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brake f o r c e  d i s t r i b u t i o n  c o n s t a n t ;  see  Eq. 2-9 
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v e h i c l e  speed 
number o f  bra.ked a x l e s  
energy conversion fa . c to r ,  778 f t - l b / ~ t u  
thermal  c o n h u c t i v i t y  
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pedal  l e v e r  r a , t i o  
e f f e c t i v e  s l a c k  a d j u s t e r  l e n g t h  



number of brakes 
number of brake shoes 
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l i n e  pressure 
brakel ine pressure 
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pushout pressure 
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change i n  temperature 
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lever  e f f i c i ency  
temperature 
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f r i c t i o n  surface temperature 
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condit ion 
l i n i n g  coe f f i c i en t  of f r i c t i o n ,  nonfaded condi t ion  
rnean pressure t imes l i n i n g  f r i c t i o n  c o e f f i c i e n t  ( l b / in .  2) 
value of l i n i n g  f r i c t i o n  c o e f f i c i e n t  a t  high r e l a t i v e  ve loc i ty  
l e v e r  r a t i o  between brake chamber and brake shoe 
dens i ty  
heat  absorbed by t h e  drum divided by t o t a l  thermal braking 
energy 
brake force  on f r o n t  a x l e / t o t a l  brake force  
Srake fo rce  on r e a r  a x l e / t o t a l  brake force 
brake force  on t r a i l e r  a x l e / t o t a l  brake force  
brake force  d i s t r i b u t i o n ,  defined a s  brake force  between t i r e  
and roadway generated a t  t he  r e a r  ax l e  divided by t o t a l  brake 
fo rce  
height  of center  of g r a v i t y  divided by the wheel base 
s t a t i c  r e a r  ax le  load divided by the  t o t a l  vehic le  weight 

x v i i i  



1, INTRODUCTION 

This repor t  presents  f indings,  conclusions, and recommendations derived 
by the  Highway Safety Research I n s t i t u t e  (HSRI) of The University of Michigan 
i n  a research program f o r  the  National Highway Tra f f i c  Saf'ety Administration 
(NHTSA) e n t i t l e d ,  "BUS, Truck, Tract or -Tra i le r  Braking System Performance. " 
The broad object ives  of t h i s  program are  the  formulation of techniques and 
the  production of da t a  designed t o  aid NHTSA i n  f u l f i l l i n g  i t s  mandate t o  
i ssue  reasonable and des i r ab l e  s a fe ty  standards,  

1.1 STATEMENT OF THE PROBLEM 
The complex r e l a t ionsh ip  between cur ren t  braking c a p a b i l i t i e s  of commer- 

c i a l  vehicles  and the  frequency of accidents with these vehicles  due t o  de- 
f i c i e n c i e s  i n  braking performance i s  ne i the r  completely understood nor s t a -  
t i s t i c a l l y  documented, There i s ,  nevertheless ,  ample i n t u i t i v e  bas i s  t o  
hypothesize t h a t  such a r e l a t i onsh ip  ex i s t s ,  and fu r the r ,  t h a t  t he re  a r e  
c e r t a i n  spec i f i c  vehicle  braking performance c h a r a c t e r i s t i c s  which, during 
e l t h e r  the  normal dr iv ing  process or emergency s i t ua t ions ,  causes the  poten- 
t i a l  f o r  l o s s  of cont ro l  t o  r i s e  above a threshold beyond which even the s k i l l  
and experience of the  professional  d r ive r  a r e  of l i t t l e  ava i l ,  It i s  known 
t h a t  the braking performance of buses, t rucks,  and t r a c t o r - t r a i l e r s  va r i e s  
s ign i f i can t ly  over a wide range, and i s ,  on the  average, l e s s  than t h a t  f o r  
passenger cars ,  and c e r t a i n l y  l e s s  than the maximum performance achievable, 
Thus, i t  can be argued t h a t  t h i s  performance d i f f e r e n t i a l ,  i f  g r ea t  enough, 
can cons t i t u t e  a s ign i f i can t  s a fe ty  hazard s ince a l l  vehicle  types a r e  sub- 
jected t o  the  same t r a f f i c  and physical  environments. The performance demands 
of these environments and the in t eg ra t ion  of vehicle types within the envi- 
ronments i nd ica t e  a need f o r  uniform and higher braking performance l e v e l s  t o  
be achieved by commercial vehicles.  The study described herein addresses t h i s  
need by focusing on the establishment of braking system performance require-  
ments f o r  buses, t rucks,  and t r a c t o r - t r a i l e r s ,  

1.2 OBJECTIVES 
The spec i f i c  object ives  of t h i s  study a re  threefold:  
(1) To determine, by means of vehicle t e s t i ng ,  the range of braking 

performance cu r ren t ly  exhibi ted by buses, t rucks,  and t r a c t o r - t r a i l e r s ,  
( 2 )  To e s t a b l i s h  the maximum braking performance c a p a b i l i t i e s  of these 

vehicles  based on f u l l  u t i l i z a t i o n  of the technology r e l a t ed  t o  brake system 
design. 

(3)  To recommend a r a t i o n a l  braking performance standard based upon a 
comparative ana lys is  of ( a )  cur ren t  braking performance, ( b) the  maximum 
performance achievable by f u l l  explo i ta t ion  of ex i s t i ng  technology, and ( c )  
performance as  constrained by a host of associated f ac to r s .  

1.3 SUMMARY OF TASKS 
In  order t o  meet the object ives  of t h i s  program, four  major experimental 



and ana ly t i ca l  t a sks  were ca r r i ed  out. 
1.3.1 LITERATURE REVIEW. The fore ign  and domestic l i t e r a t u r e  was sur- 

veyed with the  object ive of f ind ing  information per t inent  to:  accurate  anal- 
yses of braking systems, experimental t e s t  procedures, and means of measuring 
and evaluat ing the braking performance of buses, t rucks,  and t r a c t o r - t r a i l e r s ,  
Fac tors  considered important i n  the  review were brake system design, braking 
performance, brake usage, brake t e s t i n g ,  brake f a i l u r e ,  and performance 
standards.  

1.3.2 VEHICLE-BRAKE SYSTEM PERFORMANCE TESTS. I n  order t o  determine the  
braking perfcrmance c a p a b i l i t i e s  of vehicles  equipped with standard braking 
systems, t h ree  i n t e g r a l  t rucks ,  t h ree  buses, and four  t r a c t o r - t r a i l e r  combi- 
na t ions  were subjected t o  a s e r i e s  of effect iveness ,  fade and recovery, and 
brake r a t i n g  t e s t s .  So t h a t  the  improvement i n  performance through use of 
more e f f ec t ive  brakes and edvanced braking systems could be determined, t h ree  
addi t iona l  vehicles  were t e s t ed ,  namely: 

( 1 )  An i n t e g r a l  t ruck  equipped with d i sk  brakes and a f u l l  power hy- 
d rau l i c  brake ac tua t ion  system. 

( 2 )  A t r a c t o r -  t r a i l e r  equipped with proportioning valves,  adaptive 
braking system,* and t r a i l e r  brake synchronization device. 

( 3 )  A t r a c t o r - t r a i l e r  equipped with a wheel an t i lock  system,** 

The d i s k  brake t ruck  was subjected t o  effect iveness ,  fade and recovery, 
a ~ d  brake r a t i n g  t e s t s ,  while the  two t r a c t o r - t r a i l e r  vehicles  were t e s t ed  
pr lmsr i ly  f o r  e f fec t iveness  md minimum stopping capab i l i t y .  

1.3.3 ANALYTICAL PROGRAM. The a n a l y t i c a l  study was d i rec ted  toward 
esta.bllshing mathematical and computation procedures f o r  pred ic t ing  braking 

ormmce based upon vehicle  and braking system design f a c t o r s .  Analysis 
of the performance of severa l  of t he  t e s t  vehicles  demonstrated the  f e a s i -  
b i l i t y  of making accurate  pred ic t ions  of brake effect iveness ,  braking e f f i -  
ciency, pedal fo rce  gain, and thermal response. Dynamic modeling and simula- 
t i o n  were employed t o  determine the  extent  t o  which vehicle  braking perfor-  
mance can be improved with increased ef fec t iveness ,  refinements i n  brake torque 
d i s t r i b u t i o n ,  and load- and dece lera t ion-sens i t ive  proportioning systems, 

1.3.4 RECOMMENDATIONS FOR A SAFETY STANDARD. Based upon the  r e s u l t s  of 
the three  aforementioned t a sks ,  performance requirements a r e  suggested which 
would e f f e c t i v e l y  upgrade the  braking performance of these  vehic les  t o  a l e v e l  
approaching t h a t  of passenger cars .  Procedures and t e s t s  f o r  ensuring com- 
p l iance  with the  requirements a r e  a l s o  suggested. 

The i n t e r r e l a t i o n  of the t a sks  and important subtasks i s  shown i n  block 
diagram form i n  Fig. 1. 

*Designation used throughout the  repor t  f o r  the  system developed by 
Bendix-Westinghouse. 

**Designation used throughout the repor t  f o r  the  system developed by 
Yaton, Yale, and Towne, 



FIGURE 1. INTERRELATIONSHIP OF PROJECT TASKS AND SUBTASKS 
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of Dynamic 
Simulation 
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1 . 4  CONCLUSIONS AJ!D RECOl4b~ATIONS 
The r e s u l t s  of t h e  a n a l y t i c a l  and t e s t i n g  work accomplished f o r  t h i s  

s tudy i n d i c a t e  t h a t  t h e  maximum braking performance t h a t  can be achieved by 
a  veh ic le  on a  given t e s t  su r face  i s  l i m i t e d  by f i v e  f a c t o r s :  

(1) The f r i c t i o n a l  f o r c e s  a v a i l a b l e  a t  the  t i r e - r o a d  i n t e r f a c e  

( 2 )  The e f f e c t i v e n e s s  of t h e  v e h i c l e ' s  brakes,  t h a t  i s ,  t h e  maximum 
torque capac i ty  of t h e  brakes 

(3 )  The braking e f f i c i e n c y  of t h e  vehic le ,  t h a t  i s ,  how w e l l  t h e  brake 
torque i s  balanced ax le  t o  ax le  such t h a t  t h e  t i r e - r o a d  f r i z t i o n a l  
f o r c e s  a r e  b e s t  u t i l i z e d  

(4) The a b i l i t y  of t h e  d r i v e r  t o  modulate t h e  pedal  f o r c e  such t h a t  
maximum d e c e l e r a t i o n  and minimum stopping d i s t a n c e  a r e  achieved 
without l o s s  of d i r e c t i o n a l  c o n t r o l  and s t a b i l i t y  

( 5 )  The time response of t h e  brake system t o  an appl ied pedal  f o r c e  
The r e s u l t s  of t h i s  s tudy a l s o  i n c i d a t e  t h a t  t h r e e  major s t e p s  w i l l  have 

t o  be taken t o  s i g n i f i c a n t l y  upgrade t h e  maximum braking performance of com- 
merc ia l  veh ic les .  

F i r s t .  The b a s i c  braking systems of the  major i ty  of t h e s e  v e h i c l e s  w i l l  - 
have t o  be improved by use of more e f f e c t i v e  brakes,  b e t t e r  balance,  and f a s t e r  
system response on a i r -braked veh ic les .  

Second. The t r a c t i o n  c h a r a c t e r i s t i c s  of t i r e s  used on t h e  major i ty  of 
medium and heavy commercial v e h i c l e s  w i l l  have t o  be improved so  t h a t  t h e  

, % 

Simulation 
Analysis 
of Advanced 
Systems 
(Task 3) 



advantage of improved brake e f fec t iveness  can be f u l l y  u t i l i z e d  a t  the  t i r e -  
road in t e r f ace ,  

Third. Advanced brake con t ro l  systems w i l l  have t o  be employed t o  allow 
rapid brake appl ica t ions  without i n s t i g a t i n g  vehicle  i n s t a b i l i t y ,  whether the  
vehicle  be loaded or  empty, and whether operat ing on a dry o r  s l ippery  surface,  

A number of design a l t e r n a t i v e s  e x i s t  f o r  achieving these object ives:  
(1) The ef fec t iveness  and fade r e s i s t ance  of t he  braking systems on 

medium and heavy t rucks can be improved s i g n i f i c a n t l y  by use of 
d i sk  brakes, powered e i t h e r  by a  vacuum a s s i s t  u n i t  or e f u l l  power 
hydraulic system. 

( 2 )  The ef fec t iveness  of the  braking systems of t r a c t o r s  can be improved 
by use of l a rge  brakes on the  f ron t  ax le  of t r a c t o r s  with tandem 
r e a r  ax les  ( a  design configurat ion i n  which f r m t  brakes a r e  gen- 
e r a l l y  absent)  and by use of l a rge r  brakes on t h e  f ront  ax le  of twe- 
ax le  t r ac to r s .  

(3)  The braking e f f i c i ency  of many t rucks  and t r a c t o r - t r a i l e r s  can be 
improved by ca re fu l  d i s t r i b u t i o n  of braking e f f o r t  among the  axles  
of the  vehicle.  

(4) The brake response time of air-braked systems can be improved s ig-  
n i f i c a n t l y  through use of l a r g e r  hoses, improved connectors and 
f i t t i n g s ,  quick r e l ea se  valves,  r e l ay  valves on t r a c t o r s ,  and t r a i l e r  
brake synchronization. 

( 5 )  Braking performance can be improved s ign i f i can t ly  on t rucks,  buses, 
and t r a c t o r - t r a i l e r s  through use of the advanced brake cont ro l  
systems, which were evaluated by t e s t  and/or simulation i n  t h i s  
program, These systems, ranked i n  order of p o t e n t i a l  f o r  improving 
braking performance, a r e  : 

( a )  adaptive braking or hqt i lock system 

( b)  dynamic load-sensi  t i v e  proportioning system 
( c )  s t a t i c  load-sens i t ive  proportioning system 

In  making spec i f i c  recommendations f o r  a  standard, ca re fu l  consideratior,  
has been given t o  t he  necess i ty  t o  upgrade commercial vehicle braking per- 
formance a s  quickly as  possible  t o  acceptable l eve l s .  Taking i n t c  account the  
system design problems which w i l l  r e s u l t  from increased performance require-  
ments, and the  s t a t e  of development of advanced systems, it i s  recommended 
t ,hat r u l e s  be promulgated which requi re  upgrading the  performance of t rucks,  
buses, and t r a c t o r - t r a i l e r s  i n  three  d i s c r e t e  s teps ,  separated by appropriate  
periods of time. As a  f i r s t  s tep,  it i s  recommerided t h a t  the  r u l e s  requi re  
immediate ac t ion  t o  upgrade braking performance t o  a  l e v e l  achievable by 
cur ren t  design prac t ice ;  t h a t  i s ,  t o  t he  bes t  performance already demonstrated 
by those t e s t ed  vehicles  which were equipped with standard braking systems, 
For the  second s tep ,  i t  i s  recommended t h a t  t he  r u l e s  requi re  performame be 
improved t o  the  l i m i t  of the  t i re - road  in t e r f ace  t r a c t i v e  c a p a b i l i t i e s  of 
t ruck  t i r e s  now avai lab le ,  with due regard t o  r e a l i s t i c  braking e f f i c i e ~ c i e s .  
The second s t e p  may requi re  use cf load-sens i t ive  proportioning systems on 
c e r t a i n  vehicles ,  and therefore  s u f f i c i e n t  lead time should be allowed f o r  
f u r t h e r  development and t e s t i 2 g  of these  devices.  After an appropriate  per i rd  



t o  al low f o r  development and t e s t i n g  of a  r e l i a b l e  a n t i l o c k  system, t h e  
development of t r u c k  t i r e s  wi th  b e t t e r  t r a c t i v e  c h a r a c t e r i s t i c s ,  and t h e  
necessary  des ign  modif icat ions  of veh ic le  brake, suspension,  and s t r u c t u r a l  
systems, it i s  recommended a s  a  t h i r d  s t e p  t h a t  performance equal  t o  o r  ap- 
proaching t h a t  of passenger c a r s  be requ i red  along wi th  use of an a n t i l o c k  
system t o  i n s u r e  veh ic le  s t a b i l i t y  over a wide range of v e h i c l e  loadings  and 
road sur f  ace cond i t ions .  Summaries of t h e  suggested performance requirements 
f o r  each s t e p  a r e  given a s  fol lows:  

S tep  1: -- 
*Maximum d e c e l e r a t i o n  c a p a b i l i t y :  16 f t / sec2*  
#Minimum braking e f f i c i e n c y :  65% f o r  su r f  aces  having peak t r u c k  t i r e -  
road f r i c t i o n  c o e f f i c i e n t s  between 0.2 and 0.8 

*Thermal capaci ty :  same as  requirements of SAE 5786 fade  and recovery 
t e s t  except t h a t  15 f t / s e c 2  d e c e l e r a t i o n  i s  r equ i red  f o r  f a d e  snubs 

* ~ e c e l e r a t i o n / ~ e d a l  f o r c e  ga in :  wi th in  l i m i t s  such t h a t  t h e  d r i v e r  can 
modulate pedal  f o r c e  t o  prevent  wheel lockup on a  wide range of su r faces .  

*Air brake response time: a p p l i c a t i o n ,  0.25 sec  t r a c t o r ,  0.35 sec  t r a i l e r ;  
r e l e a s e ,  0.30 t r a c t o r ,  0.70 t r a i l e r  

*Spec ia l  systems requ i red :  none 
S t e p  2: -- 
*Maximum d e c e l e r a t i o n  c a p a b i l i t y :  20 f t / sec2*  
*Minimum braking e f f i c i e n c y :  7% f o r  s u r f a c e s  ( a s  i n  S t e p  1) 

#Thermal capac i ty :  t e s t  upgraded t o  correspond w i t h  h e a v i e s t  duty 
cyc les  experienced i n  c l a s s  of s e r v i c e  

.Air brake response t ime:  a p p l i c a t i o n ,  0.25 sec ,  t r a c t o r ,  0,30 sec  
t r a i l e r ;  r e l e a s e ,  0.30 t r a c t o r ,  0.40 t r a . i l e r  

* S p e c i a l  systems requ i red :  s t a t i c  load propor t ioning ( i f  necessary)  
S t e p  3: -- 

Maximum d e c e l e r a t i o n  c a p a b i l i t y :  24 f t / s e c 2  wi th  upgraded t i r e s  such 
t h a t  peak t i r e - r o a d  sur face  c o e f f i c i e n t  i s  a t  l e a s t  0.37 cn a  t y p i c a l  
d r y  a s p h a l t  o r  concre te  s u r f a c e  

*Minimum braking e f f i c i e n c y :  35% f o r  s u r f a c e s  having peak t ruck  t i r e -  
road f r i c t i o n  c c e f f i c i e n t  between 0.2 and 0.9 

' S p e c i a l  systems requ i red :  a n t i l o c k  system 
'Improved t i r e s  a l s o  requ i red  
Test  procedures s i m i l a r  t o  those  used i n  t h e  t e s t  program a r e  recommecded 

f o r  determining brake e f f e c t i v e n e s s ,  f ade  r e s i s t a n c e ,  deceleration/-pedal f o r c e  
ga in  c h a r a c t e r i s t i c s ,  and s t e t i c  response t ime of a i r  brake systems. I f  s top-  
p i n g  d i s t a n c e  t e s t s  a r e  requ i red ,  they  should be made i n  conjunct ion wi th  t h e  
e f f e c t i v e n e s s  t e s t s  t o  ensure  maximum unlocked wheel d e c e l e r a t i o n s  a r e  achieved. 
Compliance wi th  braking e f f i c i e n c y  requirements can be a f f e c t e d  by r e q u i r i n g  
c a l c u l a t i o n s  based upon veh ic le  and brake system design d a t a  and v a l i d a t i n g  
t h e  c a l c u l a t i o n s  by e f f e c t i v e n e s s  t e s t s  on h i g h - c o e f f i c i e n t  and low-coef f i c ien t  
su r faces .  

*It i s  presumed t h a t  t h i s  d e c e l e r a t i o c  would be measured on a  su r face  
having a  peak t r u c k  t i r e - r o a d  f r i c t i o n  c o e f f i c i e n t  of a t  l e a s t  0.75. 



Testing of t r a c t o r - t r a i l e r  combinations presents  a spec ia l  challenge. 
Becuase of brake balance problems, a t r a c t ~ r  which may perform very wel l  with 
one t r a i l e r  may perform poorly with another. Conversely, a t r a i l e r  whose 
brakes were t e s t ed  on a brake dynamometer and deemed adequate may perform wel l  
with or,e t r a c t o r  but perform poorly with another. Also a t r a c t o r  could perform 
wel l  as  a loaded s t r a i g h t  truck, but poorly i n  combination with a t r a i l e r .  
For t h i s  reasor, it i s  recommended t h a t  t r a c t o r s  be c e r t i f i e d  t o  p u l l  only those 
t r a i l e r s  fo r  which design ca lcu la t ion  and t e s t  have demonstrated adequate com- 
bined performance. 

1.5 REPORT ORGANIZATION 
The work performed i n  each of the four  tasks  mentioned i n  Section 1,3 

i s  described i n  Sections 2 through 6 of t h i s  repor t .  Section 2 cons t i t u t e s  
the L i t e r a tu re  Review. This review i s  not only a catalogue of the  technica l  
l i t e r a t u r e  surveyed during the  course of t h i s  study, but a c r i t i c a l  discus- 
s ion of each aspect of the ana lys is ,  t e s t i ng ,  design, and performance of 
braking systems found t o  be per t inent  t o  the  work a t  hand. The r e s u l t s  a,nd 
conclusions of t h i s  review were used extensively i n  formulating the  t e s t  
program and i n  planning and executing the ana ly t i ca l  phases of t he  study. 

Section 3 i s  devoted t o  the Test Program. In  t h i s  sect ion the  c r i t e r i a  
f o r  (and the method of )  s e l ec t ion  of the t e s t  vehicles  a r e  s e t  fo r th ,  t e s t  
requirements a r e  c i t ed ,  and t e s t  r e s u l t s  given. 

Section 4 describes the Analyt ical  Program. Analysis of the  braking per- 
formance of several  of the t e s t  vehicles  has demonstrated the  f e a s i b i l i t y  of 
making accurate predict ions of braking performance based upon vehicle and 
brake-system design data .  Thermal analyses a r e  a l s o  d e ~ c r i b e d ,  as  a r e  the  
r e s u l t s  of t he  dynamic modeling and simulation a c t i v i t i e s  undertaken i n  t h i s  
study . 

In  Section 5 ,  the  Analyt ical  Results and Experimental Findings a re  eval- 
uated, leading t o  Section 6 which presents  recommendations f o r  a braking per- 
formance standard f o r  t rucks,  buses, and t r a c t o r - t r a i l e r s ,  

There a r e  seven appendices t o  t h i s  repor t .  Appendix A l i s t s  Data and 
Specif icat ions f o r  the t e s t  vehicles.  Appendix B documents t e s t  procedures 
employed f o r  the  vehicles  equipped with standard brakes and f o r  those with 
improved brakes and/or advanced brake cont ro l  systems. The t i ro-road i c t e r -  
face  t e s t s ,  made on the surface upon which the braking performance t e s t s  were 
conducted, a r e  described i n  Appendix C, where the f indings a r e  presented. 
Appendix D descr ibes  the  hybrid computer simulation model used i n  the analyt-  
i c a l  phase of t h i s  study, and Appendix E l i s t s  and descr ibes  the d i g i t a l  
computer program used f o r  making ca lcu la t ions  of braking performance. Appen- 
dix F d e t a i l s  the  formulation of the three  measures used t o  r a t e  po ten t i a l  
vehicle  performance i n  the  survey conducted f o r  purposes of s e l ec t ing  the  
t e s t  vehicles ,  Appendix G descr ibes  the t r a i l e r  brake synchronization system. 



2. LITERATURE REVIEW 

2 1 INTRCDUCTION 
2.1.1 SCOPE OF SURVEY. This review con ta ins  a  summary of domestic and 

f o r e i g n  l i t e r a t u r e  d e a l i n g  w i t h  b rak ing  of commercial veh ic les .  The l i t e r a -  
t u r e  was searched w i t h  t h e  o b j e c t i v e  of f i n d i n g  informat ion p e r t i n e n t  t o  ac-  
c u r a t e  ana lyses  of braking systems, exper imenta l  t e s t  procedures ,  and i m -  
proved rneans 3f measuring t h e  performance of braking systems. 1mportar.t f a c -  
t o r s  i n  t h e  review a r e  brake system design,  braking performance, brake usage, 
brake t e s t i n g ,  brake f a i l u r e ,  and performance s tandards .  

The review i s  d iv ided  i n t o  s e v e r a l  s e c t i o n s ,  corresponding t o  t h e s e  f a c -  
t o r s .  I n  Sec t ion  2. 2 (The Dece le ra t ing  Vehicle)  t h e  braking performance o f  
i n t e g r a l  t r u c k s  and a r t i c u l a t e d  v e h i c l e s  wi th  f i x e d  brake f w c e  d i s t r i b u t i o n s ,  
p r c p o r t i o n a l  braking systems, and :$heel a n t i l o c k  systems a r e  d iscussed.  I n  
Sec t ion  2.3 (Brake System Elements) t h e  a c t u a l  hardware and opera t ion  c f  d i f -  
f e r e n t  b rak ing  systems a r e  descr ibed.  L i t e r a t u r e  found on t h e  mechanical  and 
thermal  a n a l y s i s  o f  brakes  i s  d i scussed  i n  Sec t ion  2.4 (Ana lys i s  of  t h e  F r i c -  
t i c , n   rake) . I n  Sect  i o n  2.5 ( System Design Considerat  i o n s ) ,  equa t ions  and 
procedures  f o r  t h e  des ign  of  braking systems and braking system c2mponents 
a r e  presented.  Important  f a c t o r s  t o  be considered i n  brake t e s t i n g  a r e  d i s -  
cussed i n  Sec t ion  2.6 ( ~ r a k i n ~  Test  procedures) .  Motor t r u c k  braking p e r f o r -  
n;ailce s t andards  e x i s t i n g  i n  t h e  U.S. and i n  f o r e i g n  c o u n t r i e s  a r e  d i scussed  
i n  Sec t ion  2.7 (performance s t a n d a r d s ) .  

2.1.2 METHODOLOGY. I n  conducting t h i s  survey,  we f i r s t  reviewed t h e  
t e c h n i c a l  l i t e r a t u r e  a ,vai la ,b le  i n  t h e  HSIiI l i b r a r y .  ( ~ n c l u d e d  i n  t i le  HSRI 
m a t e r i a l  were t h r e e  p rev ious ly  publ ished l i t e r a t u r e  reviews on brakes. ) En- 
g i n e e r i n g  and t e c h n i c a l  i n d i c e s  and a b s t r a c t s  ifere surveyed. F i n a l l y ,  r e f e r -  
ences l i s t e d  i n  p e r t i n e n t  p u b l i c a t i o n s  were cross-checked and examined. A 
t o t a l  of  6,GC papers  were processed- including German, Russian, French, Japa- 
nese ,  and Eng l i sh  p u b l i c a t i o n s .  More t h a n  3OC documents were examined i n  de- 
t a i l  and a r e  included i n  t h i s  review, 

2.1.3 TERMINCLGGY. The terminology e s t a b l i s h e d  by t h e  Soc ie ty  of  Aut3- 
motive Engineers ( SAE) f o r  t h e  automotive braking system and brake opera t  i o n  
( 1 , 2 ) *  i s  used throughout t h i s  r e p o r t .  To minimize t h e  confusion r e s u l t i n g  
from a  m u l t i p l i c i t y  o f  symbols, a l l  equa t ions  were r e w r i t t e n  us ing  symbols 
c~rnmonly used i n  U. S. p u b l i c a t i c n s  a t  t h e  p r e s e n t  time. The symbols a r e  de- 
f ined  i n  t h e  t e x t  when f i r s t  in t roduced and a r e  summarized a t  t h e  beginning 
o f  t h i s  r e?or t .  

2.2 THE DECELERATING VEHICLE 
2 .2 .1  B M E  FCRCE MODULATION. During braking,  t h e  k i n e t i c  energy of  

t h e  v e h i c l e  i s  conver ted  i n t o  the rmal  energy a t  t h e  f r i c t i o n  s u r f a c e s  of  t h e  
brake and a t  t h e  t i re- roadway i n t e r f a c e .  I n  t h e  b rak ing  process ,  t h e  brakes  

*References r e f e r r e d  t o  i n  t e x t  by numbers i n  pa.rentheses a r e  l i s t e d  
n ~ m e r i c a l l y  i n  References,  fo l lowing Appendix G, Volume 11. 



generate a  re ta rd ing  torque a s  a  function of the  applied pedal force. The 
pedal  force/braking torque c h a r a c t e r i s t i c s  a r e  determined by the  mechanical/ 
hydraulic or  me~hanical /~r ,eumatic  parameters of t he  braking system whereas t he  
ac tua l  dece lera t ion  of t h e  vehicle i s  determined by the braking torques, t he  
tire-roadway f r i c t i o n  coef f ic ien t ,  and t h e  normal force between t i r e  and road- 
way. The normal forces  change with t h e  dynamic load t r a n s f e r  from the  r e a r  
axle(  s )  t o  t he  f ron t  axle. For vehicles  equipped with tandem axles ,  load 
t r a n s f e r  occurs on individual  ax les  of t he  tandem suspension (3-5). 

Control of the braking process through the  pedal force depends on t h e  
s t a t i c  and dynamic c h a r a c t e r i s t i c s  of the  e n t i r e  braking system For a  hy- 
d rau l i c  braking system without power a s s i s t ,  t he  necessary work input ( i n ,  -1b) 
a t  t h e  master cyl inder  ( i n  terms of t h e  hydraulic pressure mult ipl ied by the  
displaced f l u i d  volume) i s  d i r e c t l y  r e l a t ed  t o  the  required work output a t  the  
ind iv idua l  brakes. The work output i s  determined by t h e  product of hydraulic 
pressure and t h e  displacement of t he  wheel-cylinder piston. The minimum p i s -  
ton  displacement i s  dependent upon brake type, brake s ize ,  compression of t h e  
l i n i n g  mater ial ,  and l i n i n g  wear a s  we l l  a s  drum expansion due t o  thermal or  
mechanical deformation (6 ) .  The work output of a  compressed-air brake system 
i s  l imi ted  by r e se rvo i r  pressure and volume of t he  r e se rvo i r  (7) .  

The fundamental expression r e l a t i n g  dece lera t ion  and pedal  force fo r  a  
hydraul ica l ly  actuated drum braking system with i d e n t i c a l  brakes a t  each 
wheel i s  given by ( 6 , P ) :  

n 
B r = E. F .-.-. BF. p*  r, 

ax W p "S R 

where 
ax = dece lera t ion  
BF = brake f ac to r  defined as  t he  r a t i o  of drag force on the  drum 

f r i c t i o n  surface over the  actuat ing fa rce  of one shoe 
F = pedal force 

P 
g = grav i t a t i ona l  constant 
ih = hydraulic r a t i o  between master cyl inder  and wheel cyl inder  
1, = pedal lever  r a t i o  
ng = number of brakes 
n = number of brake shoes S 
r = drum radius 
R = e f f e c t i v e  t i r e  radius 
I = t o t a l  e f f ic iency  
p = t o t a l  gain 1 r 'h 

= pedal t r a v e l  divided by ac tua t ing  t r a v e l  
of 3ne brake shoe - 

W = vehicle  weight 
For example, Equation 2-1 reduces t o  

fo r  a  two-axle vehicle  equipped with four brakek. 
It i s  c l e a r  t h a t  t he  gain p-and hence both t h e  pedal  t r a v e l  and the  



sho? -1 : yiacement - i s  a s  important  a s  f o r c e  Fp, i n  determining d e c e l e r a t i o n s  

(9). Rela t ionsh ips  s i m i l a r  t o  Equation 2-1 can be derived f o r  o t h e r  types  of 
brake systems. 

