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1'6. Abswut  

The yaw s tab i  1 i t y  of tractor-semi t r a i  l e r s  in s teering-only maneuvers i s  
examined by means of computer simulation and f u l l - s c a l e  t e s t s .  The t e s t s  
included as-designed vehicles as well as vehicles modified with frame and 
f r o n t  suspension s t i f f e n i n g  elements i n s t a l l e d .  Results show t h a t  while 
t r a c t o r  yaw i n s t a b i l i t y  can occur well below the ro l lover  threshold f o r  
ce r t a in  vehicles,  modified s t i f f n e s s  parameters can e l  iminate such pre- 
mature yaw ins tabi  1 i ty .  

Simulation study of the  influence of design and operating variables on 
t r a c t o r  yaw s tab i  1 i t y  served t o  c l a s s i f y  the r e l a t i v e  importance of d i f f e r -  
en t  suspension s t i f f n e s s  options,  as  well as t i r e  mix, f i f t h  wheel place- 
ment, and t r a i l e r  loading prac t ices .  Results show t h a t  remarkably low level1  
of t r a c t o r  yaw s t a b i l i t y  a re  possible with ce r t a in  combinations of design 
and in-use var iables .  

A s e t  of measurements of t r ac to r - semi t ra i l e r  r ide  vibrat ions i s  a l so  
reported as an add-on task t o  t h i s  study. 
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I n  this  research project, the issue o f  t rac tor - t ra i le r  yaw s ta- 
bil i ty ,  as a determinant of vehicle controllabili ty,  was studied by 
means of laboratory measurements and full-scale tests in the context 
of a generalized basis of understanding as achieved through supporting 
mathematical analysis and computerized simulations. Laboratory measure- 
men ts concentrated upon the direct evaluation of design parameters 
affecting the manner in which the combination vehicle reacts the roll  
moment that arises during cornering. The basic questions, here, per- 
tained to  the manner in which the normal loads on the t i res  change when 
a vehicle i s  in a turn, A long understood axiom in passenger car design 
has been that the distribution of la teral  load transfer among t i res  on 
fore- and aft-located axles will determine the yaw s t ab i l i t y  of the 
vehicle a t  higher maneuvering levels. On the heavy trucks and road 
tractors examined i n this study, conventional measurements of suspension 
roll s t i f fness  and roll center heights were supplemented with measure- 
ments of the torsional s t i f fness  o f  the vehicle frame to permit calcula- 
tion of load transfer distributions and, ultimately, yaw s t ab i l i t y  
characteris t ics .  

Two tractors and two semitrailers were measured and prepared for 
full-scale testing. Each vehicle conbination was outfi t ted w i t h  an 
i nstrumen tation package t o  provi de recordings of dynamic response vari - 
ables . I n  addi tion, each tractor was f i  tted with an additional structure 
and mechanical elements which provided a major rear-to-front redis t r i -  
buti on of effective roll s t i  ffnesses. Full-scale tes t s  were then con- 
ducted t o  determine the levels of yaw s t ab i l i t y  yielded by a "base1 ine" 
and "modified" vehicle. 

Through mathematical analysis, the groundwork was lai d for  apply- 
ing certain classical presentations of passenger car yaw response t o  the 
articulated commercial vehicle, including configurations wi t h  tandemi zed 
axle sets .  Computerized simulations were employed t o  identify the range 
of vehicle configurations which can exhibit yaw instabi 1 i ty  prior t o  

reaching the rol lover threshold. Additional simulation runs were devoted 
t o  exploring the extent to which roll s t i f fness  modifications serve t o  
eliminate the potential for  such yaw instabi l i ty .  



In line with each of the objectives, the following results were 
obtained: 

1)  Tractor yaw s t ab i l i t y  in an articulated combination 
was found t o  be most challenged in steady-turn maneu- 
vers a t  elevated levels of la teral  acceleration. I n  

transient maneuvers, the potential for  an unstable yaw 
response i s  reduced as the duration of the transient i s  
reduced. In quick transients,  the lagging response of 
the semitrailer delays and reduces the roll  moments 
being borne by the tractor--thus promoting a stable 
response . 

2 )  Many types of tractor-semi t r a i  1 e r  combinations exhibit a 
yaw ins tab i l i ty  prior t o  reaching the i r  rollover thresholds. 
This ins tabi 1 i ty occurs primarily with loaded vehicles and 
i s  degraded by the following conditions: 

a )  A forward bias in the distribution of t i r e  corner- 
ing s tiffnesses. (Radial construction-front mixed 
with bias constructi on-rear o r  rib tread type-front 
and lug tread type-rear are combinations tending t o  
degrade yaw s t ab i l i t y .  ) 

b )  Rearward placement of the f i f t h  wheel coupling. 

c) H i g h  c.g. location of  the t r a i l e r  payload. 

d)  Low roll  s t i f fness  of the t r a i l e r  suspension. 

Design parameters of the tractor seen t o  degrade yaw 
s tab i l i ty  were: 

a )  Excessively rear-biased di s t r i  b u t i o n  in suspension 
roll s t i f fness .  

b )  Torsionally compliant frame. 

c )  Short wheelbase configuration. 

d )  Single drive axle (rather  than a tandem axle 
arrangement). 



3) The most s ign i f i can t  vehicle characteris t i c  promoting 
yaw in s t ab i l i t y ,  by f a r ,  i s  the rear-biased dis t r ibu-  
tion in suspension roll  s t i f f ne s s .  The mechanical pro- 
per t ies  of the pneumatic t i r e  are  such t ha t  the rear- 
mounted ti res (which typi cally bear the 1 arges t t ransfer  
of load during cornering) experience a greater  net  reduc- 
tion in l a te ra l  force,  thus providing fo r  a destabil izing 
yaw moment t o  be developed. 

4) Full-scale t e s t s  in  th i s  study confirmed t ha t  large i n -  

creases in ( a )  f ront  ro l l  s t i f f ne s s  and ( b )  frame tor-  
sional s t i f f ne s s  can, indeed, eliminate the poss ib i l i ty  
of an unstable yaw response occurring below the rollover 
1 imi t. 

The significance of these findings l i e s  in t he i r  potential  applica- 
tion to the improvement of vehicle design and operating practices.  Know- 
ing tha t  vehicle response can be improved through cer ta in  suspension 
modifications, i t  remains t o  be established whether such modifications 
can be pract ica l ly  implemented, given the host of other considerations 
which actual vehicles must s a t i s fy .  

Concerning the current  s t a t e  of t r a f f i c  safe ty ,  i t  can be simply 
sa id  tha t  the potential  fo r  divergent yaw behavior occurring within the 
rollover limit consti tutes a fac tor  which degrades the control labi 1 i  t y  

of heavy commercial vehicles. Further, i t  i s  c l e a r  t ha t  such behavior 
can be mi tigated in the shor t  tern through the adoption of favorable 
operating practices and, perhaps, eliminated in the l o n g  term through 
the development of practicable design modifications. 
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1 .O INTRODUCTION 

This document reports on a research study ent i t led  "Truck and 
Trai ler  Yaw Divergence and Rollover" which was conducted by the Highway 
Safety Research Inst i tute  of The University of Michigan. The study was 

supported by the National Hi ghway Traffic Safety Admini s t r a t i  on of the 
U. S. Department of Transportation under Con t r ac t  Number DOT-HS- 7-01602. 

I t  should be emphasized that this  research e f f o r t  addresses a 
speci f i  c aspect of the dynami c behavior of tractor-semitrai l e r s ,  namely, 
the condition of pure cornering with n o  braking. I f  the overall domain 
of cornering responses can be usefully broken down into "normal" and 
"emergency" maneuvers, the subject study has addressed maneuvers of the 
high level variety which occur only rarely and which represent an emer- 
gency domain of operation, Particularly,  i t  i s  under conditions of high 
la teral  acceleration that  a potential arises for  losing control due t o  
a "yaw instabi l i ty ,"  which phenomenon i s  the special in te res t  of this  
s tudy . 

Although the possibil i ty of a yaw instabi l i ty  i s  a pertinent 
safety issue w i t h  any class of pneumatic-tired vehicle, a recent NHTSA- 

sponsored project [ I ]  has revealed that there i s  a special basis for  con- 
cern in the case of heavy trucks and t ractor- t rai lers .  In that  project, 
i t  was found that a yaw instabi l i  ty could arise a t  a maneuvering level 
which was well below the rollover threshold. Thus, i t  i s  possible that 
the usable maneuvering range of the heavy truck and t rac tor - t ra i le r  
could be much narrower than that  already-narrow range which had been 
previously accepted as the status quo  with such vehicles. Further, i t  
was established ( in  the e a r l i e r  study) that  certain peculiar aspects of 
the construction of truck frames and suspensions were the primary deter- 
minants of vehicle yaw stabi l  i ty  in the emergency domain o f  operation. 
Whereas the previous work explored these re1 ationships for  the case of 
s t ra ight  trucks, the present study has expanded the findings t o  tractor- 
semitrailers. 



In the presently reported study, tractor-semi t r a i l e r  yaw s t ab i l i t y  
has been examined, primarily, in two ways, namely, through full-scale 
testing and through computer simulation. The selection of vehicles for 
full-scale testing was guided, in part ,  by a preliminary survey of 
accident data f i l e s ,  in which particular attention was given t o  incidents 
involving jackkni fe or  rollover. 

The subsequent testing act ivi ty  sought not only t o  measure the 
behavioral properties of certain contemporary tractor-semitrailer com- 
binations, b u t  also t o  demonstrate the extent to which the yaw response 
of such vehicles could be stabilized through modification of suspension- 
and frame-s t iffness characteris t ics .  Such modifications were guided 
through supporting simulation act ivi t ies  which predicted the levels of 
parametric change needed t o  e f fec t  a stable behavior. 

In order t o  simulate the actual vehicles t o  be tested, vehicle 
design parameters were measured in the laboratory. Additionally, exist-  
ing parametric data were used t o  define a matrix of vehicle types, such 
as represent the bulk of the tractor-semitrailer population in the U.S. 

Computerized calculations were then performed t o  identify the range 
o f  yaw s t ab i l i t y  levels which could be anticipated through modification 
of the t e s t  tractors. Simulations were also run to  establish the extent 
t o  which combination vehicles (of the types making up  the U.S. tractor- 
semi t r a i l e r  population) exhibit a potential for  unstable yaw behavior 
below the rollover limit. 

In  order t o  define or express yaw behavior so as t o  evaluate the 
potential for ins tab i l i ty ,  i t  was necessary t o  adapt t o  the case of the 
tractor-semi t ra i  1 e r  techniques used t o  di agram the yaw response of 
passenger cars. A mathematical basis for  this adaptation was developed 
in this study and provides a common format for reviewing a l l  t e s t  and 
simulation data. 

Sections 2.0  through 6 . 0  of this report contain technical dis- 
cussi ons, with concl usions a n d  recommends tions presented in Section 7.0.  

The report also includes seven appendices, which present, in de ta i l ,  
results from ( a )  an accident data analysis, ( b )  vehicle parameter measure- 
ments, and ( c )  t e s t  and simulation exercises. 



As a supplemental task t o  the yaw s t ab i l i t y  study reported here- 
in ,  a ride vibration measurement act ivi ty  was also conducted. This 
exercise involved the measurement of cab and frame vibrations on heavy 
truck-tractors in both their  bobtail configuration and in combination 
with a loaded semitrailer. Since this task was added by the sponsor 
only because o f  the efficiency accruing f r o m  the uti l ization of avail- 
able vehicles and instrumentation, b u t  was otherwise unrelated t o  the 
yaw s tab i l i ty  investigation, i t  i s  reported separately in Section 8.0 of 
the technical vol me. 





2.0 SURVEY OF ACCIDENT DATA 

Accident data gathered through the Bureau of Motor Carrier 
Safety (BMCS) of the U.S. Department of Transportation were analyzed 
to determine the relationships between tractor-semi t r a i l e r  type and 
the frequency of involvement in jackkni fe- and rol lover-type accidents. 
These data were examined so as t o  guide a rational selection of t e s t  
vehicles for use in th is  study. 

A computerized f i l e  of 17,291 accidents occurring with tractor- 
semitrailers ( in  1976) was interrogated t o  find the jackknife and over- 
turn involvement of the following types of vehicle combinations: 

two-axle t ractor  pull ing s ingle-axle t ra i  1 e r  (2 /1 ) ,  

two-axle t ractor  pul l i  ng  two-axle t r a i  l e r  ( 2 / 2 ) ,  

three-axle t ractor  pulling single-axle t r a i l e r  (3 /1) ,  and 

three-axle t ractor  pull ing two-axle t ra i  l e r  ( 3 / 2 ) .  

As shown in Table 2.1, the 312 combination dominates the sample, 
accounting for 73% o f  a l l  accidents, with the 2 /2  combination appearing 
second with 11%. While Table 2 .1  i s  provided t o  i l l u s t r a t e  relative 
sample s izes ,  Tables 2 . 2  and 2.3 constitute individual summaries of per- 
centage i nvol vement in jackknife and overturn accidents by axle configura- 
t i o n  o f  the combination. Concerning jackknife involvement, the 2 / 2  

configuration appears t o  be signi f i  cantly over-invol ved. A 1  t h o u g h  we 

can hypothesi ze no reason for a re1 ationship between the number of 
t ra i  l e r  axles and jackkni fe procl ivi t y  , per se ,  the higher jackkni fe 
i nvol vemen t of the two-axle t ractor  does confirm observations t o  be 
presented l a t e r  in th is  report showing decreased yaw s t ab i l i t y  of two- 
axle tractors.  

Concerning rollover, Table 2.3 presents a mixed picture. We see 
the two-axle t ractor  roll ing over most frequently when coupled t o  the 
smaller ( s i  ngl e-ax1 e )  t ra i  l e r ,  while the three-axle t ractor  rol ls  over 
w i t h  disproportionate frequency when coupled to the larger (two-axle) 
t r a i l e r .  I n  general, i t  would be expected that  two-axle t r a i l e r s ,  capable 
of carrying greater load, w o u l d  exhibit  a higher center of gravity in the 
loaded condition and thus would be more involved in overturning accidents. 



Table 2 . 1 .  I l l u s t r a t i o n  o f  J a c k k n i f e  and Overturn Acc iden t s ,  
by Axle Arrangements on Tractor-Semi t r a i  1 ers . 

Axles 
Trac to r /Tra i  l e r  

- - - - - - - - -- 

No. 
Jackkni fe Overturn Other Accidents 

2/ 1 ( T o t a l )  35 9 3 1104 1232 

( Row %) 2 . 8  7.5 89.6 100.0 

2/ 2 ( T o t a l )  103 76 1755 1934 

(Row % )  5 . 3  3.9 90.7 100.0 

3/ 1 ( T o t a l )  5 7 153 165 

( Row % )  3.0 4.2 92.7 100.0 

3/ 2 ( T o t a l )  4 33 9 36 11208 12577 

(Row 7 ; )  3.4 7.4 89.1 100.0 

A1 1 Combi n .  ( T o t a l  ) 622 1200 15469 17291 

(Row Z )  3.6 6 .9  89.5 100.0 



Table 2 .2 .  Jackknife Accidents by Axle Arrangement on the 
Tractor-Semi t r a i  l e r  Combination. 

Axle Arrangement Number of Percent of Percent Normalized by Fi l e  
TractorITrai 1 e r  Jackkni fes A1 1 Jackkni fes Si ze f o r  A1 1 Acci dent Types 

211 35 5 -6% 2.8% 

0 the rs 46 7.3 3.3 

Table 2.3. Overturning Accidents by Axle Arrangement on t h e  
Tractor-Semi t r a i  l e r  Combination. 

Axle Arrangement Number of Percent of Percent Normalized by Fi l e  
TractorITrai l e r  Overturns A1 1 Overturns Size f o r  All Accident Types 

211 93 7.8% 

212 7 6 6 .3  

311 7 0.6 

3/2 9 36 78.0 

Others 88 7.4 



The data of Table 2.4 support the intuitively-reasonable notion 
that rollover i s  a phenomenon primarily associated with loaded tractor- 
t r a i l e r s .  Indeed, the incidence of loaded vehicle rollover i s  13 times 
more frequent than rol lover of the unloaded cmbi nation. The converse 
sensi t ivi ty  i s  seen in the jackknife data; revealing that the unloaded 
combination jackkni fes 4 . 4  times as frequently as the loaded tractor- 
t ra i le r .  This resul t  can be interpreted t o  support the contention that 
jackknife i s  primarily an anomaly prevailing when t ractor  rear axles are 
unloaded and overbraked t o  the point of lockup. [The thrust of this 
overall study, however, was t o  determine the manner in which yaw insta- 
bil i t i e s ,  such as jackkni f ey  develop during cornering maneuvers, whi ch 
instabil i t ies  are most aggravated in the ful ly-loaded case. I t  remains 
t o  be determined, then, whether overturn accidents are being properly 
treated by the accident i nves t i  gation and classification s chernes which 
exis t  or whether certain rollovers of loaded vehicles were n o t ,  in fac t ,  
precipitated by a tractor yaw divergency. Perhaps certain rollover 
accidents might have been bet ter  assigned the "jackknife" classif icat ion,  
from a causality point of view. Clearly, however, i t  i s  difficul t t o  
investigate for  the presence of a precipitating yaw divergency which may 
have culminated in rollover.] 

Other data from the BMCS f i l e  are presented in Appendix I ,  i l lus -  
t ra t ing by axle arrangements the accident involvement of vehicles 
characterized by 

- t r a i l e r  type 
- t r a i l e r  cargo 
- t rac tor  manufacturer 

One result  of the data pertaining t o  t r a i l e r  type i s  that ,  for the 
most numerous (3 /2 )  combination, van t ra i le rs  exhibit 1 . 7  overturning 
accidents for  every jackkni fe while f l  at-bed t ra i  lers exhibit 4.8 over- 
turning accidents for  every jackknife. This result  i s  somewhat sur- 
prising since flat-bed t ra i le rs  are n o t  typically loaded t o  the c.g. 

heights which are comon with van t ra i le rs .  



Table 2 .4 .  I l l u s t r a t i o n  o f  J a c k k n i f e  and Overturn Accident Rates 
f o r  Unloaded ( 2 4  through 30K GCW) and Loaded (60 through 
80K GCW) Tractor-Semi t r a i  l e r s .  

Total No. 
GCW Jackkni f e  Overturn Other o f  Acci den t s  

24- 30K No. o f  Unloaded 
(Unloaded) Acci dents  1 82 2 3 251 9 2 724 

% o f  All  
Unl oaded 
Accidents 6 .7% 0.8% 92.5% 

60- 80K No. o f  Loaded 
( Loaded) Accidents 

% o f  Al l  Loaded 
Acci dents  



I n  examining the acc i den t  data t rends observed i n  t he  BMCS f i l e ,  

i t  i s  use fu l  t o  r e f l e c t  on the r e p o r t i n g  and exposure b iases which can 

tend t o  c rea te  apparent " f i n d i n g s "  which may n o t  app ly  t o  the U.S. 

veh i c l e  popu la t i on  as a  whole. I n s o f a r  as the BMCS r e p o r t i n g  system 

excludes c e r t a i n  t r u c k i n g  operat ions w i t h i n  s o - c a l l e d  "commercial zones ," 
the f i l e  i s  b iased  by whatever nonrepresentat iveness e x i s t s  i n  e i t h e r  

the ope ra t i ng  cond i t i ons  o r  veh i c l e  con f i gu ra t i ons  o f  the  exc luded t r ucks .  

