app l  ied t o  truck dri vers . 

Other statements were considered by the homogeneous groups, b u t  were 
either discarded as having low importance or were seen as lacking a suffi- 
ci ent consensus within the homogeneous group and thus were not submitted 
for the voting process. 

A third se t  of truth statements which deserves mention includes 
those statements which were produced by the heterogeneous groupings after  
listening t o  the s ta te  of knowledge presentations made on the second day 
of the conference. As already noted, the conference staff drew from these 
statements i n  compiling l i s t s  of statements for consideration by the 



homogeneous groups on the third day. Some of these "statements," however, 
received a strong b u t  not unanimous level of support from their source 
group, such t h a t  they were not included in the compiled set. On observing 
t h a t  some of these "orphaned" statements had been the subject of a con- 
siderable degree of discussion, they are seen as being worthy of inclusion 
here. Accordingly, the following statements should be seen as having been 
the subjects of substantial amounts of discussion, albeit with some degree 
of controversy or lack of general agreement: 

1 )  The phenomenon of "fatigue" is not well understood. 

2 )  The truck driver's problem w i t h  respect t o  safety 
i nvol ves vi gi 1 ance more than motor-sensory ski 11 s such 
as vision and control. Therefore, i f  vibration is 
important t o  truck safety, the effect of vibration on 
vi gi 1 ance is  the nos t important mechanism of concern. 

3 )  Truck vibrations tend t o  increase muscle tension which 
init ially increases alertness and vigilance, b u t  

eventually causes fatigue insofar as i t  constitutes a 
form of mild exercise. 

4 )  Interspersed road sections havi ng ex tended lengths of 
rough pavement followed by quite smooth sections may 
pose a peculiar safety problem. (Ed.  Note: The scenario 
under consideration in this statement i nvolves a truck 
driver sus tai ni ng the v i  gi 1 ance-enhanci ng effect of a 
rather rough roadway, who then comes o n t o  a quite smooth 
section of roadway. The stimulus which is provided by 

the muscle action and exercise associated with the harsh 
vibration exposure will essential 1y be absent on the 
smooth roadway. As the driver then relaxes, i t  may be 
t h a t  he becomes especially prone t o  accident threats due 
t o  inattentiveness a n d ,  perhaps, a state of drowsiness. ) 

5 )  Contrary t o  evidence existing in the 1 i terature regarding 
vibration and stress, drivers report significant "stress" 
and attitude changes due t o  rough roads and bumps. 



6 )  Life-style factors typifying truck drivers may be more 
important causes of health problems (of a1 1 kinds) than 
i s  vibration. 

7 )  I t  i s  erroneous to assume that "cab-over" style road 
tractors exhibit a ride vibration level that i s  more 
severe than that exhibited by "conventional" sty1 e 
tractors. 

8) The amount of time and funding required t o  obtain defini- 
t ive accident data serving t o  i 11 ustrate the re1 ationshi p 

between truck ride vibrations and safety i s  prohi b i  tive. 

3 . 2 . 3  Conference Recommendations . In addi t i  on t o  considering 
and voting upon truth statements , each speci a1 interest group submitted 
recommendations t o  the conferees a t  large, which were then voted upon. 
This exercise constituted the final activity of the conference. Since time 
was limited a t  this juncture, there was somewhat less discussion of possible 
modifications t o  each proposed recommendation statement. Accordingly, the 
number of votes in agreement w i t h  the statements were, in certain cases, 
relatively low-presumably due, in part, to differences in wordi ng whi ch 
may have been minor. The results of this exercise are l is ted below. Note 
that the recommendations are listed i n  terms of the interest  group which 
originated the recommendation. Vote ta l l  ies are also shown. 

Recommendations Made by the Dri ver-Ori en ted Group 

1 )  In i t ia te  research on driver performance and stress effects 
of the truck driving environment in the following areas : 
(Ed. Note: Each of the lettered sub-recommendati ons was 
voted upon separately as cited. ) 

a )  (Agreement: 18 yes, 0 no) ', 

Potential i ncrease i n fatigue , tendency toward drowsi ness , 
etc.,  due t o  various factors specific t o  the truck d r i v i n g  

occupation (e.g. , vibration, noise, monotony, schedule 
demands, etc. ) . 



b )  (Agreement: 21 yes, 0 no) 

Effects of transients on  immediate driving performance. 

c)  (Agreement: 15 yes, 0 no) 

Possible long-term health effects. 

d )  (Agreement: 18 yes, 0 no) 

Possible effects of fatigue, monotony, desynchroni zation 
( i  .e., frequent shifting of normal day/night sleep periods), 
on truck driving habi ts . 

e)  (Agreement: 5 yes, 0 no) 

Detection of distant objects under conditions of severe 
vibration. 

(Agreement: 13 yes, 0 no) 

IS0 (International Organization for Standardi zati o n )  and 

ANSI (American National Standards Ins ti tute) wri ti ng groups 
should be encouraged t o  work on amendments t o  IS0 2631 and/or 
ANSI S3.18-1979 for the appl icati on of these documents to  
the evaluation of truck driver vibration environments. 
Vibration exposure doses of truck drivers should be collected 
according t o  the ci ted standards for comparison wi t h  human 
response data .  Hi gh-amp1 i tude, short-duration, single- 
acceleration transients should receive further consideration 
i n the eval uati on procedure. 

(Agreement: 10 yes, 0 no) 

Avai lable qua1 i t y  truck vibration data should be analyzed 
with respect t o  improvement of correlations between v i  bra- 
t i  on exposure and subjective ride measures and/or avai lable 
(e.g. , ISO) guide1 ines. Such truck vibration data should 
conti nue t o  be col lected. 



(Agreement: 17 yes, 0 no) 

An experimental program u t i  1 i z i n g  a d r i v i n g  s imu la tor  should 

be i n i t i a t e d  t o  study connections between t ruck  r i d e  v i  bra- 

t i o n s  , d r i v e r  performance, f a t i gue ,  and sa fe ty  fac to rs .  

Recomnda ti ons Made by the Manufacturi ng Group 

1 )  (Agreement: 17 yes, 0 no) 

Typical  r i d e  v i b r a t i o n  data should be gathered which i s  charac- 

t e r i s  t i c  of r e a l  periods of exposure and y e a r l y  pa t te rns  as 

experienced by t ruck  d r i v e r s  . 

(Agreement: 22 yes, 0 no) 

Research should be conducted t o  determine' the i n t e r a c t i o n  

between t r u c k  r i d e  v i b r a t i o n s  and the o ther  confounding 

fac tors  t h a t  may i n f 1  uence d r i v e r  performance. 

(Agreement: 14 yes, 0 no) 

The Federal Highway Admin is t ra t ion  should, through research 

and development, improve the techno1 ogy needed t o  i ncrease 

highway l i f e  expectancy and smoothness and t o  reduce those 

v i b r a t i o n s  which are  i n p u t  a t  the  frequencies f a l l i n g  i n  the 

normal d r i v i n g  range. 

Recommendations Made by the  Trucking Group 

Pending the development of a convinc ing body o f  data showing 

the ex is tence o r  absence of a p o s i t i v e  1 i n k  between v i b r a t i o n  

and highway safety, i t  i s  recormended tha t :  

a) (Agreement: 17 yes, 0 no) 

Research on t ruck  r i d e  qua1 i t y  be encouraged w i t h i n  the 

p r i v a t e  sec tor  (Society  o f  Automotive Engi neers , manu- 

facturers,  etc.  ) . 



b) (Agreement: 17 yes, 0 no) 

There be cont inued research i nto  the 1 ong- term heal t h  

e f f e c t s  o f  t ruck  d r i v i n g .  

c )  (Agreement: 21 yes, 0 no) 

Roads be improved and repa i red  as exped i t ious ly  as 

possib le.  

d) (Agreement: 21 yes, 0 no) 

Simulator techni ques should be developed t o  permi t 

systematic i n v e s t i g a t i o n  of the  var ious s t i m u l  i i n f l  u- 

encing d r i v e r  performance. 

Recommendati ons Made by the H i  qhway Group 

1) (Agreement: 21 yes, 0 no) 

The adverse e f f e c t s  o f  road roughness on veh ic le  r i d e ,  pave- 

ment l i f e ,  and highway sa fe ty  should be assessed. 

(Agreement: 4 yes, 15 no) 

Technology should be imp1 emented permi t t i n g  t rucks  t o  be 

designed so t h a t  d r i v e r s  a re  i s o l a t e d  from v i b r a t i o n s  which 

a f f e c t  t h e i r  a b i l i t y  t o  con t ro l  t he  vehic le.  



4.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The relationship between truck ride vibration and safety as 
explored by ( a )  an examination of the literature, ( b )  the conduct of addi- 
tional truck ride measurements, and (c )  the convening of a conference of 
knowledgeable people involves many diverse aspects. In order t o  render 
t h a t  extensive and detailed information more easy t o  assimi late, the find- 
ings from this exercise are summarized below in the context of what may be 
concluded and what likely courses of action would be endorsed by those with 
a knowledge of the issue. 

4.1 Summary and Conclusions 

Though the actual data characteri zi ng the long- tern vi bration 
exposure of truck drivers are limited in scope, those data which are avai 1- 

able give evidence t h a t  significant portions of the time spent driving 
trucks involves exposure t o  vibrations w h i  ch , dependi ng on the road surface, 
approach the ISO/ANS I three-hour Fati gue-Decreased Prof i ci ency Boundary. 
Whether or not this finding is significant t o  issues of traffic safety or 
driver health is  a debatable matter. The IS0 "FDP" criteria do not  con- 
s t i tute  a universal "standard" i n  the sense of a n  absolute scale and thus 
require a special effort in their application t o  the subject of truck ride 
vibrations. To do so, the technical community sees the need for b o t h  more 
detai 1 ed data describing the continuous exposure of drivers over days and 

weeks and the opportunity t o  apply the knowledge. Therefore, i t  must be 
concluded t h a t  the technical community involved in the influence of vibra- 
tions on humans does no t  currently have a basis to provide a direct 
assessment of the significance of truck ride vibration as i t  may affect an 
individual's performance as the driver of a truck, or as i t  may affect his 
heal t h .  

The conferees who represented the human vibration field of 
research ( i  . e. , the Dri ver-Ori ented Group) did, however, register thei r 
personal "hunches" or suspicions in response t o  the Opinion Survey question 
regarding the re1 a t i  ve importance of di fferi  ng driver factors as 



contributors t o  accidents. This group ranked "performance degraded by 

vibration" a t  the midpoint of the scale of driver-related factors (above 
other factors ranked by the overall group, which were "stress due t o  

personal problems ," "under the influence of drugs ," "sick or physical l y  

impaired," and " anti-soci a1 a t t i  tude" ) . Likewise, the overall group es t i -  
mated that nearly five percent of the health problems of career truck drivers 
are significantly contributed t o  by the fact  that drivers are exposed to 
strong ride vi brations. Accordingly , whi 1 e the human performance experts 
involved i n  the vibration subject are rigorous in not drawing firm con- 
cl usi ons from the available data on the truck ride vibration issue, the 
overall group judgments would indicate reservations that vibration may play 
a role in five percent of career driver health problems. 