Pcr h y d r a ~ l i c  braking systems wi th  vacugm a s s i s t ,  t h e  :iork inpu t  a t  t h e  
x a s t e r  cy l inder  i s  equal  t o  the  work done a t  t h e  pedal  p lus  the  work per-  
forme2 by t h e  boos te r  (10) . 3epending upon t h e  booster  c h a r a . c t e r i s t i c s ,  t h e  
peda l  f c r c e  se rves  t c  a g r e a t e r  or  l e s s e r  ex ten t  a s  an  element f o r  con t ro l -  
- .  ,lng t k e  bra.king process ra . ther  than  a s  a  work-pro?ucing eiement. Consequent- 
Ly, ir. t h e  ca,se of a. boos te r  f a i l u r e ,  due t o  t h e  inc rease  i n  required pecial 
f o r c e  l e v e l s  t n e  d e c e l e r a t i o n s  ob ta inab le  a r e  considerabiy  l e s s  than those  
acil ievable under normal opera t ing cond i t ions ,  a s  i s  i l l u s t r a . t e d  i n  Fig .  2  
(11-13). 

The funGa.menta,l p r i n c i p l e  u t i l i z e d  i n  pneumatic braking systems i s  
p r e s s u r e  e q u a l i z a t i o n  between two volumes: the  volume of the  r e s e r v o i r  and 
t h e  sum of a l l  brake chamber and corinecting pipe volumes (7 ,12 ,14) .  ( s e e  

Fig .  3 . )  The energy s t o r e d  i n  t h e  compressed a i r  of  t h e  r e s e r v o i r  i s  t r a n s -  
mi t ted  t o  t h e  bra,kes through t h e  brake l i n e s .  The brake valve  enables  t h e  
d r i v e r  t o  apply and re lea ,se  t h e  brakes gra,dually.  I n  t h e  ca.se of a  r e s e r v o i r  
f a i l u r e ,  no braking a c t i o n  i s  p o s s i b l e  unless  an emergency s y s t e n  i s  pro- 
v i d e ~ .  A d e t a i l e d  d i scuss ion  on t h e  des ign and eva lua t i cn  of h y d r a ~ l i z  and 
a i r  brake systems i s  given i n  Sec t ion  2 .5  (system Design c o n s i d e r a t i o c s ) .  

2.2.2 TIRE-ROADWAY FRICTION. The f r i c t i o n  between t i r e  and r0adwa.y 
determines t o  a  l a r g e  e x t e n t  t h e  bra.king c a p a b i l i t y  of a  veh ic le .  It can be 
def ined i n  terms of  t h e  c o e f f i c i e n t  of f r i c t i o n  yx, which i s  equal  t o  t ? e  
r a . t i o  of t h e  t a n g e n t i a l  f o r c e  t r ansmi t t ed  by t h e  t i r e  t o  t h e  normal load car-  
r i e d  by t h e  t i r e  (15) .  The c o e f f i c i e n t  of f r i c t i o n  depends ugon t h e  t r e a d  
m a t e r i a l  and t h e  geometry of t n e  t r e a d  i n  5,ddit ion t o  t h e  s u ~ f a c e  geometry of 
t h e  roadway, t h e  na tu re  and th ickness  o f  any f i l m  (water ,  m x l ,  o i l ,  e t c . )  
p resen t  i n  t h e  con tac t  a r e a ,  t h e  s l i d i n g  v e l o c i t y ,  and cperat , ing t e n p e r a t u r e  
( l o ,  16-26) .  

A t y p i c a l  curve i n d i c a t i n g  the manner i n  which f r i c t i o n  c o e f f i c i e n t  
va . r ies  w i t h  l o n g i t u d i n a l  s l i p  of t h e  t i r e  i s  given i n  Fig .  4. ( ~ o n g i t u d i n a l  
s l i p  i s  defined a s  t h e  ra . t io  of  t h e  d i f f e r e n c e  between tne  ac t i l a i  speed of 
t h e  v e h i c l e  and t h e  equ iva len t  ground speed of t h e  t i r e  t o  t h e  speed of t h e  
v e h i c l e .  ) Avai labie  d a t a  i n d i c a t e  t h a t  t h e  pea.k of t h e  f r i c t i o n  curve ;en- 
e r a l l y  l i e s  between 5 and 25.6 s l i p  f o r  most t i r e s  and t e s t  cond i t ions  (24 ,27) .  
Ant iskid  devices  t r y  t o  make use of t h i s  behavior of the  t i r e .  Note tha. t  t h e  
f r i c t i o n  of a  given tire-roa,dway combination i s  f r equen t ly  s p e c i f i e d  by a  
peak and locked-wheel c o e f f i c i e n t  of f r i c t i o n  (10,18) .  

As can be seen from Fig .  4, adapt ive  brake f o r c e  modulation, i. e . ,  a  
wheel a n t i l o c k  system, w i l l  not  b r i n g  a,bout a  s u b s t a n t i a l  improvemect i n  
f r i c t i o n  c t i l i z a t i o n  or  s topping d i s t a n c e  on dry  s u r f a c e s  because t h e  r a t i o  
o f  t n e  f r i c t i o n  c o e f f i c i e n t  peak/sli.de i s  n e a r l y  ~ n i t y .  A cons ide rab le  de- 

c rease  i n  s topping d i s t a n c e  can be expected,  however, w i t h  brake f o r c e  rnod1~- 
l a t i o n  on wet su r faces  (18,27,26) .  Figure 4 a i s o  i l l u s t r a t e s  t h a t  the  e f f e c -  
t i v e  l a . t e r a l  f r i c t i o ~ :  c o e f f i c i e n t  of a, f r e e - r o i l i n g  wheel i s  t ; igni f ica .n t ly  
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reduced a t  l a rge  values of longi tudina l  s l i p  ( I ? ,  29,30) . 
The measured f r i c t i o n  coe f f i c i en t  of a  publ ic  road var ies  both season- 

a l l y  (31-33) and from lane  t o  lane (34) on t h e  highway. These measurements 
gf mad  f r i c t i o n  can be accomplished i n  severa l  ways (35-37).  Three methods 
have been widely used: skid t r a i l e r  ( 3 6 ) )  vehicle  stopping d is tance  measure- 
me-ts (3f), and por tab le  t e s t e r s  (39) .  Skid t r a i l e r s  can be used t o  measure 
-oeak and s l i d i n g  f r i c t i o n  c o e f f i c i e n t s  ( 4 0 ~ 4 1 ) .  Comparisons between t h e  
B r i t i s h  Portable  Tester  and automobile stopping d is tance  measurements (42)  
s h ~  gcod c ~ r e l a t i o n  (43) of t h e  r e s u l t s  when pat terned t i r e s  a r e  used. In  
a l l  skid r e s i s t ance  measurements, condi t ions must be ca re fu l ly  c ~ n t r o l l e d  i n  
order t o  o b t a i ~  cons is ten t  r e s u l t s  ( 4 4 ) .  On t r e a t i n g  the  braking process a s  
a  s t s t i c  phexmenon, t he  braking e f f i c i ency  i s  derived. i n  t h e  f3llowicg mar- 
ne?. The c o e f f i c i e n t  of f r i c t i o n  between the  t i r e s  and the  rcad necessary t~ 
prevent t he  lockup of wheels on t h e  f ron t  axle  I s  given by: 

where 

F ~ ,  F = brake force on f ron t  ax le  

F~,F 1 dyn = v e r t i c a l  f c r ce  on frofit ax le  

q = s t a t i c  r e a r  ax le  load divided by t s t a l  vehicle  weight 
0 = brake force  between t i r e  and roadway generated a t  t he  

r e a r  ax le ,  divided by t o t a l  brake force  

X = height of c e ~ t e r  ~f  g rav i ty  dlvided by wheel base 
The brakicg e f f ic iency ,  a s  determined from the  f w c e s  a c t i ~ g  on the  

f ron t  wheels, cac by computed from 

Similar ly,  t h e  braking ef f ic iency ,  a s  determined f r m  Cbe forces  ac t ing  on 
t h e  r e a r  wheels, can be cxnputed from 

2.2.3 BRAKING EFFICIENCY. F r i c t ion  u t i l i z a t i o n  3r braking e f f i c i ency  
E i s  defined a s  t h e  r a t i o  f tne maximum, wheels-unlocked dece lera t ion  ax/g 
t o  t he  coe f f i c i en t  of f r i c t i o n  px ex i s t i ng  between t i r e  and r~adw8,y. Thus, 
braking e f f i c i ency  can be expressed a s  



I n  general,  E w i l l  be d i f f e r e n t  f o r  t he  individual  axles  over a  wide range of 
loading and dr iv ing  condit ions due t o  dynamic weight t r a n s f e r  (45-51) and, i n  
t h e  case of a r t i c u l a t e d  vehicles,  due t o  forces  t ransmit ted through the  king- 
p i n  of t he  t r a i l e r  (3 ,52) .  

2.2.3.1 I n t e g r a l  Trucks with Fixed Brake Force Distr ibut ion.  Braking 
ef f ic iency  i s  d i r e c t l y  influenced by the  d i s t r i b u t i o n  of brake force braking 
e f f o r t  among the  ax les .  Accordingly, commercial vehicles  with a  l a rge  weight 
difference,  loaded and empty, tend t o  have reduced braking e f f i c i enc i e s  a t  
d r iv ing  conditions depart ing from the  design poin t .  A f ixed brake force 
d i s t r i b u t i o n  i s  usual ly selected fo r  i n t e g r a l  t rucks  such t h a t  t he  braking 
process gives reasonably s a t i s f a c t o r y  r e s u l t s  for  t he  load condition and de- 
ce l e ra t ion  l e v e l  t h a t  occur most f requent ly.  

Braking ef f ic iency  E of t h e  i n t e g r a l  motor t ruck  i s  determined by the  
center  of grav i ty  l oca t  ion, t he  brake force d i s t r i bu t ion ,  and the  t i re - road-  
way f r i c t i o n  coe f f i c i en t  (45,46,50). The brake force d i s t r i b u t i o n  O i s  ty-pi- 
c a l l y  not constant during the  braking process.  A t  low decelerat ions,  @ w i l l  
depend upon the  d i f fe rence  i n  pushout pressures  on f ron t  and r e a r  axle ,  where- 
a s  a t  higherdecelerat ions,  @ may be a f fec ted  by fade ( 3 ) .  For a  t ruck  with 
t y p i c a l  values f o r  q ,  X, and $, Equations 2-4 and 2-5 produce the  r e s u l t  shown 
i n  Fig. 5. Note t h a t  f o r  t he  loaded condition, t he  l imi t ing  value of braking 
ef f ic iency  i s  determined by the  f ron t  axle ,  while f o r  t he  empty condition, 
t h e  f ront  ax le  l i m i t s  up t o  a  y of G.68, a t  which point  t he  r e a r  ax le  becomes 
t h e  l imi t ing  f a c t o r .  

The stopping d is tance  t h a t  can be achieved p r i o r  t o  wheel lockup i s  d i -  
r e c t l y  r e l a t e d  t o  braking ef f ic iency  (46,50,51). For a  braking ef f ic iency  
of one, t h a t  i s ,  a  decelerat ion i n  g  u n i t s  equal t o  t he  ex i s t i ng  f r i c t i o n  co- 
e f f i c i e n t ,  the  stopping d is tance  of the  vehicle i s  t he  minimum achievable. If 
it i s  assumed t h a t  t he  dece lera t ion  a,/g and the  f r i c t i o n  coe f f i c i en t  px r e -  
main constant  during the  braking process, the incremental stopping d is tance  
AD (wheels unlocked), r e s u l t i n g  from a  braking ef f ic iency  l e s s  than uni ty,  i s  
given by t h e  expression 

where V = i n i t i a l  speed of t h e  vehicle.  On using Equation 2-3, t he  expression 
given i n  Equation 2-6 becomes 

where 

vL 
D = - -  - minimum stopping dis tance.  
min 2gp 

X 
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F I G U R E  5. BRAKING E F F I C I E N C Y  FOR TWO-AXLE VEHICLF: E Q U I P P E D  WITH FIXED BRAKE 
FORCE 



The i n c r e a s e  i n  s topp ing  d i s t a n c e  a s  c a l c u l a t e d  from Equation 2-7 f o r  a typ-  
i c a l  t r u c k  i s  a l s o  shown i n  Fig. 5. 

I f  it were r e q u i r e d  t h a t  t h e  e f f i c i e n c y  E never be l e s s  than  a  s p e c i f i e d  
value  Emin i r r e s p e c t i v e  o f  roadway and load ing  cond i t ions ,  a  very  t i g h t  bound 
i s  ? laced on t h e  d i s t r i b u t i o n s  of brake f o r c e  @ t h a t  w i l l  s a t i s f y  t h i s  r e -  
quiremect.  I f  t h e  requirement f o r  E i s  s e t  t o o  high, it  w i l l  not  be p o s s i -  

m '  n  
b l e  t o  achieve it w i t h  a  f i x e d  brake torte d i s t r i b u t i o n .  The e x i s t e n c e  of a  
f i x e d  value ~f  @ t h a t  provides  E > Emin can be checked through t h e  fo l lowing 
i n e q u a l i t y  ( 5 0 )  

min 

Appl ica t ion  of  t h i s  i n e q u a l i t y  t o  t h e  wet and d r y  roadway (0 .2  - < p - < 0 .P)  acd 
over  t h e  f u l l  range of  and x d e f i n e s  an  envelope f o r  values  of @ t h a t  y i e l d  

E > Emin ( 5 0 )  @ 

Experimental  work has been r e p o r t e d  by Alexander (53) comparing d i f f e r -  
ent f i x e d  brake f o r c e  d i s t r i b u t i o n s  and load cond i t ions  f o r  passenger c a r s .  
I n  t e s t s  o f  c a r s  w i t h  t h r e e  d i f f e r e n t  brake f o r c e  d i s t r i b u t i o n s ,  he showed 
t h a t  only  one d i s t r i b u t i o n  r e s u l t e d  i n  minimum s topp ing  d i s t a n c e .  

The r e l a t i o n s h i p s  d i scussed  above (Equat ions  2-4, 2 -5 ,  and 2 4 )  a r e  a l s o  
a p p l i c a b l e  t o  i n t e g r a l  t r u c k s  equipped wi th  tandem-axle suspens io r s .  Tandem- 
a x l e  suspensions  a r e  designed t o  d i s t r i b u t e  t h e  s t a t i c  load among both  a x l e s  
independent of  i r r e g u l a r i t i e s  i n  t h e  road s u r f a c e .  They can be c l a s s i f i e d  i n -  
t o  t h r e e  b a s i c  groups (according t o  t h e i r  a t tachment  t o  t h e  t r u c k  fra,me) a s  i s  
i n d i c a t e d  i n  F i g .  6 :  ( a )  walking beam suspension,  ( b )  t w o - e l l i p t i c  l e a f  
s p r i n g  suspensicn,  and ( c )  m u l t i p l e  l e a f - m u l t i p l e  rod suspension.  [The h i s t o -  
r y  of tandem suspensions has been reviewed by Hendrickson (5l t )  . ]  I n  g e r e r a l ,  
t h e  r e a c t i o n  moments dur ing  braking cause a  change i n  load d i s t r i b u t i o n  among 
bo th  a x l e s  of t h e  tandem suspension.  During braking,  t h e  forward a x l e  of  a  
walking beam o r  m u l t i p l e  l e a f - m u l t i p l e  rod suspension w i l l  be sub jec ted  t o  an  
i n c r e a s e  i n  load ,  whi le  t h e  forward a x l e  of a  t w o - e l l i p t i c  l e a f  s p r i n g  sus- 
pension w i l l  exper ience  a dec rease  i n  a x l e  load from t h e i r  r e s p e c t i v e  s t a t i c  
load values  ( 3 - 5 , > 5 ) .  Since load t r a n s f e r  among a x l e s  o f  a  tandem suspensioc  
can l e a d  t o  premature wheel lockup, tandem-axle geometry and t h e  brake f o r c e  
d i s t r i b u t i o n  among i n d i v i d u a l  a x l e s  of  a  tandem suspension have a  pronounced 
e f f e c t  upon peak, wheels-unlocked d e c e l e r a t i o n  performance. 

2 .2 .3 .2 .  A r t i c u l a t e d  Vehicles w i t h  Fixed Brake Force D i s t r i b u t i o n .  The 
sum of  t h e  dynamic a x l e  loads  o f  each u n i t  of  a t r u c k - t r a i l e r  combination i s  
equa l  t o  t h e  weight of  t h e  p a r t i c u l a r  u n i t ,  assuming no f o r c e s  a r e  t r a n s m i t -  
t e d  by t h e  h i tch .  I n  t h e  c a s e  o f  a  t r a c t o r - s e m i t r a i l e r ,  t h e  a x l e  l o a d s  of  t h e  
t r a c t o r  a r e  i n f l u e r c e d  by t h e  l c a d i n g  and brake f o r c e s  o f  t h e  t r a i l e r .  The 
equa t ions  express ing  weight t r a n s f e r ,  brake f o r c e s  acd d e c e l e r a t i o n s  ach iev-  
a b l e  wi thout  wheel lockup f o r  a  t r a c t o r - s e m i t r a i l e r  a r e  c o ~ s e q u e n t l y  more com- 
p l i c a t e d  than  t h o s e  f o r  t h e  i n t e g r a l  t r u c k  and t h e  t r u c k - t r a i l e r  combination 

(3,53-61). Experimental  work i n  Europe has i n d i c a t e d  t h a t  t h e  lock ing  of 



(A)  Walking -beam suspension. 

(0)  Two-leaf spring suspension. 

- 

(C) Multiple spring-multiple rod suspension 

FIGURE 6 .  TANDEM AXLE SUSPENSIONS 
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i n d i v i d u a l  a x l e s  in f luences  t h e  s t a b i l i t y  of t h e  combination i n  a c c o r d a x e  
wi th  t h e o r e t i c a l  p r e d i c t i o n s  (62-64).  It has beec observed t h a t  t h e  t r a c t o r -  
t r a i l e r  combination i s  s t a b l e  wi th  a  locked f r o n t  axle ,  uns tab le  wi th  t h e  
t r a i l e r  a x l e  locked (producing " t r a i l e r  swicg" ) , and v i o l e n t l y  uns tab le  wi th  
t h e  t r a c t o r  a x l e  locked (producicg " jackkni f ing" ) .  The p o t e ~ t i a l  f ~ r  jack- 
k n i f i n g  i s  g r e a t e s t  a t  t h e  beginnicg of a  severe  braking process  due t o  t h e  
l a r g e  l o ~ g i t u d i n a l  fo rces  t h a t  a r e  c rea ted  a t  t h e  kingpin i f  t h e  a p p l i c a t i o n  
and buildup time of t h e  brake fo rce  on t h e  t r a i l e r  i s  g r e a t e r  t h a ~  f 9 r  t h e  
t r a c t o r  (32,57,61,62).  

Prevention of wheel lockup appears t o  be t h e  g r e a t e s t  d e t e r r e c t  t o  a r t i c -  
u la ted  veh ic le  i n s t a b i l i t y ,  Assuming t h a t  wheel lockup does occur, ucaesi red 
a r t i c u l a t i o n  and d i r e c t i o n a l  response can be minimized by having t h e  f r o r t  
wheels lock up f i r s t ,  then t h e  t r a i l e r  wheels, and then t h e  t r a c t o r  r e a r  
wheels. The o f t e n  observed p r a c t i c e  i n  t h e  U.S. of d isconnect ing or  removing 
t h e  f r o r t  brakes of a  tandem-axle t r a c t o r  i s ,  however, i n  c o n f l i c t  wi th  t h e  
above observat ion (65 ) .  El iminat ing t h e  f r o n t  brakes without chacging t h e  
base l ine  d i s t r i b u t i o n  of t h e  combination has, gecera l ly ,  an unfavorable i n -  
f luence on t h e  braking performance of t h e  vehic le  combination (3 )  . 

Several  means f o r  d e t e r m i n i ~ g  t h e  optimum f ixed  brake fo rce  d i s t r i b u t i o n s  
on a  t r a c t o r - s e m i t r a i l e r  have been suggested.  They c o n s i s t  of e i t h e r  comput- 
i n g  t h e  d e c e l e r a t i o n s  achievable  f o r  a  given t ire-roadway f r i c t i o n  c o e f f i c i e n t  
f o r  s e v e r a l  assumed brake force  d i s t r i b u t i o n s  o r  computing t h e  brake f o r c e  
d i s t r i b u t i o n  a s  a  func t ion  of vehic le  d a t a  and t h e  d e s i r e d  range o f  braking 
e f f i c i e n c i e s  (3,58,59). Given t h e  brake fo rce  produced by a  t r a i l e r ,  brake 
fo rce  d i s t r i b u t i o n  on t h e  t r a c t o r  t h a t  w i l l  y i e l d  a  minimum stopping d i s t a n c e  
car, be computed from d a t a  d e f i n i c g  t h e  geometry and l o a d i r g  of t h e  combination 

( 3 ) .  A s t a t i c  a n a l y s i s  y i e l d s  t h a t  

where 

EIR = braking e f f i c i e n c y  produced by t r a c t o r  r e a r  a x l e  
- 

p,, = c o e f f i c i e n t  of f r i c t i o c  betweec t r a c t o r  r e a r  ax le  acd roadway 

( See Fig. 7 f o r  o t h e r  symbols) 
Since i n  most cases  t h e  cons tan t s  A and B i n  Equation 2-9 a r e  d i f f e r e n t  

f o r  t h e  empty and loaded veh ic le ,  Equation 2-9 w i l l  u s u a l l y  y i e l d  two d i f -  
f e r e n t  va lues  f o r  QIR' For most cases ,  t h e  t r a c t o r  r e a r  a x l e  bra.ke f o r c e  
d i s t r i b u t i o n  QIR should not  exceed 506~ (63). A r e l a t i v e l y  small  value of 

QIR, and hence a  moderate u t i l i z a t i o n  by t h e  t r a c t o r  r e a r  ax le  o f  road f r i c t i o r  
i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  meacs t h a t  increased l a t e r a l  fo rces  a r e  a v a i l -  
a b l e  from t h e  t i r e s  f o r  maintenance o f  d i r e c t i o n a l  s t a b i l i t y .  This r e s u l t  i s  
important s i n c e  t h e  danger of j a c k k ~ i f i n g  i s  d i r e c t l y  r e l a t e d  t o  t h e  l a t e r a l  
fo rces  t h a t  can be produced a t  t h e  t r a c t o r  r e a r  ax le  (61,62).  

Brake forces  should be d i s t r i b u t e d  on a  t r u c k - t r a i l e r  combination such 





t h a t  t he  longi tudina l  forces  a t  t h e  h i t ch  point  a r e  approximately equal t o  
zero during braking. This p rac t i ce  i s  e spec i a l ly  important on combinations 
i n  which l a rge  d i f fe rences  e x i s t  between the  loaded and unloaded dr iv ing  con- 
d i t i o n  (66-68).  Time d i f fe rences  i n  t he  appl ica t ion  of brakes on t h e  individ-  
u a l  axles  i s  a l s o  an important f ac to r  (56,69). On a s emi t r a i l e r ,  f o r  example, 
i f  brake torque bui lds  up on the  t r a c t o r  r e a r  ax l e  much f a s t e r  than on the  
t r a i l e r  ax le ,  t he  combination may jackknife, espec ia l ly  on s l ippery  roadways. 
This phenomenon can occur very quickly, with t h e  r e s u l t  t h a t  t he  dr iver  l o ses  
s t e e r i n g  cont ro l  because he cannot cor rec t  f o r  t he  jackknife i n  t he  short  time 
ava i l ab l e  ( 7 0 ) .  

It should be noted t h a t  dynamic load t r a n s f e r  between the  forward and 
rearward ax le  of a  tandem axle  suspension has been neglected i n  der iv ing  
Equation 2-9. This assumption i s  va l id  only f o r  tandem axle  designs with 
equal iza t ion  levers  r e s u l t i n g  i n  an approximately constant load d i s t r i b u t i o n .  
For ax les  without equal izat ion,  however, t he  reac t ion  moments during braking 
cause a  change i n  load d i s t r i b u t i o n  among the  ind iv idua l  ax les  (3,4-6,76).  In  
t h i s  instance,  t he  braking e f f i c i e n c i e s  of each ax le  have t o  be computed in -  
d iv idua l ly .  

2.2.3.3 Variable Brake Force Dis t r ibu t ion .  I f  t he  dece lera t ion  l eve l s  
achieved p r i o r  t o  wheel lock, a s  l imited by a  f ixed d i s t r i b u t i o n  of brake 
force, a r e  considered t o  be i n s u f f i c i e n t ,  a  var iab le  d i s t r i b u t i o n  of brake 
force can be employed. In t he  l a t t e r  instance,  the  brake forces  a r e  pro- 
portioned so t h a t  they more c lose ly  approximate the i d e a l  brake force d i s t r i -  
bution over a  wide range of d r iv ing  condit ions.  The i d e a l  brake forces  a r e  
r e l a t ed  t o  t he  v e r t i c a l  loads on the  ax les  produced by the  dynamic weight 
t r a n s f e r  during the  braking process (3,8,45,46,50,53,71-75) . A braking ef  - 
f ic iency  curve t y p i c a l l y  produced by a  braking system with a  var iable  d i s t r i -  
but ion of brake force  i s  shown i n  Fig. 8. It i s  c l e a r  t h a t  the  system as  de- 
signed produces b e t t e r  braking e f f i c i e n c i e s  on road surfaces with higher co- 
e f f i c i e n t s  of f r i c t i o n .  The braking ef f ic iency  curve i n  Fig. p a l s o  demon- 
s t r a t e s  t h a t  t he  designer wanted t o  avoid lockup of t he  r ea r  wheels a t  the  
higher coe f f i c i en t s  of road f r i c t i o n .  

For design purposes, it proves t o  be more convenient t o  compare the  
" idea l"  pressures  ( e i t h e r  hydraulic or pneumatic) des i red  a t  t he  wheel cy l in -  
ders  or  brake chambers t o  t he  pressures  a c t u a l l y  del ivered t o  t he  wheel cy l in -  
ders  by t h e  braking system. "ideal" pressures  a r e  those t h a t  correspond t o  
t h e  i d e a l  braking forces ,  i . e . ,  they a r e  dependent upon t h e  dynamic weight 
t r a n s f e r  (46,50,72,76). Idea l  and a c t u a l  pressures ,  corresponding t o  t h e  ex- 
ample used f o r  computing Fig. ?, a r e  shown i n  Fig.  9 .  

Proportioning valves have been designed t h a t  modulate l i n e  pressure a s  a  
funct ion of t he  s t a t i c  or  dynamic ax le  loads ('~2~74-P3). In the  case of s t a t -  
i c  modulation, t he  valve s e t t i n g  i s  not affected by suspension movement during 
the braking process. For dynamic modulation, t he  proportioning system must, 
however, be made sens i t i ve  t o  dece lera t ion .  For example, suspension def lec-  
t i o n  during braking has been used t o  modulate ind iv idua l  brake l i n e  pressures .  
With t h i s  type of proportioning, suspension and road noise must be f i l t e r e d  
out while s t i l l  r e t a in ing  a,n adequate s igna l .  



FIGURE 8. BRAKING E F F I C I E N C Y  FOR PROPORTIONAL BRAKING 
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FIGURF: 9. IDEAL AND ACTUAL HYDRAULIC PRESSUFES 



The i d e a l  brake forces  fo r  a t r ac to r - semi t r a i l e r  i n  t he  loaded and empty 
d r iv ing  condit ion a r e  shown i n  Fig. 10. These curves show t h a t  t h e  i d e a l  
brake f c rce  on the  f ron t  ax le  var ies  l i t t l e  with change i n  vehicle  loading, 
whereas t he  i d e a l  brake force  on the  r e a r  ax l e  of t he  t r a c t o r  and on the  
t r a i l e r  ax le  i s  heavi ly influenced by the  loading condit ion (3,4,56). Stud- 
i e s  have shown t h a t  t he  following procedure i s  convenient f o r  implementing 
var iab le  brake torque d i s t r i b u t i o n  i n  an a r t i c u l a t e d  vehicle  (79) : 

(1) The f ron t  ax l e  brake force  of t h e  t r a c t o r  i s  designed t o  be propw-  
t i o n a l  t o  brake l i n e  pressure.  

( 2 )  The brake force  a t  t h e  r e a r  ax l e  of t he  t r a c t o r  i s  determined by a 
load s e n s i t i v e  proportioning valve. Depending on t h e  design of the  
valve, t he  brake torque on t h e  t r a c t o r  r e a r  ax l e  may vary, f o r  ex- 
ample, from 50 t o  12qo of t h e  frorit ax l e  brake torque of t he  t r a c t o r .  

(3 )  It i s  convenient and s u f f i c i e n t  t o  con t ro l  t h e  brake force of t h e  
t r a i l e r  ax l e  by a manually posi t ioned l imi t ing  valve which has s e t -  
t i n g s  for  t h e  empty, half-loaded, and loaded condit ions r e s u l t i n g  
i n  d i f f e r en t  l imi t ing  brake torques on t h e  t r a i l e r  ax l e  (56,66,P0- 
83) 

When brake proportioning schemes a r e  employed, it becomes necessary t o  
examine t h e  v a r i a b i l i t y  i n  performance t h a t  may r e s u l t  from using d i f f e r e n t  
t r a i l e r s  with the  same t r ac to r .  Calculat ions of braking e f f i c i ency  should be 
made by computing the  coe f f i c i en t  of f r i c t i o n  required by each ax le  t o  achieve 
a given dece lera t ion  without wheel locking. In  order t o  c a l c u l a t e  f r i c t i o n  
u t i l i z a t i o n ,  the  e f f e c t i v e  ax le  loads have t o  be determined. For t r a c t o r -  
s emi t r a i l e r  and t r u c k - t r a i l e r  combinations, t he  equations r e l a t i n g  decelera-  
t i o n  achievable and tire-roadway f r i c t i o n  have t h e  same appearance a s  those  
derived f o r  braking systems with f ixed d i s t r i b u t i o n  of brake torque. For ve- 
h i c l e s  with proportioning systems, t he  brake force  d i s t r i b u t i o n  i s  determined 
by t h e  s t a t i c  loads on t h e  t r a c t o r  r e a r  ax le  and t r a i l e r  ax le  (3,66,?2,83) or 
by the  dynamic ax le  loads ( P C , f i l )  dur ing braking, 

Since braking systems with proportioning a r e  o f t en  implemented by making 
t h e  l i n e  pressure a nonlinear funct ion of t he  pedal  force r a t h e r  than a func- 
t i o n  of t he  a c t u a l  dece lera t ion  of t h e  vehicle  o r  a func t ioc  of t he  f r i c t i o n  
coe f f i c i en t ,  it i s  s t i l l  poss ib le  t o  lock t h e  wheels, e spec i a l ly  on low f r i c -  
t i o n  sur faces .  Although proportioning can provide a brake fo rce  d i s t r i b u t i o n  
t o  match a wide racge of loading and dynamic dr iv ing  condit ions,  a p r a c t i c a l  
system i s  s t i l l  subject  t o  some of t h e  basic  l i m i t a t i o c s  of systems with f ixed 
torque d i s t r i b t u i o n  ( 7 5 ) .  