Since the BMCS ho lds  j u r i s d i c t i o n  o n l y  i n  i n t e r s t a t e  t r u c k  t r anspo r t ,  the 

data f i l e  may a l s o  represen t  an unusua l l y  concent ra ted exposure t o  r u r a l  

( l ong-hau l )  r a t h e r  than urban t r u c k  opera t ions .  Whi le such concerns as 

these may have a  bea r i ng  on the d i s t r i b u t i o n  o f  a c c i d e n t  type among t he  

veh i c l e  c o n f i g u r a t i o n s ,  2/1, 3 / 2 ,  and so on, they a re  n o t  expected t o  

have b iased  o t h e r  r e s u l t s  such as t h e  r e l a t i o n s h i p  between ove r t u rn  and 

jackkn i  f e  acc idents  f o r  1  oaded versus unloaded t r a i  l e r s .  



3.0 EVALUATION O F  V E H I C L E  PARAMETERS 

In order to permit computerized simulation of the mechanical re- 
sponse of specif ic  vehicles, a number of design parameters must be 
evaluated. The parameters of in te res t  i nc1 ude vehicle geometry, iner- 
t i a l  properties , the kinematic and compliance properties of suspension 
and steering sys terns, f ram compliance and  t i  re properties. While the 

meas uremen t of many geomet ri c parameters requi res eq ui pmen t no more 
sophis t i  cated than a tape measure for  eval uation of  wheel base, track 
width, f i f t h  wheel placement, e t c . ,  iner t ia l ,  suspension, and frame pro- 
perties are n o t  so easi ly  obtained and require faci 1 i t i es  speci f i  cally 
designed for  these types o f  measurements. 

3.1 Special Experiments t o  Obtain Chassis Parameters 

To obtain the vertical  and longitudinal location of the center of 
gravity, as we1 I as the moment of iner t ia  in  pitch, the Pitch Plane 
Inert ia l  Properties Facili ty,  shown in Figure 3.1, was used in this  study. 
Height of center of gravity i s  determined on this f ac i l i t y  through a 
s t a t i c  pitch experiment in which the restoring moment about a knife-edge 
pivot i s  measured t o  deduce the lever arm a t  which the known vehicle 
weight i s  acting. By subtracting the swing's tare component from the 
pitch moment and by locating the knife-edge height with respect to a 
"ground plane," the height of the total  vehicle c.g. above the ground i s  
obtained. The height of the sprung mass center i s  then determined through 
removal of the estimated contribution afforded by unsprung masses located 
a t  the height of the wheel spin centers. 

Pitch moment of iner t ia  is  determined by treating the free-swinging 
system as a compound pendulum, whose mass center has been located i n  the 

previous experiment. The natural period of the pendulum i s  used t o  
determine the principal moment of iner t ia  in pitch. Details of these 
measurement methods are given in Reference [3]. In this  study, yaw and 
roll  moments of iner t ia  were estimated, given measurements which had been 
made on similar vehicles and which could be scaled using knowledge of 
c.g. height and pitch moment of iner t ia .  





Suspension and steering sys tern properties were measured on 
HSRI's suspension parameter measurement faci 1 i ty i 1 lustrated in Figure 
3.2, This faci l  i ty consists of two vertically-oriented hydraulic 
cylinders which are used t o  apply load to  the t i r e s  on the axle being 
measured. For th i s  experiment, the vehicle frame i s  clamped firmly to 
ground. The cylinders are used t o  exercise the suspension in bounce 
and/or rol l  while transducers measure t i r e  loads, vertical wheel motion 
and s teer  angles, These tes t s  yield key suspension parameters such as 
spring rate ,  rol l  ra te ,  rol l  s teer ,  and coulomb f r ic t ion  measures. The 

f ac i l i t y  also has the capability of applying aligning moments and brake 
force to the t i r e  contact patch to measure compliance in the steering 
or suspension systems. A general discussion of the measurement of truck 
suspension parameters can be found in Reference [4].  

Torsional compliance (about the x axis)  of vehicle frames was 
considered to have a major influence on yaw stabi 1 i ty and was therefore 
measured on each vehicle in this  project. Figure 3 . 3  shows the method 
which was used t o  measure the torsional compliance of b o t h  tractors and 
semitrailers.  A roll ing moment i s  applied a t  one end of the vehicle 
and an inclinometer i s  used t o  measure the relat ive torsional deflec- 
tions a t  several points along the length of the frame. This type of 
measurement provides data not only concerning the vehicle 's  total  tor- 
sional s t i f fness ,  b u t  also the distribution of this  s t i f fness  along the 
vehicle's length. 

Listings of a1 1 vehicle parameters, b o t h  measured and estimated, 
are given i n  Appendix 11. 

3.2 Measurement of Ti re Traction Parameters 

The shear forces developed between a vehicle 's  t i r e s  and the 
pavement are the most important quantities governing the vehicle 's  
directional control. The forces and moments developed by the t i r e s  vary 
in a nonlinear fashion with load and s l i p  angle, thus requiring that 
t i r e  behavior be measured over a broad range of conditions. Cornering 
force characteristics of the t i r e s  which were used in full-scale vehicle 
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t es t s  were measured on the HSRI Flat-Bed Ti re Tester shown in Figure 

3.4. In the operation of this  machine, the t i r e  i s  mounted on a gim- 
bal led assembly which establ ishes the s l  ip angle and camber angle 
orientations relative to the roadway which moves a t  a speed of 1.5 mph 

under the t i r e .  Using the flat-bed machine, data relating cornering 
force and a1 igning torque t o  load and s l i p  angle were generated for  use 
in the simulation model. 

Since test-induced t i r e  wear had been found previously [ I  ,5] t o  
a1 t e r  shear force properties, additional t i  re traction measurements were 
conducted t o  determine the e f fec t  of wear on the mechanical properties 
of the specific truck t i r e s  to be used in the ful l -scale  tes t s  of this  
study . 

The HSRI Mobile Truck Tire Dynamometer, shown in Figure 3 .5 ,  was 
employed in a s e t  of repetit ive tes t s  designed t o  establish whether tes t-  
induced wear would create a non-representative t i  re performance condi- 
t ion, perhaps necessitating frequent t i  re changing. 

The s l i p  angle control system of the mobile dynamometer was pro- 
grammed for  these experiments t o  provide a s l i p  history which approxi- 
mated that obtained from computerized simulations of a three-axle 
tractor/van semi t r a i  1 e r  in trapezoidal s teer  maneuvers. Shown in Figure 

3.6 i s  the s l i p  angle waveform which was used in repetit ive tests  a t  a 
speed of 45 mph,  with vertical load equal t o  5000 lbs. Shown in Figure 
3.7 are results of an 80-run sequence on each of two 10.00-20 t i r e s ,  
revealing that no significant trend in the level of maximum normalized 
side force, u , prevailed with increasing t e s t  runs and thus test-induced 

Y 
wear. Accordingly, i t  was determined that no special procedures were 
warranted for  changing t i r e s  due t o  an anomalous test-wear sensi t ivi ty .  







Figure 3.6. Slip angle history employed on mobile dynamometer to 
examine tread-wear sensi t ivi  t i es  of t e s t  t i r e s .  





4.0 INTRODUCTORY CONSIDERATIONS ON THE CHARACTERIZATION OF 
TRACTOR-SEMITRAILER YAW STABILITY 

Appendix IV presents a general discussion and analysis of the 
yaw response of tractor-semi t ra i  lers  t o  steering inputs. A1 t h o u g h  the 

interested reader i s  referred t o  that  appendix for an in-depth treatment 
of the vehicle mechanics issues, the following brief discussion i s  pro- 
vided as an introduction t o  the data analysis techniques which will be 
used in presented t e s t  and simulation results in the text of this  
report. 

The primary concern of the t e s t  and simulation exercises has been 
the examination of tractor-semi t r a i l e r  yaw responses so as t o  conclude 
whether an unstable yaw response i s  present. Analysis has shown (see 
Appendix IV) that  the mode of ins tab i l i ty  which i s  of essential impor- 
tance simply pertains to  the yaw rate response of the t ractor  t o  steer- 
ing. A1 t h o u g h  various types of 1 imi t yaw response can be identified for  
tractor-semi t r a i l e r s  over the range of operating velocities,  the only 
truly divergent configurations of the combination vehicle require that  
the t ractor  i t s e l f  be in a yaw divergent s t a t e .  

Inspection of t e s t  and simulation data has shown, however, that  
t ractor  yaw ins tab i l i ty  often prevails with a relatively low rate  of 
divergence, such that the existence, or not, of an ins tab i l i ty  (which i s  
permitted t o  proceed for only a brief time interval) i s  n o t  easily 
determined. I n  order t o  provide a means of clearly characterizing the 
presence of an unstable operating condition, i t  was necessary t o  adapt 
for  tractor-semitrailers a technique developed to display the yaw behavior 

of the passenger car. This display, called the "handling diagram,'' was 
broadly developed by Pacej ka [2 ]  t o  faci 1 i t a t e  the study of steady-state 
yaw response t o  steering, as described by the expression: 

where 



6 = front-wheel s teer  angle, rad. 

R = wheelbase, f t .  

R = path radius, f t .  

U = understeer gradient, rad/g 

V = velocity, f t / sec  

g = acceleration of gravity, f t / s ec  

The handling diagram i s  simply a plot of th is  relationship, name7y, the 
term (V2/gR) i s  taken as the dependent variable while (8-a /R)  i s  taken 
as the independent variable and the slope of the curve i s  described by 

the inverse understeer gradient, 1 / U .  If we portray the yaw behavior 
of a passenger car on th i s  diagram, presuming i t s  t i r e s  to  behave l inearly,  
we see that  U i s  a constant over the ent i re  range of centripetal accel- 
eration, V2/gR, such that diagrams of the understeer, neutral s teer ,  or 
oversteer cases show u p  as i l lus t ra ted  in Figure 4.1,  

For real vehicles with nonlinear t i r e  properties, we find that  
the understeer gradient i s  not a constant, b u t  rather changes as a 
function of la teral  acceleration. Thus the typical two-axle truck, for  
example, yields a handling diagram such as shown in Figure 4 . 2 ,  in which 
a transit ion from understeer t o  oversteer occurs ( tha t  i s ,  from a nega- 
t ive slope t o  a positive s lope) ,  as la teral  acceleration level increases. 
A t  some lateral  acceleration level,  a ,  the vehicle becomes neutral s teer  
and thereafter becomes increasingly oversteer u n t i  1 the rol l  over threshold 
i s  reached. Cases of th is  type are of primary in teres t  in th i s  study 
since we wish t o  examine the conditions under which a yaw ins tab i l i ty  
can actually be established a t  a la teral  acceleration level which i s  
below the rollover threshold. For any vehicle which exhibits an over- 
s teer  characteristic in some region of i t s  handling curve, there does 
ex is t  a c r i t i ca l  velocity, V c ,  above which the vehicle i s  yaw-unstable. 
Further, the handling diagram presents a convenient means for testing a 
given response curve so as to  evaluate the conditions for  such an in- 
stabi 1 i  ty. Crit ical  velocity slopes can be superimposed upon the hand1 ing 

- diagram using the relationship, Slopecri - Y E r j  / g a ,  which derives simply 



Figure 4.1.  Example hand1 i n g  diagram showing three possible characteristics 
for a passenger car with 1 inear t i r e  properties. 



F i g u r e  4 .2 .  Example  hand1 i n g  d i a g r a m ,  t y p i c a l  o f  heavy trucks, showing 
a transit ion from understeer t o  oversteer behavior a t  an 
intermediate level o f  1 ateral acceleration. 



from the case when Equation (4.1) i s  solved for the lirni t condition in 
1 /R which path curvature gain (T) becomes inf in i te .  Lines of c r i t i ca l  

slope, or c r i t i ca l  velocity, are shown in Figure 4.3, together with an 
example hand1 ing curve, i 1 lustrating that a decreasing cr i t ica l  speed 
condition will produce yaw instabi l i ty  as the la teral  acceleration 
1 eve1 i ncreases . 

Note, again, that an oversteer polarity slope i s  needed for an 
i nstabi 1 i ty to  be possible. A nonlinear, b u t  continuously understeer, 
response, such as shown i n  Figure 4.4, for example, will produce a yaw- 
stable behavior right u p  to the rollover l imit .  

I t  should also be noted that  the abscissa variable on the handling 
diagram, ( 6 - & / R ) ,  implies that the diagram becomes peculiarly scaled t o  
the individual vehicle ' s wheel base. For the case of three-ax1 e t ractors ,  
an analysis in Appendix IV shows that the relevant wheelbase i s  measured 
from the front axle to the mid-position of the rear tandem pair of axles, 
Additionally, when tandem axles are present, i t  i s  no longer possible 
to represent the vehicle by way of a single, unique handling curve. 
Rather, a family of handling curves i s  needed to represent the yaw re- 
sponse properties of a tandem-axle tractor,  with one curve needed for 
each operating velocity, as shown in Figure 4.5.  Since each curve i s  
only valid, then, for the individual velocity, V i  , the vehicle's response 
can only be tested for  s t ab i l i t y  against the corresponding cr i t ica l  
velocity slope, w i t h  V c r i t  = V i .  

As shown for  the example case of the 60-mph curve, the slope 
corresponding t o  the ( V c r i t  = 60 m p h )  condition occurs a t  a la teral  
acceleration level of A . Thus the represented vehicle would be 

Yc, 60 
said t o  possess a yaw s tab i l i ty  threshold a t  a la teral  acceleration 
level of A when operating in a steady turn a t  60 mph. Of course, 

Yc,60 
no realizable yaw s t ab i l i t y  threshold would apply in th is  example i f  the 
rollover threshold were encountered before the 60-mph handling curve had 
arrived a t  a slope equal to  the c r i t ica l  value, 



F igu re  4.3.  Example hand1 ing diagram showing th ree  operat ing poin ts  a t  
which the  local  slope has been evaluated and used t o  
i d e n t i f y  an equal-slope ray defining the c r i t i c a l  ve loc i ty  
a t  t h a t  operat ing poin t .  



Figure 4 .4 .  Example hand1 ing diagram showing a nonlinear b u t  continuously- 
understeer behavior for which no yaw instabi l i ty  i s  possible. 



Figure 4.5. Example handling diagram showing a full family o f  curves 
for a tandem-axle tractor. 



Also, i t  should be noted t h a t  the handling curve i s  valid, a t  a given 

velocity, only  up to  the A level of la teral  acceleration. Beyond 
c 

that  level,  the system i s  yaw unstable such that  Equation (4.1) becomes 
meaningless. The yaw s t ab i l i t y  threshold numeric, A , will be employed 

c 
in Section 6.0 as the primary measure for discriminating among the 
influences of various design and operating parameters on yaw stabi 1 i t y .  

In a l l  handling diagrams which follow, presenting b o t h  t e s t  and 
simulation data, the abscissa variable (ra/V - t i ) ,  will be substituted 
for  the previously-descri bed form ( R / R  - 6 ) .  This substi tution, while 
simply expressing an identity in the steady-state case, properly accounts 
for  the quasi-steady conditions which actual ly prevai 1 in full-scale 
tes t s  and simulated maneuvers. For maneuvers in which some transient 
behavior i s  present, the variable, l/R, contains a component deriving 
from the instantaneous vehicle sideslip rate ,  b ,  viz. ,  

Inspection of the basic equations upon which the hand1 ing diagram 
i s  based reveals that  the k content in 1 / R  would lead t o  an erroneous 
determination of vehicle understeer level,  and thus s t ab i l i t y ,  in the 

higher level maneuvers in which b i s  seen t o  be significant.  Thus the 
term (rl/V - 6) permits interpretation of the handling diagram for quasi- 
steady maneuvers such as will be treated here. 





5.0 FULL-SCALE TEST PROGRAM 

A se t  of full-scale experiments was conducted in the study t o  
evaluate the validity of computerized simulations and t o  provide empi ri - 
cal support t o  the examination of  the influence of roll s t i f fness  d i s t r i -  
butions on tractor yaw s t ab i l i t y ,  Two tractors a n d  two semi t r a i l e r s  were 
tested with the data being subsequently reduced t o  the handling diagram 
format. I n  the following subsections, the t e s t  vehicles, as we11 as 
the re1 ated vehicle-preparation steps and t e s t  procedures, are described. 
Test data are reviewed for the baseline tractor-semitrailer configura- 
tions and contrasted with data from the cases in which those vehicles 
were modified so as t o  a l t e r  roll s t i f fness  distribution. 

5.1 Test Vehicle Descriptions 

Two tractors and two t r a i l e r s  were selected for testing on the 
basis of their  representativeness of common configurations, as we1 1 as 
in consideration of design parameters expected to influence yaw stabi 1 i t y .  

B o t h  selected tractors were cab-over-engi ne units wi t h  s imi la r  wheel - 
bases. One t ractor  possessed a single drive axle ( i  .e. ,  a two-axle 
vehicle), whereas the other tractor was configured with tandem driving 
axles (a three-axle vehicle). The selected van-type and flat-bed 
t r a i l e r  represented the most popular configurations of semitrailers and 
also represent extremes of the range of frame torsional compliance. 

The selected two-axle t ractor ,  shown in Figure 5.1, was a Ford 
W9000 COE with a sleeper compartment and a sliding ( i . e . ,  adjustable) 
f i f t h  wheel. The front and rear suspensions consisted of steel  leaf 
springs with a helper leaf on the rear axle. All t e s t  t i r e s  were 
10.00-20 Fi restone Transport 1,  a rib-tread bias-ply t i r e .  A complete 
vehicle description i s  provided in the parameter 1 ist ings of Appendix 
11. 

The second power unit was an International Harvester C O  4000, 
three-axle t ractor ,  shown in Figure 5.2. This vehicle had a leaf-spring 
front suspension with an air-spring rear suspension. The rear suspen- 
sion incorporated different levels of roll s t i f fness  on each of the 
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tandem axles, with one axle providing approximately 85% of the total  

rear rol l  s t i f fness .  This vehicle was also configured with a sleeper 
cab and a sliding f i f t h  wheel. All t e s t  t i r e s  were 10.00-22 Firestone 
Transport 1 .  

The selected van-type t r a i l e r  was the Fruehauf 45-foot van shown 

in Figure 5.1. The suspension on this  t r a i l e r  was a four-spring tandem 
incorporating taper leaf springs. The t r a i l e r  was outf i t ted with 
Fruehauf 10.00-20 t i r e s .  This type of t r a i l e r  provides a frame structure 
which i s  very high in torsional s t i f fness .  

The &-foot Trailmobile flat-bed t r a i l e r ,  shown in Figure 5 . 2 ,  was 
also tested. I n  t h i s  case, the vehicle frame i s  highly compliant in 
torsion, providing a strong contrast t o  the van t r a i l e r .  The flat-bed 
t r a i  1 er  possessed a four-spri ng tandem suspension incorporating mu1 t i -  

leaf springs and was equipped with 10.00-20 Firestone Transport 1 t i r e s .  

5.2 Test Methodology 

Full-scale t e s t s  were conducted for  the sole purpose of examining 
vehicle yaw s t a b i l i t y  in the vicinity of the yaw or rol l  s t ab i l i t y  
1 imi t s .  Accordingly, a tailored t e s t  methodology was designed, portions 
of which are peculiar t o  the narrow focus of interest  in these experi- 
men t s  . 

5.2.1 Test Si te .  All t e s t s  were conducted on the Vehicle 
Dynamics Area a t  the Chrysler Proving Ground in Chelsea, Michigan. This 
f a c i l i t y  consists of an oval track w i t h  an 800-foot square skid pad 
between the straight-aways, as shown in Figure 5.3.  The t e s t  surface 
i s  smooth asphalt with an ASTM (dry) skid number of approximately 86. 

A1 1 t e s t s  were run on dry pavement. 

5 .2 .2  Instrumentation. The t e s t  vehicles were equipped with 
transducers t o  provide records of variables relevant t o  the analysis of 
yaw stabi 1 i  ty. The transducer signals were processed on-board t o  scale 
the signals for recording on FM tape. Selected signals were also dis- 
played ( in  real time) on a s t r i p  chart recorder t o  provide immediate 
feedback on transducer operation while also guiding subsequent selection 
of s teer  input levels. 