The expressions of judgment on the part of the overall group of 
conference participants shows that vibration- related factors are given the 
lowest priority among those vehicle and driver factors which are seen t o  
contribute t o  accidents, whereas i t  i s  of intermediate importance as a 
highway concern. Perhaps the one group which was most concerned about the 
likely significance of a factor which was in i t s  own area of expertise was 
the highway group. The highway experts ranked the factor "di s t r i  buted and 
localized roughness" s1 i ghtly higher than five other highway factors which 
mi g h t  contribute t o  truck accidents. What may be of greater significance, 
however, i s the concern expressed by these experts wi t h  the conti nui ng 

deterioration in the pavement quality of the nation's road system. The 
highway group chose t o  submit for endorsement by the conferees a statement 
projecting an increase in the vibration exposure of truck drivers i f  the 
deterioration in the road sys tern i s  permi tted t o  continue uncorrected. The 
statement, which accepted the data generated i n  this project relating truck 
ride vibration t o  the actual roughness condition of road surfaces, received 
unanimous agreement from the conferees. 

The pavement roughness condi ti on was given attention throughout 
the conference in terms of both the random, small amplitude, roughness of 
the surface (which accounts for much of the more-or-less continuous back- 
ground vibration which truck drivers experience) and the severe local i zed 
pavement faults which may momentarily jar the driver. While the relative 



importance of each type of roughness in the overall safety picture i s  not 
a t  a l l  understood, severe vibration as may result from localized pavement 
faults was viewed as a possible mechanism affecting safety by disturbing 
the driver's abil i ty to maintain control of the vehicle. 

Fatigue was identified as the other most likely causal linkage 
between vibration and safety. I t  was recognized that vibration exposure may 
both increase driver vigilance, on the short term, as well as diminish 
vigilance as fatigue sets in. I n  addition, i t  would appear that many of 
the other stress factors characteri s t i  c of long-haul truck driving could act, 
synergi s t i  cally , with vibration t o  influence the s ta te  of fatigue which may 
result. The question of fatigue, then, i s  seen as a very complex problem. 
This point of view was articulated in the consensus statement that read: 
"Any investigations into the relations hip between truck ride vibrations 
and accident involvement must consider interactions between vibration and 

other factors contributing to fatigue." 

The alternative route of looking t o  the accident record for evi- 
dence of a safety effect provides 1 i t t l e  i nformation. Specifi ca7 l y  , the 
accident data currently available are not sufficient t o  prove that any 
significant 1 ink between truck ride vibrations and accident involvement 
exists or does not exist. Although the data are inconclusive, they do 
provide guidance for recommending further work in this area. I n  general, 
the review of existing accident data implies that i f  ride vibrations play 
a significant role in highway safety, then the mechanisms involved are complex 
and involve interactions with other factors as in the case of fatigue. For 
the most part, the accident data were sufficient t o  reject the straight- 
forward direct 1 i nks between ri de vibration and acci dent i nvol vement , such 
as the loss of control due t o  inability t o  modulate foot controls. 

Finally , there was concern among some of the experts that driver 
morbidity could reduce the proficiency of driving ski 1 I s ,  thereby infl u-  

encing safety. I t  was generally agreed that such an effect i s  possible, 
a1 though there was no consensus that morbidi t y  i s ,  i t s e l f ,  produced by long- 
term exposure t o  truck ride vibrations. 



4.2 Recommendations 

I n  spi te  of a lack of evidence on the relationship between truck 
vibration and safety or heal t h y  nevertheless the group proffered recom- 
mendations to continue work on the subject. I n  some cases, they were 
wi 11 i ng to propose recommendations directed toward certain factions, whi l e  
in other cases, no responsible faction would be identified. The following 
recommendations are drawn from the conference with some expansion and 
i nterpretati on applied by the authors. 

1 ) The SAE should be encouraged to develop Standards and 
Recommended Practices for the measurement and analysis of truck ride 
vibration data. 

2 )  The IS0 and ANSI writing groups should be encouraged t o  work 
on amendments t o  IS0 2631 and/or ANSI S3.18-1979 for application to the 
evaluation of truck driver vibration environments , w i t h  emphasis on the 
hi gh-amp1 i tude, short-duration transient accelerations . 

3 )  Both the government and the trucking industry should be 
encouraged t o  continue research on measurement and characterization of the 
truck ride vi brati on environment, w i  t h  emphasis on characterizing the 
long- term vibration exposure of truck drivers, i ncludi ng occurrences of 
short-duration, high-level transients. 

4 )  The federal government should consider conti n u i  ng research 
i n  the following areas: 

a )  Effects of factors specific t o  the truck driving environ- 
ment (vibration, noise, schedule, etc.) on driver fatigue, 
performance, safety, and health. The experimental simu- 
1 ator method i s  specifically identified as a recommended 
means t o  study these connections. 

b )  Effects of road roughness on vehicle vibrations as may 
adversely affect ride, safety, and roadway deterioration. 

c)  Effects of vibration on the long-term health of truck 
drivers . 
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APPENDIX A 

BACKGROUND DATA RELATED TO THE CONFERENCE ENTITLED "TRUCK 
RIDE QUALITY AND HIGHWAY SAFETY-IS THERE A CONNECTION?" 

L. Segel and T.D. Gillespie 

The purpose of this appendix i s  t o  document for the record the 
"what, where, when and how" sf the conference which served as a key 
element of this project. The appendix contains four sections. The 
f i r s t  section i s  titled "Conference Logistics" and summarizes the pro- 
cess by which the conference was organized. The second section identifies 
the 26 conferees and shows how they were grouped heterogeneously and 

homogeneously for purposes of discussion. The brief schedule provided 
t o  each conferee constitutes section three, with section four being 
the "Opinion Survey" which each conferee was asked t o  complete. 

A. 1 Conference Logistics 

The subject conference was held a t  the Sheraton University I n n ,  
in Ann Arbor, Michigan, on January 24, 25, and 26,  1982. The meeting 
culminated a sequence of steps re1 ated t o  i t s  initial conceptual ization, 
planning, and organization. 

As indicated i n  the body of this report, the decision t o  ho ld  a 
conference as a means of developing a desired body of conclusions and 

~ecomendations was made init ially by FHWA staff. HSRI, on the other 
hand, was given the task of organizing the conference. In taking on this 
responsibility, i t  was agreed that HSRI would develop and submit (for 
approval ) a conference plan presenting: 

a )  a proposed conference format, structure and agenda, 

b )  a proposed l i s t  of people t o  be invited, with reasons 
given for their selection, 

c) draft letters of invitation t o  the conference, and 

d )  a proposed location and dates. 



The requ i red  p lan  was developed du r ing  J u l y  and August o f  1981, 

and o u t l i n e d  the  bas ic  concepts and p r i n c i p l e s  t o  be employed. I n  t he  

subsequent months, HSRI s t a f f  met p e r i o d i c a l l y  w i t h  i t s  consu l tan ts  

(R .  L i p p e t t  and K. Dannemil ler)  t o  work ou t  the  d e t a i l e d  s t r u c t u r e  and 

format  o f  t he  conference, l ead ing  t o  t h e  conference goals and design 

descr ibed i n  t h e  body o f  t h i s  repo r t .  

The conference p lan  (as submitted t o  t h e  FHWA i n  August, 1981 ) 

po in ted  ou t  t h a t  p rospect ive  conferees f a l l  i n t o  e s s e n t i a l l y  t h ree  

ca tegor ies  whose p a r t i c i  p a t i  on i s des i red  because they: 

1  ) possess subs tant ive  pro fess iona l  experience and knowledge 

regard ing  t h e  f i e l d s  o f  ( a )  motor v e h i c l e  v i b r a t i o n ,  (.b) 

human response t o  whole-body v i b r a t i o n  (over  t he  sho r t  and 

l ong  term),  and ( c )  acc ident  p r o b a b i l i t i e s  as i n f l uenced  

by d r i v e r  ( i )  a le r tness ,  (i i )  c o n t r o l  capab i l  i t i e s ,  and 

( i i i )  phys ica l  and mental s ta te ,  

2 )  have a  subs tan t i a l  stake i n  t h e  conclus ions o f  the  meeting 

regard ing  the  r e l a t i o n s h i p  o f  t r u c k  r i d e  qua1 i t y  t o  motor 

c a r r i e r  sa fe ty ,  o r  

3 )  ho ld  p o s i t i o n s  and r e s p o n s i b i l i t i e s  w i t h i n  Government 
which g ives  them subs tan t i a l  reasons f o r  p a r t i c i p a t i n g  

i n  the  de l  i bera t ions  o f  t h e  conference. 

Persons f a l l i n g  i n t o  t h e  f i r s t  category were i d e n t i f i e d  by H S R I  

s t a f f  p r i m a r i l y  on t h e  bas is  of (a )  personal knowledge, (b )  t he  recom- 

mendations o f  o thers ,  and ( c )  t he  evidence prov ided by pub1 i c a t i o n s .  

P r i o r  t o  extending these i n d i v i d u a l s  a  formal i n v i t a t i o n ,  they were con- 

t ac ted  by phone t o  determine t h e i r  i n t e r e s t  and a v a i l a b i l i t y .  The 

developed 1  i s t i n g  o f  p rospect ive  attendees ( se lec ted  on t h e  basis  o f  t h e i r  

expe r t i se )  encompassed f o u r  ca tegor ies  o f  "exper ts  ," viz."  

1 ) academicians, 

2) researchers and s c i e n t i s t s  employed by t h e  federal  and 

s t a t e  governments, 

3 )  engineers and researchers employed i n  t h e  p r i v a t e  

sector ,  and 



4 )  engineers and researchers who are n o t  members of  

subcategories ( I ) ,  ( 2 )  , or (3) .  

Although 27 individuals were initially identified as "experts" deserving 
of serious consideration in the selection process, the selection process 
itself (plus.attritions due t o  illness, inclement weather, etc.) pro- 
duced a t o t a l  13 conferees who, on the basis of the above-defined 
cri teria,  fa1 1 into the so-call ed "expert" category. 

Whereas "experts" were approached individually , i t  was f e l t  t h a t  
special interest groups should be asked t o  select or appoint that indi- 
vidual who was best qualified t o  represent them. Initially, eight 
organizations were identified as deserving of consideration. A t  the 
time the conference actually took place, the following six organizations 
were represented: 

1 ) Private Truck Council of America, Inc. 

2)  Motor Truck Manufacturers Division, Motor Vehicl e 
Manufacturers Association 

3) International Brotherhood of Teamsters, Chauffeurs, 
Warehousemen and Helpers of America 

4 )  American Trucking Association, Inc. 

5 )  Truck-Trailer Manufacturers Association 

6 )  Truck Body and Equipment Association 

The above six organizations accounted for seven of 'the total number 
of conferees present. Together with the 73 conferees invited as indi- 
vidual s and the six conferees representing units with the FHWA and the 
National Highway Traffic Safety Admini stration (NHTSA) , they account for 
the 26 persons 1 isted below as conference attendees. I n  addition t o  
these 26 persons, Mr. Howard Anderson, formerly the FHWA Associate 
Administrator for Safety, was also present t o  provide some his tori cal 
background a t  the opening session. 