2.2.4 WHEEL ANTILOCK SYSTEMS. Wheel an t i l ock  systems prevect  t h e  wheels 
from locking up during braking by adjustir!g t he  braking e f f o r t  t o  t h e  t r a c t i o n  
force  ava i l ab l e  a t  t he  tire-roadway in t e r f ace .  These systems were employed o r  
a i r c r a f t  a s  ea r ly  a s  1952 ( ~ c , @ I ) .  Short ly  t h e r e a f t e r  s eve ra l  an t i l ock  de- 
vices  were introduced fo r  use on automobiles (P5-91). However, by 1351 co 
s a t i s f a c t o r y  wheel ac t l l ock  device was i n  production f o r  m a d  vehicles  i n  
Europe (48) c r  t he  U ~ i t e d  S ta t e s .  During the l a s t  t e n  years ,  extecsive r e -  
search and development has been performed on wheel an t i l ock  braking systems 
for  both passenger ca r s  and commercial vehicles  (27 ,2? ,92- l l? ) .  
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When wheel an t i l ock  systems a r e  i n s t a l l e d  i n  a motor vehicle ,  t h e  dr iv-  
e r  operates t h e  brakes a s  usual under normal condit ions.  On s l ippery  road- 
ways or  during severe braking, t h e  device takes over and modulates t he  brake 
force  whenever t h e  d r ive r  causes t h e  wheels t o  approach lockup (119). The 
angular dece lera t ion  of t h e  wheel i s  f requent ly  used a s  a con t ro l  var iab le  a s  
it becomes very l a rge  when wheel lockup i s  impending and can be measured 
r a t h e r  e a s i l y  (27 ) .  I n  order t o  r e t a i n  d i r e c t i o n a l  s t a b i l i t y  during braking 
and achieve minimum stopping d is tances  on wet road surfaces,  t he  wheel de- 
ce l e ra t ion  con t ro l  limit i s  s e t  such a s  t o  cause the  wheel t o  operate  a t  s l i p  
values below the  peak of t h e  wet 1 - s l i p  curve ( s e e  Fig. 3 ) .  Tests using wheel 
an t i l ock  devices on dry pavement have demonstrated t h a t ,  i n  some instances,  a 
s l i g h t  increase i n  stopping d is tance  r e s u l t s ,  while i n  other  cases  a s l i g h t  
decrease i n  stopping d is tance  i s  noted (27,120). 

2.2.5 DRIVER-VEHICLE INTERFACE. Modulation of t h e  brake force  t o  
achieve minimum stopping d is tance  and t o  r e t a i n  d i r e c t i o n a l  s t a b i l i t y  during 
braking must be provided by the  operator unless the  vehic le  i s  equipped with 
a wheel an t i l ock  system. Several i nves t iga to r s  have examined t h e  problem of 
t he  dr iver-vehicle  i n t e r f ace  a s  it impinges on t h i s  modulation t a s k  (13,119, 
120).  Although the  a b i l i t y  of t h e  d r ive r  t o  perform a s  a con t ro l l e r  i s  a f -  
fected by the  design of t he  cab, a study of t e n  t ruck cabs ind ica ted  t h a t  
only a few were designed with the  comfort of the  d r ive r  i r ,  mind (121) .  Many 
cabs were found t o  be below minimum standards e s s e n t i a l  t o  s a f e  and e f f i c i e n t  
operat iocs .  In  some cases,  t he  l e g  movement was hindered during braking by 
obstruct ions.  

Important f ac to r s  i n  the  design of t ruck  cabs a r e :  e f f i c i e n t  operation, 
v i sua l  e f f ic iency ,  comfort, and sa fe ty .  For example, coc t ro l s  should be as -  
signed t o  proper body segments. Important and frequent ly used cont ro ls  should 
be assigned t o  prefer red  loca t ions .  Controls should be grouped according t o  
use and function, instruments should be readable from normal pos i t ion ,  s ea t s  
should be ad jus tab le ,  e t c .  (121) .  A study of the d r i v e r ' s  pos i t i on  r e l a t i v e  
t o  t he  brake pedal  ind ica tes  t h a t  t h e  pedal  force  w i l l  be a t  a maximum f o r  a 
p a r t i c u l a r  angle between l e g  and th igh  (122) .  A sea t ing  desigg study (123) 
has concluded t h a t  adequate s e a t  adjustment i s  needed i n  addi t ion  t o  a good 
spr ing  suspension. 

2.3 BRAKE SYSTEM ELEMENTS 
2.3 .1  MECHANICAL SYSTEMS. I n  mechanical brake systems, the  brake pedal  

i s  connected t o  t he  brake assembly by l eve r s  and rods o r  cables .  Maintenance 
i s  an important f ac to r  ir, obtaining a maximum ove ra l l  mechanical e f f ic iency .  
Due t o  f r i c t i o n a l  l o s ses ,  t he  t o t a l  braking e f f e c t ,  even i n  well-maintained 
systems, i s  reduced considerably ( 1 0 ) .  Rcad t e s t s  i nd ica t e  brake system e f -  
f i c i e n c i e s  of approximately 6 q 0  f o r  mechanical, 9qo f o r  hydraulic,  and 73% 
for  pneumatic systems (124).  Pure mechanical systems a r e ,  therefore ,  no long- 
e r  used fo r  se rv ice  brakes.  Mechanical systems a r e  used, however, f o r  park- 
ing brakes s ince  l a rge  displacements a r e  more e a s i l y  accommodated by hand (12;). 
Mechanical systems with automatic adjustment devices general ly  ha.ve time lags 
small enougn t h a t  vehicle  braking response i s  not adversely a f f ec t ed  (124).  



2.3.2 HYDRAULIC SYSTEMS. Hydraulic brake systems without power a s s i s t  
a r e  commonly used on light-weight t rucks .  Brake e f f i c i enc i e s  a r e  high, a s  
mentioned above. The foot  pedal connects t o  a s ing le  or  tandem master cyl in-  
der .  The pedal  displacement i s  t ransmit ted via  t h e  hydraulic brake f l u i d  t o  
t h e  wheel cyl inder  (10,11,119). Hydraulic brake systems exhib i t  very l i t t l e  
t ime l a g  between pedal displacement and buildup i n  brake torque (10,110,124). 
However, on adding a hydraul ica l ly  braked t r a i l e r ,  the  time l a g  between pedal 
ac tua t ion  and brake torque buildup can become s ign i f i can t  (124,125). This 
time l a g  can be reduced by decreasing the  f l u i d  volume a t  t h e  wheels through 
smaller wheel cy l inders  and automatic ad jus t ing  devices (110) .  

Since the  pedal forces  t h a t  can be developed by the  operator a r e  l imited,  
add i t i ona l  power sources a r e  frequent ly used t o  generate higher brake forces .  
Among such devices a r e  vacuum boosters  which u t i l i z e  t he  vacuum developed i n  
t he  engine manifold. The vacuum a s s i s t  i s  e i t h e r  hydraul ical ly  (10,11,126) 
or  mechanically cont ro l led  (10,120). For motor vehicles  equipped with d i e s e l  
engines and f o r  heavy vehicles ,  a vacuum pump and reservoi r  become necessary. 
Tests  on a r t i c u l a t e d  vehicles  equipped with vacuum hydraulic brakes have shown 
t h a t  t he re  may be a time l a g  of a s  much as  two seconds between pedal operation 
and appl ica t ion  of t he  t r a i l e r  brakes. Improved vacuum systems have been de- 
veloped t h a t  show l i t t l e  or  no time l a g  (125-127). 

F u l l  hydraulic power brakes employ a pump re se rvo i r  system i n  which the  
hydraulic f l u i d  i s  under pressure a t  a l l  t imes. Since the  system can be 
brought i n t o  operat ion by opening a valve, i . e . ,  t he  hydraulic pressure does 
not have t o  be b u i l t  up from zero, t he  time l a g  w i l l  be small  (11,126,129) 
and the  stopping d is tances  a r e  sho r t e r  compared t o  a i r  or  vacuum a s s i s t  brake 
systems. Hydraulic power brakes seem p a r t i c u l a r l y  su i ted  fo r  vehicle  combi- 
nat ions s ince  the  length of t he  brake l i n e s  has l i t t l e  e f f e c t  upon the  time 
l a g  (124).  The system can be designed e a s i l y  f o r  dual  c i r c u i t  operation ( 1 C ) .  

A l a rge  number of heavy commercial vehicles  i n  England and Germany a r e  
equipped with a i r  boost over hydraulic brake systems (130) .  In  t h i s  case 
compressed a i r  i s  used t o  a s s i s t  i n  bui lding up la rge  hydraulic pressures  
(11, 1 1 1 2 )  . From a time l a g  poin t  of view, a hydraulic pump a s s i s t  i s  
p referab le  t o  a compressed a i r  over hydraulic system (124) .  

2.3.3 COMPRESSED A I R  SYSTEMS. The functions of t he  major components of 
an a i r  brake system (10,133,134) a r e  described b r i e f l y  below, i n  order  t o  f a -  
m i l i a r i z e  t he  reader  with t h e  terminology. 

The funct ion of t h e  a i r  compressor i s  t o  bui ld  up and maintain the  pres -  
sure required f o r  t he  operat ion of t he  brakirig system and add i t i ona l  air-pow- 
ered devices .  The governor automatical ly  cont ro ls  t h e  a i r  pressure between 
the  maximum and minimum pressures  des i red .  The brake valve i s  t he  con t ro l  
un i t  of t he  brake system and provides t he  operator with an e a s i l y  operated 
device t o  apply or  r e l ea se  the  brakes.  Quick r e l ea se  valves speed the  r e -  
l ea se  of a i r  from the  brake chambers. Brake chambers a t  t h e  wheels u t i l i z e  
t he  a i r  pressure t o  ac tua te  t he  brakes. Slack ad jus t e r s  provide a quick and 
simple method of automatical ly  ad jus t ing  t h e  brakes. 

Compressed a i r  brake systems provide l a rge  operat ing forces  a t  t he  brakes, 
and a r e  p a r t i c u l a r l y  su i t ed  t o  a r t i c u l a t e d  vehicles  because of t he  ease with 



which brake l i n e  cccnections a r e  made between t r a c t o r s  and t r a i l e r s  (10) .  
However, a i r  brakes have r e l a t i v e l y  long response times and high power l o s s e s .  
With an o v e r a l l  mechacical e f f i c i ency  of about 73$, t h e  t o t a l  power lo s ses  i n  
a i r  systems a r e  g r e a t e r  than  those assoc ia ted  with hydraulic systems (124) .  
The time l a g  can be kept small  through adequate pneumatic piping design. 

A i r  p ressure  systems have been designed f o r  use on l ight-weight  vehic les  
(135) ; however, they  have not been used extensively on these  vehic les .  A 
comparison made of d i f f e r e n t  a i r  brake system designs used i n  t he  U.S. and 
seve ra l  European count r ies  (136) shows t h a t  t he  design of braking systems of 
heavy vehicles  operat ing i n  t he  U.S. i s  almost i d e n t i c a l  t o  a i r  brake systems 
used i n  Eurcpe. Cnly design components such a s  r e se rvo i r  s i z e s ,  types of 
piping,  couplings, e t c . ,  were examined i n  t h i s  comparison. 

Improved c o n t r o l  systems f o r  a i r  brakes and dua l  a i r  brake systems have 
been introduced i n  the  l a s t  few years  (137-140). It appears t h a t  an emergen- 
cy brakicg system can be e a s i l y  incorporated i n t o  a i r  brake systems. Cne 
such example i s  t he  MGM brake (141) .  It provides a secondary spring-actuated 
braking system capable of stopping and holding the  loaded vehic le  when t h e  
se rv i ce  brakes f a i l .  A i r  p ressure  i s  used t o  r e t r a c t  t he  spr i2g  t o  maintain 
the  off  pos i t i on  of t h e  brake. The parking brake i s  a p ~ l i e d  by exhausting 
t h e  cy l inder  and i s  re leased  by p re s su r i z ing  the  cy l inder .  When t h e  primary 
o r  se rv ice  system f a i l s ,  t h e  MGM brakes automatical ly  apply and generate  ap- 
proximately 7C$ of t h e  maximum re t a rda t ion .  In  t h e  case s f  a i r  leakage, t h e  
brake w i l l  begin t o  operate  once the  system pressure  f a l l s  below a c e r t a i n  
l e v e l .  A l f i e r i  (142) d iscusses  t h e  inf luence of d i f f e r e n t  f a i l u r e  modes of 
braking systems of t r a c t o r - t r a i l e r  combinations on the  braking behavior of 
the combination. Resul ts  i nd ica t e  t h a t  i n  t h e  case of a brake f a i l u r e  OR t he  
t r a i l e r ,  not too much of t he  t o t a l  braking ac t ion  i s  l o s t .  

2.3 -4 PRCPGRTIGJJING AND ANTISKID BRAKING SYSTEMS. A s  mentioned e a r l i e r ,  
brake force  proport ioning devices a r e  e i t h e r  s t a t i c a l l y  o r  dynamically load- 
s e n s i t i v e .  The s tat ic- load-dependent  valves a r e  i n  operat ion only when t h e  
brakes a r e  not appl ied,  i . e . ,  they  a r e  locked i n  a f ixed  posi tFoc a t  t h e  mo- 
ment of brake app l i ca t ion  (?>2).  Several  d i f f e r e n t  devices  have beec designed 
f o r  use on heavy commercial vehic les  (74,79) 

Although wheel a n t i l o c k  systems were introduced seve ra l  years  ago (143 - 
145)) and a number of companies a r e  cu r r en t ly  developing these  systems, t he re  
i s  l imi ted  informative ma te r i a l  on these  d ~ v i c e s  (27,28,117,146,147). 

2.3.5 SYSTEMS FOR SUSTAINED BRAKING. Tests  have shown t h a t  brake l i n -  
i ng  wear can be reduced considerably during sustained braking i f  vehic le  r e -  
t a r d e r s  (14P, 149) o r  exhaust brakes (15G-152) a r e  employed. For commercial 
vehicles ,  savings on brake l i n i n g s  of 2C7h and 35% a r e  repor ted  when opera t ing  
on f l a t  and mountainous roads, r e spec t ive ly  (148,153 ) . Another advantage of- 
fered by r e t a r d e r s  i s  t h e  increased downhill speed of t h e  vehicle  t h a t  can be 
t o l e r a t e d  without overheating the  primary brakes.  Retarders a l s o  provide a 
braking system t h a t  i s  un l ike ly  t o  lock t h e  wheels (149,154) .  Some disadvan- 
tages  a r e  t h e i r  i n i t i a l  cos t ,  t h e i r  l a r g e  weight ( 1 4 ' ) )  and the  f a c t  t h a t  they  
can be used economically only on the  powered u n i t ;  i f  used on t r a i l e r s ,  they  
r e q u i r e  an add i t i ona l  c ~ o l i n g  system. 



The exhaust brake i s  simple and inexpensive. Valves c lose  o f f  t he  ex- 
haust manifold and the  f u e l  supply, and the  engine operates a s  a  compressor 

( 1 - 1 2 1 - 1 )  The brake torque generated depends on the  gearing and ec- 
gine speed. In  general ,  a t  moderate and high ve loc i t i e s  t he  primary braking 
system must, be applied s ince t h e  generated brake tclrc_ue i s  only about -C? of 
t he  motor d r ive  torque (156,158). 

In  t he  case of t he  motor brake, t he  timing of the  camshaft i s  a l t e r ed  
( 1 5 b , 1 6 ~ , i 6 1 )  such t h a t  t h e  compressor ac t ion  of t he  engine i s  increase?.. The 
e2gine brake tcrque may be over 10% c f  t he  maximum dr ive  toroue z V , ? e  e r -  
gine.  Large r e t a rd ing  torques, however, can only be achieved by using a l ; ; r  
gear ,  which i n  t u r n  resul t ,s  i n  undesirably low c ru i s ing  speeds, No e f f ec f s  
u ~ ~ . ~ c g i n e  wear have been observed (160) .  

Use of hydraulic r e t a rde r s  i s  obl igatory on heavy commercLsi vehicles 
and buses i n  Germany. The k ine t i c  energy zf t h e  vehicle  i s  cozver5ed icf 3 

thermal energy via  t he  mechanism of viscous f r i c t i o n  i n  t h e  re5arEer.  The 
heat i s  given o f f  t~ the  atmosphere by a  r ad i a to r  ( 136, 1bC, 1119, 154, 16c, 162- 
1 6 h ) .  Hydraulic r e t a r d e r s  operate  indepenaently of engine, c in tch ,  transmis- 
s ion,  or  e l e c t r i c a l  p w e r  supply. They a r e  connected t o  t he  dr ive  axle  a ~ d  
represent  an almost inf iestruct ible  braking element when p r ~ p e r l y  6esigzeC 
(160) .  When used on a  t r a i l e r ,  a  separate  cooler  becomes necessary (16jj16:j, 
Skidding a t  the  wheels i s  impossible s ince  the  re ta rd ing  torque becgmes zer3 
when the  r e t a rde r  d r ive  sha f t  does not r o t a t e .  Whec a  r e t a rde r  i s  i n s t a l l e ' 3  
i n  t he  powered un i t ,  it prevents cooling cf  the  engine below normal operat ing 
temperatures on long mountain grades by t r ans fe r r ing  the  t h e r a ~ l  energy gener- 
a ted  through viscous damping i n  t he  r e t a rde r  t o  t he  engine cooling system. 

The eddy cur ren t  r e t a rde r  cons i s t s  of a  metal d i sk  ro ta t ing  I n  a xag- 
n e t i c  f i e l d  (67,160,166-168). The magnetic f i e l d  can be a l t e r e d  t o  obtain a 
continuous var ia t ion  i n  brake torque. It appears t h a t  eddy cur ren t  r e t a rde r s  
a r e  simpler t o  construct  than hydraulic r e t a rde r s .  Disadvantages, however, 
a r e  l a rge  weight, dependency upon e l e c t r i c  power, cooling fan losses ,  and 
cool ing of t he  engine below normal operat ing temperatures ( 1 6 ~ ) .  

2.4 ALWLYSIS OF THE FRICTION BRAKE 
2.4.1 MECHANICAL ANALYSIS. The mechanical performance of a  f r i c t i o n  

brake can be described by (among other  th ings)  t he  "brake fac tor"  and "brake 
s e n s i t i v i t y "  (6,9-11,169).  

2 .4.1.1 Brake Factor.  The "brake fac tor"  of a  brake i s  defined a s  t he  
r a t i o  of t he  sum of a l l  t angen t i a l  forces  ac t ing  cn the  f r i c t i ~ n  surface,  
i . e . ,  t he  drag on thedrum, divided by the ac tua t i cg  force or. a s ing le  shoe. 
A l a rge  number of publ ica t ions  have been addressed t o  a  graphical  (10,170) o r  
a n a l y t i c a l  (9,169,171-178) determination of t h e  brake f a c t ~ r .  In  these  ana l -  
yses it i s  usual ly assumed t h a t  brake drum, shoe, and shoe p i n t  a r e  r i g i d  and 
t h a t  the  motion of t he  l i n i n g  i s  constrained t o  the  c y l i n d r i c a l  shape of t he  
drum. With these assumptions, the  pressure d i s t r i b u t i o n  and forces  ac t ing  on 
the  brake can be determined ( l ~ ,  169,17G, 173,179) . For brake shces s l i d i n g  on 
ar, abutmert, a  pressure d i s t r i b u t i o n  i s  assumed and the  f r i c t i o n a l  f ~ r c e s  a r e  
computed (169,172).  Current design p rac t i ce  y i e lds  t h e  following brake fac-  



t o r s  ( 7 5 )  (on assuming t h e  c o e f f i c i e n t  of f r i c t i o n  of t h e  l i n i n g  equal  t o  0.35) : 
disk  brake 0.7 t o  0.9 
simplex brake ( leading/ t r a i l i n g  shoe) 2 ,C t o  2 .p  
duplex brake (two-leading shoe) 2.5 t o  5 . 5  
duo-servo brake 3 . c  t o  7.0 
It should be noted t h a t  t hese  analyses  determine t h e  brake f a c t o r  a s  a  

func t ion  only of brake geometry and l i n i n g  f r i c t i o n .  They do not t ake  i n t o  
accmnt  t he  inf luence  of ve loc i ty ,  mean pressure,  temperature, wear, time, 
and drum o r  shoe d i s t o r t i o c .  Although drum d i s t o r t i o n s  have been both com- 
puted a n a l y t i c a l l y  ( l ee )  and measured ( 181)) t h e  inf luence  3f d i s t o r t i o n  has 
ye t  t o  be incorporated i n t o  t h e  brake f a c t o r  ana lys i s .  These s imp l i f i ca t ions  
can lead t o  a  d i s p a r i t y  between t h e  r e s u l t s  of ana lys i s  and t e s t .  

Some improvement i n  t h e  c o r r e l a t i o n  of t e s t  r e s u l t s  ar,d t h e o r e t i c a l  pre-  
d i c t i o n s  has been achieved by using experimental r e s u l t s  i n  obta in ing  a  func- 
t i o n a l  r e l a t i o n s h i p  [pL = pL(p, 8 ,  V)] between t h e  l i n i n g  f r i c t i o n  c o e f f i c i e n t  

PL) mean l i n i n g  pressure  P, temperature 8, and ve loc i ty  V (110) . For constant  
temperature and pressure  t h i s  r e l a t i o n s h i p  can be expressed a s  

where (182,183) 

're1 
= r e l a t i v e  ve loc i ty  

Po, = value of f r i c t i o n  c o e f f i c i e n t  a t  high values of s l i d i n g  
ve loc i ty  

ps  
= value of s t a t i c  c o e f f i c i e n t  of f r i c t i o n  

b  = a  constant  depending on c h a r a c t e r i s t i c s  of f r i c t i o n  sur faces  
Given t h e  brake f a c t o r  BF, t h e  torque generated by a brake i s  given by 

( 3 )  : 

where 
= wheel cy l inder  a r ea  

BF = brake f a c t o r  
ph = l i n e  pressure  
r = e f f e c t i v e  drum o r  d i sk  rad ius  

= mechanical e f f i c i ency  
A s imi l a r  r e l a t i o n s h i p  can be used t o  compute t h e  brake torque f o r  a i r - ac tu -  
a ted brakes.  

Limited a t t e n t i o n  has been given t o  t h e  ana lys i s  of t h e  dynamic behavior 
of  brakes, due t o  t h e  complexity of t h e  problem and t o  t h e  f a c t  t h a t  a  know- 
ledge of t h e  time response of t h e  brake was r e l a t i v e l y  unimportant u n t i l  t h e  
advent of a n t i l o c k  braking systems. A few inves t iga t ions  have been ca r r i ed  
out i n  which the  brake i s  t r e a t e d  a s  a  dynamic system element ( 109,1?4) . 

2.4.1.2 Brake S e n s i t i v i t p  Two d e f i n i t i o n s  a r e  given i n  t h e  l i t e r a t u r e  
f o r  "brake s e n s i t i v i t y . "  Cne expresses t h e  change i n  brake f a c t o r  wi th  change 
i n  t h e  f r i c t i o n  c o e f f i c i e n t  of t h e  l i n i n g ,  t h e  o ther  expresses t h e  change of 



brake torque w i t h  t h e  f r i c t i o n  c o e f f i c i e n t  of t h e  l i n i n g .  As e a r l y  a s  1949 
(169) t h e  brake s e n s i t i v i t y  E was def ined a s  a change i n  brake f a c t o r  d ivided 
by a change i n  t h e  f r i c t i o n  c o e f f i c i e n t  o f  t h e  l i n i n g  (6,15,171,175, IF?,  1F6) : 

Y 

For a d e s i g c  f r i c t i o n  c o e f f i c i e n t  of pL = C.35, and a change i n  pL of 
I C.@, t h e  brake f a c t o r  (and hence t h e  brake to rque)  and t h e  brake s e n s i t i v -  
i t i e s  E vary approximately a s  fol lows (75) : 

A BF - E - 
d i s k  brake +14$ t o  -14$ 2 
simplex brake +26$ t o  -21% 8 
duplex brake +36$ t o  -28% 12 
duo-servc brake +jl$ t o  -33% 2 k 

I n  t h e  second d e f i n i t i o n ,  t h e  brake s e n s i t i v i t y  S i s  r e l a t e d  t o  t h e  
brake to rque  T and t h e  l i n i n g  c o e f f i c i e n t  of f r i c t i o n  pL, I n  t h e  follo-firing 
manner ( lF7- lF9)  : 

Note t h a t  E q u a t i o ~  2-12 i s  t h e  s lope  o f  t h e  brake f a c t g r  curve,  whereas 
S should be regarded a s  t h e  percentage change i n  brake torque f o r  1$ change 

i n  p According t~ Equation 2-13. S = 1 . 0  f o r  non-sel f -energiz ing d i s k  L' 
brakes ,  and S > 1 f o r  l e a d i n g / t r a i l i n g  shoe, two-leading shoe,  o r  duo-servo 
brakes .  For t w o - t r a i l i n g  shoe brakes,  S < 1. 

Duo-servo drum brakes wi th  a high s e l f - e n e r g i z i n g  e f f e c t  w i l l  always t e ~ d  
t o  e x h i b i t  a l a r g e  s e n s i t i v i t y .  This p roper ty  may r e s u l t  i n  an undes i rab le  
d i r e c t i o n a l  response of t h e  v e h i c l e  dur ing  braking (7E,  l9C) .  The term "brake 
fade"  i s  a l s o  used t o  d e s c r i b e  a change ic brake f a c t o r  dur ing t h e  braking 
p rocess .  I n  most cases ,  t h i s  phenomenon i s  reccgnized a s  a decrease  i n  brake 
t o r q u e / l i n e  p r e s s u r e  g a i n  (2 ,191,192) .  However, s i n c e  t h e  brake f a c t o r  i s  a 
f u n c t i o n  only  o f  t h e  geometry and t h e  f r i c t i o n  c o e f f i c i e n t  of t h e  l i n i n g ,  
brake f a d e  i s  a l s o  on ly  a f u n c t i o n  o f  t h e s e  two parameters.  Geometry changes 
a r e  caused by drum and shoe d i s t o r t i o n  due t o  thermal  and mechanical loading.  
Changes i n  t h e  f r i c t i o n  c o e f f i c i e n t  d e r i v e  from t h e  dependency upon tempera- 
t u r e  ( h e a t  f ad ing)  ( 1 9 3 ) )  v e l o c i t y  (speed f a d i n g )  (9,15,1?2,183),  p ressure ,  
and t h e  presence o f  water  o r  o i l  a t  t h e  f r i c t i o n  i n t e r f a c e  (194-198). 

2 .4 .2  THERMAL CAPACITY. The thermal  energy produced dur ing  braking r e -  
s u l t  s from p l a s t i c  deformations,  e l a s t i c  h y s t e r e s i s  l o s s e s ,  viscous drag,  and 
phase changes i n  t h e  m a t e r i a l s .  About 9@ o f  t h e  p l a s t i c  deformation energy 
i s  conver ted i n t o  thermal  energy.  The r e s t  i s  converted i n t o  decaying vibra-  
t i o n s  a t  o t h e r  l o c a t i o n s  where i n t e r n a l  damping produces thermal  energy. A 
smal l  remaicder i s  corver ted  i r t o  k i n e t i c  energy of t h e  ambient a i r ,  r e s u l t i n g  
i c  n o i s e  (15) .  

As a r e s u l t  o f  t h e  convers ioc  o f  energy, a f r i c t i o n  f o r c e  i s  produced 



between t h e  s l i d i n g  s u r f a c e s .  The g e n e r a t i o n  of  f r i c t i o n  f o r c e  and the rmal  
energy i s  d i r e c t l y  r e l a t e d  t o  t h e  a r e a  of  t r u e  c o n t a c t  (15,194,193,19?) . The 
work done d u r i n g  s l i d i n g  c o n s i s t s  of p l a s t i c  work occur r ing  d u r i n g  t h e  de fo r -  
mation of  t h e  c o n t a c t  a r e a ,  shea r  work, v iscous  d r a g  work, ar,d e l a s t i c  nonre- 
coverab le  :fork ( h y s t e r e s i s  l o s s e s ) .  Deformations occur not  on ly  i n  t h e  s l i d -  
i n g  d i r e c t i o n  b u t  a l s o  l a t e r a l l y .  Due t o  t h e  l a r g e  number of  micro a s p e r i t i e s  
i n  c o n t a c t ,  the  l a t e r a l  f o r c e s  i n t e g r a t e  t o  z e r o ;  however, a  corresponding 
deformat ion work (and  hence the rmal  energy y roduc t ion)  e x i s t s .  

A s i z e a b l e  body o f  l i t e r a t u r e  i s  concerned w i t h  t h e  the rmal  a n a l y s i s  of 
b rakes .  Since  t h e  to rque  p r c d u c t i o n  of  a  brake i s  r e l a t e d  t o  t h e  temperature  
a t  t h e  f r i c t i o n  s u r f a c e  (199,2CC), most t h e o r e t i c a l  i n v e s t i g a t i o n s  have beec  
addressed t o  t h e  de te rmina t ion  of t h e  average temperature  r i s e  expected dur-  
i n g  a  s i n g l e  s t o p  ( 179,200-21 7)  o r  d u r i n g  cont  i zucus  b rak ing  ( l h p ,  16C, 166, 
167,21P) .  These a n a l y s e s  i n d i c a t e  t h a t  i n  t h e  c a s e  of  a  s i n g l e  s t o p  t h e  
f r i c t i o n  su r face  should be a s  l a r g e  a s  p o s s i b l e  t o  reduce t h e  temperature .  
Hoit~ever, i n  con t inued  braking,  h e a t  c a p a c i t y  and convec t ive  h e a t - t r a n s f e r  a r e  
e s s e n t i a l .  Thus, t h e  d e s i g n  parameters  important  f o r  a  s i n g l e  s t o p  d i f f e r  
from t h o s e  important  t o  cont inued b rak ing  ( 2 1 6 ) .  The t h e o r e t i c a l  i n v e s t i g a -  
t i o c s  a l s o  i n d i c a t e  t h a t  approximate ly  93% of t h e  hea t  genera ted  dur ing  a  
s i n g l e  s t o p  i s  absorbed by t h e  drum o r  d i s k ,  and 5$ by t h e  o rgan ic  l i n i n g s  o r  
pads .  S i n t e r e d - i r o n  l i n i n g s ,  on t h e  o t h e r  hand, t r a n s f e r  a  g r e a t e r  p o r t i o n  
c f  t h e  genera ted h e a t  t o  t h e  brake shoes o r  pad s u p p w t  a s  a  r e s u l t  c f  t h e  
i n c r e a s e d  the rmal  c o n d u c t i v i t y  o f  t h i s  f r i c t i o n  m a t e r i a l  (2C1,210,217,216). 