Figure 5.3. Vehicle Dynamics Test Area at Chrysler Corporation's 
Chel sea Proving Grounds. 



The following variables were recorded in t h i s  t e s t  program: 

-vehicle ve loci ty ,  V 

-steering-wheel angle, as, 

- t r a c t o r  l a t e r a l  accelera t ion ,  A 
Y I  

- t r a c t o r  yaw r a t e ,  r ,  

- t r a c t o r  r o l l  angle, 4 

- t r a c t o r - t r a i  l e r  a r t i c u l a t i o n  angle,  r 

- t r a i l e r  l a t e r a l  accelera t ion ,  A 
~2 

- t r a i l e r  yaw r a t e ,  r2 

Transducers used t o  measure these variables a r e  l i s t e d  in  Table 5.1. 

The signal processing un i t  used t o  sca le  the transducer s ignals  

a lso  provided cal i  bration voltages f o r  the various transducers,  based 

on the r e s u l t s  of bench t e s t s .  

5.2.3 Vehicle Preparation. To a t t a i n  the desired t e s t  condi- 

t ions  while assuring t e s t  s a f e t y ,  extensive vehicle preparation was 

necessary. This preparation involved the i n s t a l  l a t ion  of safe ty  equip- 

ment, the instrumentation system, and modification hardware, together  

with the mounting of the payload weights. 

Considerable a t t en t ion  was given t o  safe ty  equipment in t h i s  pro- 

j e c t  s ince  i t  involved t e s t ing  the vehicle a t ,  or  near ,  the l imi t s  of 

yaw and r o l l  s t a b i l i t y .  Each t r a c t o r  was equipped with a ro l lover  pro- 

tec t ion  bar ,  s e a t  be1 t s ,  and shoulder harnesses. Heavy chains were 

attached between t r a c t o r  and semi t r a i l e r  t o  1 imi t the a r t i c u l a t i o n  angle 
t o  a  maximum of 15" and thus prevent jackknifing. Tra i l e r s  were a l s o  

equipped with outr iggers ( a s  shown previously in Figurcs 5.1 and 5.2)  
t o  prevent r o l l  over. The outr iggers were constructed o f  heavy pipe 
sec t ions  with a telescoping lower s t r u t  t o  provide height adjustment. 
The outr iggers were addi t ional ly  res t ra ined by chains attached fore  and 
a f t  to  the  t r a i l e r  s t ruc tu re .  The ro l lover  r e s t r a i n t  i s  provided by the 
ground contact  of dual truck t i r e s  which, on contact ,  introduce minimum 
extraneous disturbances t o  the vehicle. 



Table- 5.1. Transducers 

Vari abl e ,  Symbol 

Vehicle Velocity,  V 

S teer i  ng-Wheel Angle, sSw 

Tractor  Lateral Accelerat ion,  Yaw 
Rate, Roll Angle 

T r a i l e r  Lateral  Acceleration 

T r a i l e r  Yaw Rate 

Ar t i cu l a t ion  Angle 

Transducer, Range 

Fi f th  Wheel with DC Tachometer, 
0-60 mph 

Rotary Potentiometer +360° 

S tab i l i zed  Platform Unit,  
Servo Accelerometer, +I g 
Rate Gyro, +60 deg/sec 
~ i rnba l -  Angle potentiometer,  
21 5" 

Servo Accelerometer, +1 g 

Gas Rate Sensor, +60% 

Rotary Potentiometer with 
Para1 lelogram Linkage, t15O 



Two pieces of hardware were constructed t o  provide a  means fo r  
a l t e r ing  the ro l l  moment d is t r ibut ion on each t e s t  t r ac to r .  These 
devices comprised a  s t ructure  fo r  increasing the torsional s t i f f ne s s  of 
the vehic le ' s  frame and an auxi l iary  ro l l  s t i f f ene r  f o r  the f ront  sus- 
pension. The frame- and f ron t  ro l l  -s t i f fening devices were designed 
on the basis of simulation resu l t s  obtained e a r l i e r  (see  Section 6 .3)  

which showed tha t  dramatic improvements in t r ac to r  yaw s tabi  1 i  t y  could 
be obtained through forward-biasing the t r a c t o r ' s  d is t r ibut ion of l a te ra l  
load t ransfer  ( o r ,  ro l l  moment react ions) .  

The frame s t i f fening s t ructure  diagrammed in Figure 5 . 4  consisted 
of two pieces of six-inch Schedule 40 pipe which were positioned outside 
the exist ing vehicle envelope, paral lel  to  the frame r a i l s .  The pipes 
were welded t o  channels running l a t e r a l l y  and providing attachments to  
the vehicle frame. A plate connected t o  the t r a c t o r ' s  rol I-protective 
s t ructure  was also welded t o  the frame-stiffening tubes so as to  provide 
a  "sandwiching" of the f i f t h  wheel coup1 ing on both sides of i t s  mounting 

t o  the t rac to r  frame. 

To t e s t  the vehicle without any influence of the frame s t i f f ene r ,  
the s t i f fening s t ructure  i s  made torsionally f ree  by removing a l l  f ront  
fastening bol ts ,  except one b o l t  which serves as a  pivot, thus permitting 
the t rac to r  frame to  twist  without twisting the s t i f f ene r .  When the 
additional s t i f f ne s s  i s  desired,  the s t i f f ene r  i s  secured t o  the t rac to r  
frame by eight  additional bol ts ,  thus r ig idly  coupling the frame and 
s t i f f ene r  in torsion.  The frame s t i f f ene r  was designed t o  introduce an 
additional 80,000 in-1 b/deg to  the torsional s t i f fness  of the vehicle 
frame. 

Figure 5.5 i l l u s t r a t e s  the mounting of the auxil iary f ront  ro l l  
spring to  the vehicle frame and the f ront  axle. Basically, the device 
const i tu tes  the simple U-shaped element which i s  referred t o  in auto- 
motive parlance as a "sway bar."  In th i s  applicat ion,  the two legs 
of the "U"  can be considered r igid w i t h  a1 1  of the ef fect ive  compliance 
being bu i l t  in to  the s t ra igh t  torsional section.  The "torquing" of t h i s  
section as a  resu l t  of vehicle ro l l  motion affords re la t ive  rotat ions 



Figure 5.4. Plan view of tractor showing outboard-mounted frame 
stiffening device. 
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of b o t h  ends of the "enclosure tube" within bearings which are mounted 
firmly t o  the tractor frame. The two crank-arm elements fasten t o  the 
front axle through short links which incorporate spherical bearing 
el ements . 

The enclosure tube consists of two six-inch pipes joined in the 
middle by a bearing sleeve which allows them t o  rotate independently. 
Three 2 314-inch diameter steel rods, 130 inches long, run through the 
enclosure tubes and are welded t o  plates a t  both ends. Crank arms welded 
t o  the enclosure tubes thus provide connection between the front axle 
and the long rod elements which comprise the primary torsional spring in 
the assembly. The auxiliary front roll  s t i f fener  was designed t o  intro- 
duce an auxi 1 iary roll  spring rate of approximately 100,000 i n - 1  bldeg. 

Trailers were loaded for a1 1 experiments using racks of cast  steel 
blocks t o  provide nominal axle loads of 9000 lbs on front axles, 18,000 
lbs on single,  non-steering axles, and 32,000 1 bs on a l l  tandem axles. 
Loading schemes showing rack location and weight for  b o t h  configurations 
are shown in Figure 5.6. 

For a1 1 t e s t s ,  the f i f t h  wheel coupling was centered over the rear 
suspension; a l l  t i r e s  were operated a t  a cold inflation pressure of 85 
psi. 

5 .2 .4  Test Procedures. Two t e s t  maneuvers were performed with 
the various vehicle configurations t o  validate the analytic ac t iv i t i e s  
and t o  examine vehicle response in the vicinity of yaw instabi l i ty .  

Both trapezoidal - a n d  sinusoidal-steeri ng waveforms, as shown in 
Figure 5.7, were applied t o  each vehicle under t e s t .  Both inputs were 
manually applied, b u t  were rendered more precise with the aid of an 
adjustable steering displacement 1 imiting device. As will be shown in 
the next section, the trapezoidal-steer maneuver was found t o  provide 
the only results directly meaningful to the investigation of yaw s t ab i l i t y .  

The trapezoidal -steer t e s t s  were conducted by applying the indicated 
s teer  input t o  the t e s t  vehicle traveling in an i n i t i a l l y  s t raight  t ra jec-  
tory a t  45 m p h .  Throttle was ei ther  maintained a t  a steady level or 
increased during the maneuver so as t o  sustain velocity---although a minimal 



I 8,000 ibs 

a) Two-axle tractor combinations 

b) Three-axle tractor combinations 

Figure 5.6. Load distributions employed with bo th  trailer types for 
the cases o f  (a) combinations using the two-axle tractor 
and (b) combinations using the three-axle tractor. 



- 0 ~ 5  
sec. 

4-6 sec - 
a )  Trapezoidal s teer  input form 

b )  Sinusoidal s teer  input form 

Figure 5 . 7 .  Steering input waveforms employed in full-scale tes t s .  



level of drive thrust was actually available in the high gear ranges 
being used. The magnitude of the steering input was constrained by the 
mechanical stop mechanism which yielded a rapid input without overshoot 
while also assuring a constant steering-wheel position throughout the 
maneuver. These tes t s  were run with gradually increased steering inputs 
over a range of la teral  acceleration levels varying from -20 g ' s  u p  to 
the l imit  of the vehicle's capability as defined by the incidence of 
e i ther  yaw divergence, incipient rollover, or front t i r e  side force 
saturation. 

The yaw divergence l imit  was typically evidenced by the fu l l  exten- 
sion of the articulation 1 imi t e r  mechanism. The incipient rollover point 
was judged on the basis of outrigger touchdown, with the outrigger 
height adjusted so that  one or more of the vehicle 's  wheel sets  were 
1 i f ted off the pavement prior t o  contact. The t i r e  side force satura- 
tion condition occurred in those cases in which the frame- and front-rol l -  
s t i f fener  devices produced a premature saturation in t i r e  side forces on 
the front axle such that  an asymptotic yaw response prevailed. 

Sinusoidal -s teer  or lane-change maneuvers were a1 so run in an 
open-loop fashion using the steering-stop device which was employed in 
the trapezoidal-steer t e s t s .  The sinusoidal input form, shown ea r l i e r ,  
has a two-second period, with the timing of the waveform being controlled 
by the t e s t  driver. Repeat runs were typically made until each half 
period of the sine wave was within . 1  second of the desired 1.0 second 
time for the half-wave. The sine-steer experiments were also run from 
an i n i t i a l l y  s t raight  trajectory a t  45 mph.  

5 .3  Summary of Test Results 

The results of the full-scale t e s t  program are summarized below. 
A brief reference t o  the nature of resul ts  obtained in sinusoidal-steer 
tes t s  wi 11 be followed by a more extensive review of the trapezoidal- 
s teer  results which direct ly  involve yaw s t ab i l i t y  behavior. 

5.3.1 Sinusoidal-Steer Tests. Shown in Figure 5.8 i s  a s e t  of 
time histories characteristics of the highest level sinusoidal-steer 
maneuvers conducted on the two-ax1 e tractor/van t r a i  1 e r  combi nation. The 



Figure 5.8. Time histories o f  tractorisemi t r a i  le r  response t o  quasi- 
sinusoidal-steer input. 



most significant feature of these time his tor ies ,  hinging upon the i r  rele- 
vance t o  the yaw s t ab i l i t y  investigation, involves the lag in t r a i l e r  
1 ateral  acceleration response behind that of the t ractor .  Further, the 
t r a i  l e r  1 a teral  acceleration 1 eve1 i s  attenuated in amp1 i  tude with respect 
t o  that of the t rac tor ,  particularly on the second half of the response 
wave. These response features are important insofar as they resul t  in a 
reduced total  level of roll  moment, as well as la teral  force, being re- 
acted a t  the t r ac to r ' s  f i f t h  wheel coupling during th is  transient maneuver. 
Since both reactions constitute the primary means for  creating an unstable 
yaw response of the t rac tor ,  the i r  reduction in the si  nusoidal-steer t e s t s  
were found t o  yield fu l ly  s table  yaw behavior. As will be elaborated 
further in Section 6 . 2 ,  the sinusoidal-steer results reinforce a general 
finding of the study, namely, that t ractor  yaw s t ab i l i t y  in an articulated 
combination i s  enhanced in transient maneuvers as the "quickness" of the 
transient i s  increased. Indeed, the "quickness" of the selected sine- 
s teer  maneuver was suff ic ient  that no potential for unstable behavior de- 
rived, Since the t r a i l e r  consti tutes the major mass of the articulated 
vehicle system, i t s  lag and attenuation features render a stable response 
a t  levels of t ractor  la teral  acceleration which are seen t o  produce an 
unstable behavior i n  trapezoidal-steer or other quasi-steady turning 
maneuvers. 

5 .3 .2  Trapezoidal-Steer Tests, Trapezoidal-steer maneuvers, 
conducted in sequences of increasing s teer  level,  produced results showing 
an unstable behavior of the baseline vehicle as well as the respective 
influences on that  behavior deriving from modifications in the rol l  s t i f f -  
nesses of the frame and front suspension. Shown in Figure 5.9 i s  a pair 
of raw data time histories taken with the Ford two-axle t rac tor ,  showing 
b o t h  stable and unstable responses t o  trapezoidal-steer inputs. B o t h  the 
yaw-rate and articulation-angle signals are seen as useful indicators o f  

response. We see that neither case can be called a truly steady-state 
maneuver since an equi 1 i  b r i m  velocity condition cannot be sustained with 
the 1 imi ted drive torque available. I n  the divergent case shown, the 
maneuver concludes when the anti-jackknife device becomes engaged, a t  
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Figure 5.9 .  Unstable and stable yaw responses o f  the baseline two-axle 
tractor/van semi t r a i l e r  combination. 
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y 15'. Note t h a t  the  divergency r a t e ,  in terms of a r t i c u l a t i o n  angle 

r a t e  (which i s  approximately equal t o  the r a t e  of change of t r a c t o r  s ide-  

s l i p  ang le ) ,  i s  about 3 deglsec. Thus the indicated example could be 

looked upon as representing a marginally unstable vehicle.  

Shown in Figure 5.10 i s  an overlay of the unstable response from 

Figure 5.9, together with a s t a b l e  response obtained f o r  the Ford t r a c t o r  

a t  nominally the same s t e e r  l e v e l ,  b u t  with the frame- and f r o n t - r o l l -  

s t i f f e n i n g  devices engaged. Note t h a t  the response i s  not only s t a b l e  in 
the  case of the modified vehicle,  b u t  a l s o  shows a shor te r  lag time. 

Time h i s t o r i e s ,  such as  these,  were reduced t o  provide various summary 

measures of yaw response. The most simple measures of response, such as 

shown in Figure 5.11 , are  the  quasi-s teady-s t a t e  val ues of s t e e r i  ng-wheel 

angle versus yaw r a t e ,  or  as  shown in Figure 5.12, steering-wheel angle 

versus l a t e r a l  accelera t ion .  These data show the response of the Ford 

t r ac to r / f l a t -bed  semi t r a i l e r  combination over the  range of l a t e r a l  accelera-  

t ion  levels  from 0.15 t o  0.50 g ' s .  Figure 5.11 reveals  only a sub t l e  

upward curvature in yaw r a t e  response w i t h  increasing s t e e r  level  such 

as would suggest a  tendency t o  diverge. Thus the d i r e c t  measures of yaw 

r a t e  and l a t e r a l  accelera t ion  do not provide powerful discriminators  of 

response, when the i n t e r e s t  i s  in mild forms of yaw divergency such as 

prevail here. As shown in Figure 5.13, modifications t o  frame- and f ront -  

r o l l  s t i f f n e s s  serve t o  reverse the curvature of the  yaw-rate response, 

b u t  the c l e a r  determination of proximity t c  an i n s t a b i l i t y  point i s  d i f f i -  

c u l t  t o  e s t ab l i sh .  A complete s e t  of yaw r a t e  and l a t e r a l  accelera t ion  

response p lo t s  a r e  presented in Appendix 111. 

Shown in Figure 5.14 are  the same basel ine data f o r  the Ford 

t r ac to r / f l a t -bed  semi t r a i  l e r  combination p lo t ted  according t o  the measures 

of the handling diagram. We see in these data t h a t  the t r a c t o r  exhibi t s  

an oversteer-polari  ty slope over the .15 t o  .5 g range of l a t e r a l  accel-  
e ra t ion .  Evaluating the nominal (average r igh t  and l e f t  turn) response 
curve using the c r i t i c a l  veloci ty slope f o r  the  45-mph t e s t  speed, we see 
tha t  the vehicle response approaches the c r i t i c a l  slope condition a t  .42  g 

of l a t e r a l  accelera t ion .  A t  t h i s  operating condit ion,  the t r a c t o r  shows 

an overs teer -polar i ty  gradient  of U = -4.8 deg/g. 



F i g u r e  5.10. Uns tab le  response o f  t h e  b a s e l i n e  two-ax le  t r a c t o r / v a n  semi- 
t r a i l e r  comb ina t ion  as compared w i t h  s t a b l e  response o f  t h e  
same combinat ion,  f u l l y  m o d i f i e d .  
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FORD-FLAT BED TRRILER BASELINE 
Figure 5.12. Quasi-steady-state values o f  lateral acceleraticn vs. steering-wheel angle. 



FORD-FLRT BED TRAILER MODIFIED 
Figure 5.13. Quasi-steady-state values o f  yaw rate vs. lateral acceleration. 
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FORD-FLAT BED TRAILER BQSELINE . SRRTIO=100 
Figure 5.14. Handling diagram produced from trapezoidal-steer test data. 



I n  Figure 5 .15  the handling curves (using left-turn data only) ob- 

tained for the Ford tractor in i t s  baseline a n d  modified conditions are 
shown. The figure shows the performance achieved with single modifying 

devices engaged, viz. ,  "frame alone" and "sway bar alone," as well as 
the condition in which both elements are engaged, cited as the "modified" 
condition. Some degree of anomalous lateral  shift ing of the respective 
curves derives from the unaccounted influence of steering lash on the 
abscissa variable-since the front-wheel angle was estimated using the 
steering-wheel angle signal together with an "effective steering rat io"  
which was established from other data taken on this  vehicle using front- 
wheel angle transducers. Nevertheless, the slopes prevai 1 ing for each of 

the various vehicle conditions clearly reveal that the oversteer behavior 
i s  eliminated when the "sway bar" element i s  added. The vehicle's response 
i s  seen t o  be decidedly understeer ( C  - t 2 . 6  deg/g) when b o t h  the frame- 
and front-rol 1 -stiffening devices are engaged together. Indeed, these 
data show that the addition of the front-roll s t i f fener ,  alone, produces 
a sufficiently improved performance that the c r i t i ca l  acceleration level 
was not approached a t  the 45-mph t e s t  speed. The engagement of the frame 
s t i f fener  alone, however, was seen t o  only mildly reduce the oversteer 

gradient of the baseline t ractor .  

As seen in Figure 5.16, a summary of the data taken with the 
International Harvester t ractor /f  lat-bed semi t ra i  le r  combination show a 
similar se t  of influences. (Again, the reader i s  advised that the la teral  
spacing of the respective curves i s  largely a n  anomaly introduced by the 
unaccounted-for steering lash. ) The base1 i ne performance of this  vehicle 
reveals a c r i t i ca l  acceleration of A = .44 g a t  the 45-mph t e s t  speed. 

Y 
On examination of the data obtained for the modified vehicles, we see that 
the unstable behavior of the baseline configuration i s  eliminated by the 
addition of the "sway bar" and by the combined sway bar and frame s t i f fener ,  
such that understeer behavior prevails throughout the maneuver range. 