A.2 List of Conferees and Assignments to Heterogeneous arid 
Homoqeneous Groupings 

The conferees,, in a1 phabetical order, were: 

Peter W. Arnberg, Road User and Vehicle Division, National 
Swedish Road and Traffic Research Institute, Fack, 
S-581 01 , Linkoping , Sweden 

James C. Barton, Senior Staff Engineer, Technical Center, 
Building A ,  Caterpillar Tractor Company, 100 N. E. 
Adams, Peoria, Illinois, 61629 

Noble Bowie, Highway Safety Management Special i st, Bureau of 
Motor Carrier Safety, Federal Highway Administration, 
400 Seventh Street, S. W, , Washington, D.C. , 20590 

H. Keith Brewer, Accident Avoidance Divi sion, Research and 
Development, National Highway Traffic Safety Administration, 
400 Seventh Street, S.W., Washington, D.C., 20590 

James Bri tell , Mechanical Engineer, Bureau of Motor Carrier 
Safety, Federal Highway Administration, 400 Seventh 
Street, S.W., Washington, D.C., 20590 

Jeffery R. Davis, Chairman, Safety Committee, Private Truck 
Council of America, Inc., 1101 17th Street, N.W., Suite 
1008, Washington, D. C., 20036 (Mail address: Air Products 
and Chemicals, Inc., P.O. Box 538, Allentown, Penn., 
181 05) 

Leo DeFrain, Assistant Supervising Engineer, Testing and 
Research Laboratory, Michigan Department of Transportation, 
P. 0. Box 30049, Lansing, Michigan, 48909 

Char1 es R. Gielow, Vice President, Transportation and Safety, 
Roadway Express, Inc. , P -0. Box 471 , 1077 Gorge Boulevard, 
Akron, Ohio 44309 

Ron Granning , Advisor to the President, Granning Suspensions, 
13263 Merriman Road, Livonia, Michigan, 481 50 (representing: 
Truck Body and Equipment Association, 5530 Wisconsin Avenue, 
Washington, D.C.) 

Garth 0. Hall, Director of Engineering, Bostrom Division, U.O.P., 
Inc., 133 W. Oregon Street, Box 2007, Milwaukee, Wisconsin, 
53201 



Marquis H .  Harris, Chief Engineer, Product Eva1 uation and 
Development, GMC Truck and Coach Division, General Motors 
Corporation, 660 South  Boulevard, East, Pontiac, Michigan, 
48053 

Rudol p h  R.  Hegmon , Research Mechanical Engineer , Structures and 
Appl ied Mechanics Division, Office of Research. Federal 
Highway Admini stration, 400 Seventh Street, S.W., 
Washington, D.C. ,  20590 

Henry R ,  Jex, Princi pa1 Research Engineer , Systems Techno1 ogy , 
Inc. , 13766 S o u t h  Hawthorne Boulevard, Hawthorne, 
Ca1 ifornia, 90250 

John J .  Kill ilee, Vice President, Safety, Consolidated 
Freightways, Inc. , 175 Linfield Drive, Men10 Park, 
Cal ifornia, 94025 

Paul C .  Manwi 11 er , Fleet Maintenance Manager, Air Products and 
Chemicals, Inc., P.O. Box 538, Allentown, Pennsylvania, 
181 05 

Nick Mehta, Chief Engineer, International Harvester, 3301 
Wayne Trace, P .O.  Box 1 1 09, Fort Wayne, Indiana, 46801 

Phillipi R. Pierce, Research and Development, Fruehauf Division, 
P .  0. Box 238, Detroit, Michigan, 48232 (Representing: 
Truck-Trail er Manufacturers Association, 2430 Pennsyl vani a 
Avenue, N .  W. , Washington, D.  C .  ) 

Warren Rheaume, Safety and Heal t h  Department, International 
Brotherhood of Teamsters, Chauffeurs, Warehousemen, and 
Helpers of America, 25 Louisiana Avenue, N.W., Washington, 
D . C .  20001 

Fred R. ROSS, Research Project Engineer, Division of Highways 
and Transportation Faci 1 i t ies ,  Wisconsin Department of 
Transportation, 3502 Kinsman Boul evard, P . O .  Box 7878, 
Madison, Wisconsin, 53707 

Gary W. Rossow, Programs Manager, Motor Truck Manufacturers 
Division, Motor Vehicle Manufacturers Association of  the 
United States, Inc., 1909 K Street, N.W., Suite 300, 
Washington, D . C . ,  20006 

Jack Sandover, Department of Human Sciences, University of 
Technology, Loughborough, Leicestershire, LEll 3TU, 
UNITED KINGDOM 

Charles F.  Scheffey, Director, Office of Research, Federal 
Highway Administration, 400 Seventh Street, S.W., 
Washington, D.C. , 20590 



Victor A.  Suski, Automotive Engineer, Technical Services 
Division, American Trucking Associations, Inc., 
1616 P Street ,  N . W . ,  Washington, D . C .  20036 

John G. Viner, Head, Protective Systems Group, Structures 
and Appl ied Mechanics Division, Office of Research, 
Federal Highway Administration, 400 Seventh Street,  S.W., 
Washington, D .  C.  20590 

Henning E. Von Gierke, AFAMRL/BB, Director, Biodynamics and 
Bioengineering Division, Air Force Aerospace Medical 
Research Laboratory, Wright-Patterson Air Force Base, 
Ohio, 45433 

Dona1 d E. Wasserman, Research Engineer, National Inst i tute for 
Occupational Safety and Health, 4676 Columbia Parkway, 
Cincinnati, Ohio 45226 

As indicated ea r l i e r ,  on Sunday evening and on Monday, January 24 

and 25, respectively, the above 1 isted conferees were seated randomly 
a t  tables t o  form the following heterogeneous groups: 

Table 1 : W. Rheaume, H .  Jex, N .  Mehta, J .  Davis, L. DeFrain, 
J .  Sandover 

Table 2: M.  Harris, 3. Kil l i lee,  F. R O S S ,  R. Granning 

Table 3:  D .  Wasserman, G. Hall, V .  Suski, J .  Br i te l l ,  J .  Viner 

Table 4:  H .  Von Gierke, J .  Barton, C .  Gielow, P.  Pierce, 
R.  Hegmon, K .  Brewer 

Table 5 :  P. Arnberg, G .  ROSSOW, N .  Bowie, C .  Scheffey, 
P ,  Manwiller 

( I t  should be noted that for the time that he was able t o  stay, Mr. H .  

Anderson joined the conferees seated a t  Table 2 . )  

On Tuesday, January 26 ,  the fol 1 owing homogeneous groupings were 
formed: 

Table 1 : (Conferees concerned with driver performance, fatigue, 
health and welfare) : W .  Rheaume, D .  Wasserman, H .  
Von Gierke, H .  Jex, J .  Sandover, P .  Arnberg, J .  Barton 



Table 2 (Conferees concerned w i t h  t r u c k  design and d r i v e r  
i s o l a t i o n ) :  N. Mehta, M. Ha r r i s ,  G. H a l l ,  G. Rossow, 
P. Pierce, R. Granning, H. Brewer 

Table 3 (Conferees concerned w i t h  t r u c k i n g  sa fe ty  and pro-  
d u c t i v i t y ) :  N. Bowie, J. B r f t e l l ,  V .  Suski, P.  
Manwi l ler ,  C.  Gielow, J .  K i l l i l e e ,  J. Davis 

Table 4 (Conferees concerned w i t h  highway design and road 
roughness): L. DeFrain, F. Ross, J. Viner,  C. Scheffey, 
R. Hegmon 

F i n a l l y ,  i t  should be noted t h a t  l a s t  minute developments prevented 

f o u r  conferees (who had p rev ious l y  i nd i ca ted  t h a t  they would be present)  

from at tending.  These f o u r  i n d i v i d u a l s  were the fo l l ow ing :  

1 ) He in r i ch  Dupuis , Arbei tsgruppe Anthropotechni k/Ergonomie, 
I n s t i t u t  f u r  Arbeits-and Socialmedizi  n, U n i v e r s i t y  o f  Mainz, 
FEDERAL REPUBLIC OF GERMANY 

2) Michael G r i f f i n ,  I n s t i t u t e  f o r  Sound and V i b r a t i o n  Research, 
Human Factors Research U n i t  , U n i v e r s i t y  of Southampton, 
UNITED KINGDOM 

3 )  John C. Guignard, Naval Biodynamics Laboratory, New Orleans, 
Louisiana 

4)  Armand Bud Mayer, J r . ,  former d r i v e r  f o r  Yellow F re igh t ,  
Sa1 i ne, M i  c h i  gan 



CONFERENCE SCHEDULE 

Sunday, January 24, 1982 

Regi s t r a t i  on o f  conference p a r t i c i p a n t s  

Int roduct ions,  welcome, overview 

In terv iew o f  M r .  Mayer and M r .  Anderson 

Tab1 e discussions and repo r t s  

Adjourn 

Monday, January 25, 1982 

Comments on conference feedback 

Report on "Opinion Survey" 

Overview o f  day's a c t i v i t i e s  and desi red outcomes 

in te rv iew o f  panel represent ing the f i v e  const i tuencies 

Coffee break 

Overview o f  the  v i  b ra t ion-sa fe ty  r e ?  a t i onsh ip  

Discussions regarding the  in fo rmat ion  t o  be presented 

Presentat ion - What i s  t he  t r u c k  v i b r a t i o n  environment? 

Group discussions regarding j u s t i f i a b l e  general i za t i ons  

Lunch 

Feedback an group e f fo r ts  

Presentat ion - How v i b r a t i o n  a f f e c t s  the d r i v e r  

Group discussions.. . . . . 
Coffee break 

Presentat ion - What the accident  record t e l l s  us 

Group discuss ions. . . . . 
Ride Opinion Survey 

Sumary of where we stand and Tuesday's ob jec t ives  

End of day evaluat ion 

Adjourn 

Tuesday, January 26, 1982 

Feedback on conference eval u a t i  on 

Feedback on Opinion Survey 

Revision, v a l i d a t i o n  and p r i o r i t i z i n g  of Monday's general izat ions 

Coffee break 

I d e n t i f y  knowledge gaps, des i rab l  e group act ions,  etc .  