During a s i n g l e  s top ,  t h e  temperatures  achieved i n  bo th  drum and d i s k  
b rakes  a r e  approximate ly  t h e  same. During cont inued braking,  however, t h e  
i n c r e a s e d  convec t ive  c o o l i n g  c a p a c i t y  of  t h e  d i s k  brake r e s u l t s  i n  lower av- 
e rage  t empera tu res  (205,214-217).  Some d i f f i c u l t i e s  a r i s e  i n  de te rmin ing  
t h e  convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t  of  t h e  drum o r  d i s k  ( 2 1 7 ) .  Although 
t h e  hea t  t r a n s f e r  from a  r o t a t i n g  d i s k  has  been s t u d i e d  (219 ,220) )  t h e  i n -  
f l u e n c e  o f  a  c a l i p e r  i o c a t e d  on t h e  d i s k  has  no t  y e t  been incorpora ted  i n t c  
a n  a n a l y s i s .  

I f  a  v e n t i l a t e d  and s o l i d  d i s k  a r e  of  e q u a l  weight ,  on ly  a  smal l  tempera- 
t u r e  d i f f e r e n c e  can be expected d u r i n g  t h e  f i r s t  few s t o p s .  I n  cont inued 
braking,  t h e  v e n t i l a t e d  d i s k  w i l l  t end  t o  r each  approximate ly  6@ of  t h e  temp- 
e r a t u r e  a t t a i n e d  by a  s o l i d  d i s k  (221,222) . 

The e f f e c t s  of  r a d i a t i o n  a r e  neg lec ted  i n  most a p p l i c a t i o n s ,  s i n c e  r a d i a -  
t i o n  c o n t r i b u t e s  on ly  about 5 t o  l ~ $  t o  t h e  hea t  t r a n s f e r  from t h e  drum o r  
d i s k  ( 2 0 0 ) .  However, f o r  brakes  t h a t  a t t a i n  h igh temperatures ,  a s  can be ex- 
p e c t e d  i n  a p p l i c a t i o n s  us ing  s i n t e r e d - i r c n  p lug  l i n i n g s  ( 2 1 6 ) ,  the rmal  r a d i a -  
t i m  may c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  hea t  t r a n s f e r .  Darner made a  t h e r -  
mal a n a l y s i s  of  brakes  which inc luded  t h e  h e a t  t r a n s f e r  t o  t h e  wheel  c y l i n d e r  
and t h e  b e a r i n g s  ( 2 1 7 ) .  

Brake dynamometer t e s t s  have shcwa t h a t  f o r  con t inued  b rak ing  t h e  drum 
tempera tu res  a t  t h e  c e n t e r  of  t h e  f r i c t i a n  p a t h  a r e  i c i t i a l l y  100" t o  150°F 
h igher  t h a n  a t  t h e  edges ( 2 2 3 ) .  A t  about  500°F t o  6 0 ~ " ~  t h e  t empera tu res  Lc 
t h e  c e n t e r  and a t  t h e  edges of  t h e  f r i c t i o n  p a t h  reached approximately t h e  
same value.  S imi la r  c o n d i t i o n s  :+ere observed f o r  s i n g l e  brake a p p l i c a t i ~ n s .  



A dynamometer evaluat ion of t h ree  d i f f e r e n t  drum a l loys  ind ica t e s  t h a t  a ca s t  
i r o n  drum achieved higher temperatures than  b imeta l l ic  o r  chromium copper 
drums (224) .  Phase changes of t h e  drum mater ia l  i n t o  martensi te  ind ica ted  
t h a t  t he  surface temperature (hot  spo t )  reached 1300DF o r  higher.  A compari- 
son of ro to r  a l l oys  f o r  automotive d i sk  brakes has r e su l t ed  i n  s imi la r  f ind-  
ings ( 225). 

Experimental r e s u l t s  a l s o  ind ica t e  t h a t  loca l ized  in t e r f ace  temperatures 
a r e  much higher than a r e  determined with conventional thermocouples (224) , 
Conventional thermocouples cannot respond t o  rap id  changes i n  t e q e r a t u r e ,  
s ince  t h e i r  r e l a t i v e l y  l a rge  mass provides a s ink fo r  conducting heat away 
from t h e  poin t  a t  which temperature i s  measured. With a spec i a l ly  desigced 
thermocouple having f a s t  response, peak temperatures of 1705 O F  were measured 
on a d isk  brake pad (226) .  

I f  t he  a c t u a l  contact  region i s  assumed t o  be a square, fhe  expected hot 
spot temperature r i s e  can be computed a s  (195): 

where 
21 = l ength  of one s ide  

KL and K2 = thermal conduct iv i t ies  of t h e  moving and s t a t i ona ry  f r i c t i o n  
surfaces,  r e spec t ive ly  (F ig .  11) 

W = load 
= c o e f f i c i e n t  of f r i c t i o n  

V = s l i d i n g  ve loc i ty  
J = 778 f t - l b / ~ t u  

Fazekas, on the  other  hand, has derived the  following approximate ex- 
press ion  f o r  determining hot spot temperatures (212) : 

where 
q = heat received by one hot spot 
V = s l i d i n g  ve loc i ty  
k = conduct ivi ty  
c = spec i f i c  heat  1 of the r o t o r  mater ia l  
pd = dens i ty  
a = thermal d i f f u s i v i t y  
B = a f ac to r  between 2 and 6 r e l a t i n g  hot spot s i z e  and s l i d i n g  

d is tance  
Pn = nominal pressure  on t h e  f r i c t i o n  surface 
P = y ie ld  s t r eng th  i n  compression of t h e  s o f t e r  ma te r i a l  
Y High r a t e s  of heat generat ion have r e su l t ed  i n  thermal cracks or iented 

a t  r i g h t  angles t o  t h e  f r i c t i o n  path whereas low r a t e s  of heat generat ion 
have r e su l t ed  i n  cracks or ien ted  randomly over t he  drum or d i sk  f r i c t i o n  
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surface (227-229). Thermal cracking occurs when the  temperature gradient  be- 
tween the  f r i c t i o n  surface and the  i n t e r i o r  of t he  ro to r  i s  su f f i c i en t ly  
large. This phenomenon i s  general ly  termed "heat checking'' (10). 

Surface cracking appears (227) t o  be c lose ly  r e l a t ed  t o :  

( a )  I n i t i a l  hot spots on the  braking surface 
( b )  Localized in te r fe rence  with heat t r ans fe r ,  caused, fo r  example, by 

subsurface poros i ty  
( c )  Nonuniform temperature d i s t r i bu t ion  

( d )  Dis tor t ion  of ro to r  during braking 
Hot spot temperature ranges have been experimentally ver i f ied  by examining 
the  change i n  matrix s t ruc tu re  of t he  drum or d isk  mater ial  (224,229,236). 
The heat f lux  enter ing the  ro to r  during braking r e s u l t s  i n  an unsteady, noc- 
uniform d i s t r i bu t ion  of temperature. For s ing le  short-duration stops, a  
l a rge  temperature gradient w i l l  i n i t i a l l y  e x i s t  over a  r e l a t i v e l y  t h i n  region 
of the  material. 

Thermal expansion i n  the f r i c t i o n  in t e r f ace  i s  inh ib i ted  by the  colder 
mater ia l  surrounding the interface.  Consequently, high compressive s t r e s se s  
r e s u l t  which, i n  the  case of la rge  temperature gradients,  exceed the y i e ld  
s t rength of the mater ial ,  causing p l a s t i c  deformation, After  temperature 
equal izat ion during t h e  braking process or  a f t e r  cooling, the  o r ig ina l  length 
cannot be a t ta ined ,  r e su l t i ng  i n  r e s idua l  t e n s i l e  s t r e s se s  within t h e  gener- 
a l l y  highly loaded f r i c t i o n  surface. Repeated brake appl ica t ion  r e s u l t s  i n  a  
continuous change between t e n s i l e  and compressive s t r e s se s ,  or  a  " fa t igue  
loading." Additional s t r e s se s  can occur due t o  volume changes r e su l t i ng  from 
phase changes, i n t e r n a l  oxidation, etc.  The thermal fa t igue  eventually be- 
comes v i s ib l e  i n  the form of heat cracks oriented a t  r i g h t  angles t o  the  brake 
l i n i n g  path. These cracks a r e  t he  r e s u l t  of a  combination of mater ia l  proper- 
t i e s  and loading conditions (227,228,233,231). Several inves t iga tors  have 
computed the  thermal s t r e s se s  a t ta ined  i n  cyl inders  or d i sks  during heating or  
cooling (232-235)) and more spec i f i ca l ly  i n  brake drums during braking (212, 
236). In  a  low-heat - f lux dura t ioc  t e s t  (downhill braking or constant -veloci ty ,  
low-energy-rate t e s t i n g ) ,  randomly oriented f ine  h a i r l i n e  cracks a r e  observed. 
These cracks, described a s  crazing, a r e  s imilar  t o  pa t t e rns  formed on a l t e r -  
na te ly  heated and cooled bars  (227). The d i f fe rences  observed i n  the thermal 
crack pa t te rns  suggest taking a cautious approach i n  replacing brake snub 
t e s t i n g  by continuous horsepower t e s t s .  I n  general,  heat checking i s  l e s s  
l i k e l y  t o  occur i n  mater ia l s  having: 

( a )  higher y ie ld  s t rength a t  elevated temperatures 
( b )  smaller E-modulus 

( c )  smaller thermal expansion coe f f i c i en t  
( d )  g rea t e r  thermal ccnduct ivi ty  

( e )  grea te r  composition s t a b i l i t y  (i. e. ,  no carbide decay) 

( f )  l e s s  tendency t o  i n t e r c a l  oxidation 
( g )  increased phase change temperatures 

( h )  smaller wal l  thickness of the  ro tor  (228,237) 
The e f f e c t s  of drum or d isk  surface condition upon the  decelerat ion ca- 

p a b i l i t y  have been invest igated (238 ). Cracked and hot-spotted drum or  disk 



surfaces decreased t h e  stopping a b i l i t y  of two vehicles  whereas t h e  stopping 
a b i l i t y  of another vehicle was increased. Scored r o t o r  surfaces decreased 
the dece lera t ion  capab i l i t y  of a l l  vehicles  tes ted .  

2.4.3 PERFORMANCE COMPARISONS. Drum brakes can be grouped according 

t o  ( a )  t he  configurat ion of t he  brake shoe-i. e., duo-servo, duplex (two 
leading shoes) ,  and simplex (one leading-one t r a i l i n g  shae ) ;  ( b )  t h e  manner 
i n  which brake torque i s  t ransmit ted t o  t he  back p l a t e  by p ivot  o r  s l i d i n g  
( p a r a l l e l  o r  i nc l ined )  abutments; and ( c )  t he  manner i n  which the  brakes a r e  
actuated (Fig. 12 ) .  

Duo-servo brakes show t h e  highest  brake f ac to r  and hence t h e  highest 
brake to rque l l i ne  pressure gain (169,221). However, the high s e n s i t i v i t y  i s  
a disadvantage. A vehicle  equipped with high gain duo-servo brakes may eas- 
i l y  undergo a change i n  brake force d i s t r i b u t i o n  f ront - to- rear  o r  s ide- to-  
s ide  during the  braking process (1?@). Also, t he  l i n i n g  on the  secondary 
shoe wears more rap id ly  than on the  primary shoe, This l a t t e r  p r ~ b l e m  i s  
~ f t e n  resolved by using d i f f e r en t  f r i c t i o n  mater ia l s  on t h e  pr ixary  and see- 
ondary shoes (10) .  

Duplex brakes exhib i t  a moderate brake f ac to r  a s  we l l  a s  a moderate 
brake s e n s i t i v i t y .  Their main disadvantage l i e s  i n  the  f a c t  t h a t  i f  t h e  d i -  
r e c t i c n  of r o t a t i o n  i s  reversed the  brake f ac to r  decreases by a s  much a s  
due t o  a change from a two-leading shoe t o  a two- t ra i l ing  shoe configurat ion 
( 11, 221). 

Simplex brakes exhib i t  t he  lowest brake f ac to r  and sens i t i v i ty .  Since 
approximately 7% of t he  brake torque i s  generated cn the  leading shoe, t h e  
l i n i n g  of t h e  leading shoe w i l l  wear more rap id ly  than the  t r a i l i n g  shoe. 

The wear along a l i n i n g  should i d e a l l y  be uniform (169).  A shoe held 
by an abutment w i l l  wear more uniformly than a pivoted shoe. An inc l ined  
abutment w i l l  r e s u l t  i n  a more uniform wear than a p a r a l l e l  abutment (10,15), 

The wear l i f e  t h e o r e t i c a l l y  predicted f o r  S-cam ( 239) and wedge-actuated 
drum brakes (179) agrees with experimental r e s u l t s .  The wedge brake appears 
t o  cause l e s s e r  drum wear than occurs with the  S-cam brake (240,21i) .  

Experiments with d i sk  brakes on commercial vehicles  were ca r r i ed  out i n  
Europe a s  ea r ly  a s  1937 (242,243). Measurements of braki2g per f~rmance  
achieved by t rucks  equipped with d i sk  brakes were published i n  t h e  United 
S t a t e s  i n  1969 (129). The measured decelerat ions,  26 t o  32 f t / s ec ,  have been 
except ional ly high compared with decelerat ions (19 t o  20 f t / s e c )  achieved 
wi th  vehicles  equipped with drum brakes, The constant  s e n s i t i v i t y  r e s u l t i n g  
from t h e  l i n e a r  r e l a t i onsh ip  between the  brake f ac to r  and the  f r i c t i o n  coef- 
f i c i e n t  of t he  l i n i n g  i s  one of t he  main advantages of d i sk  brakes over s e l f -  
energizing drum brakes. For a constant  f r i c t i o n  coe f f i c i en t ,  the  brake f ac to r  
i s  l i t t l e  a f fec ted  by thermal expansion of t h e  c a l i p e r  o r  disk. I n  t he  case 
of  drum brakes, however, t he  e f fec t ive  drum radius w i l l  increase more than 
t h e  rad ius  of t he  brake shoe during severe braking due t o  the smaller thermal 
conduct ivi ty  of the  brake l in ings .  This phenomenon r e s u l t s  i n  a change i n  
t h e  pressure d i s t r i b u t i o n  between l i n i n g  and drum, and can cause a reduct ion 
i n  t he  brake f ac to r  up t o  20y3. During the  cooling period, t h e  drum w i l l  a t -  
t a i n  lower temperatures than the  brake shoe, causing the  e f f ec t ive  drum 
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r ad ius  t o  be smaller. A high pressure  between l i n i n g  and drum may occur a t  
both ends of t he  l i n i n g  and cause an increase  (up t o  4@) i n  t h e  design brake 
f ac to r  f o r  normal operat ing condit ions (6,244). 

The g rea t e s t  disadvantage of d i sk  brakes i s  t h e i r  low brake factor .  On 
the  average, t h e  brake f ac to r  of d i sk  brakes i s  only about 25% of t h a t  f o r  a 
two-leading shoe drum brake (6,P,185). This def iciency can be resolved, h ~ w -  
ever, by use of power a s s i s t .  

The pedal t r a v e l  required t o  s u s t a i n  a c e r t a i n  dece lera t ion  w i l l  gen- 
e r a l l y  be g rea t e r  fo r  drum brakes than  d i s k  brakes, due t o  g rea t e r  thermal 
expansion of t he  drum (6) .  An expansion of t h e  d isk  i n  t h e  t ransverse  d i -  
r e c t i o n  r e s u l t i n g  from high temperatures does not cause a l o s s  i n  pedal t r av -  
e l  (202). However, experiments i nd ica t e  t h a t  under c e r t a i n  condit ions pedal  
t r a v e l  may increase  l e s s  f o r  drum brakes than f o r  d i s k  brakes, due t c  d i f -  
f e r en t  l i n i n g  s t i f f n e s s  cha rac t e r i s t i c s .  W e l l e r  r epo r t s  t h a t  a s o f t  pad 
ma te r i a l  may r e s u l t  i n  a considerable pedal  t r a v e l  increase  (191). 

Self-energizing d i s k  brakes of t he  b a l l  and ramp type were used ir. 1939 
i n  heavy m i l i t a r y  vehic les  i n  Germany (244). Depending on t h e  degree of s e l f -  
energizing, such brakes a r e  more o r  l e s s  s e n s i t i v e  t o  changes i n  l i n i n g  f r i c -  
t ion .  Thus, one of t h e  main advantages of d i s k  brakes, namely low and con- 
s t a n t  s e n s i t i v i t y ,  i s  l o s t  (169,201,245). 

2.5 SYSTEM DESIGN CONSIDERATIONS 
2 . 5  1 HYDRAULIC BRAKING SYSTEMS. The important parameters descr ibing 

t h e  braking performance of a two-axle vehicle  have been given i n  Equation 
2-2, repeated below fo r  convenience: 

It i s  c l e a r  t h a t  the  parameters r / ~ ,  EF, and p must be made a s  l a rge  a s  pos- 
s i b l e  (6,49) i n  order t h a t  a vehicle  with a weight W achieve high decelera-  
t i o n s  with small  or  moderate pedal  forces. However, t h e  r a t i o  r / ~  i s  l imi ted  
by t h e  s i z e  of t h e  t i r e  and r i m  The t rend  t o  small t r a v e l  of t h e  foot  pedal  
and t h e  requirement fo r  providing a minimum t r a v e l  of t h e  brake shoe tends t o  
decrease p. The only a l t e r n a t i v e  remaining i s  t o  increase  t h e  brake factor .  
This goa l  can be accomplished by e i t h e r  increasing the  f r i c t i o n  coe f f i c i en t  
of t h e  l i n ing ,  o r  using two-leading shoe brakes, o r  duo-servo brakes, a l l  of 
which s teps  increase  t h e  braking performance, but  a t  t h e  s a c r i f i c e  of s t a b i l -  
i t y .  With the  in t roduct ion  of d i s k  brakes having a lower brake f ac to r  
(BF = 2 ) t h e  t o t a l  gain p had t o  be increased by a f ac to r  of about four  i n  

c' L 
order t o  achieve a s a t i s f a c t o r y  r e l a t i onsh ip  between dece lera t ion  and pedal  
force ( 6 ) .  

On considering t h e  brake shoe displacement required t o  cover l i n i n g  com- 
pression,  l i n i n g  wear, and drum o r  ca l ipe r  expansion, a lower l i m i t  on shoe 
ac tua t ion  can be es tab l i shed  (6,11,185).  Since t h e  pedal  t r a v e l  i s  l imi ted  
by ergonomic considerat ions,  a weight r e s t r i c t i o n  on vehicles  with unassis ted 
brake systems can be derived (246,247). 

2.5.2 PIJEUMATIC BRAKE SYSTEMS. It i s  common p r a c t i c e  i n  t h e  U.S. t o  



use a  K-factor t o  charac te r ize  t he  re ta rd ing  force  of each brake instead of 
the  brake f ac to r  defined e a r l i e r .  The K-factor i s  defined a s  t he  r a t i o  of 
r e t a rd ing  force t o  r a t ed  ax le  load, a s  achieved a t  a  reservoi r  pressure of 
60 p s i  (248-250). Use of a  K-factor of 0.6 cons t i t u t e s  common design prac- 
t i c e  i n  t he  U.S. In some cases  t he  K-factor has been ra i sed  t o  0.7 i n  order 
t o  obtain acceptable performance on c i t y  buses (249) .  

Studies have shown t h a t  it  i s  des i rab le  t h a t  the brakes on the  r e a r  ax- 
l e  of t he  t r a i l e r  be applied f i r s t  i n  order t o  avoid l a rge  kingpin or  h i t ch  
forces  (52,250,231). With an increase i n  the  length of combination vehicles ,  
dynamic considerat ions a r i s e  which usual ly a r e  neglected i n  the  ana lys is  of 
shor te r  vehicle  combinations (14,69) . A de t a i l ed  inves t iga t ion  of the  dy- 
namic behavior of a i r  brake systems indica tes  (119) t h a t  the time required 
t o  overcome clearance betweec the  brake shoes and drum becomes grea te r  with 
increased l i n e  pressure and decreased brake chamber p is ton  t r a v e l ;  the time 
required t o  bui ld up the  brake torque a l s o  decreases with increasing l i n e  
pressure,  increasing reservoi r  pressure,  decreased p is ton  t r ave l ,  and de- 
creased l i n e  length.  For example, increasing the  l i n e  length between the  
brake valve and the brake chamber from 6.5 t o  35 f t  increases  the  appl ica t ion  
time only a  l i t t l e ,  while t he  buildup time i s  nearly doubled (124) .  The ap- 
p l i c a t i o n  time i s  defined a s  t he  time elapsed between the  in s t an t  of f i r s t  
foot-pedal movement and the  in s t an t  t he  brake shoes a r e  put aga ins t  t h e  drum. 
The buildup time i s  defined a s  t he  time elapsed between the in s t an t  t he  brake 
shoes a r e  contact ing the  drum and t h e  in s t an t  maximum decelerat ion i s  obtained. 
The optimum r e s u l t  should therefore  be obtained with minimum volume and max- 
imum l i n e  pressure.  Experiments have a l s o  shown t h a t  considerable time de- 
l ays  a r e  associated with the  cont ro l  and flow processes i n  the  brake valve 
( 124) . 

Experiments with scaled physical  models (69,70) ind ica te  t h a t  braking 
l ags  may be considered a s  composed of th ree  pa r t s ,  each influenced by d i f -  
fe ren t  f ac to r s .  In  t he  f i r s t  pa r t ,  a  time l a g  derives  from the  speed with 
which the  pressure wave t r a v e l s  through a  brake l i n e  of given length.  The 
second p a r t  of t he  time l ag  der ives  from the motion 3f brake chamber p is tons  
required t o  overcome slack.  This port ion of the  time l a g  i s  proport ional  t o  
the  volume of the  brake chambers The t h i r d  pa r t  of the  l a g  cocs i s t s  of t h e  
time required fo r  the  l i n e  pressure t o  reach 9% of t he  reservoi r  pressure.  
This l a g  i s  proport ional  t o  both t h e  t o t a l  volume and the  flow re s i s t ance  of 
t h e  brake system (69) .  In  a  r e l a t ed  study ( 1 2 ) )  a  dynamic ana lys is  and simu- 
l a t i o n  was performed for  pneumatic brakicg systems on railways. The r e s u l t s  
ind ica te  behavior s imi la r  t o  t h a t  experienced with the  brake systems on motor 
t rucks .  

2.5.3 COMPONENT DESIGN CONSIDERATIONS. Factors considered important i n  
the  design of a  f r i c t i o n  brake a re :  force l e v e l s  on spec i f i c  p a r t s  of the  
brake, operat ing temperatures, ccnvective heat t r a n s f e r  cha rac t e r i s t i c s ,  e f -  
f e c t  of thermal deformation on brake chamber p i s ton  t r a v e l ,  and shielding 
aga ins t  d i r t  and water contamination ( 175,227) . The maximum temperature a l -  
lowable i n  a  brake i s  l imited by the  s t r u c t u r a l  i n t e g r i t y  of t he  l i n i n g  mater- 
i a l  (171,206)) while high temperature gradients  r e s u l t  i n  la rge  thermal 



s t r e s s e s  i n  t he  drum or  d i s k  (212,236).  Expressions f o r  ca l cu la t ing  t h e  r e -  
quired f r i c t i o n  a rea  f o r  a spec i f ied  temperature r i s e  on the  in t e r f ace  have 
been derived. For a w e l l  ven t i l a t ed  drum and a surface temperature increase 

2 of (T ,  - T ~ )  the  minimum rubbing path area of t he  r e a r  drum ( f t  ) i s  given by 
( 210) : 

0 . 2 9 6 * ~ . ( 1  - a ) *  w 
A = 

min ( T s  - Ti) 

where 
Ts = temperature of f r i c t i o n  surface,  OF 
Ti = i r i t i a l  brake temperature, O F  

c = heat absorbed by t h e  drum divided by t o t a l  thermal braking 
energy 

W = vehicle  weight, l b  
@ = brake force d i s t r i b u t i o n  = brake force of the  r e a r  ax l e  d iv i -  

ded by t o t a l  brake force 
However, s ince  the  temperature i s  a dependent var iable ,  depending upon 

k i n e t i c  er,ergy, brake geometry, e t c . ,  a method has been developed by which it 
becomes poss ib le  t o  determise the  required f r i c t i o n  area frcm t h e  independert 
var iab les  such a s  vehicle  speed and weight (206).  I n  t h i s  method, t h e  brake 
r a t i n g  i s  ca lcu la ted  i n  terms of e i t h e r  t he  horsepower per  un i t  a rea  of brake 
l i n i n g  or  the swept surface area. According t o  Newcomb t y p i c a l  power r a t i ngs  
f o r  drum brakes based on the  l i n i n g  a rea  a r e  0.5 hp/in. ' f o r  ncrmal operatior.  
and 0.25 hp/in. fo r  heavy duty operat ion (206). I n  1956, Gir l ing found t h a t  
if' a brake i s  designed with an upper l i m i t  of 2.5 hp absorpt ion per  square 
inch of l i n ing ,  fade w i l l  usual ly not be a problem (252).  For d isk  brakes,  
power r a t i ngs  range from 3.5 t o  10 hp/in. (210,255,254). 

The horsepower r a t i n g  method i s  equivalent t o  al lowirg a l imi t ing  heat- 
f l ux  a t  the  i n t e r f a c e  of drum and l in ing .  The in t e r f ace  temperature, which 
i s  r e l a t e d  t o  t he  i n t e g r i t y  of the  l i n i n g  mater ial ,  a26 t he  temperature gra- 
d i en t ,  which i s  r e l a t ed  t o  thermal s t r e s se s ,  a r e  cot  determined by the  heat-  
f l u x  alone, They a r e  determined by a complete so lu t ion  of t he  thermal prob- 
lem wi th  i t s  corresponding boundary c o ~ d i t i o n s  (255). The horsepower r a t i n g  
method car?, give usefu l  r e s u l t s  i n  terms cf t h e  required swept area, The 
choice of r a t i n g  values,  however, i s  not we l l  defined, e spec i a l ly  f o r  repeated 
braking (206).  

Design a l t e r a t i o n s ,  such a s  ven t i l a t i on  openings i n  t he  wheels, usua l ly  
do  not r e s u l t  i n  appreciable reduct ion i n  temperature l e v e l s  (256). Experi- 
ments with dust sh i e lds  have shown t h a t  a t  low speeds t h e  cooling r a t e s  d i f -  
f e r  l i t t l e  fo r  shielded and unshielded disks.  A t  higher ve loc i t i e s ,  however, 
t h e  cooling r a t e s  were increased by a s  much a s  3% by el iminat ion of t h e  dust 
shield.  

The wear of a brake l i n i n g  can be r e l a t e d  t o  t h e  mean mechanical pres -  
sure between 1inir.g and drum. German regula t ions  specify t h a t  the  product of 
mean pressure and l i n i n g  f r i c t i o 2  coe f f i c i en t  i s  not t o  exceed 64 l b / i r .  2 

( 2 5 7 ) .  Methods f o r  p r e d i c t i ~ g  wear l i f e  i n  good agreement with experimental 
r e s u l t s  have been developed (25e) .  It i s  important t o  r e a l i z e  t h a t  t h e  value 



of  t h e  f r i c t i o n  c o e f f i c i e n t  between brake l i n i n g  and drum o r  d i s k  i s  a  func- 
t i o n  of  both  - f r i c t i o n  p a r t n e r s ,  and not  of  t h e  l i n i n g  a lone  (247). Conse- 
quen t ly ,  an improvement i n  brake performance, s t a b i l i t y ,  wear, l i f e ,  e tc .  , 
has t o  t a k e  t h e  l i n i n g  a s  w e l l  a s  t h e  drum m a t e r i a l  i n t o  considera t ion.  Sev- 
e r a l  comparative s t u d i e s  of  d i f f e r e n t  a l l o y s  f o r  automotive brake drums have 
been c a r r i e d  ou t  (22?,259),  a s  w e l l  a s  i n v e s t i g a t i o n s  on t h e  f a i l u r e  of  c a s t  
i r o n  drums (229).  

Also of  importance t o  t h e  des ign  c f  braking systems a r e  t h e  performance 
c h a r a c t e r i s t i c s  of  hydrau l i c  brake f l u i d s .  They a r e  a f f e c t e d  by t h e  b o i l i n g  
p o i n t ,  water a v i d i t y ,  f r e e z i n g  p o i n t ,  v i s c o s i t y ,  and c o r r o s i v e  a c t i o n  on rub- 
b e r  p a r t s  (260-265). For a i r  brake systems it i s  necessary  t3 consider  t h e  
p o s s i b l e  f r e e z i n g  of  t h e  water  condensate i n  t h e  system when opera t ing  a t  low 
ambient temperatures.  

2.6 BRAKING TEST PRCCEDURES 
The d e c e l e r a t i o n  c a p a b i l i t y  of  a  veh ic le  may be determined i n d i r e c t l y  by 

measuring i n i t i a l  v e l o c i t y  and s topp ing  d i s t a n c e ,  o r  d i r e c t l y  through meas- 
u r i n g  t h e  a c t u a l  d e c e l e r a t i o n  dur ing  braking ( 18,185,266-26P). 

2  6 1 NEASUREMENT OF 1 W  DECELERATION. The mean d e c e l e r a t i o n ,  a s  de- 
termined from v e l o c i t y  and s topping d i s t a n c e ,  y i e l d s  a d i r e c t  eva lua t ion  of 
t h e  braking process  w i t h  r e s p e c t  t o  t h e  s h o r t e s t  s topping d i s t ance .  Decelera-  
t i o n  a s  a  f u n c t i o n  of  t ime can be p l o t t e d  a s  shown i n  Fig. 13 (16,53,266,267, 
269,270). Mean d e c e l e r a t i o n  ax av)  i 

can be  computed from t h e  i n i t i a l  v e l o c i t y  
V. (mph), t h e  maximum d e c e l e r a t  on a  

x( ax )  
( f t / s e c 2 ) ,  t h e  a p p l i c a t i c n  t ime 

1 
t ( s e c ) ,  and t h e  bui ldup t ime tb (seclf by t h e  express ion (1P5,269) : a  

2 
a x(  max) 

a  ( f t / s e c ) =  
x( av )  1.363 a  x(max) 

1 + v: ( t a  + t b /2 )  

2 
a x(  max) 

a  ( f t / s e c ) =  
x( av )  1.363 a  x(max) 

1 + IT ( t"  + t , /2)  
L 

The s topping d i s t a n c e  may be measured exper imenta l ly  by ( a )  i n t e g r a t i o n  
o f  t h e  v e l o c i t y  s i g n a l  from a  f i f t h  wheel, ( b )  a  r e v o l u t i o n  counter  a t t ached  
t o  t h e  f i f t h  wheel, o r  ( c )  d i r e c t  d i s t a n c e  measurement employing an explo- 
s i v e l y - f i r e d  cha lk  p e l l e t .  The t ime l a g  a s s o c i a t e d  w i t h  t h e  l a t t e r  method 
has t o  be considered i n  determining t h e  a c t u a l  s topping d i s t a n c e  of  t h e  ve- 
h i c l e  (271). 

The s topping d i s t a r c e  i s  g r e a t l y  a f f e c t e d  by t h e  d r i v e r  and i s  d i f f i c u l t  
t o  measure a c c u r a t e l y  a t  a l l  speeds. It seems adv i sab le  t o  eva lua te  t h e  pe r -  
formance of  a  veh icu la r  brake system i n  terms of  t h e  r e t a r d i n g  f o r c e  a c t u a l l y  
produced a s  measured by t h e  d e c e l e r a t i o n  of  t h e  v e h i c l e  ( 5 1 ) .  