In the "modified" condition, we see very h i g h  levels of understeer, 
i . e . ,  above U = + I 5  degjg, indicating that the front t i r e s  have virtually 
saturated in side force capacity in the vicinity of A = 0.5 g .  Also, as 

Y 
with the two-axle t ractor ,  we see that the frame st i f fener  alone provides 
only a small reduction in the oversteer character of the baseline vehicle. 
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The corresponding hand1 ing curves obtained for the four cases of 
the International Harvester tractor/van semitrailer combination are shown 
in Figure 5.17, revealing that negligible changes in local slopes are 
observed due t o  the change in the type of semitrailer,  A more generalized 
examination of the influence of t r a i l e r  parameters, however (see,  also,  
Section 6.4) ,  shows that torsional s t i f fness  of the t r a i l e r  frame and the 
roll  s t i f fness  of the t r a i l e r  rear suspension both combine t o  influence 
that portion of the t r a i l e r ' s  overall d '  Alembert roll moment which i s  borne 
by the tractor.  Further, such influences can significantly a1 t e r  tractor 
yaw s t ab i l i t y ,  from one s e t  of t r a i l e r  parameters t o  another. Thus, the 
differences observed in the t e s t  data between tractor responses with 
specific samples of ( a )  flat-bed and ( b )  van semitrailers should n o t  be 
interpreted as generally indicative of the influence of t r a i l e r  type on 
tractor yaw stabi 1 i  ty. 
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6.0 C O M P U T E R I Z E D  PARAMETRIC SENSITIVITY STUDY 

I n  this  section the methods and results of a computerized simula- 
tion study are presented. The simulation exercise was undertaken t o  

determine the sens i t iv i t ies  of t ractor  yaw s t ab i l i t y  to  both design and 
operating variables. In the discussion t o  follow, the simulation model 
i s  briefly described and data are shown documenting i t s  su i tab i l i ty  for 
the prediction of tractor yaw s t ab i l i t y .  I n  Section 6 . 2 ,  the use of a 
peculiar steering waveform as the simulated control input i s  discussed. 
I n  particular,  this  discussion t reats  the application of the hand1 i  ng 

diagram t o  vehicle response data obtained i n  simulations which are quasi- 
steady-state in nature. 

Simulation techniques were applied t o  answer two questions, 
namely : 

1 )  To what extent can t ractor  yaw instabi l i ty  be prevented 
through the modification of the t r ac to r ' s  fore/af t  
distribution of suspension roll s t i f fness?  and 

2 )  To what extent i s  t ractor  yaw ins tab i l i ty  aggravated 
through certain operating practices and equipment 
options which are commonly employed with commercial 
vehicles? 

Accordingly, Sections 6.3  and 6.4  present simulation results providing 
answers t o  these two questions, respectively. 

6.1 The VehicleModel 

The simulation program used in this  study i s  a modified version of 
the "Phase I 1  Directional Response Simulation" developed a t  HSRI [4]. 

The Phase I1 simulation i s  a comprehensive mathematical model capable of 

predicting the response of a truck or t rac tor - t ra i le r  to  steering and/or 
braking maneuvers. The sal ient  features of this  simulation are: 

1 )  A detailed semi-empirical t i r e  model which, when made 
t o  f i t  measured t i r e  data, i s  capable of predicting 
1 ongi tudi nal and 1 ateral  t i  re forces under combined 
braking and sideslipping conditions. 



2 )  Options for treating various suspension types, such as 
four-spri ng and wal king-beam tandem axles, single-axle, 
and independent suspensions. 

3 )  Provision for incorporating suspension nonl ineari t i e s  
such as coulomb f r ic t ion .  

4) A number of options for treating roll  s t ee r ,  steering 
compl iance, and side-to-side differences in front-wheel 
angles. 

I n  the original version of the simulation, the t ractor  and t r a i l e r  
masses were treated as rigid bodies, and the f i f t h  wheel was modeled as 
a " s t i f f "  spring-damper system which provides a nominally rigid coup1 ing 
between the sprung masses of the tractor and t r a i l e r  while permitting 
relative rotations in the yaw and pitch planes. 

For use in calculations of yaw s t ab i l i t y  l imits ,  the existing 
f i f t h  wheel roll compliance, MC5 (see Figure 6.1),  was augmented with 
the additional springs, TTC and TRSTF,  representing tractor and t r a i l e r  
frame compl iances , respectively. 

The spring, TTC, i s  located a t  the elevation of the frame r a i l s  

of the t ractor  while the t r a i l e r  frame compliance parameter, TRSTF, 

i s  placed in series with the torsional spring, MC5, and i s  a t  the eleva- 
tion of the f i f t h  wheel. 

These changes in the model introduce an additional roll  degree of 

freedom, Y(45), of the f i f t h  wheel structure.  The complexities of 
adding the dynamics of the f i f t h  wheel structure to the computer program 
was avoided by considering the f i f t h  wheel as a massless member with 
i t s  mass and moments of iner t ia  being included in the parameters de- 
scribing the sprung mass of the t ractor .  This simplification permits 
computation of the roll  moments transmitted through the t ractor  and 
t r a i l e r  frames by a solution of the equations defining s t a t i c  equilibrium 
of the mass1 ess f i f t h  wheel structure.  The equations corresponding t o  

this  modification can be found in Reference [ 6 ] .  The method adopted t o  
estimate the parameters TTC and TRSTF i s  given in Appendix I 1  of this  
report. 



Figure 6.1 . Revised simulation model incorporating frame torsional 
st iffnesses.  



The modified simulation was employed in a  se t  of calculations to 

verify i t s  use in predicting t ractor  yaw s t a b i l i t y ,  for  cases repre- 
senting two of the t e s t  vehicle combinations, namely, 

1 )  Ford tractor/flat-bed t r a i l e r ,  and 

2 )  International Harvester tractor/van t r a i l e r  

For each vehicle combination, simulation resul ts  were compared 

with t e s t  results for each of the configurations l i s ted  below: 

1 )  baseline vehicle, 

2 )  frame s t i f fener  attached to t rac tor ,  

3 )  auxiliary front roll  s t i f fness  ("sway bar") added to 

t rac tor ,  

4) b o t h  the frame s t i f fener  and sway bar added t o  t ractor  

(called the "modified" condition), 

I n  these simulations, the forward velocity a t  the beginning of 
the maneuver was 43 mph. The t i  re loadings corresponded t o  the fu l l -  
load t e s t  condition. No braking or accelerating torques were applied 
and the vehicle was a1 lowed t o  coast freely during i t s  response t o  a  
trapezoidal steering input. The loss of forward speed during the re- 
sul ting quasi-steady turn i s  dependent u p o n  the severity of the maneuver, 
and i s  seen t o  be small for  la teral  acceleration levels below 0 .4  g .  

Values of average yaw rate ,  forward velocity, and la teral  accel- 
eration were determined for  each run during the quasi-steady portion of 
the response, thereby permitting calculation of those variables needed 
t o  produce the desired handling diagram. 

Smoothed curves of t e s t  and simulation results are shown in the 
handling diagrams of Figures 6 .2  and 0.3 .  Inspection of these figures 
shows that the primary influence of each vehicle modification on the 
t e s t  results i s  closely duplicated by the siniulation resul ts .  On recog- 
nizing that  yaw s t ab i l i t y  i s  a  function of the slope of the handing curve 
which prevails in the range of elevated la teral  acceleration, we see tha t ,  
discounting absolute values of the abscissa variable, the sin~ulation 
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yie lds  a ra ther  good prediction of yaw s t a b i l i t y .  I t  i s  presumed tha t  
most of the dispar i ty  t ha t  i s  seen between the t e s t  and simulation re- 
s u l t s  derives from an incomplete characterizat ion of vehicle and t i r e  
parameters. 

6.2 The Handling Diagram Obtained Using Simulated Responses t o  a 
Ramp I n p u t  of Steering Angle 

To improve the efficiency of computer simulation in searching the 
boundaries of vehicle yaw s t a b i l i t y ,  a ramp i n p u t  of front-wheel s t e e r  
angle was used f o r  the control input form. This i n p u t  waveform provided 
f o r  a continuous sweep over the f u l l  range of l a t e r a l  accelerat ion u p  

t o  the rollover threshold, i n  a s ingle  computer run, as diagrammed in 
Figure 6 .4 .  Although the ramp i n p u t  r a t e ,  variously chosen as 1.5 
deglsec or 1 .0  deglsec, was suf f i c ien t ly  slow tha t  the pi tch ,  bounce, 
and ro l l  t r ans ien t s  of the sprung mass were well subdued, the ra tes  
employed do yie ld  a d i s t i nc t l y  non-steady-state yaw behavior of the t rac-  
t o r .  Thus, while the ramp ra tes  were selected to  minimize the simulated 
time needed to  reach rollover ( thus a l so  minimizing velocity fa1 1-off 
during the maneuver), the resu l t s  represent a special t rans ient  case and 
require a cer ta in  understanding fo r  t h e i r  in terpre ta t ion.  

The primary mechanism explaining the "special ty" of the ramp input 
t r ans ien t  maneuver i s  shown in Figure 6.5 in which the l a t e r a l  accelera- 
t ion response of the simulated semit ra i ler  i s  seen to  lag the response of 
the t r a c to r  t o  a s teer ing i n p u t  ramp ra te  of 1.0 deglsec. Because of 
the t r a i l e r  lag mechanism, the t r a c to r  a t  any moment in time experiences 
a smaller level of l a t e r a l  load t rans fe r  than would have accrued a t  the 
same level of t r a c to r  l a te ra l  accelerat ion i n  a s teady-state turn.  Thus, 
the " t r a i l e r  lag" aspect of t h i s  t r ans ien t  maneuver has been seen t o  con- 
t r ibu te  a net s t ab i l i z i ng  e f f ec t  f o r  those t rac to rs  which show a potential  
f o r  yaw instabi  1 i  ty in steady-state turn conditions. 

Two other elements of the vehic le ' s  response t o  a t r ans ien t  s t e e r  
condition, which a lso  influence the s tabi  1 i  ty  l eve l ,  have been ident i -  
f i ed  through a simple yaw plane analysis  of the t rac tor-semit ra i ler  (see 
Appendix VI I ) .  These two elements const i tu te  the additional components 
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Figure 6.4.  Typical input and  response h i s t o r i e s  f o r  the ramp-steer 
tiianeuver . 





of t i r e  side force a t  each t ractor  axle which account for yaw accelera- 
tion of ( a )  the t ractor  and ( b )  the semi t r a i l e r .  As i s  clear in the 
analysis presented in the appendix, the t ractor  t i r e  side force com- 
ponents which produce t ractor  yaw acceleration act t o  aid t ractor  yaw 
s t a b i l i t y  ( re la t ive  t o  steady-state behavior) while the components needed 
to produce t r a i l e r  yaw acceleration represent a destabi 1 izing influence 
on the t ractor .  Hand-reduction of a typical ramp-steer computer run 
reveals that  these two opposing influences may introduce a net destabil- 
izing contribution which i s  about 30% of the magnitude of the s tabi l iz ing 
contribution arising from the "lagging t r a i l e r "  mechanism. 

Moreover, i t  has been found that  the transient character of the 
ramp-steer maneuver yields a greater level of vehicle yaw s t a b i l i t y  than 
that  found in steady turns and likewise produces results on the handling 
diagram which can d i f fe r  quantitatively from the steady-state curves. 
As summarized in Figure 6 . 6 ,  the vehicle decreases in s t ab i l i t y  as the 
steady-state condition i s  approached. (That i s ,  as the slope of the 
ramp-steer input i s  reduced toward zero. The curve marked "steady-state 
values" was produced from resul ts  of successive computer runs using 
step-steer inputs. ) Note that  t h i s  observation confirms the same general 
finding as was made in the case of sinusoidal s teer  t e s t  resul ts  in 
Section 5.3. Figure 6.6 also shows that  increasing the steering rate  
produces an apparent increase in the " in i t i a l  understeer level " accruing 
a t  zero la teral  acceleration. This resul t  i s  simply an anomaly of the 
start-up transient accompanying in i t ia t ion  of the ramp, The apparent 
understeer behavior derives from the fac t  that f ront - t i re  s l i p  angle i s  
developed before rear - t i re  s l i p  angle, or p u t  in terms of the plotted 
abscissa variable, the yaw rate response lags the input of front-wheel 
angle. 

By way of interpretation of ramp-steer resu l t s ,  certain general 
comments are in order. F i rs t  we observe that the handling diagram was 
originally developed as an aid in presenting steady-state properties of 

vehicles. Nevertheless, analysis shows that the stabi 1 i ty determination 
which i s  fac i l i ta ted  by the handling diagram i s  valid for  application t o  
curves produced using ramp-steer data. Secondly we suggest that  the 





ramp-steer case i s  a  special maneuvering case, j u s t  as i s  the steady- 
s t a t e  turn. No s ingle  case, f o r  a r t i cu la ted  vehicles,  can be looked 
upon as universal ly descript ive of a veh ic le ' s  operating charac te r i s t i c s .  
Nevertheless, s ince ramp-steer and steady turns produce s imi lar  para- 
metric-sensit ivi  ty resu l t s  ( t h a t  i s ,  s imi lar  patterns of the re la t ive  
influence of design and operating parameters), the hand1 ing diagram 
based on ramp-steer resu l t s  can be employed t o  demonstrate re la t ive  
trends which can be presumed t o  apply ra ther  generally. I t  i s  in t h i s  
vein tha t  the more e f f i c i e n t  ramp-steer maneuver was applied to  obtain 
the parametric-sensitivi ty data which follow in t h i s  sect ion.  

Also, as was discussed i n  general terms in Section 4.0, handling 

curves derived from ramp-steer resu l t s  can be reduced t o  a l a t e r a l  
accel e r a t i  on numeri c  , , which const i tu tes  a yaw s t a b i l i t y  threshold. 

A ~ c r i  t 
In the summary of simulation data which follows, ramp-steer resu l t s  f o r  
both two-axle and three-axle t r ac to rs  are evaluated a t  the V c r i t  = 50 niph 

condition to  provide a tabulat ion of the performance measure 
A Although t h i s  numeric c lear ly  discriminates 

Y c r i  ti Vcri t = 50 m p h *  
among the various parameters by establishing the re la t ive  significance 
of parametric changes t o  the yaw s t a b i l i t y  threshold, the related measure 

concerning proximity of the yaw s t a b i l i t y  threshold t o  the rollover 
threshold i s  1 ess straightforward. The d i f f i cu l t y  which a r i s e s  i s  due 

to  the peculiarly elevated rollover threshold (expressed in terms of 
the l a t e r a l  accelerat ion level of the t r a c to r )  which derives in the ramp- 

s t e e r  maneuver as a r e su l t  of the t r a i l e r ' s  l a t e r a l  accelerat ion re- 
sponse subs tan t ia l ly  lagging t ha t  of the t r a c to r .  Jus t  as t r a i l e r  lag 

was seen t o  reduce the instantaneous level of l a t e r a l  load t rans fe r  a t  
the t r a c to r ,  thus enhancing yaw s t a b i l i t y ,  i t  a lso  enhances the rollover 
immunity in such a t rans ient  maneuver ( a t  l e a s t  insofar  as t r a c to r  
l a t e r a l  accelerat ion level i s  looked upon as the performance measure). 
Thus, while the t r a c to r  i s  t r u ly  capable of achieving a greater  level of 
maneuvering sever i ty  i n  t h i s  t rans ient  case than t ha t  which i s  achievable 
without rol lover in the steady-state turn, the difference in rol lover 
threshold i s  not amenable t o  a simple analysis .  Since the simulation 



model employed in this  study was n o t  suited for predicting rollover 

1 imi t s ,  ramp-steer results are presented in terms of yaw s tab i l i ty  

thresholds without reference t o  their  proximity t o  a  corresponding roll  
s t ab i l i t y  threshold. I n  a l l  cases, however, the presented levels of yaw 

s t ab i l i t y  threshold are "validu--that i s ,  the levels were derived for 
vehicles which had n o t  yet arrived a t  the ro1,lover threshold. 

6.3 Influence of Roll Stiffness Distribution 

The f i r s t  of the two major parametric sensi t ivi ty  studies involved 
an examination of the influence of t ractor  roll  s t i f fness  distribution 
on yaw stabi 1 i  t y ,  Specifically, the parameter combinations, shown in 
Table 6.1, were employed in a  matrix of simulated ramp-steer maneuvers. 
(Note that the selected parametric variations were a l l  in the direction 

of creating a  more front-biased distribution of t ractor  roll  s t i f fness  . )  

The in i t i a l  velocity was 50 mpti, and the ramp rate of front-wheel steer 

angle was 1 . 5  deg/sec. As shown in the table,  calculations were per- 
formed for two tractors and two semitrailers,  each of which represented 

the specific vehicle units employed in the ful l -scale  t e s t  program. Roll 

st iffnesses of the frame and the front suspension were varied over a  
fu l l  7x7 matrix for each vehicle combination. The lowest value of each 

s t i f fness  parameter represented the baseline s t a t e  of both t ractors .  
Additionally, calculations were made for four selected condi tions w i t h  

t ractors outf i t ted with l u g  t i r e s ,  rather than the baseline rib t i r e ,  on 
their  drive axles. 

Subsequent t o  conducting the f i r s t  se t  of calculations on the 
Internati ona1 Harvester three-ax1 e  tractor with f 1 at-bed t ra i  1 e r  , the 
simulation o u t p u t  format was changed t o  provide magnetic tapes which 
subsequently faci 1 i  tated calculation of the variables comprising the 
handling diagram. Thus, although the responses of the International 
Harvesterlf lat-bed t ra i  l e r  combination wi 11 n o t  be included in the summary 
of handling diagrams presented here, inspection of the time history data 
reveals that  virtually no distinguishable differences in performance can 
be seen between the International Harvester/fl at-bed and International 



Table 6 .1 .  T r a c t o r  Parameters Varied t o  Examine In f luence  
o f  Roll S t i f f n e s s  D i s t r i b u t i o n  on Yaw S t a b i l i t y .  

Frame Tors i  ona 1 
Condi t ion S t i f f n e s s ,  i n - l b l d e y  

1 a** 20,000 (base1 i ne c a s e )  

2a 40,000 

3 a 60,000 

4a 80,000 

5a** 100,000 

6a 120,000 

7a** 140,000 

Auxi 1 i a r y  Front  Roll 
Condit ion S t i f f n e s s * ,  in-1 b/deg 

1 b** 0 ( b a s e l i n e  c a s e )  

2 b 25,000 

3 b** 50,000 

4 b 75,000 

5 b** 100,000 

6 b 125,000 

7b** 150,000 

*Note [Base l ine  value  of f r o n t  suspension r o l l  s t i f f n e s s  was: 

9256 in-1 b/deg (Ford two-axle t r a c t o r ) ,  13,385 in-1 bldeg 

( I n t e r n a t i o n a l  Harves te r  t h r e e - a x l e  t r a c t o r ) .  The 1 i s t e d  

parameter  i s  a u x i l i a r y ,  o r  i n  p a r a l l e l  wi th  t h e  suspension 

r o l l  s p r i n g . ]  

**The i n d i c a t e d  va lues  were a l s o  employed i n  f o u r  a d d i t i o n a l  c a l -  
c u l a t i o n s  using b a s e l i n e  t r a c t o r s  equipped wi th  lug t i r e s  on 
t h e i r  d r i v e  a x l e s .  

HarvesterIvan t r a i l e r  combinat ions .  Th is  b a s i c  i n s e n s i t i v i t y  t o  t r a i l e r  

type i s  a l s o  c l e a r l y  e v i d e n t  i n  t h e  r e s u l t s  which a r e  p resen ted  here  f o r  

the Ford two-axle t r a c t o r  i n  combination with each of t h e  two t r a i l e r s .  