Group repor ts  

Lunch 

Feedback on the degree of consensus 

Further group d i  scussions 

Comments by sponsors 

Adjourn 
143 



OPINION SURVEY 

FHWA TRUCK RIDE QURLITY CONFERENCE 

NAME 

I n s t r u c t i o n s  - P a r t  1 
- - - - - - - 

L i s t e d  below are a  umber of s e l e c t e d  f a c t o r s  which may c o n t r i b u t e  t o  
t r u c k  a c c i d e n t s .  S i n c e  w e  w i l l  l a t e r  a t t e m p t  t o  p l a c e  t r u c k  r i d e  
f a c t o r s  i n  t h e  c o n t e x t  of t h e  o v e r a l l  t r u c k  s a f e t y  problem, w e  wish 
f i r s t  t o  e s t a b l i s h  your view of t h e  l i k e l y  r a n k i n g  of s a f e t y  f a c t o r s  
o t h e r  t h a n  r i d e .  
P l e a s e  a s s i g n  a rank  o r d e r  t o  t h e  f a c t o r s ,  r e f l e c t i n g  your  view of 
t h e i r  r e l a t i v e  impor tance  as  c o n t r i b u t o r s  t o  a c c i d e n t s .  Simply p l a c e  
t h e  letter d e s i g n a t i n g  each factor on t h e  r a n k i n g  list a t  t h e  d e s i r e d  
l e v e l .  For  example, i f  you s u s p e c t  t h a t  t i r e  blowout is t h e  most 
i m p o r t a n t  v e h i c l e  f a c t o r  among t h e  f a c t o r s  l i s t e d ,  p l a c e  t h e  letter 
"A" n e x t  t o  t h e  r a n k  "1". You may f i n d  i t  c o n v e n i e n t  t o  f i l l  o u t  t h e  
r a n k  lists by immedia te ly  p l a c i n g  t h e  most and least i m p o r t a n t  f a c t o r s  
a t  t h e  t o p  and bottom, r e s p e c t i v e l y ,  of t h e  list and t h e n  p r a c e e d i n g  
t o  f i l l  i n  t h e  f a c t o r s  of i n t e r m e d i a t e  importance.  
P l e a s e  n o t e  t h a t  t h e r e  are no " r i g h t "  answers  t o  t h i s  su rvey .  
F u r t h e r ,  w e  r e c o g n i z e  t h a t  you may have v e r y  l i t t l e  i n f o r m a t i o n  or 
e x p e r i e n c e  from which t o  draw your r a n k i n g  c h o i c e s .  

VEHICLE F#CTORS ------------- 
A )  T i r e  Blowout E) Poor I n h e r e n t  
B) Poor T i r e  T r a c t i o n  Braking Performance  
C) Poor Maintenance of F) Poor R o l l  S t a b i l i t y  

B r a k e s  Suspens i  on, etc.  G) Paor S t e e r i n g  Cont ro l  
Dl E x c e s s i v e  or Poor1 y HI Poor Truck C a n s p i c u i t y  

D i s t r i b u t e d  Load 

RANKING ------ 
1. ---- 
2. 



HIGHWAY FACTORS --------------- 
A )  S l i p p e r y  Pavement €1 P U P ~  S i g n i n g  
B) Poor I n t e r c h a n g e  Design F)  Paor S h o u l d e r s  
CI I n a d e q u a t e  Bank on Curves  (Dropof f s ,  e t c . 1  
D l  Narrow Lane Width G >  I n a d e q u a t e  S i g h t  D i s t a n c e  

HI  Long or E x c e s s i v e  
Grades  

RANKING ------ 

TRUCK DRIVER FGCTORS ---------------- 

A )  Under I n f l .  of Alcohol  El S i c k  o r  P h y s i c a l l y  
Impaired  

B) A g g r e s s i v e  D r i v i n g  T a c t i c s  F )  I n a d e q u a t e l y  T r a i n e d  
( T a i l g a t i n q ,  Speeding,  etc.) 6 )  Stress Due t o  

C) Under I n f l .  of Drugs P e r s o n a l  P r o b l  ems 
Dl I n e x p e r i e n c e  H) Anti-Soci a1 A t t i t u d e  

RANKING 



OPINION SURVEY 

FHWA T R U C K  RIDE QUALITY CONFERENCE 

Instructions - Part 2 

Please answer the following questions by checking that box which 
most represents your view (or your best guess). 

What fraction of the t o t a l  number of truck accidents would you 
say are significantly contributed t o  by the fact that the truck 
exhibits strong ride vibrations? 

0 
less than 1% 

17 
1 t o  2% 

0 
2 t o  5% 5 t o  10% 

0 
10  t o  20% 20 t o  50% Over 50% 

What fraction of the health problems suffered by career truck 
drivers would you say are significantly contributed t o  by the 
fact t h a t  the trucks which they drive exhibit strong ride 
vibrations? 

CI 
2 t o  5% 

0 
less than 1% 1 t o  2% 5 t o  10% 

10 t o  20% 20 t o  50% Over 50% 



What f r a c t i o n  o f  the  t o t a l  f r e i g h t  damage experienced du r ing  
the  car tage o f  goods by motor t r u c k  i s  caused by mechanical 
v i b r a t i o n  w h i l e  t he  v e h i c l e  i s  underway? (As opposed t o  being 
caused, f o r  example, by mishandl ing a t  t he  dock, improper 
b lock ing  o f  t h e  load, water damage, e t c . )  

l e s s  than 1% 1 t o 2 2  2 t o  5% 5 t o  10% 

0 0 
10 t o  20% 20 t o  50% Over 50% 

Vehicles need maintenance because components wear and d e t e r i o r a t e  
w i t h  t ime. What f r a c t i o n  o f  t he  wear' and d e t e r i o r a t i o n  o f  t r u c k  
components would you say occurs as a r e s u l t  o f  mechanical v i b r a t i o n ?  

l ess  than 12 1 t o  22 2 t o  5% 5 t o  10% 

10 t o  20% 20 t o  50% Over 50% 



APPENDIX 8 

EXPERIMENTAL MEASUREMENTS OF THE RELATIONSHIP BETWEEN TRUCK 
RIDE VIBRATION AND ROAD ROUGHNESS 

M.W. Sayers and T.D. Gillespie 

B. 1 Introduction 

Road roughness is  a primary excitation source of truck ride vi bra- 
tion, yet no data exist i s  the l i terature t o  demonstrate that relation- 
ship or quantify i t s  sensitivity. The objective in this experimental 
study was to obtain concurrent measurements of road roughness level on 
a selection of roads, using the best avai lab1 e current technology, along 
w i t h  measurements of the ride vibrations of a typical commercial vehicle 
operating on those roads, t o  demonstrate what relationship exists. 

8.2 Experimental Method 

A 1980 GMC cab-over-engi ne ( C O E )  tractor and 45-foot van trai  ler  
were selected as the t es t  vehicle (see Fig. B. 1 ) . The tractor was a 
two-axle vehicle, 142 inches in wheelbase, w i t h  an 86-inch aluminum 
sleeper cab. The front axle had a 10,860-lb gross axle weight rating 
with 54-inch taper leaf suspension. The rear axle was rated a t  19,040 
lbs and had a 51-inch f l a t  leaf suspension with auxiliary springs. The 
t i res  were of bias-ply construction, size 10.00~20, load range F. With 
the exception of the front l e f t  t i r e ,  a l l  wheels on the tractor were 
balanced and s e t  up t o  minimize rolling force variations. By this means, 
the potential for randomly phased wheel effects t o  add scatter to the 
desired relat i  onship was minimi zed. The t ra i l e r  was a 45-foot tandem-ax1 e 
van semi trai  l e r  manufactured by the Fruehauf Corporati on. The trai  1 e r  
suspensi on incorporated three 404 nch taper leafs a t  each wheel posi ti on 
with equal i zati on between ax1 es . 

The combination vehicle was tested both wi t h  the trai ler  empty and 
1 oaded wi t h  steel ball as t 1 ocated over the kingpin and trai  ler  tandem. 
The axle loading conditions were: 

Ax1 e - Empty Loaded 
Tractor Front 9,200 1 b  9,200 1b 
Tractor Rear 8,100 17,300 
Trai ler  Tandem 8,400 26,500 





The tractor was instrumented with accelerometers on the cab, along 

with the necessary signal conditioning and recording equipment. As 
shown i n  Figure 8.2, five accelerometers were used t o  obtain seat inter- 
face vertical and fore/aft,  cab floor vertical a t  the forward and a f t  
positions, and cab floor fore/aft.  For the remainder of this  appendix, 
the accelerations a t  these five locations are called SZ,  SX, FZ, RZ, 
and FX, respectively, as shown in the figure. The cab floor accelerometers 
were Entran piezoresistive strain gauge types (+ - 10 g range, 150 Hz 
bandwidth) obtained from the ST1 Ride Qua1 i t y  Instrumentation Package 
prepared under Contract DOT-FH-7 1-951 3. The seat interface accelerometers 
were - + 5 g piezoresistive units mounted in an SAE J1013 rubber seat pad, 
which was a part of an Endevco RM-1 Ride Meter borrowed from FHWA for 
these tests .  The accelerometer outputs were connected through an HSRI 

general -purpose ampl i f  i er/control 1 e r  t o  an FM magnetic tape recorder. 
The ampl if  i er/control 1 e r  a1 1 owed convenient re-scal ing of the accel ero- 
meter signals for different t es t  conditions, and produced a control 
signal indicating tes t  status, a1 ong with cal i bration reference vol tages. 
The signals were recorded in analog format on a Honeywell 5600C FM 

magnetic tape recorder using the IRIG Intermediate Band a t  1-718 ips 
(3.38K Hz center frequency) which provides 0-625 Hz bandwidth w i t h  40 d b  

dynamic range. Test identification was entered on the voice track of 
the tape recorder. 

Ten road tes t  s i tes ,  each approximately one mile in length, were 
selected in the vicinity of Ann Arbor, Michigan. The s i tes ,  identified 
in Table 8.1 , were known from prior research t o  cover the full  spectrum 
of roughness levels of interest.  The rougher road sections included the 
typical pavement distress features of cracking, faulting, and patching. 

Ride tests  with the tractor-semitrailer were conducted on  all  ten 
tes t  s i tes  in b o t h  the empty and loaded condition. A t  the t es t  s i t e ,  
the vehicle was driven a t  constant speed through the section while 
recording data continuously, thus acquiring nominal ly 60 seconds of 
recorded measurements on each s i t e .  The vehicle was driven a t  the posted 
speed 1 imit on each tes t  section. Additional tests  a t  35, 40, 45,  and 

50 mph were made a t  three of the s i tes  with the loaded vehicle in order 



Figure 8 . 2 .  Accelerometer names and locations i n  the 
test tractor.  





t o  obtain data showing more directly the relationship between truck 
vibration level and operating speed. Due t o  technical d i f f icul t ies ,  the 
data a t  various speeds on one t e s t  s i t e  are n o t  considered val i d  and 

are hence n o t  included in these t es t  results.  

Within ten days of the on-road truck tes t s ,  the vertical profiles 
of the l e f t -  and right-wheel track were measured for each road s i t e  by 

personnel from K.J. Law, Inc., with their  Model 690D Digital Surface 
Dynamics Road Prof i lometer, which i s representative of the state-of -the- 
a r t  in profile measurement technology. I t  consists of a van equipped 
with two auxil iary spring-loaded follower wheel s that contact the road 
in the two wheel tracks (60 inches apart) .  Displacements of these 
follower wheels are transduced with potentiometers. Movement of the 
sprung mass of the van i s  detected immediately above each follower wheel 
by vertical ly-oriented accelerometers. The v a n  a1 so contains a PDP 11 

minicomputer that samples the transducer signals, numerically doub ly  

integrates the accelerometer signals t o  yield the position of the van 
body immediately above the follower wheels, and then adds the follower- 
wheel deflections to yield the road elevation a t  each follower wheel 
position. A three-pole Butterworth high-pass f i l t e r  i s  employed by the 
computer t o  reduce 1 ow-frequency errors. During the profi 1 e measurements, 
the cut-off frequency of th is  f i l t e r  was set  a t  the frequency corres- 
ponding t o  a 300-foot wavelength (0.27 Hz a t  55 mph) .  Measurements of 
both wheel track elevations are made a t  intervals of about one inch. 
The samples are averaged over a length of 1 2  inches, t o  reduce a1 iasing, 
and the averages are then stored on digital tape a t  intervals of six 
inches (161 Hz a t  55 mph).  