2.6.2 INSTANTANEOUS DECELERATION. An ins tan taneous  value c f  d e c e l e r a -  
t i o n  can be obta ined e i t h e r  by d i f f e r e n t i a t i n g  t h e  v e l o c i t y  s i g n a l  from a 
f i f t h  v h e e l  o r  by d i r e c t  measurement wi th  a  decelerometer.  Decelerometers 
mounted i n  t h e  v e h i c l e  a r e  s e n s i t i v e  t o  v i b r a t i o n s ,  p i t c h  motion, and road 
i n c l i n a t i o n ,  un less  a  s t a b i l i z e d  p la t fo rm i s  provided. The a p p l i c a t i o n  and 
bui ldup t ime a s  w e l l  a s  t h e  maximum d e c e l e r a t i o n  can be obta ined from a c t u a l  
time h i s t o r i e s  (267). Consequently, t h i s  t e s t  method a l s o  a l lows the  evalua,- 
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t i o c  of t he  brakicg process wi th  respec t  t o  t h e  sho r t e s t  stopping dis tance.  
2.6.3 TEST PROCEDURES AND VEHICLE USE. Test procedures should be d i -  

r ec t ed  a t  determining if the  stopping c a p a b i l i t y  of t h e  vehicle  a s  determiced 
by brake torque l eve l s ,  brake response, and brake force d i s t r i b u t i o n  designed 
i n t o  the  vehicle  i s  s a t i s f a c t c r y  when t h e  vehicle  i s  subjected t o  t he  most 
severe duty cycles  encountered i n  normal service.  Brake usage on commercial 
vehicles  has been s tudied by severa l  i nves t iga to r s  (10,25P,272,273), Euro- 
pean s tud ie s  on ac  Alpine rou te  i nd ica t e  t h a t  vehicles  experience maximum de- 
c e l e r a t i o n s  a s  high a s  0.14 g, but  t h a t  heavy vehic les  descend the  grades a t  
near ly  uniform ve loc i ty  (273). For t h i s  rou te  t h e  average work done by t h e  
brakes was 41$ of  t he  t o t a l  energy d iss ipa ted  with the remainder of the  work 
done by engine re ta rda t ion .  The r e s u l t s  of brake usage inves t iga t ions  on 
heavy t rucks  seem t o  c o r r e l a t e  we l l  with e a r l i e r  r e s u l t s  obtained f o r  pas- 
senger ca r s  (119,268). Other i nves t iga t ions  show t h a t  on f l a t  roads only a 
few dece lera t ions  exceed 0.35 g. A publ ic  se rv ice  vehicle ,  f o r  example, 
r a r e l y  brakes i n  excess of 0.25 g i n  c i t y  t r a f f i c ,  but  experiences a l a rge  
number of dece lera t ions  below 0.2 g (25P) .  For passenger ca r s ,  it appears 
t h a t  t he  dece l e ra t ion  during rou t ine  dr iv ing  depends on t h e  d r ive r  and t h e  
top  speed performance of t he  ca r  (119). For commercial vehicles  t he  th ree  
main con t ro l l i ng  var iab les  on the  brake usage seem t o  be engine horsepower 
output ,  d r i v e r  and rou te  type, and energy t r ans fe r ,  a f a c t o r  determined ex- 
per imental ly  on t h e  vehicle  (258). 

2.6.4 PREPARATION OF VEHICLES FOR TESTING. Before t e s t i n g  a vehicle ,  
t h e  brake system including t i r e s  should be brought t o  a mechanical l e v e l  
corresponding t o  t h e  manufacturer 's  spec i f ica t ions .  Even small f a c t o r s  such 
a s  balancing shoe r e t u r n  springs may have a prorounced e f f e c t  when braking 
a t  r e l a t i v e l y  low l i n e  pressures  on s l ippery  road surfaces (274-279). 

The following i s  a b r i e f  desc r ip t ion  of t he  more im3ortant maintenance 
t a s k s  t o  be ca r r i ed  out before t e s t i n g :  

The brakes should be r e l ined  with the  l i n i n g  ma te r i a l  spec i f ied  by the  
vehic le  or  brake manufacturer, and complete s e t s  of brake blocks should be 
i n s t a l l e d  even when one l i n i n g  does not show any apparent wear (q4). The 
brake drum surface should be s m o ~ t h  and concentric.  If  t h e  drum i s  scarred 
o r  worn unevenly, it should be reconditioned by reboring t h e  f r i c t i o n  sur -  
face. Shoe r e t u r n  springs should be balanced t o  insure  spec i f i c  d i s t r i b u t i o n  
of braking forces  a t  low l i n e  pressures.  Brake chambers and wheel cy l inders  
should be i n  good mechanical condi t ion i n  order t o  guarantee good brake balanc- 
ing. On air-braked vehicles ,  worn or  loose s l ack  ad jus t e r s  shculd be re-placed 
s ince  they may unfavorably a f f e c t  time delay and force  t ransmission ( 274). 
With a l l  brake components i n  good mechanical condi t ion,  a ca re fu l ly  cmducted 
brake balancing t e s t  should be ca r r i ed  out. It w i l l  r evea l  i f  t h e  ind iv idua l  
ax les  produce the  brake force l e v e l s  spec i f ied  by the  manufacturers (2'74, 
2eOy2el).  

2.6.5 RCAD TESTING. Detai led road t e s t  schedules a r e  usua l ly  arranged 
so a s  t o  t e s t  the  brakes according t o  t h e i r  e q e c t e d  usage. Dependi~g on the  
experimental da t a  des i red ,  ics trumentat ion required can be minimal or  f a i r l y  
extensive ( l C ,  272,282-2%). 



Test and r a t i n g  procedures i n  cur ren t  usage i n  t he  U.S. were es tab l i shed  
by SAE together  with the  automotive indus t ry  during t e s t s  conducted i n  1960 
and 1967 (287,288). For these  t e s t s  vehicles  a r e  instrumented t o  determine 
dece lera t ion ,  veloci ty ,  stopping dis tance,  l i n e  pressure,  stopping time, and 
brake temperature. Af te r  burnishing the  l i n i n g  according t o  out l ined pro- 
cedures, t h e  f u l l y  loaded vehicles  a r e  subjected t o  a s e r i e s  of e f fec t iveness ,  
fade, and recovery t e s t s .  Performance requirements of SAE Recommended Prac- 
t i c e  Jg92a (289) f o r  t he  e f fec t iveness  t e s t s  a r e  a s  follows: 

(1) Maximum stopping d is tance  from 20 mph: 

(a) 25 f t ,  l i g h t  t rucks,  10,000 lb ,  GVW or l e s s  

( b )  35 f t ,  t ruck  and bus, cver 10,000 GW 
( c )  45 ft ,  vehicle  combinations 

( 2) Deceleration requirements : 

( a )  18 fpsps from 60 mph, 6000 GVW or l e s s  

( b )  15 fpsps from 60 mph, 60~0-10,000 GVW 
( c )  12  fpsps from 50 mph, t ruck  and bus over 10,OCO l b  GW and 

vehicle  combinations 

(3 )  Direc t iona l  s t a b i l i t y  must be such a s  t o  remain i n  a 12-ft-wide 
lane  during braking appl ica t ions  throughout a l l  phases of the  t e s t  
procedures. 

(4) Pedal force must not exceed 200 l b  and maximum a i r  pressure must 
not exceed vehicle  manufacturer 's  cutout pressure on any stop, 

( 5 )  A f i n a l  inspec t ion  showing no v isua l  evidence of permanent def ic ien-  
cy i n  func t iona l  or  s t r u c t u r a l  i n t e g r i t y  of t he  p a r t  i s  required. 

In  1968 Nelson and Fi tch  inves t iga ted  t h e  d i r e c t i o n a l  s t a b i l i t y  of long- 
e r  t ruck  combinations during braking (67) .  They s tudied stopping d is tance  
performance and vehicle  s t a b i l i t y  on wet and dry road surfaces f o r  a va r i e ty  
of loading condit ions with double and t r i p l e  combinations. The t e s t  r e s u l t s  
have shown t h a t  longer combinations can achieve braking and s t a b i l i t y  per for -  
mance comparable t o  sho r t e r  combinations, provided t h e  braking system i s  
maintained properly. 

I n  1969 t h e  Virginia  Twin T r a i l e r  Study Commission sponsored an inves t i -  
ga t ion  i n  which t h e  opera t iona l  c h a r a c t e r i s t i c s  of a maximum s i z e  t r a c t o r -  
s emi t r a i l e r  combination allowed on Virginia highways a t  t h a t  time was compared 
with those of a t r ac to r - semi t r a i l e r  with f u l l  t r a i l e r  combination (290). 
Stopping d is tance  t e s t s  of t h e  two combinations were p a r t  of t h e  t e s t  r e -  
quirements. The vehicles  were t e s t e d  i n  t he  f u l l y  loaded (70,000 l b )  and 
empty dr iv ing  condit ions on both wet and dry pavements. The t e s t  r e s u l t s  i n -  
d i c a t e  t h a t  the  vehicles  performed equal ly we l l  i n  stopping a b i l i t y  a s  w e l l  
a s  i n  s t a b i l i t y .  

To determine the  hcrsepower r a t i n g  of brakes, SAE 5880 spec i f i e s  a t e s t  
i n  which t h e  vehicle  i s  braked i n  a s e r i e s  of snubs from an i n i t i a l  ve loc i ty  
of 50 mph and a f i n a l  ve loc i ty  of 15 mph. The horsepower r a t i n g  of t he  bra-  
king system (BRHP) i s  ca lcu la ted  from the  experimental da t a  by the  following 
equaticn: 



where 
BRHP = brake r a t i n g  horsepower 
W = GVW of t he  vehicle ( l b )  
N = number of snubs i n  720 sec 

tl = calculated time ( sec )  t h a t  brakes a r e  applied i n  a s ing le  
snub a t  the  veloci ty  and decelerat ion employed i n  the  t e s t  

t2 = average d r i f t  time ( s e c )  when decelerat ing from 5 C  t o  15 mph 
The t e s t  r e s u l t s  of 1960 were p lo t t ed  i n  terms of brake r a t ing  horsepower as  
a function of vehicle weight. Curve f i t t i n g  procedures resu l ted  i n  a s t r a igh t  
l i n e  re la t ionship  given by 

"required" BRHP = 1 2  + 
1 . 4  GVW 

1000 

Except fo r  some very extreme cases,  t h i s  equation permitted a l l  vehicles 
pa r t i c ipa t ing  i n  the  1.960 t e s t s  t o  pass t he  r a t i n g  procedures (287). 

The r e s u l t s  obtained from brake t e s t i n g  on the  vehicle c l e a r l y  ind ica te  
whether or not the  braking system performance i s  sat isfactory.  In  the  case 
of f a i r  or  poor performance, however, it i s  not always possible  t o  point out 
t h e  reasons f o r  poor performance from the experimental data  alone (291). 
These aspects  of brake t e s t i n g  w i l l  be c l e a r l y  revealed i n  s ing le  component 
tes t ing .  Also, no spec i f ic  information per t inent  t o  l i n i n g  and drum mater ial  
development can be obtained since the  experimental r e s u l t s  a r e  influenced by 
dr iver ,  t i r e ,  roadway, r e l a t i v e  humidity, etc. The tire-roadway f r i c t i o n  co- 
e f f i c i e n t  i s ,  among other things,  both speed and load dependent. Consequent- 

l y ,  a braking system designed fo r  adequate performance may be c l a s s i f i e d  a s  
poor due only t o  uncontrolled ex terna l  circumstances ( 174,247 ) . 

2.6.6 LABORATORY TESTING. The t e s t i n g  of a brake on a s ta t ionary  djr- 
namometer has several  advantages, Test conditions a r e  much more e a s i l y  con- 
t r o l l e d  and a r e  repeatable,  and veloci ty ,  pressure,  temperature, torque, e t c . ,  
can be accurately measured (10,247,292). Care must be taken i n  designing the 
dynamometer such t h a t  the  t e s t  conditions correspond t o  the  intended brake 
usage, Several d i f f e r en t  design concepts fo r  dynamometers have been u t i l i z e d  

(9)10,169,202). 
For t he  type of t e s t i n g  required f o r  vehicle inspect ion or  diagnosis of 

brake system defec ts ,  two main types of s ta t ionary  dynamometers a r e  i n  use 
( 10,292,293 ) : the  chassis  dynamometer employing r o l l e r s ,  and the  p l a t  form 
type, On the  chassis  dynamometer, t he  vehicle i s  anchored and t h e  braked 
wheels a r e  driven by ro l l e r s .  Fublished data  ind ica te  t h a t  t e s t  r e s u l t s  
agree wel l  with ac tua l  road t e s t  r e s u l t s  (6) .  Using the  platform type, the  
vehicle  i s  dr iven on t c  the  platform, then braked sharply, with the  reac t ion  
force of each wheel  on the  platform measured. However, it has been reported 
t h a t  t e s t  r e s u l t s  from the platform type a r e  inaccurate  (6). For brake and 
brake l i n ing  t e s t i ng ,  the i n e r t i a  type dynamometer i s  used (169,292,293). 
Test machines and procedures f c r  t e s t i n g  only a segment of the  brake l i c i n g  



have been developed ( 169,247,294-299). A t e s t  termed F r i c t i o n  Assessment 
Screening Test (FAST) has been i n  use s ince  1967 f o r  a l l  Ford passenger ca r s  
t o  spec i fy  q u a l i t y  cont ro ls  on brake l inings.  According t o  one source (300))  
r e s u l t s  obtained from t h e  FAST machine c o r r e l a t e  we l l  with vehicle  per for -  
mance t e s t s .  I n  order t o  obta in  cons is ten t  r e s u l t s ,  extreme care  must be 
taken i n  con t ro l l i ng  and measuring the  important parameters. This i s  espe- 
c i a l l y  t r u e  fo r  complete brake l i n i n g  t e s t s  (169). 

2.7 PERFORMANCE STANDARDS 
2.7.1 BRAKE LEGISLATION. Several agencies a r e  concerned with regula- 

t i n g  brake system performance. Before 1955 t h e  I n t e r s t a t e  Commerce Commis- 
s ion ( I C C )  was t h e  Federal  agency with j u r i s d i c t i o n  over commercial vehicles  
operat ing i n  i n t e r s t a t e  t r a f f i c .  Since then  t h i s  t a s k  has been given t o  t he  
Bureau of Motor Carr ie r  Safety (BMCS). The National Committee on Uniform 
Traf f ic  Laws and Ordinances (uniform Vehicle Code, WC), has developed bra-  
king performance regula t ions  which have been adopted by severa l  s t a t e s .  In  
addi t ion,  every s t a t e  has published i t s  own spec i f i c  brake regulat ions.  The 
National Highway Users Conference, Inc. , annually publ ishes t h e  "Motor Ve- 
h i c l e  Law Reporting Service. I' The American National Standards I n s t i t u t e  
(ANSI) publ ishes recommended standards fo r  t h e  inspect ions of motor vehicles.  
In  1965, 21  s t a t e s  required per iodic  motor vehicle  inspec t ion  modeled a f t e r  
t h e  ANSI recommendations. The National Education Association has developed 
brake perfcrmance requirements for  school buses published i n  "Minimum Stan- 
dards f o r  School Buses" (301-302)) which standards have been adopted by sev- 
e r a l  s t a t e s .  

2.7.2 U. S, STANDARDS. It has been argued t h a t  brake regula t ions  should 
be devised so a s  not t o  hinder t echn ica l  development but t o  prevent unsafe 
brake systems from coming i n t o  use by specifying performance requirements 
r a t h e r  than design spec i f ica t ions  (301,363). Goepfrich gives a t y p i c a l  ex- 
ample of a design spec i f i ca t ion  wherein l i n i n g  area i s  r e l a t e d  t o  gross ve- 
h i c l e  weight, which spec i f i ca t ion  would preclude the  use of d i sk  brakes (301). 

The Society of Automotive Engineers i n  cooperation wi th  t h e  indus t ry  has 
developed and published recommended procedures f o r  t e s t i n g  braking systems on 
t h e  vehicle  a s  w e l l  a s  components on s t a t i ona ry  t e s t  machines (304). Experi- 
mental and t h e o r e t i c a l  work leading t o  recommended braking performance i s  
widely discussed i n  t h e  l i t e r a t u r e  (287,305-315). 

A t  present ,  performance requirements f o r  t h e  serv ice  brake a r e  based on 
a speed of 20 rnph f o r  stopping d is tance  and 50 mph f o r  dece lera t ion  capab i l i -  
t y  (316). Manufacturers usua l ly  t e s t  t h e i r  vehicles  a t  60 mph, however (301). 
Performance measures commonly used a r e  stopping dis tance,  mean dece lera t ion ,  
and pedal e f f o r t  under normal and fade condit ions (267,301). The e f f e c t  of 
cur ren t  and proposed brake regula t ions  on hydraulic and a i r  brake systems 
have been discussed by Goepfrich (361) and Andrews (306). Design changes and 
innovations such a s  t he  wedge brake have been introduced by the  indus t ry  i n  
order t o  meet o r  surpass requirements imposed by brake l e g i s l a t i o n  (306). 

Minimum performance requirements f o r  emergency brakes have been estab-  
l i shed  but  d i f f e r  from s t a t e  t o  s t a t e .  For motor vehicles  under 10,000 l b  GW, 



a dual  c i r c u i t  brake system i s  obligatory. For medium and heavy commercial 
vehicles ,  a standard s p l i t  of the  braking system i n  f ron t  and r e a r  c i r c u i t  
might not be a good p rac t i ce  due t o  t he  low thermal capaci ty of the  f ron t  
brakes (301,317). 

Requirements f o r  improved performance of t h e  emergency brake brought 
about design changes of t h e  ac tua tors  and con t ro l  devices (306). The per-  
formance of t he  brake system under emergency conditions f o r  school buses has 
been upgraded over those of commercial vehicles  (307 ) . Brake regula t ions  
published by the  Bureau of Motor Carr ie r  Safety a s  we l l  a s  those of c e r t a i n  
s t a t e s  requi re  motor vehicles  t o  be equipped with parking brakes adequate t o  
hold t h e  loaded vehicle  on any publ ic  road f r e e  of snow and i c e  (306). De- 
velopments during the  l a s t  years i nd ica t e  t h a t  the  parking brake w i l l  be up- 
graded i n  order t o  hold vehicle  u n i t s  on 16 t o  20$0 grades a s  already required 
by Cal i forn ia  and t h e  National Education Association minimum standards. Pro- 
posed Federal  motor vehicle s a fe ty  standards (31P) requi re  a stopping d i s -  
tance of 216 f t  from a speed of 60 mph on a road sur face  with a skid number 

of 75. For wet road surfaces with a skid number of 30, t h e  ~ r o p o s e d  stopping 
d is tance  i s  436 f t .  

2.7.3 EUROPEAN STANDARDS. Several d i f f e r e n t  agencies i n  Europe have 
developed brake standards (130,191,319). Since t h e  German d r a f t  code estab-  
l i shed  i n  1964 (237) serves a s  a p a t t e r n  t o  member count r ies  of the  Economic 
Commission of Europe (common Market Nations) it w i l l  be discussed i n  d e t a i l .  
Some major requirements a r e :  

1. Service brakes must have a dece lera t ion  capab i l i t y  of 0.45 g. 
2, Emergency brakes must have a dece lera t ion  capab i l i t y  of G.23 g. 
3. Parking brakes must hold loaded t r a c t o r s  and buses on a 257; s lope,  

t r a i l e r s  on a 20$0 slope. 
4. ~ r a c t o r l t r a i l e r  combinations must have a t h i r d  brake or r e t a rde r .  

5. ~ r a c t o r l t r a i l e r  combinations must have a load-sens i t ive  brake pro- 
port ioning system. 

6. Buses over 12,125 l b  ( G V W )  a r e  required t o  have a re ta rder .  
7. T r a i l e r s  must have a two-line brake system. 
F ,  S p l i t  brake systems a r e  required. 
The fade t e s t s  d i f f e r  from those conducted i n  t he  U. S. (2F7) i n  t he  meth- 

od of heat ing the  brakes. I n  Germany, a dece lera t ion  f o r  t he  purpose of 
heat ing the  brakes i s  computed from the  vehicle weight (GVW)  and t h e  maximum 
engine horsepower. With a pedal  force applied which would r e s u l t  i n  t h e  com- 
puted dece lera t ion  the  vehicle  i s  dr iven over a d i s tance  of 1.06 miles a t  a 
speed of 25 mph. After  heating, the  vehicle  i s  acce lera ted  t o  31 mph a s  f a s t  
a s  possible .  The ensuing hot brake performance has t o  be wi th in  6@ of t he  
performance under cold condit ions (191,320). 

In  general ,  performance requirements es tab l i shed  by other  European coun- 
t r i e s  a r e  lower than those d ra f t ed  by Germany (130). One exception i s  England, 
which requi res  a 0.5 g dece lera t ion  capab i l i t y  of t h e  serv ice  brake, 0.25 g 
from a backup system, and a parking brake t h a t  w i l l  hold on a 16$ grade. The 
English Code of Prac t ice ,  es tab l i shed  j o i n t l y  by the  Ministry of Transport and 
the  motor indus t ry  recommends a performance of  0.6 g from t h e  serv ice  brakes, 



0.3 g from t h e  backup system, and a parking brake t h a t  w i l l  hold t h e  vehicle  
on a 19$ grade. The brake regula t ions  and opera t iona l  condi t ions f o r  Europe 
led  t o  t h e  design and implementation of heavy duty d i sk  and drum brakes, hy- 
d rau l i c  r e t a rde r s ,  proportioning devices,  and automatic s lack  ad jus t e r s  (130, 
319,321-324). 



3 TEST PROGRAM 

3.1 SCOPE OF THE PROGRAM 
In order t o  determine the  braking performance c a p a b i l i t i e s  of vehicles  

equipped with standard braking systems, th ree  i n t e g r a l  t rucks,  three buses, 
and four t r a . c t o r - t r a i l e r  combinations were subjected t o  a s e r i e s  of effec-  
t iveness ,  fade and recovery, and braking r a t i n g  t e s t s .  So t h a t  t he  improve- 
ment i n  performance through use of more e f f ec t ive  brakes and advanced braking 
systems could be determined, th ree  add i t i ona l  vehicles  were tes ted :  

(1) An i n t e g r a l  t r x k  equipped with d isk  brakes and a f u l l  power hydrau- 
l i c  brake ac tua t ion  system. 

( 2 )  A t r a c  t o r - t r a  i l e r  equipped with proportioning valves,  adaptive 
braking system, and t r a i l e r  brake synchronization device. 

(3 )  A t r a c t o r - t r a i l e r  equipped with a wheel an t i lock  system. 
The d i sk  brake t ruck  was subjected t o  e f fec t iveness ,  fade and recovery, 

and brake r a t i n g  t e s t s ,  while the  two t r a c t o r - t r a i l e r  vehicles  were tes ted  
pr imari ly  f o r  e f fec t iveness  and minimum stopping dis tance capab i l i t y .  

Testing reported herein was performed a t  the  Bendix Automotive Develop- 
ment Center (BADC) during the  period September 1969 t o  October 1970. 

3 . 2  SELECTION OF VEHICLES 
The procedure used f o r  s e l ec t ing  spec i f i c  t e s t  vehicles  was necessar i ly  

pragmatic because vehic les  had t o  be leased o r  borrowed, and thus choice was 
somewhat r e s t r i c t e d .  It was decided, therefore ,  t o  analyze the braking sys- 
tems of ava.ilable vehicles ,  and compare t h e i r  expected performance with per- 
formance of vehicles  i n  the same c l a s s .  This comparison r e s l l t e d  i n  surveying 
manufa.cturers ' published data  on 246 trucks and 218 t r a c t o r s  and tne formu- 
l a t i o n  of design measures by means of which expected performance coald be 
estimated from the ava i l ab l e  da t a .  The sample surveyed inclllded vehicles  from 
the following manufacturers: GMC, Jodge, Chevrolet, I n t e rna t iona l  Harvester,  
White, Diamond-Reo, Fcrd, and Mack. Vehicles surveyed had a va r i e ty  of brak- 
ing systems: hydraulic,  with and without vacuum a s s i s t ,  and a i r  brakes. Con- 
f i gu ra t ions  included duo-servo, wedge, S-ca,m, twin-plex, and s topmaster. 

Three measures -#ere used f o r  comparing the  brakes of the d i f f e r en t  vehi- 
c l e s  : 

2 
q3 

= neat f l ux  i n t o  drsm, ~ t u / f t  -sec 

= horsepower per un i t  a r ea  of l i n i n g ,  hp/ft  2 
L 

'C 

"m 
= mean pressure x l i n i n g  f r i c t i o n  coe f f i c i en t ,  i b / i n  

These measures ind ica te  the capa.bi l i ty  of t he  braking system t o  convert me- 
chanical  energy i n t o  thermal energy (qL) ,  a c t  as  a d i s s ipa t ion  element f o r  



thermal energy (qD), and provide wear r e s i s t a n c e  ( F ~ m )  .+ D i s t r i b u t i o n  p l o t s  
of t h e s e  measures f o r  t h e  v e h i c l e s  surveyed a r e  given i n  F igs .  1 4  and 15. 
Note t h a t  low va lues  of t h e s e  a r b i t r a r i l y  s e l e c t e d  mea.sures r e f l e c t  design 
p r a c t i c e  which would be expected t o  y i e l d  higher  l e v e l s  of energy absorpt ion-  
performance . 

These c r i t e r i a  could not  by themselves form t h e  b a s i s  of s e l e c t i o n .  
Other f a c t o r s  had t o  be considered.  I n  s e l e c t i n g  t h e  i n t e g r a l  t r u c k s  ( s e e  
Ta,ble 1 and Fig .  1 6 )  o t h e r  f a c t o r s  considered included t r u c k  s i z e ,  type of 
brake,  means o f  a ,c tuat ion,  loaded/unloaded weight r a t i o ,  braking e f f i c i e n c y ,  
and modes o f  brake system f a i l u r e .  As can be seem from Table 1, t h e  C j O ,  
i oads ta , r  1700, and t h e  S/0 r e p r e s e n t  the  small ,  medium, and heavy t r u c k  ca,te- 
g o r i e s  w i t n  loaded t o  unloaded r a t i o s  of 1.6, 4 .1 ,  and 2.6, r e s p e c t i v e l y .  
Various bra.ke types  a r e  represen ted ,  a s  a r e  types  of a c t ~ a t i o n  and f a i l u r e  
modes. 

I n  the  case  of buses ( s e e  Table 2  and F i g .  17)  f a c t o r s  of s i g n i f i c a n c e  
i n  s e l e c t i o n  were type  of s e r v i c e ,  a v a i l a b i l i t y ,  type of brake system f a i l u r e  
p r o t e c t i o n ,  and t h e  degree t o  which a  given bus was t y p i c a l  o f  v e h i c l e s  i n  
s e r v i c e .  The school  bus was s e l e c t e d  because i t s  s i z e  was r e p r e s e n t a t i v e  and 
t h e  v e h i c l e  was equipped w i t h  a i r  brakes  meeting Nat ional  Education Associa- 
t i o n  s tandards  f o r  braking performance and brake system f a i l u r e  p r o t e c t i o n .  

Tne fol lowing combinations were deemed t o  be most r e p r e s e n t a t i v e :  
(1) Two-axle t r a c t o r  (one f r o n t ,  one r e a r )  w i t h  3 5 - f t ,  van-type, s ing le -  

a x l e  s e m i t r a i l e r  
( 2 )  Two-a,xle t r a c t o r  w i t h  40- f t ,  van-type, tandem a x l e  s e m i t r a i l e r  
(3) Three-axle t r a c t o r  (one f r o n t ,  tandem i n  r e a r )  w i t h  40- f t ,  van-type, 

tandem-axle s e m i t r a i l e r  
( 4 )  Two-axle t r a c t o r  wi th  two 27- f t ,  van-type, s i n g l e - a x l e  s e m i t r a , i l e r s  

joined w i t h  a  d o l l y  ( 2 7 - f t  doubles)  
Combination v e h i c l e s  s e l e c t e d  a,re shown i n  F igs .  16 and 19,  wi th  brake 

t y p e  and 1oa.ding informat ion given i n  Table 3 .  
Use of t h e  above defined design measures, t o g e t h e r  w i t h  t h e  c i t e d  addi-  

t i o n a l  cons idera t ions  l e d  t o  a  s e l e c t i o n  of t e n  v e h i c l e s  which a r e  l o c a t e d  i n  
t h e  d i s t r i b u t i o n  of des ign measures a s  shown i n  Figs .  14 and 15, a.nd which 
indeed demonstrated a wide range of performance c a p a b i l i t i e s .  

I n  F igs .  1 9  and 20 a r e  shown t h e  v e h i c l e s  t e s t e d  w i t h  advanced braking 
systems. S p e c i f i c a t i o n s ,  brake and load ing  d a t a  a r e  given i n  Table 4. These 
v e h i c l e s  and systems were s e l e c t e d  d i r e c t l y  by t h e  Na t iona l  Highway T r a f f i c  
Safe ty  Adminis t ra t ion f o r  t e s t i n g  i n  t h i s  program. For complete specifics,- 
t i o n s  on each of t h e  t e s t  v e h i c l e s ,  inc lud ing  load ing  diagrams aad braking 
system schematics,  see  Appendix A .  

3 . 3  TEST REQUIREMENTS 
3.3.1 PREPARATION OF VEHICLES. Since most of t h e  v e h i c l e s  s e l e c t e d  f o r  

t e s t i n g  had p rev ious ly  been used i n  va r ious  types  of s e r v i c e ,  it was deemed 
necessa ry  t o  t ake  t h e  fol lowing s t e p s  t o  i n s u r e  tha , t  t h e  braking system of 

+Expressions gsed t o  c a l c u l a t e  t h e s e  measures a r e  g iven  i n  Appendix F. 
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(B) Energy Conversion Measure, hp into Lining 
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FIGURE 14. BUS AND TRUCK SURVEY 
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(C) Wear Measure 

FIGURE 15. TRACTOR SURVEY 



(A) Light truck. 

(B) Medium truck. 

(C) Heavy truck. 

FIGURE 16. TEST VEHICUS,  INTEGRAL TRUCKS 



(B) Intercity bus. 
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(C) City bus. 



(B) 2 3 2 .  

(C) 3-S2. 

FIGURE 18. TEST VEXCLES, TRACTOR-TRAILERS 



(A) Doubles combination. 

(B) Disc brake truck. 

(C) Vehicle 14. 



(A) Loaded ir;l;tor. 
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(B) Tractor-trailer w ~ t h  high lvad center of gravlty. 

(C) Tractor-trader w ~ t h  low load center of gravity. 

FIGU3.E 26. TEST VEHICLE 12 
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each vehicle  be a s  near t o  i t s  "as new" condition a s  possible: 
(1) I n s t a l l  new o r i g i n a l  equipment brake l i n ings ,  and replace any heat 

checked drums or  drums t h a t  have been rebored i n  excess of 0.060 inches. 
( 2 )  Burnish new brake l i n i n g s  of t he  t rucks and buses i n  accordance with 

procedures specif ied i n  SAE Recommended Prac t ice  ~786. For the  combination 
vehicles ,  burnish according t o  procedures specif ied i n  SAE ~ 8 8 0 ~  

(3)  Replace any t i r e s  worn beyond 5% of o r i g i n a l  t r ead  depth or  having 
f l a t  spots or other  defec ts .  