Shown in  Figure  6 .7  a r e  examples of the range of handl ing curves  

ob ta ined  f o r  t h e  I n t e r n a t i o n a l  Harvester /van semi t r a i  l e r  combination f o r  

the c a s e s  of ( a )  base1 i n e  frame s t i f f n e s s  and v a r i e d  a u x i l i a r y  f r o n t  

r o l l  s t i f f n e s s  and ( b )  very high frame s t i f f n e s s  and v a r i e d  f r o n t  r o l l  

s t i f f n e s s .  Such i n d i v i d u a l  d i s p l a y s  of s e n s i t i v i t y  t o  changes i n  frame 
and f r o n t  suspension r o l l  s t i f f n e s s  parameters  have been summarized over  

t h e  f u l l  ma t r ix  of c a s e s  f o r  the  I n t e r n a t i o n a l  Harvester /van combination 

t o  produce t h e  envelope of handl ing curves  shown i n  Figure  6.8. 

This f i g u r e  shows t h e  b a s e l i n e  handl ing curve p lus  each of t h e  

curves  r e p r e s e n t i n g  t h e  g r e a t e s t  excurs ions  i n  u n d e r s t e e r  t h a t  were ob- 

se rved  when frame s t i f f e n e r  a l o n e ,  f r o n t  r o l l  s t i f f e n e r  a l o n e ,  and frame 
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Figure 6 .7 .  Range of handling curves exhibi ted f c r  ( a )  baseline frame 
s t i f f n e s s  and ( b )  very high frane s t i f f n e s s ,  each with 
varied values of f r o n t  suspension r o l l  s t i f f n e s s .  
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and front roll s t i f feners  together were added t o  the vehicle. Note 

that the addition of a frame st i f fener  alone to this  three-axle tractor 

introduces a s l ight  change in the oversteer direction whereas the other 
modifications consistently produce increases in understeer level. ( I t  
should be understood that ,  theoretical ly ,  the influence of adding frame 
st i f fener  alone can cause either plus or minus changes in understeer 
level depending u p o n  the relationship between the "front roll angle" and 

"rear roll angle" which accrue in the baseline configuration during a 
steady turn. I n  the case of Figure 6.8, apparently the addition of the 
frame s t i f fener  served t o  reduce the front roll angle relative t o  the 
rear such that a greater portion of the tractor-mass-induced roll moment 
became reacted a t  the t r ac to r ' s  rear suspension. ) 

Figures 6 .9  and 6.10 show similar gross trends (except for the 
frame stiffener-only case) for b o t h  combination vehicles involving the 
Ford two-axle t ractor .  Firs t ly ,  we see that the baseline two-axle tractor 
exhibits a substantially higher value of oversteer gradient t h a n  the 
three-axle tractor a t  high levels of A Nevertheless, the f i r s t  incre- 

Y '  
ment in front-suspension roll  s t i f fness ,  alone, i s  sufficient t o  drama- 
t ical  ly improve performance in the unders teer di recti on.  (Again, however, 
i t  must be noted that ramp-steer results produce higher apparent levels 
of understeer than wi 11 occur under steady-state conditions. Thus, the 
presented results should n o t  be interpreted as providing estimates of 

absolute values of understeer for the "worst case," or steady-turn condi- 
tion. Rather, these results describe relative scales of influence and 
provide a direct measure only for transient maneuvers that are suitably 
approximated by the 1 . 5  deg/sec ramp-s teer i n p u t .  ) 

By way of elaboration on this matrix of results which apply t o  
tractors outfi t ted completely with rib t i r e s  (and, also u p o n  considering 
the detailed diagrams, themselves, which are presented in Appendix V )  , 
we observe the following: 

a )  I n  every case, combined increases in frame and front- 
suspension roll s t i f fness  effect an improvement in tractor 
yaw s tab i l i ty .  
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b )  I nc reases  i n  f r o n t - s u s p e n s i o n  r o l l  s t i f f n e s s ,  t aken  

a lone ,  p r o v i d e  a  much more power fu l  mechanism f o r  

i m p r o v i n g  yaw s t a b i  1  i ty  than  do i n c r e a s e s  i n  f rame 

s t i f f n e s s  a lone .  

c )  Large i nc reases  i n  u n d e r s t e e r  l e v e l  ( a t  h i g h  l e v e l s  o f  

A ) cannot  be a t t a i n e d  by i nc reases  i n  f r o n t - s u s p e n s i o n  
Y  

r o l l  s t i f f n e s s  a lone .  Rather ,  o n l y  combined i nc reases  

i n  frame s t i f f n e s s  and f r o n t - s u s p e n s i o n  r o l l  s t i f f n e s s  

y i e l d  h i g h e r  l e v e l s  o f  u n d e r s t e e r  over  t h e  e n t i r e  range 

The g r e a t e s t  p o r t i o n  o f  t h e  p o s s i b l e  i nc reases  i n  under-  

s t e e r  l e v e l  ( t e n d i n g  t o  promote yaw s t a b i l i t y )  acc rue  

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

s t i f f n e s s  parameters examined i n  t h i s  s tudy .  The y i e l d ,  

i n  terms o f  i n c r e a s i n g  u n d e r s t e e r  l e v e l  a t  h i g h  l e v e l s  o f  

A , most  n o t a b l y  s a t u r a t e s  i n  t h e  case o f  t h e  f ron t - suspen-  
Y  

s i o n  r o l l  s t i f f n e s s  parameter .  A r a p i d l y  d i m i n i s h i n g  

degree o f  f u r t h e r  improvement i s  seen t o  o b t a i n  f o r  l e v e l s  

o f  f r o n t - s u s p e n s i o n  r o l l  s t i f f n e s s  above 50,000 i n - 1  b/deg. 

When combined w i t h  a  s u b s t a n t i a l  i n c r e a s e  i n  f r o n t - s u s p e n -  

s i o n  r o l l  s t i f f n e s s ,  t h e  f u r t h e r  improvement a f fo rded  by 

i n c r e a s i n g  frame s t i f f n e s s  i s  seen t o  s a t u r a t e  such t h a t  

80?; o f  t h e  h i g h e s t  e s t i m a t e d  l e v e l  o f  u n d e r s t e e r  was 

o b t a i n e d  by a  frame s t i f f n e s s  parameter  o f  80,000 i n - l b / d e g .  

Shown i n  F i g u r e  6.11 a r e  f o u r  s e l e c t e d  cases o f  t h e  I n t e r n a t i o n a l  

Ha rves te r / van  t r a i l e r  comb ina t i on  equipped w i t h  l u g - t y p e  t i r e s  on t h e  

t r a c t o r ' s  tandem a x l e s .  The use o f  l u g - t y p e  t i r e s  on t h e  d r i v e  a x l e s  

i s ,  of course ,  a  v e r y  common p r a c t i c e  i n  t h e  U.S. and was shown p re -  

v i o u s l y  [I] t o  s e r i o u s l y  degrade t h e  yaw s t a b i l i t y  o f  t h e  t r a c t o r .  These 

a d d i t i o n a l  cases, wh ich  show t h e  i n f l u e n c e  o f  i n c r e a s e s  i n  frame and 

f r o n t - s u s p e n s i o n  r o l l  s t i f f n e s s  on a  b a s e l i n e  v e h i c l e  t h a t  i s  l e s s  s t a b l e  

than  t h a t  cons ide red  h e r e t o f o r e ,  a r e  o v e r l a i d  o n t o  t h e  o v e r a l l  envelopes 

shown e a r l i e r  i n  F i g u r e  6.8. Here we see t h a t  t h e  expected t r e n d s  i n  

improved s t a b i  1  i ty  s t i  11 accrue f r o m  t h e  i n c r e a s e s  i n  t h e  " s t i f f e n i n g "  
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F i g u r e  6.11. I landl ing c u r v e s  f o r  t r a c t o r  w i t h  mixed - r ' b -  cnd l u g - t r e a d  t i r e s ,  showing 

i n f l u e n c e  o f  s e l e c t e d  v a r i a t ~ o n s  i n  stiffness p a r a m e t e r s .  



parameters, a1  t h o u g h  not without a  pecul i a r  t rans i  t ion zone of behavior 

in which the veh ic le ' s  yaw response goes from understeer t o  s l i g h t l y  

oversteer  and then back t o  understeer again. 

The same basic behavior i s  seen in Figures 6.12 and 6.13, which 

show resu l t s  obtained fo r  the Ford two-axle t r a c t o r  with lug t i r e s  on 
the drive axle ,  combined, respectively,  with the v a n  t r a i l e r  a n d  the 

f lat-bed t r a i l e r .  In these cases,  the baseline vehicle i s  so heavily 

oversteer  a t  high levels  of A t ha t  a large degree of combined frame and 
Y 

front-suspension re11 s t i f f n e s s  i s  needed t o  achieve even a marginally 

understeer condi t ion .  

Moreover, these ca lcula t ions  have served t o  "ca l ib ra te"  the i  nfl u -  
ence of changes in frame a n d  front-suspension ro l l  s t i f f n e s s  on r e l a t i v e  

t r a c t o r  yaw s tab i  1 i  t y .  The simulation resu l t s  generalize the finding 

which was demonstrated in the f u l l - s c a l e  t e s t  da ta ;  namely, t h a t  com- 

bi ned increases in frame and front-suspension ro l l  s t i f f n e s s  cons t i tu te  

a  very e f fec t ive  mechanism f o r  eliminating the potential  f o r  a  yaw in- 

s t a b i l i t y  during cornering. 

6 . 4  Simulation Study of the Prevalence of Yaw I n s t a b i l i t y  Among 
Typical Tractor-Semi t r a i  1 e r s  

A second s e t  of simulations was conducted to  determine the extent  

t o  which d i f f e r e n t  operating conditions and basic vehicle design con- 

f igura t ions  may render typical  t r ac to r - semi t ra i l e r s  capable of unstable 

yaw behavior in t h e i r  ful ly-loaded condition. A matrix of runs was de- 

fined t o  cover the cases of two- and three-axle t r a c t o r s  coupled, 

respectively,  t o  one- and two-axle t r a i l e r s  with which f ive  selected 

parameters were varied t o  r e a l i s t i c  degrees a n d  in the d i rec t ions  which 

a re  hypothesized t o  degrade yaw s t a b i l i t y .  The baseline s t a t e  of each 

vehicle was configured t o  incorporate typical  values of those parameters 

which are  expected to  influence yaw s tabi  1 i  ty .  No parametric var ia t ions  

were made in  the d i rec t ions  expected t o  improve s tabi  1 i  ty  s ince the goal 

was t o  ident i fy  the s t a t e s  in which s t a b i l i t y  i s  compromised. Thus, the 

r e s u l t s  d o  not cons t i tu te  an estimate of the yaw s t a b i l i t y  cha rac te r i s t i c s  

of the U.S. f l e e t  of tractor-semi t r a i l e r s  b u t ,  r a the r ,  represent only 



FORD-VRN TRRILER 
Fioure 6.12. Hand1 i n q  curves - f o r  t r a c t o r  with mixed r i b -  and lug-tread t i r e s ,  showing influence 

of selected var ia t ions  i n  s t i f f n e s s  parameters. 





t h a t  portion of the f l e e t  which l i e s  on the "unstable s ide"  of the more 

typical  configurations (recognizing, again, t h a t  only ful  ly-loaded 
vehicles are being considered so t h a t  the mechanisms most aggravating 
t o  ro l lover  s t a b i l  i  ty--especial ly  the l a t e r a l  load t r ans fe r  mechanism-- 
a r e  emphasized). As wil l  be shown, the r e s u l t s  of t h i s  s e t  of calcula-  
t ions  suggest t h a t  the  unexamined portion of the tractor-semi t r a i  l e r  
spectrum can be presumed t o  be largely incapable of yaw divergence ( i n  
the described ramp-steer maneuver) pr ior  t o  reaching the rol lover 1 imi t ,  
since the baseline vehicles a re  seen t o  be only marginally unstable a t  
the examined condition of 50 mph.  

Five base1 ine t r a c t o r s  were iden t i f i ed ,  namely, two two-axle cab- 
over-engine-type veilicles and three three-axle t r a c t o r s ,  one of which 

was cab-over while the  other  two were configured as conventional cabs. 
The primary d i s t inc t ion  between t r a c t o r s  having the same number of axles 
was the wheelbase dimension. As shown in Figure 6.14, the two-axle 
t r a c t o r s  had wheel bases of 110" and 140", whereas the three-axle t r ac to r s  
had wheelbases of 145", 165", and 200". The single-  and tandem-axle 
semi t ra i l e r s  were described by parameters representing a tors ional ly  
r i g i d  van-type construction. 

The following var ia t ions  in parameters were assumed: 

a )  Two arrangements of t r a c t o r  t i r e  proper t ies ,  namely, 

1 )  a common i n s t a l l a t i o n  of r ib-tread bias-ply 
t i r e s  a t  a l l  wheel posi t ions ( the  baseline 
case)  

2 )  r ib-tread bias-ply t i r e s  on the f ron t  wheels and 

1 ug-tread bias-ply t i r e s  on the rear  wheels. 
(T i re  propert ies  were selected t o  represent a 
typical  spread in the cornering force propert ies  
of r ib-  and lug-tread bias-ply t i r e s . )  

b )  Two values of t r a c t o r  r o l l  s t i f f n e s s  d i s t r ibu t ion ,  namely, 

1 ) a typical  f r o n t l r e a r  d i s t r i b u t i o n ,  assuming standard 
leaf-spring suspensions rated f o r  the loads being 
carr ied  ( t h e  base1 ine case)  
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Figure 6.14. Vehicle combinations selected for "typical tractor- 
semitrailer" combinations. 



2 )  a d i s t r ibu t ion  more rear-biased t h a n  a standard 

configurat ion,  as  derives from the ins ta l  1 a t ion 

of a heavier-than-usual ( a1  though commonly 

employed) rear  suspension. 

c )  Two values of fifth-wheel placement namely, 

1 )  a forward position as y ie lds  a load d i s t r ibu t ion  

( o n  the two-axle t r a c t o r )  of 10,500 lb .  f ront /  

20,000 lb .  rear  and ( o n  the three ax le - t r ac to r )  

a d i s t r ibu t ion  of 12,000 I b .  front/34,000 1b. 

rear  (tandem) ( the  basel ine case)  

the f i f t h  wheel located d i rec t ly  over the center  

of the rear  suspension. [The t r a i l e r  axle loads 

were se lec ted  t o  provide a constant level of e i t h e r  

20,000 I b .  f o r  a s ingle-axle t r a i l e r  or  34,000 lb .  

f o r  a tandem-axle t r a i l e r .  Since t r a i l e r  payload 

weight was kept constant ,  the a f t  locat ion of the 

f i f t h  wheel represents an overload s t a t u s  on the  

t r a c t o r  rear  ax1 es (per  the 1 oad a1 1 owances tha t  

apply t o  the federal i n t e r s t a t e  highway system). 

This arrangement was se lec ted ,  however, t o  repre- 

sent  the i l l e g a l ,  b u t  ra ther  common, circumstance 

which develops when the operator s e t s  u p  t o  run 

l ega l ly  b u t  then s h i f t s  the f i f t h  wheel a f t  t o  

improve r ide qua1 i  t y  .] 

d)  Two values of t r a i l e r  suspension ro l l  s t i f f n e s s ,  namely, 

1 ) a typical value representing common leaf-spring 

suspensions used on t r a i  l e r s  ( the  baseline case) 

2 )  a low value representat ive of the r o l l  s t i f f n e s s  

found in some a i r  spring suspensions employed on 
t r a i  1 e r s .  

e )  Three values of payload c.g. height,  namely, 

1 )  68" ( t h e  baseline case)  

2) 78" 

3)  88" covering cases in which t r a i l e r s  a re  loaded with 

low density f r e i g h t .  



A de ta i led  l i s t i n g  of the parameters describing each vehicle 

configuration diagrammed in Figure 6.14 i s  given in Appendix 11. The 

f u l l  matrix of parameter var ia t ions  examined f o r  each of the f i v e  base- 

1 ine tractor-semi t r a i l e r s  i s  shown in Figure 6.15. Individual handl ing 

curves representing vehicle response f o r  each of the above configurations 

a r e  presented in Appendix V .  These d a t a  have a lso  been condensed into 

"summary handl ing diagrams" i l l u s t r a t i n g  the to ta l  envelope of r e su l t s  

obtained f o r  each of the f ive  basic vehicles.  Figure 6.16 summarizes 

the parametric s e n s i t i v i t i e s  examined f o r  the 110"-wheel base, two-axle 

t r a c t o r  combination and Figure 6.17 does the same f o r  the 140"-wheelbase 

t r a c t o r .  The summary diagrams each show four individual curves. The 

curves define the performance of the "most s t ab le"  a n d  " l e a s t  s table"  

configurations f o r  the cases of ( a )  t r a c t o r  ou t f i t t ed  with r i b  t i r e s  

and ( b )  t r a c t o r  o u t f i t t e d  with the r ib - f ron t ,  lug-rear t i r e  mix. Although 

a t  f i r s t  glance the overall  band of response cha rac te r i s t i c s  appears 

r a the r  narrow, i t  wi 1 1  be shown l a t e r  tha t  the range of c r i t i c a l  accel- 

erat ion l eve l s ,  A , i s  indeed s ign i f i can t .  The important aspect of the 
c 

indicated s e n s i t i v i t i e s  l i e s  in the level of A a t  which the slope be- 
Y 

comes s u f f i c i e n t l y  f l a t  in the posi t ive direcGon t o  y ie ld  a n  i n s t a b i l i t y  

a t  the simulated speed of 50 mph.  We see t h a t  the mix of r i b  and l u g  

t i r e s  on the  t r a c t o r  cons t i tu tes  the s ingle  most powerful mechanism f o r  

creat ing a low, posi t ive slope a t  the lowest level of A,. All other 
J 

parametric variat ions ( i  . e . ,  excluding the case of the r ib l lug  mix) 

bring about a l e s s e r  excursion in response away from the most s t ab le  

case. In the ca lcula t ions  performed fo r  each vehicle, the baseline con- 

f igura t ion  always const i tuted the most s t a b l e  case. 

Shown in Figures 6.18, 6.19, a n d  6 . 2 0  a re  the summary handling 

diagrams with curves defining the most and l e a s t  s t ab le  configurations 

obtained with the two types of t i r e  ins t a l l a t ions  on each of the three- 

axle t r ac to r s  with wheelbases 145", 165" ,  and 200", respectively.  On 

examining these three p lo t s ,  i t  can be seen t h a t  very l i t t l e  difference 

in the handling curve i s  obtained as a function of wheelbase. T h u s ,  
any one of the three vehicle configurations represents a  good approxi- 

mation of any other .  Clearly,  each three-axle t r a c t o r  produces a base- 

l i n e  behavior which i s  s ign i f i can t ly  more s t a b l e  than t h a t  observed with 
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Figure G.16. llandl i r ~ y  curve envelopes f o r  110"-wheelbase twc-axle t r a c t o r  f o r  cases  ( a )  a1 1 r i b  
t i r e s  on t r a c t o r  and ( b )  rrrixed r i b  and l u g  t i r e s  on t r a c t o r .  





F igu re  6.18. Hand l ing  curve envelopes f o r  145"-wheelbase, t h r e e - a x l e  t r a c t o r  f o r  cases ( a )  a l l  
r i b  t i r e s  on t r a c t o r  and ( b )  mixed r i b  and l u g  t i r e s  on t r a c t o r .  







the two two-axle t r a c t o r s .  However, i t  i s  a l so  evident t h a t  s t a b i l i t y  

degrades more s ign i f i can t ly ,  in the case of three-axle t r a c t o r s ,  as a 
r e s u l t  of the combined parametric changes. Again, a r ib/ lug t i r e  mix 

i s  the s ingle  most powerful parametric change degrading s t a b i l i t y .  