3 . 3  Data Analysis 

Truck Ride Data. The analog recordings obtained on the truck were 
played back in the HSRI laboratory into the STI/FHWA Truck Dynamics 
Instrumentation System in order to digi t ize t h e m .  A t  th is  time, each 
channel was f i l tered by a 50-Hz single-pole, low-pass f i l t e r  t o  prevent 
aliasing a t  the sample frequency of 300 Hz. The digital tape was taken 
t o  the University' s Michigan Terminal System (MTS) computer system and 



converted i n t o  a more convenient format for s tat is t ical  analyses. 
During this  conversion process, the control channel was computer moni - 
tored so t h a t  data for each tes t  were properly isolated from non-test 
data, scaled in engineering units ( g ' s ) ,  and then copied t o  labeled 
f i l e s  for la ter  access with the MTS computer. In  addition, the mean 
value of each signal was removed. Trend removal was tr ied,  and as 
expected, was quickly found t o  be unnecessary due t o  the length of the 
tests.  

Thirteen numerics, summarized in Table 8.2, were calculated for 
each variable. Also, each signal was transformed i n t o  the frequency 
domain for calculations of Power Spectral Densities (PSD's). The fre- 
quency transformations were performed by f i r s t  "padding" the records with 
zeros so that the total number of samples became a power of two (either 
16384 or 32768 for these t e s t s ) ,  and then using a conventional FFT pro- 
gram t o  transform the whole record. Adjacent raw spectral values were 
averaged together t o  yield a final frequency resolution of 0.15 Hz. 
Depending on t e s t  length, either 8 or 16 adjacent raw values were 
averaged t o  yield each final PSD value. In  addition, the raw PSD values 
were integrated over 113 octave bands, with center frequencies starting 
a t  1.0 Hz and increasing by a factor of 1.260 u p  t o  80.6 Hz, t o  yield 
20 partial mean square values. After weighting these numbers according 
t o  the IS0 vibration standard summarized in Table 8.3, they were summed. 
The square root of the resulting weighted mean square i s  the IS0 
numeric listed in Table 8 . 2 .  Note that the IS0 weighting method reduces 
the significance of higher-frequency vibrations, and shows the highest 
sensitivity t o  vertical vibrations ( F Z ,  RZ, SZ) between 4-8 Hz, and to 
forelaft vibrations between 1-2 Hz. 

Road Roughness Data. Processing of road profiles can yield a 
tremendous amount of information which can sometimes be overwhelming. 
Therefore, different possible descriptions were considered so t h a t  the 
most appropriate one, relative t o  truck ride, could be selected. Figure 
0 . 3  shows five of the many possible stat is t ical  representations of one 
road section. The actual measures of the lef t -  and right-wheel track 
el evati ons can be used t o  define two different independent variables : 



Table B.2.  Numerics Calculated fo r  Each Acce lera t ion  Signal 

Name (Un i t s )  Desc r ip t i on  

RMS (g )  Root-Mean-Square value 

SODR ( g )  
CR + ( - )  
CR - 
+F2.0 (Hz) 
-F2.0 

FO + (Hz) 

STIT ( - )  

IS0 Weighted RMS Accelerat ion,  as spec i f ied  
i n  IS0 2631-1978(E) 

D i f f e r e n t  weight ing func t ions  are  used f o r  
v e r t i c a l  (FZ, RZ, SZ) and fo re /a f t  (FX, SX) 
var iab les .  

Maximum value o f  s igna l  du r ing  t e s t  

Minimum (maximum negat ive)  value o f  s igna l  
du r ing  t e s t  

Mean Top Tenth - average of upper 10% of 
sampl es 

Mean Bottom Tenth - average o f  bottom 10% 
o f  samples 

Semi-outer Dec i le  range = (MTT-MBT)/2 

Crest  Rat ios CR + = MTT/RMS 
CR - = MBTIRMS 

Shock r a t e  index: frequency o f  p o s i t i v e  
crossings o f  t2 .0 x RMS and -2.0 x RMS 

Frequency of p o s i t i v e  zero crossings 

Bandwidth index: / where 

T = i n t e r v a l  between zero crossings, 
aT = standard dev ia t i on  o f  T,  and - 
T = mean value of T. 



Table B.3. IS0 Weighting Coefficients 

Center Frequency Vertical 

Where 

* i = the verti ca1 or fore/aft  weighting coefficient value 
shown for the ith frequency band. 





the average elevation ( L + R ) / 2  and the elevation difference, ( L - R )  . While 
the actual measured elevations L and R are correlated (when L increases, 
R has a tendency t o  increase a l so) ,  the variables ( L + R ) / 2  and ( L - R )  are 
more independent, as shown by the coherence function between them i n  

Figure B.3a. Physically, the average ( L + R ) / 2  profile excites vertical 
motions and pitching in a vehicle, while the difference ( L - R )  profile 
excites lateral motions and rolling in a vehicle. The PSD of the average 
( L + R ) / 2  p rof i le-c lear ly  of more interest in this  study-is shown i n  

three different formats in Figures B.3c, d ,  and e. Figure B.3e shows 
the simple elevation PSD, and possibly represents the most common format 
for presenting of road PSDs because i t  involves minimal processing and 
relates directly t o  the elevation measurements. As Figure B.3c shows, 
the PSD of the profile slop-the spatial derivative of elevation-is 
fa i r ly  uniform in amplitude over the range of wave numbers shown. This 
format i s  more convenient than the others when the intent i s  t o  compare 
different road s i t es ,  since improved scal i ng shows differences in PSD 

"signatures" more clearly, and because an approximate roughness numeric- 
the more-or-less constant PSD amp1 itude-can be read directly from the 
p l o t .  In  this  example, the approximate amplitude i s  1 . 2  x 1 0 ' ~  ft/cycle. 

I n  addition t o  the frequency-domain analyses, the profile data 
were used t o  produce single roughness numerics of the sort used by high- 
way agencies. A t  th is  time, there is  l i t t l e  standardization i n  the 
measurement of road roughness: different agencies may employ different 
measurement practices , devices , and data reduction methods t o  produce 
roughness s ta t i s t i cs .  The Present Serviceability Rating ( P S R ) ,  as 
developed by AASHO in the 1 9 5 0 ' ~ ~  i s  the only widely recognized pavement 
rating scale.* Conceptually simple, PSR ranges from 0 t o  5 ,  with 5 

being a perfect pavement s i t e  and 0 being impassable. Unfortunately, 
PSR i s  a subjective rating based on a lengthy process involving evalua- 
t i o n  by a panel of highway experts. Present Serviceability Index ( P S I )  

i s  often used instead, and i s  an estimate of PSR based on physical 
measurements of pavement properties that have been correlated t o  the PSR. 

*Carey, W . N . ,  J r .  and Irick, P . E .  "The Pavement Serviceability- 
Performance Concept," HRB Bull e t i  n 250 (1 960) , pp.  40-58. 



Based on prior research a t  HSRI, i t  i s  possible t o  estimate the PSI 

values for the surfaces, the values being given i n  Table B . 1 .  

In practice, most measures of road roughness that are made in the 
world today are based on passenger cars or t ra i l e r s  equipped with road- 
meter devices. The roadmeters transduce the suspension deflection 
between axle and body (rear axle for ca rs ) ,  and attempt t o  produce a 
measure of the accumulated deflection. When this  measure i s  normal ired 
by the time duration of the t e s t ,  the result i s  an average of the 
suspension stroking speed, referred t o  mathematically as an Average 
Rectified Velocity (ARV)  . A more common practice among highway engineers 
i s  t o  normalize the accumulated deflection by the distance traveled 
during the t es t ,  and assign the units "Inches/Mile" (abbreviated I/M) 
to the resulting numeric. The two types of measures are related by 

the equation: 

ARV I/M = - speed 

The measures of roughness obtained by roadmeters are directly dependent 
on the t e s t  speed; thus, measurements are made a t  a standard tes t  speed 
by most agencies. They are also dependent on the dynamic properties of 
the host vehicle and thus cannot be interpreted meaningfully unless 
re1 a ted t o  some standard scale. Though no universal ly accepted standard 
scale exists for these measurements, a reference scale has been developed 
a t  HSRI for the specific purpose of calibrating roadmeter systems. The 
reference value i s  obtained from simulation of an HSRI quarter-car model 
operated over the measured road profile a t  the speed of interest. The 
o u t p u t  of the simulation has been denoted as a Reference ARV ( R A R V )  . 

Figure 8.4  defines the simulated quarter-car properties. The 1 inear 
differential equations are numerically solved a t  each profile measure- 
ment, using the exact solution for assumed constant road slope between 
profile measurements. (That i s ,  the elevation profile i s  assumed t o  

be continuous and t o  linearly ramp from one measure t o  the next.) The 
RARV was calculated for each road t e s t ,  using the proper combinations 
of measured profile and tes t  speed. 



Suspensian 
Sprt ng 

Ofre Spring ; - L K  
L,R = left-, right-track road elevations as functions of 

time 

Figure 8.4. Calculation of RARV from HSRI quarter-car 
simulation. 



Road/Vehicl e Combination. Given the coincidence of da ta  on road 
input and truck response, i t  i s  possible t o  explore the transmission of 

vibrations into the vehicle. The transmissibil ity of the truck cannot 
be calculated i n  a rigorous sense because the acceleration signal s 
cannot be perfectly synchronized with the profile signals. S t i l l ,  the 
transmissibility can be approximated by ratioing the o u t p u t  PSD (cab 
acceleration) by the input PSD, i f  the input PSD i s  in the right form. 
Accordingly, the profile signals were used t o  calculate PSDs of the 
road as an acceleration i n p u t  t o  the truck, as seen by the truck when 
traversing the road a t  the test  speed. Because the acceleration signals 
from the truck were padded with zeros t o  yield either 16384 or 32768 
samples, the padded record lengths a t  the 300-Hz sampling frequency 
were correspondingly 54.6 and 109.2 seconds.. The prof i 1 e elevation 
signals were padded w i t h  zeros t o  result in the same time duration, 
based on a sampl ing rate calculated from the test  speed: 

where f s  i s  the sample frequency and v i s  the test  speed, and 

where N is  the total number of points and T i s  the time duration of 
'either 54.6 or 109.2 seconds. Zeros were added t o  the profile record 
t o  t o t a l  N samples. General l y  N was not  a power of 2 ,  so a less- 
efficient, mixed-radix FFT algorithm was employed which could operate 
for any number of points. The result of these manipulations i s  t h a t  
the calculated road input PSD is a function of temporal frequency (Hz), 
and that the raw PSD values correspond t o  exactly the same frequency 
val ues as do the raw o u t p u t  acceleration PSDs. The elevation PSD values 
were re-scaled by a factor proportional to f4, t o  convert t o  an 
acceleration i n p u t  with the same units as the cab acceleration outputs- 
g2/t4z. Figure B.3d shows such a PSD. After performing the same fre- 
quency averaging as was done for the cab accelerations, the o u t p u t  and 

i n p u t  PSDs were ratioed, and the square root of this function-the 
approximate transmissi bil i ty-was plotted. 