( 4 )  Adjust a l l  brakes t o  manufacturers spec i f ica t ions  . 
( 5 )  Inspect a l l  other  brake-system components t o  insure t h a t  the  t o t a l  

system i s  i n  good mechanical condition. 
Instrumentation specif ied f o r  each t e s t  i s  given i n  Table 5. A t y p i c a l  

i n s t a l l a t i o n  i n  a t r a c t o r  cab i s  shown i n  Fig. 21. Light beam oscillographs 
were used fo r  continuous records.  Brake temperatures were measured by 
thermocouples placed i n  t he  brake l i n ings  according t o  t he  method specif ied 
i n  SAE Recommended Prac t ice  ~ 8 4 3 a .  Brake l i n e  pressure was ca l ibra ted  t o  
pedal force f o r  each vehicle  t e s t ed .  

3 .3 .2  GENERAL TEST REQUIREMENTS. A l i  vehicle  t e s t s  were conducted a t  
the  Bendix Automotive Development Center a t  New Car l i s l e ,  Indiana ( see  Fig. 
22). 3uring t e s t i n g ,  HSRI provided a t e s t  engineer t o  monitor t he  t e s t s ,  a c t  
a s  l i a i s o n  between HSRI and Bendix, and handle data  obtained from the  t e s t s .  
Ambient temperatures during the  t e s t s  were req l~ i red  t o  be between 3 2 " ~  and 
1 0 0 " ~ .  The skid number a t  various loca t ions  on the  t e s t  t r a c k  and skid pad 
was measured by the  Michigan S t a t e  Highway 3epartment Skid Tra i le r ,  f i r s t  i n  
September 1969 and again i n  Ju ly  1970, ss ing  ASTM Procedure E274, omitting 
water delivery. The skid number was checked each week t e s t s  were conducted 
by making Locked-wheel p a r t i a l  s tops  from 40 mph with a passenger car  equipped 
wi th  a decelerometer. So t h a t  r e s u l t s  from the  skid t r a i l e r  and instrlmented 
ca r  would be comparable, ASTM Standard Pavement Test Tires  ( ~ 2 4 9 )  were mounted 
on the  car .  A l l  dry pavement braking t e s t s  were conducted on the  ova l  t r a c k  
or  the skid pad approach road, each of which had an average skid number of 
0.85. Low-coefficient t e s t s  were conducted on a port ion of the  skid pad sur- 
face which had been t r ea t ed  with an asphal t  sea lan t .  The skid number of t h i s  
surface vhen wetted by a spr inkler  t ruck was i n  t he  range of 0.21 t o  0.24. 
Tire-road in t e r f ace  t e s t s  were a l s o  conducted on these s ~ r f a c e s  using a medium 
truck equipped with typica, l  LO x 20 nylon t ruck  t i r e s .  Results from these 
t e s t s  ind ica te  an average peak/locked wheel coe f f i c i en t  of 0.75/0.60 fo r  t he  
oval  t rack ,  0.72/0.57 fo r  the  skid pad approach road, and 0.35/0.26 f o r  the  
wet, sealed-asphalt  surface of the  skid pad. Results of a l l  the  t i re - road  
in t e r f ace  t e s t s  a r e  given i n  Appendix C.  

For t e s t i n g  under f u l l y  loaded conditions,  vehicles  were loaded t o  t h e i r  
ra ted  gross weight i n  such a way a s  t o  insure t h a t  t h e  height of t he  center  of 
g rav i ty  corresponded t o  tha.t loca t ion  general ly  found under normal serv ice  
conditions.  In t e s t s  made on the  two a r t i cu l a t ed  vehicles  equipped with ad- 
vanced brake cont ro l  systems, t h i s  p rac t i ce  was omitted because of s t a b i l i t y  
problems being encountered a t  high decelerat ion l e v e l s .  

In t e s t i n g  combination vehicles  the ant i - jackknife  bumper pictured i n  



FIGURE 21. INSTRUMENTS INSTALLXD IN TRACTOR CAB, VEHICLE 12 



FIGURE 22. T E S T  TRACK AND S K I D  PAD, B E N D I X  AUTOMOTIVE DEVELOPMENT CENTER 
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Fig. 23 wads used, which r e s t r i c t e d  the a r t i c u l a t i o n  angle between the  t r a c t o r  
and t r a i l e r  t o  15 degrees. 

3.3.3 TEST SPECIFICATIONS. Procedures employed i n  the  e f fec t iveness ,  
brake f a i l u r e ,  fade and recovery, brake r a t i n g ,  brake balance, minimum stop- 
ping dis tance,  s t a t i c  timing t e s t s ,  and parking brake t e s t s  a r e  outlined i n  
Appendix B. TabLe 6 summarizes the t e s t  program which was conducted on vehi- 
c l e s  equipped with standard braking systems and on the  t ruck  equipped with 
d isk  brakes. 

For the  two t r a c t o r - t r a i l e r  combinations equipped with advanced systems, 
changes i n  some of the  t e s t  procedures were ~ a d e  because the  t e s t  object ives  
were d i f f e r e n t  from those of the  other  eleven vehicles .  For example, i n  
t e s t i n g  the  White 6 x  4 t ra .c tor  and the  Fruehauf tandem-axle pla5form t r a i l e r  
(he re ina f t e r  re fer red  t o  a s  Vehicle 1 2 ) )  f i v e  d i f f e r e n t  vehicle  and loading 
configurations were used, the  e f fec t iveness  of the  t r a c t o r  f ron t  and r ea r  
brakes was varied,  and the  aforementioned brake cont ro l  systems (i. e ,  , propor- 
t ioning valves,  a.daptive braking, and t r a i l e r  brake synchronization) were em- 
ployed i n  various combinations. The purpose i n  t e s t i n g  Vehicle '2 was t o  
determine the  bes t  braking performance which could be achieved using a s tan-  
dard t e s t  vehicle  equipped with commercially ava i lab le  brakes, and employing 
s ta te -of - the-ar t  brake con t ro l  systems. The effect iveness  of t he  t r a c t o r  
brakes was varied by changing the  wedge angles and brake chambers on the  f ron t  
brakes, and the  s lack  ad jus t e r  lengths on the  r e a r  brakes (see Table 7 ) .  Five 
d i f f e r e n t  vehic le  and load configurations were t e s t ed  using Vehicle 12,namely: 

(1) t r a c t o r - t r a i l e r ,  empty 
( 2 )  t r a c t o r - t r a i l e r ,  loaded, high c.g. 
(3) t r a c t o r - t r a i l e r ,  loaded, low c. g.  
( 4 )  t r a c t o r  only, bob ta i l  configurat ion 
( 5 )  t r a c t o r  only, loaded t o  gross  ax le  weight r a t i n g  
Pr ior  t o  commencement of t e s t s  with Vehicle 12, t h e  following ecivanced 

brake con t ro l  systems were i n s t a l l e d :  
*Proportioning valves f o r  the  t r a c t o r  r e a r  brakes and t r a i i e r  b x k e s ;  

supplied by Borg-Warner. 
'Adaptive braking system, with a sensor and con t ro l l e r  mounted 02 each 

of the  t en  wheels of the combination t c  prevent wheel lockup during braking; 
supplied by Bendix-Westinghouse. 

T r a i l e r  brake synchronization ( ~ y n c r o n )  sys tem, which e f f ec t ive ly  
appl ies  the  t r a i l e r  brakes a.s soon a s  the t r e a d l e  valve i s  d e p r e s s e d ; s z ? ~ l i e d  
by the  Berg Manufacturing Company. 

The operat ion of the  Borg-Warner proportioning valves i s  described i n  
d e t a i l  i n  References (79) and (80). The Bendix-Westinghogse Ada.p",ve 8ra.kir.g 
System i s  described i n  Reference (107).  The Berg Syncron System i s  descriSed 
in  Appendix G. 

During the  course of the t e s t  program conducted with Vehicle 12, the 
ba s i c  a i r  bra.ke system of  both the t r a c t o r  and t r a i l e r  was a l t e r e d  by FnstaL- 
l a t i o n  of a high-capacity brake cont ro l  ( t r e a d l e )  valve, quick re lease  ve'ves 
on ea,ch t r a i l e r  brake a.ctuator,  la , rger  capaci ty l i n e s  t o  t he  f ron t  tra.ci;or 
brakes,  an2 repia.cement of connectors, f i t t i n g s ,  and t e e s  which tended t o  









r e s t r i c t  a i r  flow. A complete diagram of t h e  brake system as  t e s t ed  i s  given 
i n  Appendix A. 

To eva,luate the  braking performance of Vehicle 12  under the above speci- 
f i ed  conditions of loading and brake e f fec t iveness ,  a s  modified by the  various 
brake cont ro l  systems and combinations of systems, 59 minimum-stopping-distance 
t e s t s  and 5 ef fec t iveness  t e s t s  were conducted. Procedures f o r  these t e s t s  
a r e  specif ied i n  Appendix B. However, it should be noted t h a t  wheel locking 
was not allowed i n  t h e  minimum-stopping-distance t e s t s ,  even on the  low coef- 
f i c i e n t  surface,  This r e s t r i c t i o n  imposed severe demands on the  d r i v e r ' s  
judgment, and introduced human f ac to r s  i n t o  the  t e s t  procedure t o  a  degree 
which could we l l  a f f e c t  t he  r e l i a b i l i t y  of c e r t a i n  r e s u l t s .  

Ten s t a t i c  timing t e s t s  were run on Vehicle 1 2  t o  study the  e f f e c t  of 
t he  various devices and combinations of devices upon brake response time. 
Four brake balance t e s t s  were conducted t o  check the  e f fec t iveness  of vazious 
combinations of brake hardware. A complete t abu la t ion  of the  t e s t s  conducted 
on Vehicle 12  i s  given i n  Table 8. 

The l a s t  vehicle  t e s t ed  i n  t he  program was a  t r a c t o r - t r a i l e r  combination, 
furnished by Eaton, Yale, and Towne. This vehic le  (he re ina f t e r  designated 
Vehicle 1 4 ) )  a  4 x  2 Brockway COE t r a c t o r  with an  Arrow lowboy 35-f t  t r a i l e r ,  
was extensively modified f o r  use i n  development of t he  Eaton, Yale, and Towne 
wheel an t i l ock  system, with which the  vehicle  was equipped. Three e f f ec t ive -  
ness t e s t s ,  f i v e  minimum-stopping-distance t e s t s ,  and four  brake response 
time t e s t s  were conducted on Vehicle 14 .  A t abula t ion  of the  e f fec t iveness  
and minimum-stopping-distance t e s t s  i s  given i n  Table 9. 

3 .4  TEST RESULTS-BASELINE VEHICLES 
The t e s t  r e s u l t s  f o r  the  ten  base l ine  vehic les  (vehic les  eqgipped with 

standard braking systems) a r e  given i n  t h i s  sec t ion .  Included a r e  r e s u l t s  
from ef fec t iveness ,  brake f a i l u r e ,  fade and recovery, bra,ke r a t ing ,  brake 
balance, and brake-timing t e s t s .  

3.4.1 EFFECTIVENESS TESTS. The vehic les  were t e s t ed  f o r  brake e f fec-  
t iveness ,  i n  t h e  loaded and empty condition t o  t h e  point  of wheei lockup i f  
the brakes had s u f f i c i e n t  torque capaci ty.  I f  the vehic le  remained s t a b l e  
beyond the  point  of f i r s t  wheel lockup, pedal force  was increased t o  lock up 
a s  many wheels a s  possible .  Preburnish e f fec t iveness  t e s t s  f o r  t h e  loaded 
condition were run on a l l  t en  vehic les .  Effect iveness  t e s t  r e s u l t s  f o r  ea,ch 
of t he  t e n  vehic les  a r e  given i n  Figs.  24 through 33. Resul ts  f o r  a l l  the 
effect iveness  t e s t s  a r e  summarized i n  Table 10, and the dece lera t ion  capabil-  
i t i e s  of the base l ine  vehicles  a r e  summarized graphica l ly  i n  Fig. 34. 

A comparison of t h e  pre- and post-burnish e f fec t iveness  curves shows 
t h a t  burnishing d i d  not g r e a t l y  increase ( o r  decrease) the  ove ra l l  e f f ec t ive -  
ness of t rucks and buses, but dramatical ly  improved the e f fec t iveness  of the 
t r a c t o r - s e m i t r a i l e r  vehic les .  Experience has shown t h a t  burnishing genera l ly  
'%ears i n "  and "cures" t he  brake l i n ings ,  thus reducing any propensity the  
brake may have t o  "grab" or  "pul l"  due t o  a  m i s f i t  between l i n i n g  and drum or  
nonuniformities on the  l i n i n g  surface.  Inasmuch a s  braking performance f o r  
t r a c t o r - t r a i l e r s  i s  more dependent upon brake s e n s i t i v i t y  and balance, 
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FIGURE 28. EFFECTIVENESS TEST RESULTS, INTERCITY BUS 
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FIGURE 34. MAXIMUM ilECELERATION CAPABILIT, BASELINE IEHICLES 



TABLE 8 

TEST PROGRhM-VEHICLE 12 

voy Track CG Brakes* Advanced Conf icura t  ion Toad Test 
mph Condition Systems 

1. Tractor-Trailer 60 Dry Empty - - Baseline None Effectiveness 
2. Tractor-Trailer 60 Dry Empty - - Baseline Proportioning Effectiveness 
3 Tractor-Trailer 60 Dry Empty - - Baseline Adaptive Effectiveness 
1 .  Tractor-Trailer 60 Dry Empty - - Baseline Adaptive on Tractor 

Proportioning on T r a i l e r  Effectiveness 

5 Tractor-Trailer 60 Dry Loaded Low Mosteffect ive  None Effectiveness 

1. Tractor-Trail-er 60 Dry Loaded Hipa Baseline 
2. Tractor-Trailer 60 Dry Iaaded High Baseline 
3. Tractor-Trailer 60 &Y Loaded High Baseline 
4. Tractor-Trailer 60 &Y Loaded High Baseline 
5 Tractor-Trailer 60 Dry Loaded Low Baseline 
6. Tractor-Trailer 60 &Y Loaded Low Baseline 
7. Tractor-Trailer 60 Dry Loaded Low Most e f fec t ive  
8. Tractor-Trailer 60 Dry Loaded Low Most effect,ive 
9. Tractor-Trailer 60 Dry Loaded I o w  Most e f fec t ive  

None 
Syncron 
Adaptive 

Stopping Distance 
Stopping Distance 
Stopping Distance 

Adaptive and Syncron Stopping Distance 
Syncron Stopping Distance 
Adaptive and Syncron Stopping Distance 
None Stopping Distance 
Adaptive and Syncron Stopping Distance 
None Stopping Distance 

10. Tractor-Trailer 60 Dry Empty - - Improved Front Brakes Adaptive Stopping Distance 
11. Tractor-Trailer 60 Dry R ~ P ~ Y  - - Improved Front Brakes Adaptive and Syncron Stopping Distance 
1 2  Tractor-Trailer 60 Dry Empty - - Most e f fec t ive  Adaptive and Syncron St,opping Distance 
13. Tractor-Trailer 60 Dry R ~ P ~ Y  - - Baseline 
14. Tractor-Trailer 60 Dry Empty - - Baseline 
1 .  Tractor-Trailer 60 Dry E ~ P ~ Y  - - Baseline 
16. Tractor-Trailer 60 Dry Empty - - Baseline 
17. Tractor-Trailer 60 Dry Empty - - Baseline 
18. Tractor-Trailer 60 Dry Empty - - Baseline 

19. Tractor-Trailer 60 Dry Empty - - Baseline 

20. Tractor-Trailer 40 Wet Loaded High Baseline 
2 1  Tractor-Trailer 40 Wet Loaded High Baseline 
22. Tractor-Trailer 40 Wet . Loaded High Baseline 

None 
None 
Proportioning 

Stopping Distance 
Stopping Distance 
Stopping Distance 

Proportioning Stopping Distance 
Antilock Stopping Distance 
Adaptive on Tractor, 
Proportioning on Tra i l e r  Stopping Distance 
Adaptive on Tractor, 
Proportioning on Tra i l e r  Stopping Distance 
None 
Syncron 
Adaptive 

Stopping Distance 
Stopping Distance 
Stopping Distance 

5 .  Tractor-Trailer 40 Wet Loaded High K?seline Adaptive and Syncron Stopping Distance 
24. Tractor-Trailer 40 Wet Ioaded IIigh Improved Front Brakes Adaptive Stopping Distance 

*Designations defined i n  Table 7. 



TABLE 8 (continued) 

TEST PROGRAM SUMMARY-VEHICLE 12 

Configuration vo 3 Load CG Brakes* Track Advanced Test  
mph Condit ion Systems 

25. Tractor-Trai ler  40 Wet Loaded Low Most e f f e c t i v e  Adaptive and Syncron Stopping Distance 

26. Tractor-Trai ler  40 Wet Empty -- Most e f f ec+ ive  Adaptive and Syncron Stoppin : Distance 
2 .  ' I ' r~c tor -Tra i le r  20 Dry Loaded High Basel ine None Stopping Distance 
28. Tract,or-Trailer 20 Dry Ioaded High Basel ine 
29. Trac tor-Trai l  e r  20 Dry Loaded High Baseline 
70. Tract.or-Trailer 20 Dry Ioaded High Basel ine 

Syncron Stopping Distance 
Adaptive Stopping Distance 
Adaptive and Syncron Stoppiny Distance 

31. Tractor-Trai ler  20 Dry L o a d 4  Low Basel ine Syncrori Stopping Distance 
32. Tractor-Trai ler  20 Dry Loaded Low Basel ine Adaptive and Syncron Stopping Distance 
3 .  Tractor-Trai ler  20 Dry Empty - - Improved Front  Brakes Adaptive Stopping Distance 
34. Tractor-Trai ler  20 Dry Empty - - Improved Front Brakes Adaptive and Syncron Stopping Distance 
5 .  Tractor-Trai ler  20 Wet Ioaded Hip;h Basel ine None Stopping Distance 
36. Tractor-Trai ler  20 Wet Ioaded IIigh Basel ine Syncron Stopping Distance 
57. Tractor-Trai ler  20 Wet Loaded Ili+ Basel ine Adaptive Stopping Distance 
38. Tractor-Trai ler  20 Wet Ioaded High Basel ine Adaptive and Syncron Stopping Distance 
39. Tract,or-Trailer 20 Wet Loaded High Improved Front Brakes Adactive Stopping Distance 
40. Tractor-Trai ler  20 Wet I ~ a d e d  High Improved Front Brakes Adaptive and Syncron Stopping Distance 
41. Tractor 60 Dry Empty - - Baseline Kone Stopping Distance 
42. Tractor 60 Dry Empty - - Baseline Proport ioning 
43. Tractor 60 Dry Empty - - Baseline Adaptive 
44. Tractor  60 Dry Loaded Low Most e f f e c t i v e  None 
45. Tractor 60 Dry Loaded Low Most e f f e c t i v e  
46. Tractor 40 Wet. Empty - - Baseline 
47. Tractor 40 Wet Empty - - Baseline 
48. Tractor 40 Wet Empty - - Baseline 
49. Tractor 40 Wet Empty - - Most e f f e c t i v e  
50. Tractor 40 Wet Empty - - Most e f fec- t ive  
51. Tractor 40 Wet Loaded Low Most e f f e c t i v e  

Adaptive 
None 
Proport ioning 
Adaptive 
None 
Adaptive 
None 

52. Tractor 
53. Tractor 
54. Tractor  

40 Wet Loaded Low Most e f f e c t i v e  Adaptive 

20 Dry Empty - - Baseline None 
20 Dry a p t  Y - - Baseline Proport ioning 

Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 
Stopping Distance 

55. Tractor 20 Dry Empty - - Baseline Adaptive Stopping Distance 
56. Tractor 20 Dry Empty - - Improved Front Brakes Adaptive Stopping Distance 
57. Tractor 20 Wet Empty - - Baseline None Stopping Distance 

*Designations defined i n  Table 7. 





TABLE 9 

TEST PROGRAM SWY-VEHICLE 14 

vo, Track Brake Configuration Load Test 
mph Condition System 

1. t r a c t o r - t r a i l e r  60 dry f u l l  standard e f fec t iveness  
2, t r a c t o r - t r a i l e r  60 dry f u l l  an t i lock  effect iveness  
3. t r a c t o r - t r a i l e r  60 dry empty an t i lock  effect iveness  
4. t r a c t o r - t r a i l e r  40 wet empty standard min. stop. d i s t .  
5. t r a c t o r - t r a i l e r  40 wet f u l l  an t i lock  min. stop. d i s t .  
6. t r a c t o r - t r a i l e r  60 wet empty an t i lock  min. stop. d i s t .  
7. t r a c t o r  60 dry bob ta i l  an t i lock  min. stop. d i s t .  
8. t r a c t o r  40 wet bob ta i l  an t i lock  min. stop. d i s t .  





espec ia l ly  i n  preventing premature wheel lockup, than  f o r  s t r a i g h t  t rucks ,  it 
a.ppears t h a t  a,dequately burnished brakes a r e  necessary t o  obta in  the  b e s t  
poss ib le  performance of combination vehic les .  

The average maximum dece lera t ion  achieved (without wheel lock  occurring) 
with the t e s t ed  t rucks  i s  15.5 f t / s ec2  i n  t he  empty condit ion and 17.0 f t / sec2  
i n  the loaded condit ion,  I f  wheel locking i s  permitted, the  f i gu res  become 
19.2 and 17.7 f t / sec2 ,  respec t ive ly .  These r e s u l t s  show t h a t  brake torque 
ca.pacity has been proportioned t o  give bes t  performance f o r  t he  loaded condi- 
t i o n .  

For t he  t e s t  buses, t he  a.verage maximum dece lera t ion ,  wheels unlocked, 
i s  18.5 f t / s ec2  empty and 19.9 f t / s ec2  loaded, wi th  the  performance of t he  
empty buses increas ing  t o  21.7 f t / sec2 ,  when some wheels a r e  locked. It 
should be noted t h a t  i t  was impossible t o  lock up wheels on any of t h e  buses 
when f u l l y  loaded. 

For t he  t r a c t o r - t r a i l e r s  t e s t e d ,  t he  average maximum dece lera t ion ,  
wheels unlocked, i s  15.0 f t / s ec2  empty and 16.5 f t / s ec2  loaded, with t h e  per- 
formance empty increas ing  t o  19.4 f t / s ec2  when wheels a r e  locked. 

Although the  t rucks  exh ib i t  a  wide range i n  performance, the  loaded 
buses exh ib i t  uniform performance. A r a t h e r  remarkable v a r i a t i o n  i n  perfor-  
mance i s  noted f o r  the  t r a c t o r - t r a . i l e r  combinations, even though the  same 
t r a c t o r  was used i n  two of t h e  combinations ( 2 - ~ 1  and 2 - ~ 2 )  and t h e  same 
t r a i l e r  was used i n  two combinations ( 2 - ~ 2  and 3 - ~ 2 ) .  

Overall ,  t he  t e n  vehic les  achieved an  average maximum dece lera t ion ,  
wheels lmlocked, of 16.5 f t / sec2 ,  empty, and 17.7 f t / sec2 ,  loaded; and, i f  
some wheels a r e  permitted t o  lock during the s top,  19.4 f t /sec2,  empty, and 
18.1 f t / sec2 ,  loaded. The measured range of performance i s  g r e a t e s t  f o r  t he  
t rucks  (12.6 t o  28.0 f t / s ec2 )  and l e a s t  f o r  t he  t r a c t o r - t r a i l e r s  (14.0 t o  
20.0 f t / s ec2 ) .  Bus performance ranged f ron  16.3 t o  24.0 f t / sec2 .  

An important performance considera.ticr1 a,ssociated with e f fec t iveness  
t e s t s  has t o  do with l a t e r a l  s t a b i l i t y .  I n  t he  t e s t s  conducted on t h e  base- 
l i n e  vehic les ,  l a t e r a l  s t a b i l i t y  was assessed only by noting whether o r  not 
the d r ive r  was ab le  t o  keep the vehic le  i n  a 12 - f t  l ane  f o r  the  dura t ion  of 
the  s top.  I n  t he  t e s t  spec i f i ca t ion ,  t h e  d r ive r  was in s t ruz t ed  t o  r e l ea se  
the  brakes immediately and t o  abor t  t he  t e s t  i f  t he  vehicle  became d i rec t ion-  
a l l y  unstable i n  a l l  t h e  e f fec t iveness  t e s t s ,  except a s  noted below: 

Light Truck. In  t h e  pre-burnish e f fec t iveness  t e s t ,  the  vehic le  pulled 
f i v e  f e e t  out of t he  12 - f t  lane on one s top .  After  burnishing, however, no 
problem with d i r e c t i o n a l  s t a b i l i t y  was encountered i n  any of t h e  t e s t s .  

Medium Truck. The loaded vehic le  exhibi ted a  s l i g h t l y  e r r a t i c  tendency 
t o  p u l l  t o  one s ide  or  the  o ther ,  which behavior could be cont ro l led  except 
f o r  two stops i n  which t h e  vehic le  pulled 10 f t  out of t he  12 - f t  l ane .  When 
t e s t e d  empty, tine i n s t a b i l i t y  was accentuated, and i n  two ins tances  the  
d r ive r  ha,d t o  relea.se the brakes t o  rega in  d i r e c t i o n a l  cont ro l .  It was noted 
tha, t  the r e a r  wheels lo2ked (one a  f r a c t i o n  of a  second l a . t e r  than the o the r )  
a . t  t he  point  where the d r ive r  had t o  r e l ea se  t h e  brakes.  This observation 
seems t o  ind ica te  t h a t  s ide- to-s ide  imbala.nee and d i f f e r e n t i a l  wheel lockup 
were the  causes of vehic le  i n s t a , b i l i t y .  In  both ins tances  t h e  venic le  pillled 



10 f t  out of the  1 2 - f t  l ane .  
Heavy Truck. This vehic le  showed no d i r e c t i o n a l  i n s t a b i l i t y  except i n  

t h e  l a s t  e f f ec t iveness  t e s t  made on t h e  loaded vehic le ,  wi th  maximum l i n e  
pressure.  The r e a r  wheels locked, causing t h e  vehic le  t o  become unstable .  
The d r ive r  re leased  t h e  brakes,  which caused t h e  vehic le  t o  veer o f f  t h e  t r ack  
on t h e  l e f t  s ide ,  wi th  t he  r i g h t  wheels l i f t i n g  o f f  the ground. Subsequent 
con t ro l  ac t ions  by the  d r ive r  brought t h e  vehic le  back onto t h e  t r a c k  f o r  a 
more o r  l e s s  cont ro l led  s top.  

Trac tor -Tra i le r .  ( 2 - ~ 1 ) .  No wheel lockup occurred on the  empty vehic le  
u n t i l  t h e  l i n e  pressure was increased t o  40 ps i .  A t  t h i s  pressure,  t he  l e f t  
r e a r  t r a c t o r  wheel, t he  r i g h t  t r a i l e r  wheel, and t h e  r i g h t  r e a r  t r a c t o r  wheel 
locked up, i n  rap id  succession, i n  t h a t  order ,  causing an  increasing a r t i c u l a -  
t i o n  angle between t h e  t r a c t o r  and t h e  t r a i l e r .  The d r ive r  released t h e  
brakes and appl ied t h e  acce l e ra to r ,  which reduced t h e  a r t i c u l a t i o n  angle and 
r e s to red  s t a b i l i t y .  The t e s t  was aborted a t  t h i s  point .  (subsequently,  an 
an t i - jackkni f ing  bumper, l i m i t i n g  the  a r t i c u l a t i o n  angle between t h e  t r a c t o r  
and t r a i l e r  t o  15 degrees, was mounted on a l l  of t h e  a r t i c u l a t e d  vehic les  t o  
be t e s t e d . )  

Doubles Combination. (2-51 and 2 - ~ 2 ) .  I n  t e s t i n g  t h i s  combination, t h e  
an t i - j ackkn i f e  bumper was used toge ther  wi th  r e s t r i c t i n g  chains between t h e  
t r a i l e r s  t o  l i m i t  r e l a t i v e  movement between vehic le  un i t s .  I n  the  e f f ec t ive -  
ness t e s t  conducted on t h e  empty combination, a tendency toward i n s t a b i l i t y  
was noted on the  40 p s i  l i n e  pressure  s top .  Although the  combination d i d  not 
leave the 12 - f t  lane,  seven out of t e n  wheels locked, causing the  vehic le  t o  
s t o p  i n  a "modified Z "  configurat ion.  The t e s t  was aborted a t  t h i s  po in t .  

It should be noted t h a t  seven out of t he  t e n  vehic les ,  when t e s t e d  i n  t h e  
loaded condit ion,  d i d  not have s u f f i c i e n t  torque capaci ty t o  lock  up any 
wheels on t h e  sur face  used i n  t h i s  t e s t  program. It should a l s o  be pointed 
out t h a t  seven of t h e  t e n  vehic les ,  when empty, could not exceed the  perfor-  
mance of t he  loaded vehic le  without locking up some wheels, which locking 
causes e i t h e r  l o s s  of s t e e r i n g  con t ro l  o r  leads  t o  l a t e r a l  i n s t a b i l i t y .  

3 .4.2 BRAKE FAILURE TESTS. The brake f a i l u r e  modes se lec ted  f o r  t e s t  
depended upon t h e  design of t h e  brake system. I n  t h e  l i g h t  t ruck ,  t h r e e  
f a i l u r e  modes were possible:  f r o n t  hydraul ic  l i n e  f a i l u r e ,  r e a r  hydraul ic  
l i n e  f a i l u r e ,  and power boost f a i l u r e .  Effect iveness  t e s t  r e s u l t s  f o r  these  
modes of f a i l u r e  f o r  t h e  l i g h t  t ruck  i n  t h e  empty and loaded condit ion a r e  
given i n  Figs.  35 and 36. The medium t ruck  was not designed wi th  separa te  
f r o n t  and r e a r  brake f a i l u r e  pro tec t ion ,  and thus  was t e s t e d  only f o r  power 
boost f a i l u r e .  Resul ts  f o r  t h e  e f f ec t iveness  t e s t  wi th  t he  power boost f a i l e d  
i n  t h e  empty and loaded condit ion a r e  given i n  Fig. 37. The heavy t ruck  and 
the c i t y  bus, each equipped wi th  a i r  brakes,  did not  conta in  an emergency 
system except f o r  a mechanical hand brake a t tached  t o  t he  d r ive  s h a f t .  The 
school and i n t e r c i t y  buses, however, had separa te  emergency brake systems, 
which, when actuated under f a i l u r e  of t he  se rv i ce  brake system, supplied a i r  
pressure t o  t h e  r e a r  brakes.  ( s e e  Appendix A f o r  d e t a i l s  of brake p ip ing . )  
Opening t h e  r e a r  door of the c i t y  bus a l s o  actuated t h e  r e a r  brakes through 
the  normal s e rv i ce  system. 
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A summary of t e s t  r e s u l t s  of a l l  t h e  f a i l u r e  modes t e s t e d  f o r  t h e  t r u c k s  
and buses i s  g iven i n  Table 11. Loss of t h e  f r o n t  b rakes  on t h e  l i g h t  t r u c k  
( t h e  only  b a s e l i n e  v e h i c l e  t e s t e d  w i t h  a s p l i t  f r o n t / r e a r  system) reduce t h e  
d e c e l e r a t i o n  c a p a b i l i t y  by 55% i n  t h e  empty cond i t ion ,  whi le  r e a r  brake 
f a i l u r e  caused a  reduc t ion  o f  4% and 6%) empty and loaded,  r e s p e c t i v e l y .  
The amount o f  braking c a p a b i l i t y  l o s t  due t o  f a i l u r e  of f r o n t  o r  r e a r  brakes  
i s  dependent upon s e v e r a l  f a c t o r s ,  inc lud ing  weight d i s t r i b u t i o n ,  brake- torque 
d i s t r i b u t i o n  b e f o r e  f a i l u r e ,  pedal-  f o r c e / l i n e - p r e s s u r e  r e l a t i o n s h i p s ,  and 
brake fade  e f f e c t s .  Power boost  f a i l u r e  on t h e  l i g h t  t r u c k  reduced t h e  decel-  
e r a t i o n  c a p a b i l i t y  only  s l i g h t l y  i n  t h e  empty cond i t ion ,  and by about 3q0 i n  
t h e  loaded cond i t ion .  The l o s s  i n  b rak ing  c a p a b i l i t y  f o r  power boost  f a i l u r e  
does not reduce t h e  e f f e c t i v e n e s s  of t h e  v e h i c l e ' s  b rakes ,  b u t  r e q u i r e s  very 
l a r g e  peda l  f o r c e s  on t h e  p a r t  of t h e  d r i v e r .  I n  t h e  medium t r u c k  a l s o ,  on ly  
s l i g h t  r e d u c t i o n  i n  maximum d e c e l e r a t i o n  c a p a b i l i t y  was noted i n  t h e  emtpy 
v e h i c l e ,  whi le  i n  t h e  loaded cond i t ion  it was reduced by 56%. 