Perhaps the most d i r e c t  means of summarizing the r e su l t s  of t h i s  

parameter s e n s i t i v i t y  exercise cons t i tu tes  the t a b u 1  at ion of A val ues 
c 

f o r  each simulated condition. In Table 6.2, values of A a re  tabulated 
c 

f o r  each t r a c t o r  operated in b o t h  the r i b - t i r e  and r ib / lug- t i r e  mix con- 

f igura t ion .  Twenty-four values of the c r i t i c a l  accelerat ion measure a r e  

shown in each column, corresponding t o  the twenty-four conditions defined 

in Figure 6.15. 

Examination of Table 6 .2  reveals the following: 

1 )  S t a b i l i t y  performance levels  range from a high of " f u l l y  

s t ab le"  ( t h a t  i s ,  no potential  f o r  yaw i n s t a b i l i t y  in a 

50-mph ramp-steer maneuver) in the  case of the three base- 

l i n e  three-axle t r a c t o r  combinations t o  a low value of 

A = 9.1 f t / s e c 2  ( .28 g )  f o r  the case of the short-wheel- 
Y P  

L 

base, two-axle t r a c t o r  with mu1  t i p l e  "degraded" parameter 

values. 

2 )  The general observation i s  t h a t  degraded levels  of s t a b i l i t y  

did indeed prevail with each of the individual parameter 

changes, as hypothesized. In general ,  we see t h a t  A re- 
c 

duces as the "configuration number" increases,  except t h a t  

payload c.g,  height causes a cycle t h a t  repeats every three 

configuration numbers. (Note t h a t  the parametric var ia t ion  

matrix, as diagrammed in Figure 6.15, was la id  o u t  such t h a t  

configuration $1 would, presumably, cons t i tu te  the most 

s t ab le  case whereas configuration #24, presumably, cons t i -  

tuted the l e a s t  s t a b l e  case in each t i r e  i n s t a l l a t i o n  g roup . )  

3 )  A change i n  an individual parameter i s  seen t o  cause a 

decrement in c r i t i c a l  accelerat ion ranging from 0 t o  4 .4  

f t / s e c 2 .  Averaging the decrements in A which accrue from 
c 





individual parameter changes, over a1 1 f ive  vehicle com- 

binat ions,  we obtain the f o l l  owing "average decrements," 

a )  Distr ibution of t i r e  types on t r a c t o r  

b )  Rol l -s t i f fness  d i s t r ibu t ion  on t r a c t o r  

c )  Fifth-wheel placement 

d )  T r a i l e r  r o l l  s t i f f n e s s  

e )  c .g,  height of t r a i l e r  payload - 
AA = 1.8 f t / s e c 2  

c 

These var ia t ions  in s t a b i l i t y  level cannot be conveniently 

normalized and must be viewed simply as the character-  

i s t i c  degradation in s t a b i l i t y  which can be expected t o  
accrue, i f  and when vehicles (of  the types described here- 

i n )  a re  a l t e red  from t h e i r  baseline condition by means of 

the parameter changes summarized in Figure 6.15. 

4) Whereas changes in individual parameters, in general , pro- 

duced a cons is tent ly  monotonic decrement in s tabi  1 i  t y  

(desp i t e  the cross- inf l  uence of other  parametric combina- 

t i o n s )  a  notable exception was f i  fth-wheel placement in 

combination with a change in t i r e  d i s t r ibu t ion  o n  the 

t r a c t o r .  For the two-axle t r a c t o r s ,  the placement of the 

f i f t h  wheel - a f t  v i r t u a l l y  always improved the s t a b i l i t y  of 

the vehicle with r i b  t i r e s  ins t a l l ed  while v i r t u a l l y  always 

degrading s t a b i l i t y  f o r  the same vehicle with mixed r ib-  and 

1 ug-type t i r e s .  Curiously, however, t h i s  anomaly i s  reversed 

f o r  three-axle t r a c t o r s ,  with the r i b  t i r e  i n s t a l l a t i o n  de- 

grading s t a b i l i t y  and the  r ib / lug  mix improving s t a b i l i t y  as 
the f i f t h  wheel i s  moved a f t .  



Moreover, this particular parameter sensitivity study has revealed 

that the yaw stability of a tractor-semitrailer can be reduced to a 

remarkably low level through variations in operating conditions and 

design variables which are known to be relatively commonplace. 



7.0 FINDINGS A N D  RECOMMENDATIONS 

The focus of t h i s  study has been the yaw s tab i  1 i ty  of t r a c t o r -  

semi t ra i l e r s  as  can be challenged in s teering-only maneuvers on dry sur-  
faces .  I n  t h i s  narrow context ,  f indings wil l  be summarized pertaining 
t o  the following topics :  

1 )  the basic nature of the  phenomenon of t r a c t o r -  

semi t ra i l e r  yaw ins tabi  1 i  ty 

2 )  the influence of design and operating var iables  

on yaw s t a b i l i t y  

3 )  engineering methods sui ted  t o  the  evaluation of 

tractor-semi t r a i l e r  yaw s tab i  1 i  t y .  

7.1 Fi ndi ngs Regarding the Basic Nature of Tractor-Semi t r a i  1 e r  
Yaw Stabi 1 i  t y  

-The i n s t a b i l i t y  a t  i ssue  involves the yaw response of the t r a c t o r  

alone. Analysis shows t h a t  a yaw i n s t a b i l i t y  of the t r a c t o r  element 
i s  necessary f o r  any t r u l y  divergent behavior of a tractor-semi t r a i l  e r  

vehicle t o  be manifested in response t o  s teering-only inputs .  Al- 
though the  semi t r a i  l e r  can exh ib i t  high-speed off- tracking or  can pro- 

ceed through a divergent yaw motion as a consequence of a t r a c t o r  
divergency, no divergent yaw response of the s e m i t r a i l e r ,  alone,  i s  
possible (again ,  f o r  the case of s teering-only maneuvers on a horizontal 

su r face ) .  

*Yaw i n s t a b i l i t y  of the t r a c t o r  can occur a t  a maneuvering level 

in which t i r e  s ide  forces a re  s t i l l  well below sa tura t ion  ( i  . e . ,  
f r i c t i o n - l i m i t e d )  condit ions.  

-*In such low-level maneuvers, t r a c t o r  yaw i n s t a b i l i t y  i s  pre- 
c i p i t a t e d  primarily through a mechanism which has long been recognized 
in the  vehicle dynamics 1 i  t e ra tu re  as appl ies  t o  passenger ca r s .  The 
mechanism i s  much more l i k e l y  t o  be encountered by heavy trucks and road 

*Note - t h i s  conclusion i s  bas ica l ly  a restatement of the  f inding 
of a preceding study [ I ] .  



t r a c t o r s ,  however, because of the pecul i a r  requirements imposed by the 

load-carrying mission of the commercial vehicle.  Because of the large 

range of loads t o  be car r ied  on rear  suspensions, we see t h a t  such 

vehicles a r e  cha rac te r i s t i ca l  ly designed with very s t i f f  r ea r  suspensions, 

giving r i s e  to  a very strong rearward bias in the d i s t r ibu t ion  of r o l l  

s t i f f n e s s .  A destabi 1 iz ing mechanism derives because, during cornering, 

the higher r o l l  s t i f f n e s s  of the r ea r  suspension y ie lds  a change in load 

between l e f t  and r i g h t  t i r e s  which i s  g rea te r  a t  the rear  t h a n  a t  the 

f r o n t ,  thus producing a g rea te r  net loss  in the s ide  forces being pro- 

vided by rea r  t i r e s .  This "net  loss , "  in tu rn ,  i s  due t o  the nonlinear 

property of the pneumatic t i r e  by which changes in s ide  force  are  caused 

by changes in ve r t i ca l  load a t  a given s l i p  angle. While t h i s  mechanism 

i s  the primary means by which a road t r a c t o r  can exhibi t  yaw i n s t a b i l i t y  

a t  a low maneuvering l eve l ,  other  in te rac t ive  mechanisms a l s o  e x i s t  

which can e i t h e r  r a i s e  or  lower the net des tabi l iz ing  e f f e c t  described 

above. 

*The "premature" destabi 1 iza t ion  of the t r a c t o r  can be looked upon 

as e f fec t ive ly  narrowing the usable maneuvering range of the vehicle.  

Referring t o  Figure 7 . 1 ,  the range of s teady-s ta te  l a t e r a l  accelerat ion 

over which the tractor-semi t r a i  l e r  may be control lably operated i s  1 imi ted 

e i t h e r  by the rol lover l imi t  or by a yaw s t a b i l i t y  l imi t .  When a poten- 

t i a l  f o r  yaw i n s t a b i l i t y  e x i s t s  a t  a maneuvering level which i s  well below 

the rol lover threshold,  t h a t  c h a r a c t e r i s t i c  could be presumed t o  degrade 

the overall  safe ty  qua l i ty  of the vehicle. 

*The maneuvering condition which most challenges the yaw s t a b i l i t y  

of a t r ac to r - semi t ra i l e r  ( i n  response t o  s teer ing  inputs only) i s  the 

s teady-sta t e  turn. 

*Transient  s t ee r ing  maneuvers pose l e s s e r  demands on t r a c t o r  yaw 

s t a b i l i t y  because of the lag in t r a i l e r  response, thereby yielding a t t en -  

uated levels  of r o l l  moment and s ide  force being reacted by the t r a c t o r  

a t  the f i f t h  wheel. 

*The most 1 i  kely s i t e s  f o r  accidents t o  occur as a r e s u l t  of 

t r a c t o r  yaw ins tabi  1 i ty a re  short-radius curves on secondary roads, or 
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I' Normal Driving Range 

Figure 7.1. Example t r a c t o r  maneuvering range. 

e x i t  ramps on i n t e r s t a t e  and other  limi ted-access highways. A l i k e l y  

outcome in such accidents  wi l l  be ro l lover  of the vehicle combination, 

thereby rendering a complicated physical scene which may confuse the  task 
of reconstruct ing the causal ro le  t h a t  may have been played by a yaw 

i n s t a b i l i t y .  

7.2 The Influence of Design and Operating Variables on Tractor  
Yaw Stabi 1 i t y  

*Torsional def lec t ion  of the t r a c t o r  frame and r o l l  def lec t ion  of 

the f ron t  suspension can be looked upon  as two spring functions which 

a r e  in s e r i e s  between the  fifth-wheel coupling and the f r o n t  axle.  I n -  

creases in the s t i f f n e s s  of both of these spr ings ,  in combination, 

cons t i  t u t e s  a powerful means t o  improve t r a c t o r  yaw s tab i  1 i ty .  

- I f  the above two spring s t i f f n e s s e s  were increased one a t  a time, 

on a typical  road t r a c t o r ,  the r o l l  s t i f f n e s s  of the f r o n t  suspension 



would contribute a many times greater improvement in yaw s t ab i l i t y ,  per 
unit change in s t i f fness ,  in-lb/deg, 

Increased frame s t i f fness ,  a1 one, wi 1 1  produce small (and gen- 
eral ly negligible) changes in the yaw s t ab i l i t y  of a typical road 
tractor.  Such changes in yaw s t ab i l i t y  can be ei ther  "positive" or 
"negative," depending u p o n  the other design parameters of the baseline 

vehicle. 

*Great variations in tractor yaw s t ab i l i t y  are expected t o  occur 
within the existing commercial vehicle f l e e t  as a resul t  o f :  

a )  Commonly selected options (including, a t  leas t ,  tractor 

suspension s t i f fnesses ,  mixed instal  lation of t i r e s  of 
differing construction type, wheel base dimensions, num- 

ber of tractor axles, and t r a i l e r  suspension roll  

s t i f fnesses) .  

b )  Operating practices (including, a t  l eas t ,  f i f t h  wheel 
placement and t r a i l e r  pay1 oad placement). 

Certai n combinations of vehicle design options and operating practices 
were seen t o  effectively reduce the "usable maneuvering range" t o  less 
than half of the range which would be otherwise available within the 
rol lover threshold. 

.Among the various vehicle options and operating practices, which 

are seen t o  degrade tractor yaw stabi 1 i  ty ,  a worst-case combination 
would include the following features: 

1 )  two-axle tractor 

2 )  short wheelbase (e .g . ,  105"-120") 

3 )  low front suspension rating (e .g . ,  9,000 I b )  

4) high rear suspension rating (e .g . ,  23,000 lb)  

5 )  mixed t i r e  instal la t ion resulting in high cornering 
s t i f fness  t i r e s  a t  the front (e .g . ,  radials front/  
bias-ply 1 ug-tread t i  res rear) 

6 )  f i f t h  wheel located in a n  a f t  position (e .g . ,  
directly over the rear-axle center) 



7 )  t r a i l e r  f u l l y  loadedwith payload s e t  high ( e . g . ,  

payload c ,g .  height a t  85" t o  95" above the ground) 

8 )  t r a i l e r  with low r o l l  s t i f f n e s s  suspension ( e . g . ,  cer- 

t a i n  a i r  suspensions incorporating low levels  of 

auxi l ia ry  r o l l  s t i f f n e s s ) .  

7.3 Engineering Methods Suited t o  the Evaluation of Tractor-Semi t r a i l e r  
Yaw S t a b i l i t y  

*The trapezoidal - or s  tep-s t e e r  type control input cons t i  t u t e s  a 
generally useful maneuver condition in which t o  evaluate t r a c t o r  yaw 

s t a b i l i t y .  

-The operating s t a t e  in which the most discriminatory evaluations 

of t r a c t o r  yaw s t a b i l i t y  can be made involves the  ful  ly-loaded vehicle 

t ravel ing  a t  highway speeds. 

*The "Handling Diagram" has been iden t i f i ed  as a broadly useful 

means of displaying the quasi-steady yaw response cha rac te r i s t i c s  of 

road tractors--up t o  t h e i r  yaw or r o l l  ins tabi  1 i t y  thresholds. 

*For vehicles with tandem suspensions, a separate curve will  be 

generated on the hand1 ing diagram f o r  each operating speed. Accordingly, 

the t e s t  f o r  yaw i n s t a b i l i t y  can only be conducted, f o r  each curve ob- 

tained with such vehicles,  using a " c r i t i c a l  speed," V c r i t ,  which 

corresponds t o  the operating speed f o r  which the curve was generated. 

* A n  ex is t ing  d i g i t a l  simulation f o r  a r t i cu la ted  vehicles has been 

shown t o  be broadly capable of predicting the  r e l a t i v e  influences of 

design and operating parameters on the yaw s t a b i l i t y  of tractor-semi- 

t r a i l e r s .  This capabi 1 i  t y  derives largely from the completeness of the 

simulation model in i t s  representat ion of d i s t r ibu ted  frame and suspen- 

sion s t i f f n e s s e s  in r o l l ,  as well as  the nonlinear propert ies  of t i r e s  

by which ver t ica l  load influences the s ide  force versus s l i p  angle 

re la t ionship .  



7.4  Recommendations 

On the basis  of the f indings of t h i s  study, ce r t a in  recommendations 
can be made f o r  possible implementation by NHTSA and/or by various 

elements of the  trucking industry.  The previously s t a t ed  f indings de- 

f ine  a heavy truck phenomenon which merits fu r the r  examination as a 

f ac to r  po ten t i a l ly  causing accidents .  Three research i n i t i a t i v e s  a re  

iden t i f i ed  as a means of pursuing t h i s  po ten t i a l ly  causal ro le .  

1 ) I t  i s  recommended t h a t  a study be conducted of the extent  

t o  which the mass accident record shows accident types 

suggesting a t r a c t o r  yaw divergence. The most 1 i kely 

maneuvering scenarios and vehicle configurations c i t ed  
in the  "Findings" sect ion of t h i s  report  should be 

pa r t i cu la r ly  examined. 

I t  i s  recommended t h a t  in-depth accident inves t iga t ions  

be conducted t o  e s t ab l i sh  whether the underlying hypo- 
thes i s  behind the foregoing study can be subs tant ia ted  
in a case-by-case examination of ce r t a in  t r ac to r -  
semi t ra i l e r  accidents .  The pa r t i cu la r  accident types t o  

be invest igated would encompass 1 oss-of-control events in 

which no braking was present .  The in-depth approach would 

provide a de ta i led  descript ion of those vehicle design and 
operating parameters which a re  known t o  influence basic 

yaw s t a b i l i t y  while a lso  assessing whether a yaw i n s t a b i l i t y  
may ac tua l ly  have prec ip i ta ted  the accident.  

Aside from the accident s tud ies ,  i t  i s  recommended t h a t  

human fac to r s  research be conducted t o  determine the ex- 
t e n t  t o  which the d i rec t ional  control labi 1 i  t y  of t r a c t o r -  

semi t ra i l e r s  i s  influenced by the open-loop yaw s tab i  1 i  ty 
o f  the t r a c t o r .  In pursuing t h i s  avenue of research,  the 
closed-loop path-keepi ng performance of representa t i  ve 
tractor-semi t r a i  l e r  dr ivers  would be used as a d i r e c t  
measure of the s igni f icance  of t r a c t o r  yaw s t a b i l i t y  t o  
vehicle cont ro l .  A sample of dr ivers  operating vehicles 
of varying degrees of yaw s t a b i l i t y  would be d i rec ted  t o  



perform "1 imi t-proximi ty"  driving tasks in which diver- 
gent behavior i s  threatened. Such research would require 
a coniplete engineering characterization of the open-loop 
properties of each vehicle and would necessitate outriggers 
and other safety measures t o  protect the t e s t  drivers. Com- 
pliance in the t r ac to r ' s  steering system should also be 
considered as a t e s t  variable, since the currently-reported 
study on ly  treated the vehicle in terms of response t o  
front-wheel angle input. 

I n  addition t o  these investigations, i t  seems appropriate t h a t  the 
NHTSA take some information in i t ia t ives  t o  advise motor vehicle manu- 
facturers and representatives of the truck operations cornmuni ty of the 
particular findings which bear upon vehicle design and usage, respec- 
t ively.  Motor vehicle manufacturers should be encouraged t o  consider 
the findings implicating rol l  s t i f fness  distribution so as t o  determine 
the possible feas ib i l i ty  of  future changes i n  chassis and suspension 
design. Fleet operators and private vehicle owners should be encouraged 
t o  review the l i s t  of effects which degrade yaw s t ab i l i t y  so as t o  take 
steps t o  "neutralize" any practices that might resul t  in a grossly 
reduced level of yaw s t ab i l i t y .  





8.0 STUDY OF CAB VIBRATIONS 

This sect ion reports  on a contract  task which was added by NHTSA 
t o  obtain introductory information re1 a t ive  t o  the vibrat ional  environ- 
ment in truck cabs. The task ,  as conducted, was primari ly a t e s t  exer- 
c i s e  in which two tractor-semi t r a i  l e r s  were instrumented t o  measure the 
r ide  vibrat ions caused by running over a road. Pr ior  t o  reporting on 
the r ide  t e s t s ,  however, a brief  introductory discussion i s  presented 
t o  provide an overview of the nature of the r ide  vibrat ions occurring 
in  commercial vehicles.  The complete r ide  t e s t  data a re  in Appendix VI. 

8.1 Introduction 

The vibrat ion of cabs in commercial motor vehicles has recently 
received increasing a t t en t ion  as an element of the working environment 
of the truck dr iver .  The in-cab vibrat ions comprise the vehicle r ide  
motions transmitted through the cab and the noise levels  generated o r  
transmitted by the cab. In general ,  the r ide  motions, which are  f e l t  
r a the r  than heard, cons is t  mainly of vibratory motions with frequencies 
ranging from 1 t o  20 Hz, as r e s u l t  from the gross motions of the vehicle,  
resonances of various vehicle components, and vibrat ions of engine/ 
d r ive t ra in  components. 