B.4 Results 

Road Profile Inputs. The slope PSDs of the 10 pavement sections 
are presented in Figure B.5. The PCC sections are a l l  seen t o  have 
similar frequency content for low (.01 cycle/ft) and high (1  cycle/ft) 
wave numbers, b u t  differ a t  intermediate wave numbers. For wave numbers 
near 0.1 cycle/ft, the PSD level i s  a good indication of the overall 
roughness. The bituminous sections have more uniform PSDs for high 
wave numbers and, in most cases, the PSDs increase with the lower wave 
numbers. The PSDs of the two pavement types a l l  differ in t h a t  the PCC 

PSDs show a variety of spectral peaks, indicative of periodici t ies in 
the pavement surfaces. Site #7 ,  for example, shows spectral peaks a t  
.07, . I S ,  .22, .31, and .34 cycle/ft, which are the f i r s t  five harmonics 
of a single periodic disturbance w i t h  a 13-foot spacing. The two 
roughest PCC surfaces (s i tes  #9 and 10) show about 10 identical spectral 
peaks between .04 and 0.2 cycle/ft (5-25 f o o t  wavelengths) which do not  
have such a simple harmonic relationship. A 7 7  i n  a l l ,  the 10 surfaces 
are seen t o  represent a variety of highway road types with distinct 
signatures. One note here i s  that none of the 70 sites contains any 

singular disturbances, such as bridge or railroad crossings, and are 
relatively homogeneous across their lengths. 

Truck Accelerations. A1 1 of the calcul ated numerics are presented 
in Tables 8.4-0.9. While all  13 of the acceleration statist ics are 
1 isted, in the interest of thoroughness, only the RMS accelerations are 
truly useful. The s tat is t ics  MAX, MIN, MTT, MBT, SODR, CRt, C R - ,  +F2.0,  

and 4 2 . 0  are a1 1 meaningful when describing singular events, particularly 
i n  the presence of continuous low-level excitation. B u t  unless the 
tests include such events, these add l i t t l e ,  if any, insight. For example, 
the tables show that in nearly every test ,  the average value of C R t  and 

CR- i s  about 1.75 ( i . e . ,  the mean top- and bottom-tenth levels can be 

estimated fairly accurately from the RMS value). Apparently, the truck 
has characteristic probability distributions for each variab7e that 
hardly change when traversing different roads, except for their scal i ng .  

While the distributions are not Gaussian or syrmnetric, they are suffi- 
ciently consistent from test  t o  t e s t  that the simple RMS acceleration 
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Table 8.4. Summary Acceleration S t a t i s t i c s  for  the Loaded Tractor- 
Semi t r a i l e r  on Eli tuminous Road Surfaces. 

194 EAST. BINSEN MILL POSTS t e a  - 181. 47 53 wPw. L O M ~  TPUCK 

@OM R @ J O ~ ~ S S  RARV 0.:) fntsce 

VAI 9M¶ [SO Y I X  YtN W T  Wlt 5OOR CR* CR- +C2.0 -C2.0 Fd* ST/T 
( 0 ' s )  i a P s t  10's) 1a.s) ra 's t  c o ' s ~  fa 's )  H Z  (HZ) (HZ) 

VAR RWS 150 *AX NIN Yn *11T SWU CR* CU- .rZ.O -F2.0 ?or f l / T  
( a ' s )  i a s s l  ( a ' s )  ~ G * S I  ( 0 ' s )  ( a ' s )  10-5) (HZ) [HZ) (nz) 

FZ o . o n  0 . 0 ~ 4  o .as  -o.zm 0 . t ~ ~  - 0 . ~ 4  o . t u  1.11 -1.67 2.0s 0.99 20.0 0.1s 

RZ 0.081 O.OU 0 . 1 ~ 7  -0 .~24 o . t r s  +.la3 0.r41 1.13 -1.64 3 .  t.# 20.0 0.77 

FX 0 .01 I  0,018 0.217 -0.174 O.1t8 - 0 . I l 1  0.114 1.77 -1.70 2.12 7.31 7 0.60 

sz 0.07s 0.01s 0.22s 4. t ~ s  a. 137 -a.tzz o. tns I .  I .  0.14 0.0 4.0 0.43 

SX 0.081 0.031 0.418 -0.304 0 . tJS -O.t¶Z 0.144 f .#4  - t . 8 4  1.32 0.87 I 0 . W  

VIP ItfS is0 *.X WIN WT7 MET S D O I  CR* CR- *tZ.O +2.0 Fcls ST/T 
( 0 ' s )  (P'S) ( 0 ' 5 )  I G ' f )  ( 0 ' s )  ( 0 ' s )  (a 's1  (HZ) (HZ) (HZ) 

L Z  0.148 0.104 o.s# -0.6sr O.ZCO-0.:¶1 0.1W 1.78 - 2 . t t  1.07 18.11 0.93 

?Z 0.138 0.094 0.919 -0.729 0.244 -0.238 0.241 7 - t .?A 2.00 1.31 t9.1 0.88 

FX 0.087 0.031 0.420 -0.322 0 .  173 -O.tTZ 0.172 t .71 - 7  t.91 7.n 8 3  0.67 

S Z  0 . t t 7  0 . t02  0.3s7 -0.208 0.197 - 0 . t ~ ~  0.18n 7.60 - 1 . 4 1  0.4s 0.0 4.3 0.37 

SX 0. tY2 0.013 0.772 -0.7PQ 0.221 -0.240 0.210 1.67 - 1  8 2 t . 0 1  17.0 O.B? 



Tab1 e 0 . 5 .  Summary Acceleration Statistics for the Loaded Tractor- 
Semi trailer on PCC Road Surfaces. 

VAR 9- 150 MAX MtN *TI 7 5001 CR* :I- bC2.O -C2.0 FOL ST/? 
( 0 ' 5 )  ( 0 ' 3 )  ( 0 ' s )  ( 0 ' 3 1  ( 0 ' 3 1  (Q 'S )  ( 6 ' s )  (HZ) (HZ1 (HZ) 

CZ 0.104 0.087 0 . 3 0 1 - 0 . 3 2 0  0 . 1 1 1 - 0 . 1 7 3  O.rW 1.79 -1 .BI  1.30 0.83 14.1 1.08 

12 O.OW 0.071 0.318 -0.284 0 .  160 -0. 151 0 .  162 1 - 1 6 1  1.67 1.00 tS.6 1 .01  

= X  0 . m ~  o.oas 0 . 2 2 9 - 0 . 2 2 3  o . ~ o s - Y . ~ I ~  0.110 t . n  - t . t a  1 . 2  1 . 3  1r.s o . m  
SZ 0 . !02  0.093 0.310 -0. 157 O . f a 1  -0.142 O.ta1 1.77 1 0.62 0 . 0  4 . 1  0.JO 

SX 0.109 o.w* 0.761 -0.454 O . I I M Q . ~ S ~  0.193 - 1 . 7 8  , .as 7 a 0.97 

vAl P*l IS0 YAI HIM UTT U T  SmR CR* CR- cC2.O 4 2 . 0  FOL Sl/T 
[G 'S I  ( Q ' s )  ( 0 ' s )  ( a ' s )  ( a ' s )  ( a ' s ,  c o V s )  (HZ) (HZ1 (HZ) 

FZ O.1W 0.078 0.401 -0.367 0.171 -3.170 0.114 1 .  - t . 7 0  1.03 0.81 14.3 1.03 

RZ 0.090 0 . O M  0.411 -0.393 0.101 -0.1¶¶ 0.111 1.78 1 . 1  1 1.03 14.7 1.04 

FX O.Ql1 0.024 0.231 -0.224 0.101 d . l W  0.107 1.n - 1 0.12 t l .O 0.90 

sz 0 . 1 0 2  o.oas 0.247 -0.c18 o . f t 3 - a . t r r  0.11s m -4.42 o . m  0.0 4 . 0  0.33 

sx 0.0- 0.012 0.673 -0.472 0 . t 7 ~  -a . i a i  0.17a 1 . n  - 8  1 . 7 1  0.31 13.0 1.07 



Table B.6. Summary Acceleration Statistics for the Loaded Tractor- 
Semi trai ler  on Bituminous Road Surfaces a t  Different 
Speeds. 

VAR R Y I  IS0 *U *IN MTT U T  SWR CR* CI- 6CZ.O -P2.0 PO* ST/? 
(a 's )  ( a ' s )  (a's1 (0 's)  (G'SI ( G ' S J  (5 '51  (HZ) (HZ) (MI 

ft 0.OS9 0.041 0.312 -0.217 0.008 -0.094 0.096 7 9  - 7  2.31 1.03 27.0 1.27 

PZ 0.012 0.038 0.213 -0.246 O.OW -0.091 0.091 1.74 7 2.16 1 . t 1  24,s 1.10 

:X 0 . m ~  0.010 0.174 -0 . ts r  0 . 0 ~ 1  - 0 . 0 ~ 7  o . o r  1.71 I 2.01 1.09 11.7 0.72 

S t  0.070 0.013 0.322 -0.151 0.  127 -0.12I 0.124 1 8 2  7 0 . 1  0.28 4 9  0.49 

sx  0.043 0.016 o.aaa -0.412 0.074 -0.077 o . o n  7.72 - t . a  0.70 19.6 0.74 

VAR R :SO MAX u t ~  rn ~ l t  swn en* ca- 4rz.a - rz .o  PO+ STIT 
(Q*SI (a 's )  (a 's )  ( 8 ' s )  ( 5 ' s )  (a 's )  ( a ' s )  (HZ) (WZI (HZ) 

P Z  0 . 0 ~ 1  0.041 0 . 2 s ~  +.ZOO 0 . 0 1 8  -0.m 0.- 1 . 7  -1.73 2.22 0.9s u . 7  1.12 

PZ 0.014 0.0% 0.278 -0.216 0 . W  -0.011 0.090 7 7 2.64 1.2s 23.7 0.96 

FX 0.034 0.010 0.148 -0.129 0.018 -0.013 0.011 1.71 - 1 0 1  2.22 9 19.8 0.71 

1 0 . m 4  0.018 0.279 -0.143 0 .  111 -0. llf 0. I t 3  1 . 7  7 0.43 0.26 4 . 6  0.96 

SX 0.041 0.017 0.231 -0.378 0.070 -0.- 0.013 1 . 7  -1.71 1.70 1.11 1 . 6  0.87 

IS4 EAST. IITYCSN MIL1 PmTS 160 111. A? 49 *Y. LOMm 

POM P-ESS RAW . 0.13 IN/SIC 

194 EAST. 8 t N L L I l  Y I L l  CWTS 460 - 181. AT YO *LW. L W f O  t.UQ 

am0 ROUO~CSS ~ r n v  = 0.70 rnlszc 

VAR PWS ISO MAX MIN MTT rt sma cr* ca- e 2 . o  -rz.o PO* STIT 
( a ' s )  ( a ' s )  ( 0 - 5 1  fa's) ( a * s )  ( a ' s )  ( a ' s )  (MI (HZ) (HZ) 

FZ 0.011 0.043 0.223 -0.204 0.104 -0.098 0.101 1.81 - 1  1.H 4.11 21.5 0.91 

QZ 0.014 0.011 0 . 1 ~ 3  -0.244 0.097 -a.ooa o . a a  t . 7 9  -1.72 2.81 I I 0.87 

i X  0.041 0.012 O.!63 -0.112 0.074 -0.07f 0.072 1.80 -1.72 2.74 1.41 3 0.64 

SZ 0.071 0.061 0.231 ? ) . + d l  0.128 -0.119 0.123 1 i .  0.94 0.0 4.8 0.92 

sx 0 . ~ 2  0.011 0.2- -0.a~ o.ow -0.- o . w t  1.72 - . I  2.27 1 2o.r 0.82 



Table 0.7.  Sumnary Acceleration Stat is t ics for the Loaded Tractor- 
Semitrailer on PCC Road Surfaces a t  Different Speeds. 