From t h e  d e c e l e r a t i o n s  and s topping d i s t a n c e s  given i n  Table 11, it i s  
c l e a r  t h a t  t h e  hand brake on t h e  heavy t r u c k  i s  no t  a n  adequate  means of 
s topp ing  t h e  v e h i c l e  i n  t h e  event  of a  service-system f a i l u r e .  However, it 
should be noted t h a t  t h e  hand brake on t h e  c i t y  bus produces p r a c t i c a l l y  t h e  
same d e c e l e r a t i o n  a s  does use of t h e  r e a r  brakes  only .  Yet, i n  t h e  loaded 
cond i t ion ,  t h e  hand brake faded cons iderab ly ,  causing a much longer  s topp ing  
d i s t a n c e .  

D e c e l e r a t i o n  performance was measured on t r a c t o r - t r a i l e r  combinations i n  
t e s t s  conducted a t  20 mph i n  which brake f a i l u r e  was simulated by opening t h e  
t r a i l e r  emergency a i r  l i n e  a t  t h e  t r a c t o r  p r o t e c t i o n  va lve .  It was not con- 
s i d e r e d  p r a c t i c a l  t o  conduct t h e s e  t e s t s  from 60 mph because of t h e  s t r o n g  
p o s s i b i l i t y  t h a t  damage t o  t h e  suspension and brake snppor t ing  s t r u c t u r e  
would r e s u l t  from such a severe  brake a p p l i c a t i o n  a t  h igh  speed.  Two of t h e  
t r a c t o r s  were equipped w i t h  s p r i n g  b rakes .  These b rakes  were a l s o  t e s t e d  
from 20 mph. R e s u l t s  obta ined f o r  t h e  combinations i n  t h e  empty ana loaded 
cond i t ions  a r e  given i n  Table 12 .  

3 . 4 . 3  FADE AND RECOVERY TESTS. R e s u l t s  of f ade  and recovery t e s t s  con- 
ducted on t h e  t r u c k s  a r e  given i n  Figs .  38 through 40, on t h e  school  and 
i n t e r c i t y  bus i n  F igs .  4 1  and 42, and t h e  fade  t e s t  on t h e  c i t y  bus i n  Fig .  
43. No recovery t e s t  was conducted on t h e  c i t y  bus s i n c e  t h e  v e h i c l e  d i d  not  
have s u f f i c i e n t  power t o  a c c e l e r a t e  t o  t e s t  speed r a p i d l y  enough ( a f t e r  a  
fade  snub) t o  prevent  t h e  b rakes  from cool ing.  The a c c e l e r a t i o n  c a p a b i l i t i e s  
of t h e  t r a c t o r - t r a i l e r  combinations were a l s o  i n s u f f i c i e n t  t o  prevent  coo l ing  
of t h e  brakes  between snubs, a s  indica , ted  i n  F igs .  44 through 47. -4 summary 
o f  fade  t e s t  r e s u l t s  i s  g iven i n  Table 13. 

Using peda l  f o r c e  a s  a  measure, it took 1 2  snubs a t  15 f t / s e c 2  dece le ra -  
t i o n  t o  fade  t h e  b rakes  on t h e  l i g h t  t r u c k  such t h a t  t h e  peda l  f o r c e  exceeded 
100 l b .  

On t h e  medium t r u c k ,  a  peda l  f o r c e  of 250 l b  was r e q u i r e d  t o  achieve 
even 1 2  f t / s e c 2  d e c e l e r a t i o n  due t o  t h e  s a t u r a t i o n  of t h e  power boost  system 
a t  t h e  p e d a l  f o r c e  requ i red  t o  produce about  0 , 3  g d e c e l e r a t i o r l  i n  t h e  loaded 
c o n d i t i o n .  Thus any decrease  i n  brake e f f e c t i v e n e s s  a t  a  d e c e l e r a t i o n  h igher  



FIGURE 38. FADE AND RECOVERY TEST RESULTS, L,IGHT' TRUCK 



FIGURE 39. FADE AND W O V L R Y  TEST RESVLTS, MEDIUM TRUCK 





FIGURE 41. FADE AND RECOVERY TEST RESULTS, SCHOOL BUS 
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FIGURE 43 . FADE TEST mSULTS, CITY BUS 
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FIGURE 44. FADE TEST RESULTS, TRACTCR-TRAILER 2-S1 



FIGURE 45. FADE TEST RESULTS, TRACTOR-TRAILER 2-S2 

H 
40 -. -200 2 

a 
H 

0 1 
1 8 

1 

1 2 3 4 5 6 7 8 9 10 
BASE 
LINE 
CHECK SNUB NUMBER 



FIGURE 46. FADE TEST RESULTS, TRACTOR-TRAILER 3 -S2 
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FIGURE 47. FADE TEST RESULTS, DOUBLES COMBINATION 2-S1-2 









than 0 . 3 g r e q u i r e d  an inord ina te  increase  i n  pedal  force  t o  maintain t h e  given 
dece lera t ion .  Although the  temperature of t he  brakes did not increase s ign i -  
f i c a n t l y  during t h i s  t e s t ,  t h e  s l i g h t  l o s s  i n  e f f ec t iveness  due t o  the  100 
degree temperature r i s e  was enough t o  increase  t h e  pedal  force  required t o  
maintain the  1 2  f t / s ec2  dece lera t ion  beyond t h e  c a p a b i l i t y  of t he  d r ive r .  
During t h e  recovery sequence, t h e  10  f t / s ec2  dece lera t ion  was low enough t o  
al low t h e  power boost t o  be e f f e c t i v e ,  and t h e  pedal force required was l e s s  
than  60 l b .  

The fade t e s t  on t h e  heavy t ruck  was d i f f i c u l t  t o  execute s ince ,  i n  
at tempting a  maximum dece lera t ion  of 14 f t / sec2 ,  t he  r e a r  wheels locked up on 
the  second snub. A t  t h i s  po in t  t h e  pedal  force  was decreased s l i g h t l y ,  giving 
a  dece lera t ion  of 13, 12.5, and 1 0  f t / s ec2  on t h e  t h i r d ,  four th ,  and f i f t h  
snubs, r e spec t ive ly .  The recovery sequence was s t a r t e d  a f t e r  t h e  f i f t h  snub, 

The fade t e s t  was successfu l  on the  school bus and t h e  i n t e r c i t y  bus. 
Nine snubs were required t o  fade t h e  brakes on each vehic le .  

I n  conducting t h e  fade t e s t  on the  c i t y  bus and t h e  t r a c t o r - t r a i l e r s ,  it 
soon became obvious t h a t  t h e  spec i f i ed  procedure would not  fade t h e  brakes 
even a f t e r  t e n  snubs. The t e s t s  were terminated a t  t h i s  point .  The t e s t  pro- 
cedure a l s o  proved imprac t ica l  i n  t h a t  it was not  poss ib le  t o  maintain the  
required 15 f t / s e c 2  dece lera t ion  on the  3 4 2  t r a c t o r - t r a i l e r  combination o r  on 
t h e  doubles combination because of i n c i p i e n t  wheel lockup. 

3 .4 .4  BRAKE RATING TEST. There a r e  two types of road t e s t s  which have 
been used t o  r a t e  t he  horsepower capaci ty of brakes: a  s e r i e s  of fade snubs 
(such a s  out l ined  i n  SAE 5880)) and a  drawbar dynamometer t e s t  i n  which the  
veh ic l e  t o  be r a t e d  i s  towed with i t s  brakes appl ied.  The drawbar t e s t  pro- 
cedure was spec i f ied  by t h e  NHTSA i n  t h i s  program. The t e s t  procedure, de- 
sc r ibed  i n  Appendix B, required t h a t  t h e  t e s t  vehic le  be towed on a  f l a t  sur-  
face  a t  a  constant  ve loc i ty  wi th  brakes applied a t  a  l i n e  pressure equivalent  
t o  t h a t  required t o  maintain constant  vehic le  ve loc i ty  on a  seven percent de- 
scending grade. The vehic le  was t o  be towed with l i n e  pressure held constant  
u n t i l  t h e  towbar force  decreased (due t o  fade)  by 1y0. The o r i g i n a l  spec i f i -  
ca t ion  ca l l ed  f o r  a  t e s t  v e l o c i t y  of 40 mph. However, no tow vehic le  with 
s u f f i c i e n t  power capac i ty  was ava i l ab l e  and t h e  v e l o c i t y  f o r  t h i s  procedure 
had t o  be reduced t o  t he  range of 22 t o  30 mph.  h he only exception was the  
l i g h t  t ruck  which was t e s t e d  a t  40 mph because of t h e  r e l a t i v e l y  small  amount 
of power requi red .  ) 

The brake r a t i n g  t e s t  was extremely d i f f i c u l t  t o  execute.  Although the  
d r ive r  of t h e  towed vehic le  had no d i f f i c u l t y  maintaining a  constant  brake- 
pedal  force  such t h a t  t h e  towbar force  i n i t i a l l y  equalled the  sum of t h e  
r o l l i n g  r e s i s t a n c e  and the  spec i f i ed  brake force ,  o ther  f a c t o r s  ( i . e . ,  undula- 
t i o n s  i n  t h e  t e s t  t r ack ,  increased r e s i s t a n c e  i n  t h e  curves,  and s t e e r i n g  cor- 
r e c t i o n s  t o  keep t h e  towed vehic le  i n  proper alignment with t h e  tow vehic le )  
caused t h e  towbar fo rce  t o  vary so much t h a t  it was d i f f i c u l t  t o  determine 
j u s t  when t h e  brake force  had dropped of f  by 1%. Despite a l l  these  f a c t o r s  
tending t o  produce gross  inaccurac ies  i n  t h e  t e s t  da t a ,  an attempt was made t o  
average t h e  towing force  over t he  dura t ion  of t h e  t e s t ,  sub t r ac t  t he  r o l l i n g  
r e s i s t ance ,  and ca l cu la t e  t h e  average braking force ,  from which the  energy 



absorpt ion ra , te  of the  brake (horsepower) and the  t o t a l  energy absorbed were 
ca lcu la ted .  Two measures were formulated f o r  r a t i n g  the  brakes. The f i r s t  
measure i s  based on horsepower and l i n i n g  a rea  giving some ind ica t ion  of t h e  
r a t e  of energy absorpt ion,  t h e  second i s  based upon t o t a l  energy absorbed and 
the  weight of the  vehicle .  A summary of t e s t  da t a  f o r  t he  t rucks  and buses 
i s  given i n  Table 14 and f o r  t r a c t o r s  and t r a i l e r s  i n  Table 15. I f  a l l  t he  
t e s t s  had been conducted a t  t he  same ve loc i ty  with the  brake force ,  i n i t i a l l y  
a t  l e a s t ,  equal  t o  seven percent of t he  vehic le  weight, then t h e  horsepower 
i n t o  the  brakes could be ca lcu la ted  by: 

where 

W = weight of t h e  t e s t  vehic le ,  i n  pounds 

V = t h e  t e s t  ve loc i ty  i n  f t / s e c  

The t o t a l  energy absorbed would then be: 

E~ = 0 . 0 7 ~ ~ ~  

where 

Et 
= t o t a l  energy, i n  f t - l b  

St 
= dis tance  t r a v e l l e d  during t h e  t e s t  

The energy measure, E/W, would then  be merely 0.07S, giving d i s t ance  t r ave l l ed  
during t h e  t e s t  a s  t he  u l t imate  measure. However, due t o  the  va r i a t i ons  i n  
drawbar force  during t h e  t e s t ,  t h e  ve loc i ty  va r i a t i ons  from t e s t  t o  t e s t ,  t he  
energy and power r a t i n g s ,  such a s  they  a r e ,  seem t o  be the  b e s t  measures t h a t  
can be ca lcu la ted  from t h e  t e s t  da ta .  These measures a r e  p lo t ted  f o r  each 
vehic le  i n  Figs .  48 and 49. 

Because of t he  ~ n r e l i a ~ b i l i t y  of these  t e s t  r e s u l t s ,  no attempt w i i i  be 
made a t  t h i s  po in t  t o  a s se s s  t h e  brake thermal performance of these  vehic les  
based upon the  r e s u l t s  of t h e  brake r a t i n g  t e s t .  For example, when the  Ford 
F-7000 t r a c t o r  was r a t e d  i n  combination with a s ing le-ax le  t r a i l e r  ( 2 - ~ 1  com- 
b ina t ion ) ,  Table 15 shows t h a t  t h e  t r a c t o r  brakes held without fading f o r  195 
seconds a t  22 mph with a tow force  such t h a t  the  energy r a t e  i n t o  t h e  bra.kes 
was equivalent  t o  60 hp. However, when t e s t e d  a.gain, t h i s  same t ra .c tor  ( i n  
t h e  2-52 combination) showed t h a t  i t s  brakes held without fading fo r  200 sec- 
onds a,t 30 mph and an energy absorpt ion r a t e  of 150 hp. This anomaly can be 
explained p a r t i a l l y  by t h e  f a c t  t h a t  before commencement of t e s t i n g  of t he  
2-51) t h e  brake burnishing a f t e r  r e l i n i n g  consisted of only 200 s tops  whereas 
i n  t h e  2-S2, t he  burnishing a f t e r  r e l i n i n g  zonsis ted of 300 s tops .  Variation 
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i n  composition of t h e  l i n i n g  may a l s o  have been a  f a c t o r .  The d a t a  f o r  t h e  
tacdem a x l e  Fruehauf t r a i l e r  t e s t e d  i n  t h e  2-S2 and 3-S2 conf igura t ions  show 
a  s i m i l a r  anomaly. Therefore it can be concluded t h a t  al though t h e  t e s t  a s  
s p e c i f i e d  may produce meaningful r e s u l t s  when conducted under i d e a l  condi- 
t i o n s ,  t h e  t e s t  when conducted under normal cond i t ions  produces r e s u l t s  which 
d e v i a t e  i n  excess  of normal v a r i a t i o n .  

3.4.5 BRAKE BALANCE TEST. The brake balance t e s t  was used t o  determine 
i f  t h e  brakes  o f  a t r a c t o r - t r a i l e r  combination a r e  balanced p roper ly  t o  a x l e  
loads .  Table 16  g i v e s ,  f o r  each t r a c t o r - t r a i l e r  t e s t e d ,  t h e  load d i s t r i b u -  
t i o n ,  t h e  a c t u a l  brake d i s t r i b u t i o n  a s  determined from t h e  brake balance t e s t ,  
and t h e  brake d i s t r i b u t i o n  a s  c a l c u l a t e d  using v e h i c l e  and brake system design 
d a t a .  

3 .4.6 BRAKE TIMING TESTS. To measure t h e  brake response time of t h e  
t r a c t o r - t r a i l e r  combinations p ressure  t r ansducers  were f i t t e d  t o  t h e  output  
of t h e  b rake-con t ro l  ( t r e a d l e )  valve ,  and a t  each a x l e  of t h e  v e h i c l e  on 
which brakes  were mounted, except only one t ransducer  was mounted a t  a  tandem 
ax le .  R e s u l t s  of t h e  response-t ime t e s t s  both  f o r  a p p l i c a t i o n  and r e l e a s e  a r e  
given i n  Figs .  50 through 55 and a r e  summarized i n  Table 17. 

The brake a p p l i c a t i o n  t imes shown i n  Table 17 were measured from t h e  
i n s t a n t  p r e s s u r e  s t a r t e d  t o  r i s e  a t  t h e  output  of t h e  t r e a d l e  va lve  t o  t h e  
i n s t a n t  a t  which t h e  p ressure  reached 60 p s i  a t  a  g iven a x l e . *  Release t imes 
were measured from t h e  i n s t a n t  p ressure  began t o  drop a t  t h e  output  of t h e  
t r e a d l e  va lve  t o  t h e  i n s t a n t  a t  which t h e  p r e s s u r e  a t  a given a x l e  dropped t o  

5 p s i .  These measurements ind ica , t e  t h a t  t h e  average response 1;ime f o r  t h e  
r e a r  a x l e  of t h e  t r a c t o r  (when t h e  t r a c t o r s  were t e s t e d  i n  combination w i t h  a  
s e m i t r a i l e r )  was 0.24 s e c .  Average response t ime f o r  t h e  a x l e  on t h e  semi- 
t r a i l e r s  was 0.28 sec .  Release t imes  were cons iderab ly  longer ,  averaging 
0.35 sec  f o r  t h e  r e a r  a x l e  on t h e  t r a c t o r  and 0.79 sec  f o r  t h e  a x l e  on t h e  
s e m i t r a i l e r s .  Appl ica t ion  and re lea .se  t imes were cons iderab ly  longer  on t h e  
doubles combination due t o  t h e  l a r g e r  volumes of a i r  t h a t  had t o  be moved 
through t h e  system. 

3.4.7 SYSTEM FAILURES. S e v e r a l  v e h i c i e  suspension and brake sys tem 
f a i l u r e s  occurred dur ing t h e  t e s t i n g  of t h e  b a s e l i n e  v e h i c l e s .  None of these  
f a i l u r e s  was considered e x t r a o r d i n a r y  s i n c e  t h e  v e h i c l e s  and systems were sub- 
j e c t e d  t o  a  s e r i e s  o f  h i g h - l e v e l  d e c e l e r a t i o n s  tha , t  generated s t r e s s e s  and 
cyc les  of s t r e s s  no t  normally encountered i n  s e r v i c e .  D e t a i l s  on t h e s e  f a i l -  
u res  a r e  noted below: 

Light  Truck. During e f f e c t i v e n e s s  t e s t s ,  loaded v e h i c l e s ,  t h e  brake 
c y l i n d e r  i n  t h e  r i g h t  r e a r  wheel brake f a i l e d ,  causing contamination of t h e  
l i n i n g s  from t h e  brake f l u i d .  The wheel c y l i n d e r  was replaced,  and b rakes  
were r e l i n e d  and burnished before  t e s t i n g  was cont inued,  During a n  e f f e c t i v e -  
ness  check of t h e  new brakes ,  severe  wheel hop i n  t h e  r e a r  brakes occurred 
w i t h  a  m i l d  brake a p p l i c a t i o n  (500 p s i  l i n e  p r e s s u r e ) ,  causing t h e  d r i v e  shaf t  
t o  p u l l  out  and drop.  This problem was caused by a  break i n  t h e  r i g h t  rea.r  

*This d e f i n i t i o n  i s  s l i g h t l y  d i f f e r e n t  from t h a t  g iven  i n  SAE Jg@, which 
s p e c i f i e s  t h a t  a p p l i c a t i o n  t ime be measured "from t h e  s t a r t  of  pedal  movement 
t o  a p ressure  bu i ldup  o f  60 p s i . "  
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FIGURE 50. BRAKE RESPONSE TIME TEST, TRACTOR-TRAILER 2-211 



Application Time (sec) Release Time(sec) 



Application Time (sec) Release Time (sec) 

FIGURE 52. BRAKE RESPONSE TIME TEST, TRACTOR-TRAILER 3-S2 
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FIGURE 53. BRAKE APPLICATION TEST, DOUBUS COM3INATION 2-S1-2  
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FIGURE 55. BRAKE RESPONSE TIN3 TEST, CITY BUS 







lea , f  s p r i n g  29s: a t  $he p o i n t  where it i s  fas tened  t o  t h e  v e h i c l e  frame. T1:e 
v e h i c l e  was subsequent ly  repa i red  and t e s t i n g  s u c c e s s f u l l y  concluded. 

Ford F-7000 Tra.ctor.  Oespi te  t h e  f a c t  t h a t  t h i s  v e h i c l e  was run  only 
4 0 ~ 9  miles g r l o r  $ 2  c e l i v e r y  t o  BADC f o r  t e s t i n g ,  inspec t ion  of $he brake 
5rums revealed severe  no t - spo t t ing  and hea.t-checking i n  a l l  t h e  drl~ms. Af te r  
r e l i n i n g  L% brakes ,  new drums were i n s t a l l e d .  No problems occurred i n  t h e  
p r e b ~ r n i s n  e f f e c t i v e n e s s  t e s t  of t h e  t r a c t o r - t r a i l e r  combination (241)) bl~l; 

ccrizg b 3 ~ r ? l s h i n g ,  2,: t h e  '23th s top ,  t h e  l e f t  r e a r  t r a c t o r  crum crackeci. 
1' ;ce zrc.-.k :.:.?s c l e a r l y  a  t e n s i l e  f a i l u r e ,  extending from t h e  edge of t h e  flar.ge 

, . ana con t~r ,~~ . : lng  a c r o s s  t h e  e n t i r e  rim. The drum was replaced and burnishing 
continued.  No f u r t n e r  problems were encountered.  

3iarnonE Reo ~ 1 ~ 4 6 4 ~ ~  T r a c t o r .  This  v e h i c l e  when received a t  BADC f o r  
~ e s t i n g  showed 8.n o2.ometer read ing  of 191 miies .  It was t e s t e d  i n  t h e  3-S2 
c c r n b i r i a ~ l ~ n  x i t n  t h e  Fruehauf t r a i l e r .  A f t e r  running t h e  p reburn i sh  effecr- 
5 iveness  t e s t ,  burn i sh ing  t h e  brakes ,  a  brake balance t e s t  was conducted. 
?c?llowlr,g ;h is  an  e f f e c t i v e n e s s  check from 20 mph was made. On t h e  f o u r t h  
s i c? ,  zt aaximum peda l  f o r c e  a p p l i c a t i o n s ,  t h e  t r a c t o r  r e a r  s p r i n g s  pu l le2  
925 of t h e   ande em a x l e  e q u a l i z e r ,  zausing t h e  r e a r  d r i v e s h a f t  t o  be pu l led  
o l ~ t  of p l l z e .  Repairs were e f f e c t e d  immediately and s t o p s  were i n s t a l l e d  t o  
prevent  rec lx rence  of t h e  f a i l u r e .  No f u r t h e r  problems were encountered i n  
t h e  t e s t i n g  of t h i s  v e h i c i e .  

3 .5  TEST ?.ESULTS-VEHICLES EQUIPPED WITH ADVANCED BRAKING SYSTEMS 
The t e s t  r e s l ~ l t s  f o r  t h e  t h r e e  v e h i c l e s  equipped w i t h  advanced braking 

systems a r e  given i n  t h i s  s e c t i o n .  These v e h i c l e s  inc lude :  
Vehicle 11. The medium weight t r u c k  equipped w i t h  f l ~ l l  power hyciral~lic 

d i s k  bra.kes 
Vehicle 12. The 3-S2 t r a c t o r - t r a i l e r  combination equipped w i t h  brake 

p r o p o r ~ i o n i n g  va.lves, an  adap t ive  braking system, and a  t r a i l e r  brake syncbxro- 
n iz ,a t ion  system 

Vehicle 14, The 2-S2 t r a c t o r - t r a i l e r  combination equipped w i t h  a  wheeL 
a n t i l o c k  system. 

3.5.1 TRUCK 3QUIPPED WITH DISK BRAKES. S p e c i f i c a t i o n s  f o r  t h i s  t r u c k  E ? ~ :  

a a e s c r i p t i o n  of i t s  brake system a r e  given i n  Appendix A .  This v e h i c l e  was 
sub jec ted  t o  e f f e c t i v e n e s s  t e s t s ,  bra.ke f a i l u r e  t e s t s ,  fade t e s t s ,  t h e  brake 
r a ~ i n g  t e s t ,  and a  s t a t i c  parking bra,ke t e s t .  

3.5.1.1 Xffec t iveness  Tes t .  The r e s u l t s  of t h e  e f f e c t i v e n e s s  t e s t  a r e  
g iven i n  F ig .  56. These d a t a  po in t  up two important f a c t o r s :  

(1) The v e h i c i e  has e maximum d e c e l e r a t i o n  c a p a b i l i t y  ( w i t h  no w h e e h  
locked on t h e  given t e s t  s u r f a c e )  of b e t t e r  t h a n  21 f t / s e c 2 ,  wnich i s  b e t t e r  
than nine  out  of t h e  t e n  b a s e l i n e  v e h i c l e s ,  and cons iderab ly  S e t t e r  t h a n  bosh 
t n e  medilum a.nd heavy t r l ~ c ~ .  

( 2 )  T i e  v e h i c l e  has t h e  oa .pab i l i ty  of lock ing  up a l l  four  wheels i n  the  
loaded cond i t ion ,  gemonstrating t h a t  it does indeed have brake to rque  s u f f i -  
c i e n t  t o  u t i l i z e  t h e  f r i 2 t i o n a i  f o r c e s  i n  t h e  t i r e - roa ,d  i n t e r f a c e  t o  t h e  maxi- 
milm e x t e n t  . 

3 . 5 . 1 . 2  Brake Fa, i lure  T e s t s .  With s e p a r a t e l y  powered f rof i t  and r e a r  
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brake systems, it was poss ib le  t o  f a i l  e i t h e r  system and maintain braking 
c a p a b i l i t y  on one a,xle. Ef fec t iveness  t e s t  r e s u l t s  a r e  given i n  Fig.  57. 
Ta.ble 18 summarizes t h e  minimum stopping d i s tances  and maximum d e c e l e r a t i o n s  
achieved i n  t h e  brake e f f e c t i v e n e s s  and brake f a i l u r e  t e s t s .  Loss of the  
rea,r  brakes decreases  t h e  maximum d e c e l e r a t i o n  c a p a b i l i t y  of t h e  empty vehi-  
c l e  by 3y0 and of t h e  loaded v e h i c l e  by 43%) while l o s s  of t h e  f r o n t  brakes 
decrea.ses t h e  maximum d e c e l e r a t i o n  c a p a b i l i t y  by 47% and 43%) empty and 
lcaded,  r e s p e c t i v e l y .  

3.5.1.3 Fade Tes t s .  Two fade t e s t s  were conducted on t h i s  veh ic le .  The 
r e s u l t s ,  shown i n  Fig.  58, demonstrate t h e  super io r  fade r e s i s t a n c e  of d i s k  
bra,kes. I n  t h e  f i r s t  t e s t  t h e  pedal  fo rce  requ i red  t o  mainta,in 17 f t / s e c 2  
d e c e l e r a t i o n  from 60-10 mph increased from 47 l b  on t h e  f i r s t  snub t o  65 l b  
on t n e  l 5 t h  snub. I n  t h e  second t e s t  t h e  pedal  f o r c e  increased from 47 l b  on 
t h e  f i r s t  snub t o  84 i b  on t h e  1 5 t h  snub. I n  bo th  cases  t h e  brake tempera- 
t u r e ,  a s  measured by thermocouples i n  t h e  l i n i n g  pads, was i n  excess of 
1 2 7 0 " ~ .  To make a f a i r  comparison w i t h  t h e  r e s u l t s  of t h e  b a s e l i n e  v e h i c l e s ,  
i t  should be noted t h a t  f o r  t h e  two t e s t s  t h e  average snub d e c e l e r a t i o n  t ime 
was 5 .8  sec arid 5.7 sec  and t h e  average time t o  a c c e l e r a t e  back t o  t e s t  speed 
wals 76,4 sec and 81.8 sec .  

3.5.1.4 Brake Rating Tes t .  I n  t h e  brake r a t i n g  t e s t  an average power 
input  t o  t h e  bra.kes of 9 i . 3  hp was maintained f o r  670 sec  w i t h  l e s s  than  a 
2y0  decrea.se i n  brake f o r c e  a t  a cons tan t  pedal  pressure .  The t e s t  wes t e r -  
minated a , f t e r  670 sec because, by t h i s  t ime, t h e  temperatures of a l l  o f  t h e  
brakes exceeded :200~F, I n  comparison w i t h  t h e  b a s e l i n e  veh ic les ,  t h i s  vehi-  
c l e  prodwed an energy and power r a t i n g  of 1215 f t - l b  of thermal energy ab- 
sorbed per pound of veh ic le  weight and 71.4 horsepower f o r  square f o o t  of 
l i n i n g ,  r e s p e c t i v e l y .  

3.fj.l.5 Pa,rking Brake Tes t s .  Spring a ,c tua to rs  were mounted on eacn of 
t h e  r e a r  a x l e  brakes and t e s t e d  according t o  t h e  procedure s p e c i f i e d  i n  
Appendix B. Tested wi th  t h e  brakes a t  ambient temperature,  a. towing f o r c e  of 
6750 l b  was required t o  s t a r t  motion of t h e  t r u c k ,  which f o r c e  corresponds t o  
a K-factor* of C.37. When t h e  brakes were t e s t e d  a t  250°F minimum brake tem- 
pera tu re ,  t h e  fo rce  requ i red  t o  s t a r t  motion increased t o  9230 l b ,  cor re -  
sponding t o  a K-factor of 0.5.  Once r o l l i n g  i n  t h i s  cond i t ion ,  hoTgever, t h e  
average towbar fo rce  requ i red  t o  s u s t a i n  motion a g a i n s t  t h e  fo rce  of t h e  
s p r i n g  brakes  was 3200 l b ,  corresponding t o  a K-factor of O.i.8. These bra.kes 
have t h e  capac i ty  t o  r e s t r a i n  t h e  v e h i c l e  on a 19.5" gra,de i f  t h e  brakes were 
hot ,  and a 13.8' grade i f  t h e  brakes  were co ld ,  presl~ming t h e  necessary t i r e -  
road f r i c t i o n  f o r c e s  e x i s t  t o  prevent s l i d i n g  of t h e  rea , r  wheels. 

3 . 5 . 2  TEST RESULTS, VEHICLE 12. 
3 . 5 . 2 . 1  Ef fec t iveness  T e s t s .  Resu l t s  from t h e  f i v e  e f f e c t i v e n e s s  t e s t s  

conducted on the  Vehicle 12 t r a c t o r - t r a i l e r  a r e  given i n  Figs.  5gthrough 63, 
The purpose of t h e  f i r s t  four  e f f e c t i v e n e s s  t e s t s  was t o  a s s e s s  t h e  

*The K-factor a s  used nere i s  defined a s  t h e  fo rce  c a p a b i l i t y  of t h e  
brake a s  measured a t  tne  t i r e - r o a a  i n t e r f a c e  divided by tile r a t e d  s t a t i c  ax le  
load.  