In-cab vibrat ions have been of concern t o  commercial vehicle 
manufacturers because of t h e i r  influence on durabi 1 i ty  and overall  cus- 
tomer acceptance. However, as wi l l  be pointed out in the following 
discussion,  the r ide  vibrat ions of commerci a1 vehicles a re  dependent not 
only on vehicle design, b u t  on usage fac to r s  as we11 and the operational 
(highway) environment, Compounding these considerations i s  the cos t  
competitive nature of the commercial hauling industry whose primary con- 
cern i s  ruggedness and durabil i t y .  The de fac to  consequence has been 
t h a t  the r ide  vibrat ion qual i ty  of commercial vehicles has suffered from 
the d i  1 ution of responsi bi 1 i t y  among manufacturers, users ,  and highway 
agencies, and the necessity of subjugating r ide  considerations t o  f ac to r s  
of more d i r e c t  economic concern. Thus, the  recent i n t e r e s t  exhibited 
by agencies of the federal government in truck r ide  as a health and 



sa fe ty  i ssue  provides motivation ( i n  l i eu  of the marketplace) f o r  

expanding the technology required t o  understand and t r e a t  " the truck 

r ide  problem. " 

8.1 . I  Excitation Sources of Truck Ride Vibrations. The truck,  
l i k e  any dynamic system, v ibra tes  only in response t o  inputs which exc i t e  

the  system. The inputs exci t ing  the r ide  response of highway vehicles 
a r i s e  predominantly from ( a )  the roughness of the roadway and ( b )  non- 
uniformit ies  in the ro ta t ing  components of suspension systems and engine/ 
d r ive t ra in  components. 

The elevation p r o f i l e  of the roadway consis ts  of random and periodic 

components which may be characterized by a spectrum of spa t i a l  f r e -  
quencies ( t h a t  i s ,  cycles per un i t  distance t raveled)  o r  wavelengths. 
The random component i s  caused by bumps, undulati ons, potholes, e t c .  , 
in the roadway. The periodic components a r i s e  from the design and con- 
s t ruc t ion  methods employed ( i . e . ,  uniform lengths of concrete s l a b s ,  
o s c i l l a t i o n s  of the pavement f in ishing screed,  e t c . )  and r e s u l t  in in- 
creased spect ra l  ampl i tudes a t  the wavelengths associated w i t h  the  con- 

s t ruc t ion  process. Figure 8.1 gives examples of the spect ra l  charac- 
t e r i s t i c s  of the roughness p ro f i l e s  measured on actual highways [8]. The 

roughness i s  characterized by i t s  Power Spectral Density representing 
the mean square value of the  roughness content as a function of s p a t i a l  
frequency. All roadways, and f o r  t h a t  matter ,  a l l  sect ions of roadway, 
a re  d i f f e r e n t ,  although they tend t o  exh ib i t  ce r t a in  common character-  

i s t i c s  throughout the world [ 9 ,  101. The dominant c h a r a c t e r i s t i c  i s  t h a t  

the roughness ampl i tude increases with wavelength ( i  . e . ,  large road 
fea tures  appear with longer s p a t i a l  sepa ra t ions ) ,  such t h a t  the roadway 
exc i t a t ion  i s  s t ronges t  in the  range serving t o  exc i t e  the low frequency 
vibrat ion modes of vehicles.  

As the  truck o r  t r a c t o r - t r a i l e r  drives along the roadway, the  
s p a t i a l  frequencies a r e  transformed, according t o  the ve loci ty ,  t o  tem- 
poral frequencies. Accordingly, each wheel/axle i s  subjec t  t o  an exci- 
t a t ion  containing a broad spectrum of frequencies. These inputs a re  
then at tenuated or  amplified by the suspension t o  exci te  the various 
resonant systems and vibratory modes of the  vehicle. 





In addit ion t o  the broad spectrum exc i t a t ion  ex i s t ing  a t  each 

ax le ,  a second s i g n i f i c a n t  mechanism of roughness exc i t a t ion  on trucks 
and t r a c t o r - t r a i  1 e r s  a r i s e s  from the time-phased re1 at ionship between 
a bump h i t t i n g  the f i r s t  and then each of the following axles .  Figure 
8.2 shows the typical  range of dimensions between each of the axles on 
a t r ac to r - semi t ra i l e r  combination. A bump h i t t i n g  the f r o n t  and then 
the r ea r  a x l e ( s )  on the t r a c t o r  exc i t e s  a pitch motion of the t r a c t o r .  
At a 55-mph road speed, t h i s  p a r t i c u l a r  phenomenon i s  a common source 
of pi tch motions ( i n  the range of 3-4 Hz) on typical road t r a c t o r s .  
That same bump then passing under the t r a i l e r  a x l e ( s )  may add t o  the mo- 

t ion  by i t s  tendency t o  cause pi tch of the t r a i l e r  in phase with the 
t r a c t o r  motion. This process frequently makes tractor-semi t r a i  l e r  com- 
binat ions s e n s i t i v e  t o  highways of the concrete s l ab  type of construct ion.  
Such highways a re  prone t o  exh ib i t  roughness a t  the s l ab  jo in t s  which 
may "tune in" a t  normal highway speeds t o  the t r a i l e r  pi tch mechanism. 

In the same way t h a t  vehicle pi tch i s  exci ted by the "wheelbase 
e f f e c t , "  load-equal izing tandem axles may be excited in pi tch by the 

longitudinal spread between the axles.  The unsprung mass of the  axles 
on trucks typ ica l ly  have a ver t ica l  mode natural frequency on the order 

of 10 Hz. At normal highway speeds, a bump passing under a pa i r  of 
tandem axles spread by a typical  distance of 4 t o  4 1 / 2  f e e t  favors a 
10 Hz mode in which the axles o s c i l l a t e  out of phase with one another, 

causing a vibrat ion known as "tandem hop." 

By v i r tue  of t h e i r  ro l l ing  circumference, t i r e  and wheel non- 
uniformities may a1 so be s i g n i f i c a n t  sources of r ide  motion exc i t a t ion .  

Truck t i r e s  a re  approximately 10 f e e t  in circumference resul t ing  in a 
ro ta t ional  speed of e ight  revolutions per second a t  a speed of 55 mph.  

The t i r e s ,  wheels, hubs, and drums have a ce r t a in  degree of imbalance 
and eccen t r i c i ty .  Furthermore, t i r e s  typical  ly exh ib i t  a circumferential 
var ia t ion  in radial  s t i f f n e s s .  The net r e s u l t  can be a strong exc i t a t ion  

a t  8 Hz which exci ta t ion  i s  a t ,  or  near,  the resonant frequency of the  

f i r s t  frame-bending mode. (This pa r t i cu la r  phenomena i s  the primary 

reason why many t r a c t o r - t r a i l e r s  r ide  b e t t e r  a t  speeds i n  the v i c i n i t y  
of 70 mph and has been the source of some truck d r ive r  objection t o  the 
55-mph speed 1 imi t . )  





8.1.2 Mechanisms of Truck and Cab Vibrations. A l t h o u g h  there 

i s  a tendency t o  consider trucks or t ractor- t rai lers  as singular types 
of vehicles, there are,  in f ac t ,  a number of design types which exhibit 
differing characteristics in response t o  ride excitation. The exci ta- 
tion sources discussed in the previous section generally account for the 
random and phase-related forcing inputs t o  the vehicle frame through 
the suspension systems or the fifth-wheel connection. The roadway 
excitation may be dominantly vertical in direction or may include longi- 
tudinal force components phased with the vert ical ,  due t o  the longi t u -  
dinal t i r e  forces generated by a road bump. The net resul t  i s  a multi- 
directional spectrum of vibration inputs t o  the frame that may cause 
so-cal led rigid-body motions, bending motions of the frame, vibration 
of components attached t o  the frame, and, of course, motion of the cab 
i tsel f. 

The lowest frequency motions (1-5 Hz) are rigid-body modes. For 
s t raight  trucks, as with passenger cars, these may be characterized as 

bounce or pitch motions, t h o u g h  in practice these two degrees of freedom 
are rarely decoupled. Rather, they are the result  of oscil lations about 
two nodes [11]  as i l lustrated in Figure 8.3-the oscil lation a b o u t  the 
most distant node being considered "bounce," with the oscil lation about 
the nearest node being considered "pitch." 

Tractor-trai l e r s ,  because of the additional degrees of freedom 

introduced by the t r a i l e r ,  can exhibit four rigid-body modes of motion 
involving combinations of bounce and pitch of the t ractor  and t r a i l e r .  
Again, these modes are usually coupled in that they d o  n o t  consist o f  

pure bounce or pitch. Because these modes are determined by such factors 
as center of gravity location, radius of gyration in pitch, suspension 
(or  t i r e )  s t i f fness ,  a n d  wheelbase, they tend t o  differ  with each vehicle 
combi nation and loading condition. 

The next se t  of resonant frequencies following the rigid-body 
vibration modes are dominated by the flexural modes of the frame (5-10 

Hz).  The strongest and most important mode tends t o  be the vertical 
bending (or  beaming) mode, although torsional or lateral  modes can occur 
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F i g u r e  0.3.  Rigid-body v i b r a t i o n  nodes  o f  a s t r a i g h t  truck. 



as well (see  Figure 8.4) .  On s t r a i gh t  trucks,  the f lexural  modes of 
the frame a re  influenced by the type and mounting arrangement of the 
body affixed t o  the frame. In the case of t r a c to r s ,  the frequency and 
degree of exci ta t ion of the f lexural  modes are influenced by the posi- 
t ion of the f i f t h  wheel. 

A t  frequencies of approximately 8 Hz and above, any number of 
other vibratory modes spec i f i c  t o  a  vehicle may be excited involving 
higher order modes of frame f lexure ,  ax1 e ,  component (exhaust s tack,  

bat tery  box, e t c . ) ,  and engine/transrnission/driveline vibra t ions .  In 
t o t a l ,  over the range of 0-20 Hz, as many as three dozen vibrat ion modes 

may be occurring on a typical t r a c t o r - t r a i l e r .  The significance of each 
of these vibratory modes depends on the degree t o  which i t  i s  excited 
and the degree t o  which the cab i s  e f fec t ive ly  isola ted from an indi-  

vidual mode. 

The transmission of frame vibrat ions t o  the cab i s  dependent on 

the design of the cab mounting system. The designs tend t o  f a l l  in to  
the categories i  1 1  us t ra ted  in Figure 8.5. The cab-over-engine ( C O E )  

configurations of the h igh - t i l t  highway t r a c to r  and the low- t i l t  local 
delivery types a re  r ig idly  attached t o  the forward end of the frame t o  

f a c i l i t a t e  " t i l t i n g , "  and have a second frame attachment a t  the rear  of 
the cab consist ing of a compliant i sola t ion element. The " t i l t -hood 
high conventional cab" i s  mounted only a t  the f ron t  and rear  of the cab 

since the hood i s  separately suspended t o  a1 low i t  to  t i 1  t forward fo r  
maintenance. The th i rd  category i s  the more famil iar  arrangement in 
which the cab and front-end sheet  metal are  a uni t  s t ruc tu re  permitting 
mounts a t  the f ron t ,  r ea r ,  and intermediate locations of the body. Each 
category represents a d i f fe ren t  potential  r ide  behavior because of the 
d i f fe ren t  positions of the r ide r  in the vehicle,  the d i f fe ren t  con- 
s t r a i n t s  in providing isola t ion in the mounts, the location of the mounts 
on the vehicle frame, and the spacing between the mounts t ha t  can be 
accommodated. Beyond t h a t ,  the d i f fe ren t  categories of cabs general ly 
represent d i f f e r en t  trucking applicat ions which influence the r ide  be- 
havior as a r e s u l t  of the types of loads t ha t  are  carr ied  and the types 
of highways tha t  a re  most frequently traveled.  
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Cab mounting systems may be characterized by ver t ica l  compliance, 

longitudinal compliance, and compliance in the d i rec t ion  of pi tch rota-  
t ions .  A 1  though compliance i s  natural ly provided by the e l a s t i c  
i so la t ion  elements commonly used, the brackets and s t ruc tu ra l  members 
making u p  the mounting system a l so  make s ign i f i can t  contr ibutions t o  
the compliance. Since the cab i t s e l f  represents a lumped mass attached 
t o  a local ized area of the frame, the frame, as we1 1 ,  can be considered 
t o  be a source of compl iance. 

Despi t e  the potential  complexities of the cab/frame dynamic sys- 
tem, cer ta in  s impl i f ica t ions  a r i s e  from the  design const ra in ts  t h a t  
must be met. In p a r t i c u l a r ,  cab motions r e l a t ive  t o  the frame must be 
limited f o r  functional reasons, with the consequence t h a t  the cab 
resonant frequencies are  typ ica l ly  near 10 Hz and higher. Thus the low 

frequency vibrat ion modes ( i  . e . ,  l e s s  than 5 Hz) of the cab a re  essen- 
t i a l l y  rigid-body motions of the cablframe s t ruc tu re ,  which take the 
form of bounce and pi tch motions of the vehicle as excited by the low 

frequency road roughness and "wheelbase e f f e c t s . "  A t  higher frequencies 
(above 5 Hz), the frame and cab suspensions become dynamically ac t ive .  
The f i r s t  ve r t i ca l  bending mode of the vehicle frame (occurring a t  6 

t o  8 Hz) causes a f o r e / a f t  pi tch motion of the cab. Likewise, a t  these 
frequencies and above, resonances of the ba t tery  box, fuel tanks,  ex- 
haust systems, and other  components may occur causing 1 ocal i zed frame 
motions which may have influence on the cab, depending on the r e l a t i v e  
motion produced a t  the cab mounting points .  Thus, the higher frequency 
components of cab vibrat ion a r i s e  from motions of increasing complexity 
as caused by increasing numbers of ac t ive  components with more degrees 
of freedom among the coupled systems. 

8.1.3 Methods f o r  Ride Improvement. The truck or  t r a c t o r  cab 
has s i x  degrees of freedom i n  which vibrat ions can occur-vertical , 
longitudinal ,  and l a t e r a l  t r ans la t ion ,  and r o l l ,  p i tch ,  and yaw rota-  
t ions .  Except in special  cases,  most of the vibrat ion energy i s  concen- 
t r a t ed  in the ve r t i ca l  and longitudinal t r ans la t ion  d i rec t ions .  Because 
of the complexity of the motion and the importance of identifying only 
those modes most commonly exci ted ,  cab accelerat ions a re  usually measured 



and reduced t o  the  ampl i tude-frequency pl o t s  i 11 ustrated in Figure 

8.6.  On examining t h i s  type of p l o t ,  the resonant frequencies can be 
iden t i f i ed  and oftentimes associated w i t h  pa r t i cu la r  resonant modes 
on the basis  of experience o r  on the basis of addit ional  measurements 
made on the vehicle. 

Though only a limited amount of data characterizing truck r ide  

vibrat ions has been published in the l i t e r a t u r e ,  the p lo ts  i n  Figure 
8.6 a re  c h a r a c t e r i s t i c  of the  vibrat ion environment t o  be found in a 
typical  cab-over-engine highway t r a c t o r .  The vibrat ion spectrum nor- 
mal ly includes three or  four dominant resonances, in the range of 1-10 

H Z ,  which include the  tractor-bounce, t rac tor-p i  t ch ,  and the f i r s t  frame- 
bending modes. Above 10 Hz, addit ional  resonances occur due t o  reson- 
ances of other  components; b u t ,  in general ,  the ampl i tude of the vi bra- 
t ions  reduce quickly with increasing frequency, such t h a t  the major 
r ide  vibrat ions a re  encompassed within a frequency band ranging from 

one t o  f i f t e e n  Hz. 

The means most readi ly  avai lable  t o  the vehicle manufacturer f o r  

reducing cab vibrat ions i s  through the design of the cab mounting sys- 
tem. By using compliant mounts i t  i s  possible t o  achieve i so la t ion  of 
frame vibrat ions a t  frequencies above the e f fec t ive  natural frequency 
of the cab/nount s t ruc tu re .  Various a r t i c l e s  in the l i t e r a t u r e  (12, 13, 
14, 15, 1 6 )  report  on cases where r ide  improvement has been achieved on 
s p e c i f i c  vehicles.  Four to  f ive  Hz i s  normally the minimum resonant 
frequency prac t ica l  ly a t ta inable*  using passive elastomeri c mounts and 
such a design can subs tant ia l  l y  reduce higher frequency vibra t ions ,  as  

indicated in Figure 8.6.  Note, however, t h a t  the dominant low frequency 

vibrat ion modes associated w i t h  rigid-body motions a r e  not affected by 
the cab mounting arrangement. Only by reducing the natural frequency 

of the cab ' s  suspension t o  1 Hz o r  l e s s  with ac t ive  suspension systems 
1161 i s  i t  possible t o  achieve an at tenuation of the rigid-body modes. 
Figure 8.7 i l l u s t r a t e s  the typical  magnitude of at tenuation t h a t  has 
been achieved on a commercial t r a c t o r  with an ac t ive  cab suspension 

*The achievement of lower frequencies requires s t a t i c  def lec t ions  
which a re  grea ter  than cab mountings can typical  ly accommodate. 
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system. Note that the vibration i s  given in terms of absorbed power 

[17]  which implies i t  has been weighted as a function of frequency 

and i s  n o t  directly comparable t o  the previous figure. 

Looking beyond cab suspension sys tems as a means t o  improve 

tractor-trai  l e r  ride,  Figure 8.7 i l lus t ra tes  another significant point. 
Using the absorbed power method of weighting rider sensi t ivi ty  t o  ride 

vibration frequency content (absorbed power being qua1 i t a t i  vely simi 1 ar 

t o  other tolerance weighting functions such as the IS0 standard [18]), 

shows t h a t  the dominant causes of ride discomfort are the low frequency, 

rigid-body modes (0-5 Hz). (These modes tend t o  dominate the tractor- 
t r a i l e r  vibration spectra, as evidenced by data t o  be found in the pub -  

lished l i te ra ture ,  and by data obtained in the tes t s  t o  be discussed in 

Section 8.4 of this  report.) The intensity of rigid-body vibration 

modes exhibited by typical t ractor- t rai lers  i s ,  in part ,  a de facto re- 

su l t  of the articulated vehicle configuration, a n d ,  in part ,  the resul t  

of the suspension systems commonly in use. The leaf-spring suspension 

systems commonly used exhibit very high spring rates and coulomb f r i c -  

tion levels such that very l i t t l e  suspension motion occurs in normal 

highway travel.  As a resul t ,  the t i r e s  become the primary suspension 
elements with very l i t t l e  damping present t o  control the resulting 

motions. I n  e f fec t ,  the rigid-body motions occur through the action of 

the vehicle bouncing on i t s  t i r e s .  T h o u g h  this  problem has been recog- 

nized in the l i te ra ture  [15], l i t t l e  research or results have been 

reported. 

8.2 Experimental Method 

Two Class 8 highway tractors were tested in this  s'tudy--one having 

a conventional s tyle  cab with the other being a cab-over-engine style 
tractor--in both a loaded ( i . e . ,  pulling a loaded 45-ft van t r a i l e r )  
and bobtail ( i  . e . ,  no t r a i l e r )  condition. Each tractor was equipped 

with accelerometers t o  measure vibrations a t  various locations on the 
tractor chassis and on the seat in order t o  define (approximately) the 
primary response modes as we1 1 as describing the vibration environment 
of the dr iver 's  compartment. Five sections of public roadways i n  
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Washtenaw County, Michigan were selected as t e s t  s i t e s  t o  provide a 

cross-section of d i f fer ing road surface types and s t a t e s  of repai r .  

Data were recorded over the t e s t  sections a t  each of two speeds fo r  

each of the four vehicle combinations. The col lected accelerat ion data 

were reduced t o  power spectral  densi t ies  with the aid of a spectrum 

analyzer in order t o  define the frequency content of the vibration 
experienced a t  the point of attachment of each accelerometer. 