:94 UCST. ~ c m m  r l L c  WITS 179 - 178, A T  3s m. LOAOCO TRKX 

IDA0 P G l W S S  PAW - t 78 IN/SLC 

VAI m rso MX WIN m mr sm~ cr+ CI- + r i . o  -rz.o Po+ s t / ?  
1 4 ' 5 )  IG'SI ( a ' s )  ( a ' s )  (a 's1  IQ'SI (a 's )  IWZI (HZ) (HZ) 

FZ 0.119 0.011 0 . 1 0 3 - 0 . 1 4 1  0 .114-6 .197 0.2M 1.88 - t . T t  2. t8 0.75 (7 .0  t.18 

1 2  0. 103 0.074 0.110 -0.940 0.108 -0. t76 0.182 1.13 -1.Tt 2.24 0 . M  17.4 1.07 

:I o.mo 0.097 0 . a ~ ~  -0.32'1 0.128 -0 .1~8 0 . 1 ~ 8  ( . a t  a t.14 1.20 11.0 0.77 

S t  0.131 O.t!t 0.111 -0.28! 0.111 -0.201 0.208 1.11 - 8  0.22 0.09 3 .  0.12 

sx  0. 10s 0.04a 0.624 -a .? ta  0. (74 -0. tm a. 187 1 . ~ 8  -1.90 1.13 0.98 1s. i 0.93 

194 u c n .  rcmrw rrLc m s s  171 - 178, A T  4 m. LWCO raua~ 

@OM POUOWIISS S A W  8 2.02 IN/S€C 

;94 VLST. S E M E N  MILE POSTS 17s - 171. AT 45 *U. LOIDCO 7- 

QOM IOUWCSS IAIV * 1.21 IN/JCC 

194 wgst. atmm MILE POSTS t n  - ire. r t  w WPM, L W ~  tluor 

9010 R W W I S S  RAW 2.41 INISCC 



Tab1 e B.8. Summary Accel erati on Stati stics for the Unloaded Tractor- 
Semi trai 1 er on Bituminous Road Surfaces. 

194 EAST. I W  - 1at. AT  IS m. umcroco 

ROAU wuawass arav a. 70 ~NISEC 

VAU R ISO ux WIN JITT ~ l l t  swa cn* cn- +r1.o - rz .o  FO+ STIT 
( a ' s )  ( a ' s )  ( G ' s )  ( a ' s )  ( a ' s )  ( a ' s )  ( a ' s )  (HZ)  (HZ) (HZ) 

PZ 0.070 0.043 0.274 4. !¶¶ 0.730 -0.130 0 . 1 N  !.a@ -1.S8 3 . 3  0.41 22.8 0.78 

QZ 0.07s 0 . m ~  0 . ~ 3 8  -0.261 o. t39 -0.1- 0.137 I.?? - 1 . ~ 8  2.- t . s i  11.a 0.66 

PX 0.074 0.017 0 .2OIQ.229 0.118 -0.130 0.111 1.74 - t . f @  2.tO t.10 t7.3 0.SS 

sz 0.- 0.03) o . t l9  -0.t3t 0 . 0 6 ~  -0.06s 0.013 t . n  -1.71 0.15 0.30 4 3  a.es 

sx  o . o n  o . 0 ~ 0  0 . w  -0.301 0.142 -0.t1) 0.134 . a  -1.64 2.31 1 .  za.8 0.63 

VA1 150 LUX U1N !dT? W SOW tD* CR- -1.0 -Cl.O PO+ fl/f 
I O * S )  ( a ' s )  c a 3 s )  to's) c a ' s i  co ts )  ca.5) (HZ)  (HZ) (HZ) 

FZ 0.091 0.013 O . ~ ~ S Q . ~ S O  Q . I ~ O Q . I W  a . t u  t . n  -1.79 2 . w  1.0s 19.6 a .s r  

O.068 0 . a )  0.362 -0.3?+ 0 . 9  - 0 . 7  0 . 4  7 I 2 .  1.19 1 . 2  0.77 

VX 0.089 0.023 0.143 -0.318 0.111 -0.III O.tm I t .  t.?O 1.01 t4.7 0.11 

SZ 3.011 0.0AS 0.217 -0.171 O . t t 1  -0.1- O.tO8 t.13 - 8  0.57 0.26 4.5 0.70 

5~ 3.091 0.023 0.704 - 0 . 4 7 ~  O.IOO Q . I ~  o . t t r  t . u  - 1 . n  2.41 t . r r  1s.s 0.81 

v ra  am ISO Mrx MIN w~ m~ SDPR a* a- rr1.a -1.0 Po* STIT 
( a ' s 1  ( a ' s )  (Q'SI c a - s )  ( a ' s )  ( a ' s )  c a ' s j  (HZ)  (HZ)  (HZ) 

FZ  0.007 0.08s O.Et3 -0.434 0.17I -0.t6a 0.173 I A 2.21 0.96 9 . 3  0.91 

PZ 7.094 0.01~ 0.621 - 0 . ~ 3  0 . t ~ ~  -0.t8s 0.117 t . n  - t . n  2.44 I .  20.4 0.87 

cx 0.01. 0.021 o . 4 ~  -0.3tz a . t r s  - o . ! r ~  o . t r a  7 -1.74 ! . a t  0.91 14.2 0.81 

$2 0.083 0 . 0 4  0.33s * . i s?  0.  1tY -0.108 0.111 7.11 A 3 0.21 4.6 O.7A 

sx 0 . o ~  0.017 0.18~ -o.ara 0.t69 q . 4 -  0.171 7.92 -7.81 1 . 7 1  1.40 t8.t 0.71 

VAn am [SO MAX WIN MTT uat s m n  cn* :a- + r l . o  -.z.o PO+ ST/? 
c a * s )  ( G ' s )  ( 0 . 5 )  1 0 8 s )  IG 's )  c a ' s ~  ( a ' s 1  (HZ) (HZ) (HZ) 

CZ 3.141 O.tO3 0.772 -0.9?& 0.299 -0.211 0.214 1 7 2.21 1 .21  f8.4 0.87 

QZ 3.151 0 . 0 ~  0 . 7 ~ 1  -Q.SSO 0 . 2 ~ 4  -o.zrr 0.248 1.7a - 4 7 9  2.22 1 . t ~  19.2 o.ao 

FX 0.130 0.03s 0.7to -0.377 0.114 -0.223 0.210 t.70 - t . r t  1.67 0.93 3 . 7  0.89 

sz 0.m o . o n  o.arr -o.zto a. t7o -o. t r r  o . t w  1.8s -4.60 0.61 o . t3  4.9 0.72 

SX 0. !93 0.M) 1.796 -0.831 0.370 Q.3 fO 0.3- 4.92 - 4 . f t  2.Jt  I 7 0  20.t 0.69 



Table B.9. Summary Acceleration Sta t is t ics  for  the Unloaded Tractor- 
Semi t r a i l e r  on PCC Road Surfaces. 

U t 4  EAST, t 1 - (2. A T  SJ m, UMLOlDLO 

R O A 0  ROWmCSS I A P V  1.31 IM/SCC 

WAR P*J tso Y ~ X  u rn  MW ms soul CR* ca- 4ra.o -ra.o Po+ s r / r  
( a ' s )  ( a ' s )  ( a ' s )  ( a ' s )  ( a d s )  ( Q ' s )  ( O ~ S I  (HZ)  (HZ) (HZ) 

rz 0.094 o.ma o.3ao -0.249 o. t t t  -0. t a r  o. tsa 1.80 I 3 . 0  t t r .7  I .or  

92 0.087 O.OS2 0.29Z -0.298 0.114 -0.111 0.111 1.77 -1.73 2.27 1 . 1  18.1 0.91 

CX 0.030 0.033 O.to3 4 .277 0.114 4.161 0.117 1.7t  - 1 .80  t.19 0.- 4 0.80 

2 0.088 0.077 0.2S8 -0.111 0.1*8 -0.131 O.tW 1.88 -7.47 O.1f 0 .0  4 0.39 

SX 0. (28 0 . 0 4  0.9.. -0.384 0.247 -0.18s 0.21'1 I -7.M 2.81 1 . a  17.0 0.W 

V A I  I#¶ IS0 MAX UtN Y I T  Y T  S W R  C a *  m- *?2.O -?2.0 S T / t  
( a s s )  ~ Q ' s )  [ Q ' s )  ( Q ' s )  ( a ' s )  ( a ' s )  ( a ' s 1  (HZ)  (HZ) (HZ) 

* ? A  KAST, WA- - UILLLI. A T  11 m. women 
t O M  - I S  I A H  * I. I 7  INlSCC 

VLP R W  IS0 U X  NIN M W  Y T  SWR CP* C I -  *fP.O -CZ.O PO+ S T / T  
(Q'SI  ( a ' s )  ( a ' s )  ( 0 ' s )  ( 0 ' s )  ( a ' s )  ( a ' s )  (HZ)  (HZ] (MZ) 

YAP PW Isa IUX MIN m rrr smn cn* c r -  cr2.o -r2.o roc STIT 
3 (Q 's )  ( a ' s )  1 0 ' s )  1 0 ' s )  ( a ' s )  ( a ' s ]  (HZ)  (HZ) (HZ) 

FZ  o. tos  0.081 0.9s) - 0 . 3 ~  o . r m  -0.187 0 . 1 ~ 1  t a o  -1.72 2 .  t o e  11.7 1.w 
PZ 0 . c ~  0.074 0 . ~ 0 1  - 0 . 4 ~ 3  o . t r r  - 0 . t ~  0.188 t . n  -7.79 2 . t ~  3 0  ts.3 0.97 

FY 0. tQO 0.030 0.417 -0.317 0.180 -0. I74 0. 777 1.110 - 1 . 1  1.91 1 I 4 . S  0.73 

s t  . a  o 0 . 2  - 0 . 1  0 . 4  - 0 . 1 2  I 1 7 1  - t ~ )  0.41 0.0 3.1 0.60 

SX 0.131 0.038 t.037 -0.489 0.238 -0.211 0.211 3 0 3.01 t.74 0 .  0.72 

194 uss t ,  179 - tra.  AT a 1  uw. uruo~m 

WM aowrmss a r w  - 2.72 IMISCC 

V A I l  Rl#¶ IS0 MAX MlN M W  mT 5009 CS* C I -  .@l.O -CZ.O PO+ 1711 
( 0 ' 3 1  (G'SI  ( P ' S I  f G ' S l  ( 0 ' 3 )  10 's)  ( a ' s 1  (HZ]  (HZ) (HZ) 



does a very good j o b  of predicting the other s ta t is t ics .  Hence, any 

regression analyses are not improved by adding the other s ta t i s t i cs .  
Given the common knowledge that truck vibrations are broad band except 
on very smooth roads, the s ta t i s t i cs  FO+ and STIS are of l i t t l e  use, 
and offer a poor second choice t o  PSDs. Before discussing the RMS and 
IS0 s ta t is t ics ,  i t  i s  helpful t o  observe the acceleration PSDs. 

Figures B.6-B. 16 show PSDs of four of the measured accelerations 
for a limited matrix covering the truck in loaded and unloaded s ta te ,  
smooth, moderate and rough roads, and bituminous (flexible) and PCC 
(r igid)  constructions. Each PSD is  plotted twice: once in a log-log 
format, t o  best i l lus t ra te  the overall behavior, and once in a 1 inear- 
linear format, to best show the frequency content of the mean-square 
acceleration (mean-square acceleration = area under PSD curve in a 
1 inear-1 inear p l o t )  . Some observations made from these figures, and 

others not shown, follow. 

1 ) The seat accelerations (SX and SZ) are dominated by vibra- 
tions i n  the fair ly narrow frequency band between 2-5 Hz 
in a11 cases. 

2 )  The seat accelerations show wider bandwidth and more 
spectral peaks when the truck i s  in the unloaded state 
and when the road i s  a PCC pavement. 

Effects of the rotating t i  relwheel components (which occur 
a t  7.8, 16, and 23 Hz a t  55 mph; 7.0, 14, and 21 Hz a t  50 
mph; and a t  6.4, 13, and 1 9  Hz a t  45 mph)  are the most 
noticeable on the smoother bitminous surfaces, particularly 
the third harmonic near 20 Hz. Forcing due t o  this har- 
monic i s  evident in al l  of the log-log plots for both floor 
and seat accelerations, although the linear plots show that 
i t  has negl igible effect on the overall mean-square 
acceleration except on the smooth bituminous surfaces 
(Figs. B.6-B.9). 

4 )  The floor accelerations often have frequency content up 

through 25 Hz, with many spectral peaks within that fre- 
quency range. More spectral peaks are noticeable on the 
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Figure 0.6. Acceleration PSDs for loaded truck on Site 51 at 55 mph. 
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Figure 8 . 7 .  Acceleration PSDs for unloaded truck on Site #1 at 55 mph. 
(Very smooth bituminous road) 
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F i g u r e  0.8. A c c e l e r a t i o n  PSDs f o r  loaded  t r u c k  on S i t e  13 a t  50 mph. 
(Modera te ly  smooth b i tuminous  r o a d )  
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Figure 8.9. Acce lera t ion  PSDs f o r  unloaded t ruck  on S i t e  113 a t  50 mph. 
(Moderately smooth bituminous road)  
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Figure B.10. Acceleration PSDs for loaded truck on Site # 5  at 45 mph. 
(Rough bituminous road) 
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Figure 8.17. Acceleration PSDs for unloaded truck on Site 15 at 45 mph. 
( Rough b i  tumi nous road) 



Figure 8.12. Acceleration PSDs for loaded truck on S i t e  Y6 at 55 mph. 
(Smooth PCC road) 
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Figure  8 . 7 3 .  Acceleration PSDs for unloaded truck on Site Y6 at 55 mph. 
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Figure 8.14. , Acceleration PSDs f a r  
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unloaded t ruck on S i t e  #8 a t  55 mph- 
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Figure 8.15. Acceleration PSDs for loaded truck on Site #I0  at 55 mph. 
(Rough PCC road) 
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Figure 8.16. Acceleration PSDs for unloaded truck on Site 910 at 55 mph. 
(Rough PCC road) 



rougher roads, and onthe PCC-type roads (as expected 
from the many spectra1 peaks displayed in the PCC roads 
themselves in Figure 8 .4) .  Generally, the unloaded 
truck shows more response a t  lower frequencies (less than 
15 Hz) and simi lar response a t  higher frequencies, when 
compared t o  i t s  performance when loaded. 

5 )  Overall, the PSDs for each variable are similar for a l l  
of the tes t  conditions. Individual spectral peaks are 
not consis tent between different tes t  conditions , bu t the 
overall frequency contents of the mean-square accelerations 
are often similar, as are the gross shapes of the log-log 
plots. 

Vehicle Transmissibility. Figure 8.17 summarizes the relation- 
ship between road roughness as characterized by the RARV measure a t  
simulated tes t  speed, and the unweighted and ISO-weighted RMS vertical 
accelerations in the truck. Figure 8.18 shows the same data for the 
forelaft  vibrations. Some trends shown by the figure are: 

1 ) In most cases, increases in the roughness measurement 
correspond t o  increases in the RMS accelerations. The 
under1 yi ng re1 ations hip bebveen road roughness and truck 
acceleration does not appear t o  be linear, b u t  instead 
shws high sensitivity t o  roughness for smooth roads, and 

less sensitivity for rough roads. 

2 )  The relationship between roughness and acceleration differs 
between the loaded and unloaded truck conditions. The verti - 
cal accelerations (FZ) deriving largely from roughness i n p u t  
a t  the front axle changes l i t t l e  in RMS amplitude because the 
front axle load i s  s t i l l  about the same. Nevertheless, more 
of that energy i s  contained in the high frequency portion of 
the spectrum t h a t  i s  attenuated by the seat ' s  vertical isola- 
tion system such that the overall seat vertical vibrations 
(SZ)  are somewhat reduced in the unloaded condition. The 
same is  not true of the fore/aft direction which i s  heavily 
influenced by roughness input a t  the unloaded rear axle. In 
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general, much larger RMS fore/aft accelerations ( F X )  occur, 
with significant content a t  the higher frequencies. Inasmuch 

as this seat did not  have fore/aft isolation, much of the 
vibration gets through t o  the seat (SX).  Applying the IS0 
weighting, however, suppresses the high frequency portion so 
that the ISO-weighted RMS values of SX are less sensitive t o  
the vehicle's load condition. 

3) The floor vertical vibrations are the most directly influenced 
by road roughness ( t h a t  i s ,  the p l o t  of RMS versus RARV 

shows the least scatter) ,  whi le the seat verti cal vibrations 
are the least i nf1 uenced (most scatter) .  

The mechanisms behind these trends can be seen, t o  some extent, by 

studying plots of the transmi ssi bi 1 i t y  ratio, expressed by : 

truck acceleration PSD 
Ga in  = road acceleration PSD 

Figures B. 19-8.26 show these ratios, which approximate the transmi ssi - 
bili ty  gains for the truck for a variety of conditions. Figure 8 . 2 7  

shows the exact transmissi bi 1 i ty  of the quarter-car simulation used t o  
provide the roughness measures from profi 1 e measurements expressed as 
a g a i n  function appropriate t o  the measurement process. The gain is 
seen t o  be qua1 i tatively similar t o  the curves shown in Figures B. 19- 

B.26, so t h a t  i t  is  not  surprising t o  see the quarter-car roughness 
measure closely matched t o  the cab floor vertical response. This explains 
the good agreement between RARV and RZ (and FZ--a relationship apparent 
from the tables, b u t  not  plotted). On the other hand,  the approximate 
ga in  for S Z  rolls off sharply above 4 Hz; hence, the RARV includes high- 
frequency content lacking in the RMS SZ s ta t i s t ic ,  explaining the high 
amount of scatter shown in Figure 8.17. 

B.5 Conclusions 

Based on the results of the experiments reported here, i t  has been 
demonstrated that there is  a rather direct relationship between road 
roughness level as would be measured by a highway agency's roadmeter and  
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Figure  5.27. Response o f  quar te r -car  s imu la t i on  roughness 
numeric: ( V e l o c i t y  Out) / (Accel  e r a t i o n  In) . 



the vibrations induced in the chassis of a truck. Comparing the 
transmissibility properties of a truck over a range of surface types 
indicates a fairly consistent behavior t h a t  i s  qualitatively similar 
t o  the roughness measurement process. 

The result, as was sumnarily shown in Figures B.  17  and B.  18, is  
t h a t  

1 ) The chassis RMS vertical vibrations (as characterized by 

RZ), whether loaded or unloaded, are very directly pro- 
portional t o  the road roughness level , quantified by the 
RARV. 

2 )  The chassis RMS fore/aft vibrations ( F X )  and the seat RMS 

fore/aft vibrations (SX) are closely 1 inked t o  roughness 
1 evel ; b u t ,  being a consequence of pi tch dynamics , are 
more variable w i t h  load and speed. 

3 )  The truck seat RMS vertical vibrations ( S Z ) ,  because of 
the seat isolation system, are less precisely related t o  
road roughness 1 evel . Nevertheless , the seat vi bra- 
t i  on 1 evel s tend t o  i ncrease wi t h  roughness and are of 

the same quantitative range as the chassis vertical 
vibrations. 

For the vehicle tested, road roughness evaluated a t  the operating 
speed was a primary determinant of the driver vibration exposure. For 
this vehicle, the ISO-weighted acceleration levels t o  whi ch the driver 
was exposed exceeded the four-hour Fatigue Decreased Proficiency ( F D P )  

boundary under a number of different condi ti ons . In general , the most 
severe vibrations are observed as the road roughness increases t o  the 
level of 1 . 6  t o  2.0 in/sec RARV (nominally equivalent t o  PSI values of 
3.0 and 2 . 5 ,  respectively). A t  that point, the loaded vehicle produces 
seat vertical vibration levels approaching the two-hour FDP boundary on 
P C C  roads. 

Though the exact levels of vibration, as judged against the IS0 

cri teria,  are clearly a function of the vehicle, load condition, speed, 
and road surface type (bituminous or P C C ) ,  the general trend is evident 



that truck vibration levels wi 11 necessari ly i ncrease with road roughness 
condition. Using the subject truck as an example, i t  may be projected 
that allowing the condition of roads t o  deteriorate below the marginal 
level of 3.0 PSI will result in driver exposure t o  vibration levels 
equivalent t o  the two-hour IS0 FDP limit. 