8.2.1 Vehicles. The spec i f i c  vehicles used in the study were 

the previously-descri bed Ford two-axle COE ( a s  used in the yaw s tabi  1 i  ty 

t e s t  s e r i e s )  and a GMC (Model 9500) two-axle conventional cab t rac to r .  

Both t rac to rs  had gross axle-weight rat ings of 10,860 l h ,  f ron t  and 
19,040 I b .  rear  fo r  a GVWR of 29,900 lb.  The COE t r a c to r  had a wheel- 
base of 134.5 in.  and a cab-to-rear-axle dimension of 80 i n . ,  compared 

to  151 and 84 in .  fo r  the respective dimensions of the conventional 
t r ac to r .  

Both vehicles incorporated mu1  t i  -leaf-type spring suspensions on 

the f ron t  and rear  axles,  with the rear  suspension on the Ford t r a c to r  

incorporating a two-stage spring design in which a "helper" leaf became 
engaged under f u l l  load. Both vehicles a lso  were ou t f i t t ed  with spring- 

type suspension s ea t s ,  providing a measure of ver t ica l  i sola t ion t o  the 

dr iver .  A common s e t  of t i r e s  were used on both t rac to rs  with individual 
t i r e s  being placed a t  the same respective wheel positions on b o t h  

vehicles and with dual t i r e  s e t s  being clamped in the same re la t ive  

angular or ienta t ions  in an attempt t o  minimize variat ions in r ide vibra- 
t ion tha t  could be a t t r ibu ted  t o  t i r e  ins ta l l a t ion .  Tires were inf la ted  

to  a cold pressure of 85 psi pr ior  to  running t e s t s  with each vehicle. 

In these t e s t s ,  the t r a i l e r s  were loaded in the same manner as 

the van t r a i l e r s  had been loaded fo r  the yaw s t a b i l i t y  study (see 
Section 5 .3 .2) .  

8.2.2 Instrumentation and Signal Recording. Accelerations a t  

the various points of i n t e r e s t  were measured with servo accelerometers 
manufactured by Schaevitz Engineering. For measurement of the vert ical  

components of accelerat ion a t  f ive  points ,  accelerometers w i t h  a - + 10 g 

range and a natural frequency of approximately 140 Hz were used. These 



speci f ica t ions  provided fo r  adequate transducer f i d e l i t y  over the range 
of accelerat ions and frequencies believed to  be important in r ide  
measurements. A s ingle  measurement of longitudinal accelerat ion was 
made using an accelerometer having a  range of - + 1 g and a  natural f re -  

quency of 100 Hz (nominal). 

These s i x  accelerometers were mounted on each t e s t  t r a c to r  a t  the 
locations shown in Figure 8.8. Mounting positions were chosen t o  ( a )  
provide a  characterizat ion of the d r ive r '  s  vibration envi ronment and 
( b )  permit ident i f ica t ion of the dominant r ide vibration modes of the 
two t e s t  vehicles. As shown, two accelerometers were mounted d i rec t ly  
on the d r i ve r ' s  s ea t ,  one with a  ver t ica l  or ienta t ion and one horizontal.  
Another accelerometer was mounted on the seat  base, near the f loor ,  to  
obtain the ver t ica l  accelerat ion of the cab i t s e l f .  Three accelerometers 
were mounted d i rec t ly  to  the frame with t h e i r  sensi t ive  axes oriented 
ver t i ca l ly .  The frame mounting points were (1 )  d i rec t ly  over the f ron t  
axle,  ( 2 )  midway between the axles,  and ( 3 )  d i rec t ly  over the rear  axle,  
Using the amp1 i  tude-frequencies spectra and phase relat ionships of 
these three frame-located transducers, certain of the dominant r ide 
modes of the vehicle can be ident i f ied .  I t  should be noted, however, 
t ha t  a  rigorous modal analysis  was beyond the scope of the study. 

These accelerat ion s ignals ,  along w i t h  a  velocity signal generated 
by a  standard f i f t h  wheel measurement un i t ,  were recorded on an on-board 
FM tape recorder. A n  on-board interfacing unit  was used to  provide an 
easy adjustment of signal gain with individual signal gains being 
adjusted t o  provide input levels  t o  the tape recorder t ha t  were as high 
as possible without sa tura t ion,  thus maximizing signal-to-noise r a t i o .  
Acceleration signals were continuously monitored on a  chart  recorder 
during the t e s t s  as a  means of determining the needed gain adjustments 
on each t e s t  pavement. 

8.2.3 Test S i t e s .  The f ive  t e s t  s i t e s  selected to  represent 
typical surfaces t o  be encountered by t rac to r - t ra i  1er vehicles i n  nor- 
mal operation were: 
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F i g u r e  8.8. L o c a t i o n  and o r i e n t a t i o n  o f  acce lerometers  f o r  v i b r a t i o n  
measurement. 



1 ) 1-94 Eastbound, between Mi l e  Markers #I81 -182 

New, smooth bituminous asphalt  pavement 

2) 1-94 Westbound, between Mile Markers #175-174 

Aging, cracked, patched Portland cement concrete 

3 )  US 23 Southbound, between Mile Markers #47-46 

Aging Portland cement concrete expressway (not  as  

de ter iora ted  as s i t e  #2) 

4) M-14 Eastbound ( e a s t  of US 23) 

New Portland cement concrete expressway 

5)  Huron Parkway, Glacier Way t o  Geddes Road (City of 
Ann  Arbor) 

Aging urban s t r e e t ,  bituminous asphal t  

S i t e s  1 and 4 were in excel lent  condition whereas s i t e  2 was in bad 

need of r epa i r  and  cons t i tu ted  a very rough r ide  input.  S i t e s  3 and 
5 represent ,  more o r  l e s s ,  typical  expressway and urban surfaces,  

respectively,  both showing signs of wear and cracking b u t  not t o  the 
extent  of s i t e  2. 

The t e s t  vehicles were run over each t e s t  surface a t  a nominal 

speed of 55 and 45 miles per hour. Each t e s t  section was se lec ted  t o  
provide s u f f i c i e n t  length and homogeneity as t o  assure an adequate data 

sample f o r  processing and analys is .  Trial  runs were repeated a t  each 
s i t e  unt i l  the maximum gain f o r  each channel had been iden t i f i ed  and 
adjusted as described e a r l i e r .  

8.3 Data Analysis 

The data recorded on FM tape was processed using a Hewlett 
Packard 3582A Spectrum Analyzer. Thi s analyzer i s  a two-channel device 
with a frequency range of .02-25000 Hz and a dynamic range of 70 d b .  

The dual channel f ea tu re  fac i  1 i t i a t e s  the measurement of phase re la t ion-  
ships and t r a n s f e r  functions between d i f f e r e n t  input s ignals  while 
otherwise evaluating the amp1 i tude spectra of each s ignal .  A1 1 pro- 
cessing was done over a frequency span of 0-25 Hz using a "Hanning" 
type sampling window function which provides a compromise between good 



amplitude and frequency resolution. The data was rms-averaged over 
eight samples, each sample being five seconds in length, t o  effect  a 
smoothing of the response spectra and t o  eliminate extraneous informa- 
tion which might be contained within a single five-second sample. 
Further information concerning th is  analyzer and i t s  operation can be 
found in Reference [ 7 ] .  

Data processing consisted of ( 1 )  reducing the input time histories 
t o  amplitude spectra for each accelerometer signal and ( 2 )  determining 
the phase re1 ationships between signals. A 1  1 signal phases were related 
to the signal from the accelerometer located over the front  axle,  with 
the exception of the "seat-vertical" which was related t o  the signal 
generated a t  the seat base so as t o  f a c i l i t a t e  examination of the seat 
suspension system a1 one. Amp1 i  tude spectra generated by the analyzer 
with units of d b ,  vol ts ,  were converted t o  power spectral densit ies,  
g2/HzY by a simple algebraic calculation involving the scale factor used 
in the signal processing unit and the bandwidth employed by the analyzer 
in generating the spectra. 

By examining the power spectral density (PSD) of each signal,  
along with the relat ive phase angle, certain vibrational modes were 
identified.  I n  general, i t  was f o u n d  that  the dominant low frequency 
peaks of the PSD could be related t o  the bounce, pitch, and beaming modes 
mentioned in a previous section. I n  theory, a pure bounce resonance i s  
characterized by zero relat ive phase angles a t  a11 three locations on 
the frame. A 1  ternatively,  a pitch mode involves frame acceleration sig- 
nals, front and rear,  that are 180" o u t  of phase while the midpoint 
signal i s  in phase with ei ther  the front or rear signal,  depending upon  

the longitudinal location of the node. I n  the case of the fundamental 
mode of beaming of the frame, the midpoint signal i s  180" o u t  of phase 
with signals from b o t h  the front- and rear-located accelerometers. I n  

practice, due to  the phase l a g  inherent between the f r o n t  and rear t i r e s  
as they encounter road i r regular i t ies ,  and due also t o  the complex ( i  . e . ,  
coupled) nature of the modes of an actual vehicle, the analysis i s  not 
so simple and each PSD and phase relationship must be carefully scru- 
tinized and compared t o  other tes t s  in order to  identify the vibrational 
modes present. 



8.4 Summary of Ride Test Results 

The processed ride spectra were machine-plotted as power spectral 
densities for each accelerometer involved. These PSD plots will be 
used in the following discussion f i r s t  t o  demonstrate the sal ient  fea- 
tures of the response spectrum of each vehicle. Identification of  the 

dominant modes occurring in the low frequency ( i  . e . ,  0 t o  10 Hz) portion 
of the spectrum will be based upon examination of the amplitude and 
phase information obtained for the frame-mounted accelerometers. The 
data will then be summarized according t o  the following comparisons: 

1 ) bobtail configuration versus loaded combination 

2)  C O E  t ractor  versus conventi onal tractor 

8.4.1 Basic Spectral Features. Shown in Figure 8.9 are the PSD 

of seat accelerations in the vertical and fore/af t  directions, as 
measured a t  55 mph with the C O E  bobtail tractor on the smoothest t e s t  
surface, Number 1 .  Six peaks in the vertical acceleration spectrum 
have been identified as t o  the mode or source of excitation involved. 
Four of these peaks are,  likewise, evident in the fore/af t  acceleration 
spectrum. 

Peaks labeled c ,  e ,  and f occur a t  7.5, 15 ,  and 22.5 Hz, respec- 

t i  vely . These frequencies comprise the fundamental and f i  r s t  two har- 
monics of the wheel rotation frequency a t  the t e s t  speed of 55 m p h ,  

Presumably, the power being input a t  those frequencies derives from the 
combination of wheel unbalance, geometric runout, and t i r e  s t i f fness  
nonuniformi t i e s .  As shown in Figure 8.10, the identification of these 
peaks as deriving from wheel rotation phenomena i s  aided through the 
conduct of t es t s  a t  a differing speed. Mote that only the indicated 
"wheel rotation peaks" have moved along the frequency scale as a resul t  
of a speed reduction from 55 mph t o  45 mph,  although reductions in power 

level are apparent a t  virtually a1 1 points along the spectra. Peaks c ,  
e,  and f are seen in Figure 8.10 t o  occur a t  the 45-mph synchronous 
wheel rotation frequencies of 6.2, 12.4, and 18.6 Hz. 

The peaks labeled ( a )  and ( b )  in Figure 8.9 can be identified as 
two of the approximately-decoupled rigid-body modes of vibration o f  the 
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t r ac to r -bounce  and pitch,  respectively. These modes are  ident i f ied  

( i n  the absence of an automated modal analys is)  through inspection of 

the re la t ive  amplitude and  phase spectra of the ver t ica l  accelerat ions 

measured a t  three points on the t r a c to r  frame. Acceleration signals 

from the frame-mounted accelerometers reveal the mode shape sketched 

in Figure 8.7 1 ,  corresponding t o  a predominantly bounce mode (a1 though 

some coupling with pitch i s  noted) f o r  the peak ( a )  a t  3 Hz. Similarly,  

Figure 8.12 shows a predominantly pitch mode shape fo r  the peak ( b )  a t  

5.2 Hz. The mode shapes were deduced from the ampl i  tude and re la t ive  

phase data shown in Figures 8.13 a n d  8.14. The only portions of these 

f igures which a re  relevant t o  determination of mode shapes fo r  peaks 

( a )  a n d  ( b )  , of course, involve the speci f ic  values of amplitude and  

phase angle prevailing a t  the respective frequencies, 3 Hz and  5.2 Hz. 

Assumi ng t ha t  only rigid-body motions occur a t  those frequencies, the 

ampl i  tude and phase information permits the approximation of the mode 

envelopes which were shown. Such approximations are  hampered, however, 

by the bu i l t - in  phase d i s to r t ions  deriving from the f ac t  t ha t  a time 

delay ex i s t s  between the f ront-  and rear-wheel passage over road 

i r r egu l a r i t i e s .  

Using amplitude a n d  phase spectra describing the motion of the 

cab f loor  with respect t o  the f ront  frame posit ion,  a cab ver t ica l  

bounce mode ( t h a t  i s ,  the bouncing with respect t o  the frame on i t s  

rubber mounts) was a lso  ident i f ied  a t  peak ( d )  in Figure 8.9. Many 

other s ign i f i can t  modes of vibration a re  possible in the 0-25 Hz range, 

b u t  were not iden t i f i ab le  through the very limited s e t  of s ignals  being 

gathered in the described t e s t s .  

8.4.2 Comparative Response - Bobtail Versus Loaded Configuration. 

The PSD plot  in Figure 8.15 shows an overlay of the responses measured 
on the seat  of the C O E  t r a c to r  f o r  both the bobtail and loaded configura- 

tions on the smooth t e s t  surface (No. 1 ) .  The spectra reveal a compli- 

cated s e t  of contrasts  between the r ide environments of the two vehicle 

configurations. Most generally, the bobtail vehicle shows a greater  

level of power over most of the frequency range above 6 Hz and a lower 

power level than the loaded vehicle below tha t  frequency. Many of the 



F i g u r e  8.11. Predominant ly  "bounce" mode shape a t  3 Hz (peak a ) .  

F i g u r e  8.12. Predominant ly  " p i t c h "  mode shape a t  5.2 Hz (peak b ) .  
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F i g u r e  8.13. PSD's f o r  frame-mounted a c c e l e r o m e t e r s  - COE t r a c t o r ,  
b o b t a i l ,  55 mph, s i t e  No. 1 .  
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Figure 8.15. P S D ' s  of bobtai 1 vs .  loaded combination - C O E  t r a c t o r ,  

55 mph, s i t e  No. 1. 



same mode shapes can be deduced fo r  the bobtail and loaded t r a i l e r  

configuration. The bounce mode with loaded t r a i l e r  appears a t  2.5- 

3.0 Hz and the two pitching modes a re  found a t  3.5 Hz and 4.5 Hz. I n  

both pitch modes, the node i s  located between the f ront  axle and the 
frame midpoint. The interaction of these pitching modes with the t r a i l e r  
cannot be determined, however, because the t r a i l e r  was not instrumented 

in the subject experiments. 

On comparing these same spectra,  as obtained on a rough road s i t e  

(No. 2 ) ,  the differences a re  much more dramatic. Figure 8.16 shows tha t  
the bobtail t r ac to r  experiences approximately f ive  times as high a 

power level in the vert ical  direction as does the t rac to r  with a loaded 
t r a i l e r .  Further, the bobtail t r ac to r  shows a very high fo r e l a f t  peak 

a t  the 7.5 Hz synchronous wheel rotat ion frequency-whereas no simi l a r  
feature appears in the spectrum for  the loaded vehicle, 

8.4.3 Comparative Response - COE Versus Conventional Tractor. As 
shown in Figure 8.17, the C O E  t r ac to r  when running bobtail exhibits  a 

greater  amount of transmitted power than the conventional t r ac to r  ( b o b -  

t a i l )  over most of the frequency range. The very high peak a t  7 . 5  Hz 
in the fo re /a f t  response of the C O E  t r ac to r  when running bobtail would 
appear t o  derive from a 1 ightly damped resonance between the fundamental 
beaming mode of the frame and the wheel rotat ion frequency, producing a 
heavy fo r e l a f t  component a t  the higher sea t  position of the cab-over 
configuration. (Of course, the seat  height, per se ,  accounts f o r  a 
power arilplification of only about 1.5, whereas the chance resonance of 

the beam mode accounts fo r  the predominant level of power seen in the 

C O E  peak a t  7.5 Hz.) 

Again on the smooth (No. 1)  surface, b u t  in combination with loaded 

t r a i l e r s ,  we see in Figure 8.18 tha t  the C O E  and the conventional trac-  
t o r  show rather similar  spectra.  The COE does, however, show substan- 
t i a l l y  higher power levels in i t s  f o r e l a f t  response over most of the 

frequency range covered in the f igure.  

On the rougher pavement (No. 2 ) ,  the contrast  between the COE and 
the conventional t r ac to r  i s  seen t o  be rather d i f ferent  from the smooth 
road case. In Figure 8.19 we see no s ignif icant  differences in the 
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Figure 8.16. PSD's of bobtail  v s .  loaded combination - C O E  t r a c t o r ,  
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spectra obtained for the C O E  and conventional t ractors  running bobtail 
on the rough surface, except for the large peak in fore/af t  response 
of the COE a t  7 .5  Hz. As seen in Figure 8.20 for each t ractor  coupled 
to a loaded semitrailer,  the C O E  t ractor  shows a response on the rough 
surface which i s  substantially better than that exhibited by the con- 
venti onal t ractor  over virtual ly the enti re spectrum of frequencies 
covered in this  analysis. 

I t  should be understood, however, that the above findings do  not 
provide a representative view of the contrast in ride behavior between 
COE and conventional tractors since the differences in ride qua1 i t y  

between vehicles i s  highly dependent upon  the road surface a n d  loading 
condition, a t  minimum. 

8.5 Concluding Remarks 

The foregoing discussion has addressed truck ride vibrations i n  

only a very cursory fashion. Clearly, the vibrational phenomena which 
prevail on a tractor-semi t r a i l e r  derive from a complex se t  of inter-  
actions between excitation input mechanisms, transmission mechanisms , 
and mechanical resonances. 

The exercise conducted in th is  study serves, however, to provide 
NHTSA with data demonstrating the general nature of commerci a1  vehicle 
ride.  I n  particular,  measurements have been made showing that the ride 
response of a heavy road tractor:  

1 )  i s  comprised of responses whose energy level i s  highest 
in the 0 t o  15 Hz range 

\ 

2 )  i s  comprised of simple ( t h o u g h ,  perhaps, coupled) "rigid- 
body" modes of motion (e.g . , pitch and bounce) in the 
range of 0 t o  6 HZ, followed by more complex modes ( in-  
cluding those involving structural flexing) a t  higher 
frequencies . 

3 )  includes large, i f  n o t  dominant, components of accelera- 
t i o n  in the fore/af t  direction a t  the dr iver ' s  seat 
location 
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4) can exhibi t  h i g h  energy responses on smooth road 
surfaces,  simply due t o  wheel and t i r e  nonuniformities 

5 )  i s  heavily influenced by road surface condition, both 
in terms of overall absorbed power level and in terms 
of the resonant match between the peculiar design pro- 
per t ies  of the vehicle and the spectral  content of the 
road p rof i l e  

6 )  i s  heavily influenced by road speed, especial ly insofar  
as the wheel ro ta t ion frequency can become matched w i t h  

1 ight ly  damped natural modes of vibrat ion 

7 )  i s  heavily influenced by the loading condition such t h a t ,  
f o r  example, the bobtai 1 t r a c to r  configuration can 
exhibi t  much higher energy levels  in ce r ta in  modes of 
response while being devoid en t i re ly  o f  other modes 
t ha t  prevail when a t r a i l e r  i s  attached. 
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