FIGURE 57. EFFECTIVENESS TEST RESULTS, FRONT AND REAR HYDRAULIC LINE FAILURE, 
DISK BRAKE TRUCK 

Q 
0.4.b 

CI) 

';i 0.3.. 
? . . 
S , - 
C, 

2 Q) 0.2- - 
B 
CI 

0,1-. 

0.0 
0 10 20 30 40 50 60 70 80 Pedal Force 

(Ibs) 

1 I 

I 
I 

I I I 

8 B;hF;;nt Wheels 

Both Rear Wheels 
Locked 

Left 17ront Wheel 
Locked 

0 Front Disabled: Vehicle Empty 

0 Fear Disabled: Vehicle Empty 

Front Disabled: Vehicle Loaded 

I Rear Disabled: Vehicle Loaded 

1 I I 1 I I I 



-, 1300 

-1 200 

-.1100 

-. 1000 

-. 900 

.. 800 
0 Pedal Force, Test 1 

Pedal Force, Test 2 .. 700 
A Temperature, Test 1 

A Temperature, Test 2 -. 600 

-. 500 

I . , . ,  , l l l l l l .  400 
1 2  3 4 5 6 7 8 9101112131415  

Baseline 
Check 

Snub Number Maximum Brake 
Temperature ( " F) 

FIGUEIE 9. FADE TEST RESYLT3, DISK BRAKE TRC'CK 





improvement i n  performance of t h e  empty v e h i c l e  wi th  t h e  use of bra,ke propor- 
t i o n i n g  va lves ,  a,n adap t ive  braking system, and a combination of a n t i l o c k  and 
propor t ioning.  The pllrpose o f  t h e  f i f t h  t e s t  was t o  determine t h e  performance 
o f  t h e  loaded v e h i c l e  using t h e  most e f f e c t i v e  brakes s p e c i f i e d  f o r  t h e  program. 

Figure  59 shows t h a t  t h e  standa.rd bra,king system produces a  r a t h e r  s t e e p  
peda l  f o r c e  ve rsus  d e c e l e r a t i o n  curve f o r  t h e  empty combination i n d i c a t i n g  a  
c ~ m p a r a ~ t i v e l y  " s e c s i t i v e  peda l . "  Wheels lock  up on t h e  l ead ing  a x l e  of t h e  
t r a i l e r  a t  d e c e l e r a t i o n s  a s  low a s  17 f t / s e c 2 .  Maximum d e c e l e r a t i o n  c a p a b i l i t y  
of t h e  v e n i c l e  a.s indica,ted by t h i s  t e s t  was 19.6 f t / s e c 2 .  On t h e  l a s t  s t o p  
of t h e  t e s t ,  a l l  wheels locked, except t h e  t r a c t o r  f r o n t s ,  and t h e  veh ic le  
jackknifes t o  t h e  l i m i t  of t h e  r e s t r a i n i n g  bumper. 

The use of p ropor t ion ing  va.lves decreased t h e  pedal  s e n s i t i v i t y ,  bu t ,  a s  
i s  shown i n  F ig .  60, wheels s t a r t e d  t o  lockup on t h e  l ead ing  a x l e  of t h e  
t r a i l e r  a t  dece le ra , t ions  a s  low a s  11.8 f t / s e c 2 .  Lockup of wheels on any 
o ther  a.xLes sJas prevented by use of t h e  p ropor t ion ing  va lves ,  bu t  a.t t h e  ex- 
pense of decreas ing t h e  ma4xirnum d e c e l e r a t i o n  ca .pab i l i ty  t o  15.7 f t l s e c 2 .  It 
can be sno.tm t h a t  load  t r a n s f e r  w i t h i n  t h e  two e l l i p t i c  s p r i n g  suspension,  
such a s  e x i s t s  on t h e  t r a i l e r  of t h i s  combina.tion, ca,uses t h e  l ead ing  a x l e  t o  
be more s e v e r e l y  unloaded tha,n t h e  t r a i l i n g  a.xle ( 4 ) .  S ince  one valve  was 
used t o  p ropor t ion  brakes  f o r  bo th  a x l e s ,  t h e  s e t t i n g  of t h e  va lve  had t o  be 
based on t h e  average load  c a r r i e d  by t h e  suspension,  which allowed premature 
lockup of t h e  wheels on t h e  l ead ing  a x l e .  I f  t h e  s e t t i n g  were c u t  down t o  
prevent t h i s  premature lockup, t h e  e f f e c t i v e n e s s  of t h e  t r a , i l e r  brakes  would 
have been f u r t h e r  reduced. If  p ropor t ion ing  va lves  a r e  t o  be used e f f e c t i v e l y  
w i t h  t r a i l e r s  having such suspensions ,  some means of prevent ing premature 
lockup of t h e  wheels on t h e  l ead ing  a x l e  must be employed. 

The e f f e c t i v e n e s s  curve obta ined w i t h  t h e  a,daptive system o p e r a t i o n a l  i s  
given i n  Fig .  61. The maximum d e c e l e r a t i o n  achieved i s  19.9 f t / s e c 2 ,  a  decel-  
e r a t i o n  t h a t  i s  gq, of t h e  maximum va lue  obta,ined w i t h  t h e  una.ugmented v e h i c l e  
i n  s tops  t h a t  included wheel lockups ( s e e  Fig .  59) .  Notwithstanding t h e s e  
modera,tely high d e ~ e l e r a ~ t i o n s  w i t h  t h e  empty v e h i c l e ,  s t a b i l i t y  problems were 
no t  encountered when t h e  adap t ive  system was used.  

'FThen t h e  ada.ptive system sras o p e r a t i o n a l  on t h e  t r a c t o r  w i t h  a  propor- 
t i o n i n g  valve  used only  on t h e  t r a # i l e r ,  wheel lock  on t h e  t r a i l e r  l ead ing  a x l e  
was prevented up t o  a  d e c e l e r a t i o n  of 18.1 f t / sec2 ,  a s  i s  ind ica ted  i n  Fig .  62. 
For t h e  empty combination, t h i s  scheme proved t o  be almost a s  e f f e c t i v e  i n  
prevent ing wheel lock  a s  t h e  f u l l y  adap t ive  ( a , n t i l o c k )  system. A maximum de- 
c e l e r a , t i o n  of 19.5 f t / s e c 2  wa.s a.chieve3 wi th  lockup of  3 wheels on t h e  t r a , i l e r .  

Figure  63 shows t h e  e f f e c t i v e n e s s  curve obta ined w i t h  t h e  loaded v e h i c l e  
a f t e r  i n s t a l l i n g  t h e  most e f f e c t i v e  b rakes  s p e c i f i e d  f o r  t h e  program. When 
it was discovered t n a t  t h e  o r i g i n a i  hoses d i d  n o t  ha.ve a d e q w t e  capac i ty  t o  
suppl;i a i r  t o  t h e  1a.rger front-bra.ke cha.tnbers f a s t  enough t o  keep t h e  respocse 
time of t h e  f r o n t  brakes t o  a  rea.sona.bie minimum, l a . rge r  dia.meter hoses weye 
i n s t a . l l e d ,  This cha.nge decreased t h e  response time of t h e  f r o n t  brakes from 
0.29 seo t o  0 . 1 1  sec .  klaxirflurn j e s e l e r a t i o n  achieved i n  t h i s  t e s t  was 1>.1 
f t / s e c 2  w i t i l  lozkup o c c ~ r r i n g  on some wheels. 

3.5.2.2 Minirrium Stopping Dista.r,ce Tes t s .  Minimum stopping d i s t a n c e  t e s t s  
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were run t o  determine t h e  improvement i n  braking performance y ie lded  by t h e  
va r ious  advanced systems and combina,tions of advanced systems t h a t  were em- 
ployed on Vehicle i 2  i n  a  wide v a r i e t y  of t e s t  cond i t ions .  Tables 19 through 
27 provide a, complete compilation of t h e  da,ta from t h e s e  t e s t s .  Stopping 
dista,nce d a t a  have been averaged and cor rec ted  t o  represen t  s t o p s  conducted 
from nominal i n i t i a l  speeds of 60 mph or  20 mph; t h e  r e s u l t s  a r e  shown graph- 
i c a l i y  i n  Figs .  64 through 72.* The des igna t ions  %baseline," "improved 
f r c n t , "  and "most e f f e c t i v e "  bra,kes used i n  t h e s e  t a b l e s  and graphs a r e  de- 
f ined  i n  Ta,bles 7 and 29. 

Some of t h e  r e s u l t s  obtained i n  e f f e c t i v e n e s s  t e s t s  have been included 
i n  these  f i g u r e s  f o r  comparison purposes.  Whenever wheel lockup occurred on 
a.n e f f e c t i v e n e s s  t e s t ,  t h i s  occurrence i s  ind ica ted  by an a s t e r i s k .  Otherwise 
no wneel lock  was permit ted  i n  t h e  minimum-stopping-distance t e s t s .  The f o l -  
lowing coriclusions ca,n be drawn from a,n examination of t h e s e  da ta :  

(1) For t h e  t r a c t o r - t r a i l e r  combination, b e s t  performance ( a s  measured 
bo tn  by s topping dis ta ,nce  a.na maximum decelera . t ion)  i s  obtained when t h e  adap- 
t i v e  system i s  used w i t h  t h e  t r a i l e r  brake synchronizat ion system. This 
f ind ing  holds f o r  bo th  wet and d r y  surfa.ces,  and f o r  both  t h e  empty and loaded 
veh ic les .  

( 2 )  Propor t ioning valves  were not  a s  e f f e c t i v e  on t h e  t r a . c t o r - t r a i l e r  
combina,tion a s  would ha.ve been t h e  case  i f  premature lockup of t h e  wheels on 
t h e  l ead ing  a,xie of t h e  t r a i l e r  had been e i iminated.  

( 3 )  The dry sur face  braking performance of t h e  single-element t r a c t o r ,  
both  loaded and i n  t h e  b o b t a i l  conf igura t ion ,  was improved t o  an  equa l  degree 
by use of t h e  propor t ioning valve  or t h e  adap t ive  system. On t h e  low c o e f f i -  
c i e n t  su r face ,  however, t n e  dece le ra t ion  performance of t h e  empty t r a c t o r  was 
severe ly  degraded by t h e  propor t ioning va.lve, which s e t  t h e  b rake- l ine  pres-  
su re  r a , t i o  ( f r o n t  t o  r e a r )  a t  5 t o  1. I n  t h e s e  l a t t e r  t e s t s ,  t h e  l i n e  pres- 
su re  had t o  be kept below 30 p s i  t o  prevent t h e  f r o n t  wheels from locking on 
t h e  low c o e f f i c i e n t  surfa.ce. Since  t h e  propor t ioning valve  kept  t h e  p ressures  

*In c e r t a i n  loading conf igura , t ions ,  t h e  v e h i c l e s  could not  a t t a , i n  60 niptl 
on the t e s t  tra.ck f o r  t h e  high-speed t e s t s .  Speed on t h e  v e t  skid  p a d  su r face  
wa.s l i m i t e d  t o  40 mph f o r  most of t h e  t e s t s .  I n  order  t o  compare data., a l l  
s topping d i s tance  va lues  f o r  t h e  high-speed t e s t s  were cor rec ted  t o  a,n i n i t i a l  
speed of 60 mph, using t n e  fol lowing eq9a.tion: 

where 

11 = a.c tual  t e s t  v e l o c i t y ,  mph 
1 

S - a,ctua,l  s topping dista,rice, f t  
2 

6~ 
= s topping d i s t a n c e ,  t 'L,  cor rec ted  t o  69 rriph i n i t i a l  speed. 
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FIGUIiE 65. MINIMUM STOPPING DISTANCE TEST RESULTS, TRACTOR-TRAILER, EMPTY, DRY 
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'IGLX3 66. MINIMIN STOPPING DISTANCE TEST RESULTS, TRACTOR-TXAILER, WET TRACK, 
CORRECTED TO 60 MPH 
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FIGURE 67. MINIMUM STOPPING DISTANCE TEST ?JISULTS, TRACTOR-TIIAILEF., DRY TRACK, 
FROM 29 MPH 
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FIGURF: 68. MINIMUM STOPPING DISTANCE TEST RESULTS, TNCTOR-TRAILER, LOADED, 
WET TRACK, FROM 2 0  MPE 
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FIGURE 69. MINIMUM STOPPING DISTANCE TEST PESULTS, TRACTOR ONLY, DRY TRACK, 
FROM 60 MPH 
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FIGL~E 70. MINIMUM STOPPING DISTANCE TEST RESULTS, TRACTOR ONLY, WET TRACK, 
FROM 60 MPH 
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FIGURE 71. MINIMUM STOPPING DISTANCE TEST FGSTJLTS, BOBTAIL TRACTOR, DRY TRACK, 
FEOM 20 MPH 
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FIGURE 72. MINIIKP4 STOPPING DISTANCE TEST P$SULTS, BOBTAIL TPACTaR, WET TRACK, 
FROM 20 MPH 



MINIMUM STOPPING DISTANCE DATA F 9 R  FIGURE 6 4  

- - - - - - - 

A c t u a l  Corrected Maximum Average 
S p e c i a l  

Vei, D i s t  , Vel, Dist, Dece le ra t ion ,  Dece le ra t ion ,  
Equipment 

m ~ h  f t  mnn f t  f t / s e c 2  f t / s e c 2  

None 

Syncron 

Adaptive Braking 53 
53 
54 

Adaptive Braking, 5 5 
Syricron 54 

54 

Syncron 

Adaptive Brasking, 57 
Syncron 56 

57 

Most E f f e c t i v e  Bra,kes 54 

Adaptive Syncron , 54 

Most E f f e c t i v e  Brakes* 57 

*Wheels locked, 



TABLE 20 

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 65 

Actual Corrected Maximum Average 
Special  

Vel, Dist,  Vel, 3 i s t ,  Deceleration, Deceleration, 
Equipment 

mph f t  mph f t  f t / sec2  f t / sec2  

Adaptive Braking 59 238 60 246 18.9 15.8 
Improved Front Brakes 

Adaptive, Syncron, 60 246 
Improved Front Brakes 60 224 

60 222. 

Adaptive, Syncron, 57 223 60 249 19.5 15.6 
Most Effect ive Brakes 58 222 60 238 20.2 16.3 

60 220 20.4 17.6 

None 60 346 11.. 6 11.2 

None* 61 214 60 207 18.2 17.0 

Proportioning Valves 59 242 60 334 * 8.7 

Proportioning Valves* 60 259 15- 7 13.0 

Adaptive Braking 60 216 18. 9 18.0 

Proportioning on 61 299 60 289 14.0 13.4 
T r a i l e r ,  Adaptive on 
Tractor 

Proportioning on 61 205 60 i98 19.8 1-90 5 
T r a i l e r ,  Adaptive on 
Tractor* 

+Wheels locked, instrument f a i l u r e .  



TABLE 21 

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 66 

Actual Corrected Max imum Average 
Special 

Vel, Dist ,  Vel, Dist ,  Deceleration, Deceleration, 
E ~ L I  ipment 

mph f t  mph f t  f t / sec2  f t / sec2  

None 

Syneron 

Ada<pt ive Braking 

Adaptive Braking, 47 281 60 458 
Syncron 49 302 60 453 

50 297 66 428 
50 0 5  60 440 

Adaptive Braking, 48 371 60 380 
Improved Front Brakes 46 304 60 517 

48 360 60 563 

Adaptive Syncron, 38 224 60 558 
Most Effect ive Brakes 38 223 60 335 

39 227 50 538 

Adaptive Syncron, 40 212 60 476 
M o ~ t E f f e c t i v e B r a ~ k e s *  41 218 60 466 

39 206 60 487 

*Empty, not loaded. 



TABLE 22 

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 67 

Specia l  Actual Corrected Maximum Average 
Vel, Dis t ,  Vel, Dis t ,  Deceleration, Deceleration, Equipment 
mph f t  mph f t  f t / s ec2  f t / sec2  

None 

Syncron 

Adaptive Braking 20 31 
20 30.5 
20 29 

Adaptive Braking, 20 28 
Syncron 20 28 

20 27 

Syncron 

Adaptive Braking, 21 26 20 23.6 20.0 ~ 8 . 2  
Syncron 21 24.5 20 22.2 19.5 19.3 

20 26 19* 3 16.5 

Adaptive Braking, 20 24.5 21.0 17.6 
Improved Front Brakes* 21 26 20 23.5 21.2 18.2 

21 25 20 22.5 21.3 - 19.0 

Ada,pt ive  Syncron, 2 l  24 20 22 21.0 19.8 
Improved Front Brakes* 21 23 20 21 21.1 20.6 

21 23 20 21 21.1 20.6 

*Empty, not loaded. 



MINIMUM STOPPING DISTANCE DATA FOR FIGURE 68 

Actua l  Cor rec ted  Maximum Average 
S p e c i a l  

Vel, D i s t ,  Vel, D i s t ,  D e c e l e r a t i o n ,  Dece le ra t ion ,  
Equipment 9 f t / s e c 2  

None 

Syncron 

Adaptive Braking 

Adaptive Bra.king , 
Syncron 

Ada,ptive Braking,  20 46 20 41 
Improved Fron t  Brakes 2 1  45 

20 47 

Ada,pt i v e  Braking, 20 48 
Syncron, 20 49 
Improved Front  Brakes 20 50 



MINIMUM STOPPING DISTANCE DATA FOR FIGURE 69 

Special 
Actual Corrected Maximum Average 

Vel, Dist ,  Vel, Dist,  Deceleration, Deceleration, Equipment 
mph f t  mph f t  f t /sec2 f t /sec2 

None 

Proportioning Valve 

Adaptive Braking 

Most Effect ive Brakes* 56 243 60 279 

57 266 60 294 
57 263 60 291 

10.0 
10.3 
10.6 
l o .  9 

Adaptive Braking, 56 212 60 243 19. 0 16.0 
Most Effect ive Brakes* 59 212 60 219 19.5 1797 

60 218.5 19.7 17.7 

*Loaded. 



TABLE 25 

M I N I M U M  STOPPING DISTANCE DATA FOR FIGURE 70 

@man;  nl 
Actual Corrected Maximum Average 

v y c G l a A  Vel, Dist,  Vel, Dist, Deceleration, Deceleration, Equipment 
~nph f t  mph ft; f t /sec2 f t / sec2 

None 

Proport ioning Valve 50 774 60 1115 3 - 6  3 - 5  
50 821 60 1174 3 o 5 3.3 
49 905 60 1304 3 1 2*9 

Ada.pt ive Braking 61 532 60 514 8.8 7 ~ 5  
60 456 9.6 8 - 5  
58 486 60 520 9. i 7 -  5 
59 533 60 551 8.8 7 - 0  

Most EffectiveBrakes 35 423 60 1243 4.6 3 - 1  
35 371 60 1090 5- 0 3 - 6  
39 343 60 812 3.2 4.6 

Ad a,pt ive Bra,king, 36 1 9  60 528 8.9 7.3 
Most Effective Brakes 35 186 60 546 8.8 7 .1  

37 177 60 465 9.6 8.3 

Most Effective Brakes* 40 352 60 791 5- 8 4- 9 
39 343 60 8i6  50 2 4-7 
39 360 60 851 5- 1 4.6 

Adaptive Braking, 39 331.5 60 546 8 - 3  7 .1  
Most Effective Brakes* 40 2i4 60 48; 9.0 8 .0  

39 222 60 525 8.6 7-4 



TABLE 26 

Actual Corrected Maximum Average 
Spec ia l  

Vel, Dis t ,  Vel, D i s t ,  Decelerat ion,  Deceleration, 
Equipment 

mph f t  mph f t  f t / s ec2  f t / s ec2  

None 

Proport ioning Valve 20 29 
20 27.5 
20 28 

Adaptive Braking 

Adaptive Braking, 20 23 
Improved Front Brakes 20 25 

TABLE 27 

MFJIMUM STOPPING DISTANCE 3ATA FOR FIGURE 72 

Actual Corrected Max imurn Average 
Spec ia l  

Vel, D i s t ,  Vel, D i s t ,  Deceleration, Deceleration, 
Equipment 

mph f t  mph f t  f t / s ec2  f t / s ec2  

None 

Proportioning Valve 20 95 
20 101  
20 97 

Adaptive Braking 20 3 7 
20 3 5 
20 3 7 
20 38 



a, t  t h e  rea , r  brakes below 6 p s i ,  t h a t  i s ,  a t  o r  near  t h e  pushout p ressure ,  t h e  
r e a z  brakes  d i d  l i t t l e  o r  no work i n  t h e s e  s tops ,  r e s u l t i n g  i n  low decelera-  
t i o n s  a.nd long s topping d i s t a n c e s .  This problem could have been e l iminated 
had t h e  valve  been biased such t h a t  p ropor t ion ing  d i d  not occur on t h e  r e a r  
brakes  u n t i l  a f t e r  t h e  brake l i n e  p ressure  exceeded t h e  pushout p ressure .  

( 4 )  The in f luence  of load  c.g.  he igh t  on t h e  performance o f  t h e  t r a c t o r -  
t r a i l e r  ~ o m b i n a ~ t i o n  was indeterminate ,  because t h e  minimum-stopping-distance 
t e s t  procedure introduced human f a c t o r s  t h a t  confounded t h e  t e s t  da.ta. The 
r a t e  of i n i t i a l  pedal  a ~ p l i c a ~ t i o n  and t h e  p ressure  l e v e l  maintained throughout 
t h e  t e s t  was s u b j e c t  t o  d r i v e r  judgment. Table 28 compares t e s t  d a t a  obtained 
i n  60 and 20 mph s t o p s  under bo th  high and low c.g.  loading cond i t ions  wi th  
b a s e l i n e  brakes  p lus  syncron. A t  6~ mph, w i t h  t h e  high load,  t h e  d r i v e r  was 
i n c l i n e d  t o  be ve ry  c a r e f u l  and d id  not  apply  t h e  brakes  r a p i d l y .  Conse- 
quen t ly ,  t h e  t ime from i n i t i a l  movement of t h e  pedal  u n t i l  t h e  f i n a l  p ressure  
was f u i l y  app l ied  avera,ged out  a t  1,53 sec  compared t o  0.80 sec  f o r  t h e  low 
c .g .  load .  A t  20 mph, t h e  f i g u r e s  a r e  1 .10  sec  and 0 .50 see ,  r e s p e c t i v e l y .  
For some unknown reason,  however, t h e  d r i v e r  e l e c t e d  t o  use a  sus ta ined  l i n e  
p ressure  o f  94 p s i  when s topping w i t h  t h e  high c .g .  load  from 60 mph, while 
f o r  t h e  low c .g .  load  he used on ly  80 p s i .  The r e v e r s e  was t r u e  f o r  t h e  20 
mph s tops ,  where w i t h  t h e  high c .g .  t h e  d r i v e r  s e l e c t e d  a  p ressure  of 68 p s i ,  
while f o r  t h e  low c.g. ,  75 p s i .  It appears  c l e a r  t h a t  t h e  s l i g h t l y  s h o r t e r  
s topping d i s t a n c e s  achieved w i t h  t h e  low c.g.  i n  t h e  t e s t s  conducted without 
t h e  a n t i l o c k  system o p e r a t i o n a l  r e s u l t e d  from t h e  d r i v e r  applying t h e  brakes 
more r a p i d l y  than he d i d  wi th  t h e  high c.g.  When t h e  a n t i l o c k  system was 
o p e r a t i o n a l ,  t h e  d r i v e r  took p r a c t i c a l l y  t h e  same t ime t o  apply  t h e  brakes i n  
both  load ing  cond i t ions .  Fur ther ,  t h e  in f luence  of load ing  on system e f  fec-  
t i v e n e s s  could not  be determined e x a c t l y  because t h e  adap t ive  system worked 
d i f f e r e n t l y  under each load ing  cond i t ion .  A l l  t h a t  can be concluded i s  t h a t  
d r i v e r  f a c t o r s  and t h e  p e c u l i a r i t i e s  of t h e  adap t ive  system undoubtedly masked 
whatever d i f f e r e n c e s  occurred i n  dynamic a x l e  loading,  a s  caused by load 
t r a n s f e r  dur ing t h e  s tops  t h a t  were made under t h e  two load cond i t ions .  It 
appears ,  however, t h a t  t h e  measured s topping d i s t a n c e  i s  c o n s i s t e n t l y  ( i f  not  
much) s h o r t e r  w i t h  t h e  low c.g.  load.  

3 , 5 . 2 . 3  Brake Baiance Tes t s .  I n  a d d i t i o n  t o  supplying t h e  t r a c t o r  f o r  
t h i s  t e s t  program, White Motors provided t h e  hardware necessary  t o  a l t e r  brake 
e f f e c t i v e n e s s .  The r e s u l t s  o f  t h e  brake balance t e s t s ,  a s  run  w i t h  "base l ine , "  
"improved f r o n t ,  I' and. "most e f f e c t i v e "  brakes ,  a r e  g iven i n  Table 29. It 
should be noted t h a t  whereas t h e  "base l ine"  brakes were balanced i n  accordance 
wi th  s t a t i c  a x l e  loads ,  t h e  b rakes  i n  t h e  "most e f f e c t i v e "  cond i t ion  were b e s t  
balanced f o r  h igher  d e c e l e r a t i o n  s t o p s .  

3.3.2.4 Response Time Tes t s .  Resu l t s  from t h e  brake response t ime t e s t s  
& r e  given i n  Figs .  73 through 82 and a r e  summarized i n  Ta,ble 30. The follow- 
ing po in t s  should be noted: 

( 1 )  Propor t ioning va lves  and/or an adap t ive  system do no t  seem t o  a f f e c t  
e i t h e r  a ,pp l i za t ion  o r  r e l e a s e  t imes .  

( 2 )  Syncron improves (i. e . ,  decreases )  t r a , i l e r  brake a p p l i c a t i o n  time by 
a.bout 2v0  and t h e  r e l e a s e  time by b e t t e r  t h a n  40%. 



Application Time (sec) Release Time (sec) 

FIGURE 73. BRAKE RESPONSE TIME TEST, VEHICLE: 12, STANDARD SYSTEM 
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FIGURE 74. BRAKE RESPONSE TIME TEST, VEHICLE 12, WITH SYNCRON 
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FIGURE 75. BRAKE RESPONSE TIME TEST, VEHICLF: 12, WITH ADAPTIVE BRAKING 
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FIGURE 76. BRAKE: lZESPONSE TIME TEST, VEEICLE 12, WITH ADAPTIVE BRAKING AND 
SYNCRON 



FIGURE 77. BRAKE RESPONSE T I M E  TEST, VEHICLE 12, WITH PROPORTIONING (EMPTY) 
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FIGURE 78. BRAKE RESPONSE TIME 'TEST, VEHICLE 12, WITH PROPORTIONING (EMPTY) AN3 
SYNCRON 
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FIGURE 79. BRAKFl RESPONSE TQbE T E S T ,  VEHICLE 12, WITH SYNCRON, ADAPTIVE SYSTEM, 
AND PROPORTIONING (EMPTY) 
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FIGTJRE 80. BRAKE RGSPONSE TIME: TEST, VEHICLE 12, WITH PROPORTIONING (FULL LOAD) 
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FIGWiE 81. BUM: RESPONSE TIME TEST, VEHICLE 12, WITH PROPORTIONING (FULL LOAD) 
AND SYNCRON 





DRIVER/VEHICLF: P E R F O ~ C E  AS INFLUENCED BY HIGH AND 
LOW LOAD COIWIGURATIONS 

Test High Low 
System Velocity, System Load, Load, 

Syncron 

Syncron 

Syncron 
and 

Ant ilock 

Syncron 
and 

Ant i lock 

60 Time t o  Apply Brakes, sec 1-55 0.80 
Sustained Line Pressure, p s i  94 80 
Stopping Distance, f t  285 282 
Average Deceleration, f t /sec2 13.60 13.80 
M a x i m  Deceleration, f't/sec2 17.20 15.20 

20 Time t o  Apply Brakes, sec 1.10 0. 50 
Sustained Line Pressure, p s i  68 75 
Stopping Distance, f't 43.70 34.50 
Average Deceleration, f't/sec2 9.90 12.40 
Maximum Deceleration, f't/sec2 15.30 16.80 

60 Time t o  Apply Brakes, sec 0. 25 0. 28 
Sustained Line Pressure, p s i  100 100 
Stopping Distance, f't g 6  260 
Average Deceleration, f't/sec2 14.10 14.90 
Maximum Deceleration, f t / sec2 16.80* 15. gO** 

20 Time t o  Apply Brakes, sec 0.13 0.15 
Sustained Line Pressure, p s i  100 100 
Stopping Distance, f't 28.70 23.60 
Average Deceleration, f't/sec2 15.60 18.20 
Maximum Deceleration, f t / sec2 19. TO* 20.20X** 

*Tractor rear  wheel anti lock cycling during stops. 
**Tractor rea r  and t r a i l e r  wheel antilock cycling during stops.  

**Tractor front and t r a i l e r  wheel antilock cycling during stops. 







(3 )  Ja,ta, appiy  t o  lfba,seline 'f  brakes  except those  va lues  given i n  t h e  l a s t  
row of Table 29 wnich d a t a  apply  t o  t h e  "most e f f e c t i v e "  brakes .  When t h e  
"most e f f e c t i v e f 1  brakes  were i n s t a l l e d ,  t h e  f r o n t  brake a i r  l i n e s  were r e -  
placed wi th  l a r g e r  l i n e s  and t h e  connectors t o  t h e  f r o n t  brakes  were replaced 
w i t h  l e s s  r e s t r i c t i v e  connectors ,  r e s u l t i n g  i n  brake a p p l i c a t i o n  t ime being 
reduced by b e t t e r  tha,n 507,. 

3 . 5 . 2 . 5  Parking Brake Tes t s .  Five s e t s  of s p r i n g  brakes  were t e s t e d  on 
t h e  l ead ing  r e a r  t r a c t o r  a.xle of Vehicle 12. The towbar f o r c e s  ( b o t h  s t a t i c  
a,nd r o l l i n g )  requ i red  t o  move t h e  v e h i c l e ,  w i t h  t h e  brakes  s e t  on t h i s  one 
a x l e ,  a r e  g iven i n  Table 31. The r e s u l t i n g  K-factors  a r e  given,  b u t  it should 
be noted t h a t  t h e  s p r i n g  brakes  were designed f o r  t h e  b a s e l i n e  brakes which 
had 5- in .  s l a c k  a d j u s t e r s  on t h e  r e a r  t r a c t o r  a x l e s .  Since  t h e  f o r c e  output  
of t h e  s p r i n g  brake depends upon t h e  asmount t h e  s p r i n g  extends from i t s  caged 
l eng th ,  which i n  t u r n  i s  dependent upon s l a c k  a d j u s t e r  l e n g t h  and i n i t i a l  
brake adjustment,  it i s  impossible t o  deduce from t e s t  r e s u l t s  what t h e  K- 
f a , c to r s  wo.~ld  be i f  ?-in.  s l a c k  a d j l ~ s t e r s  were used. However, i f  it i s  
assumed t h a t  t h e  same angular  r o t a t i o n  i s  r equ i red  t o  s e t  t h e  brakes w i t h  
5-in.  s l a c k  a d j u s t e r s  a s  was requ i red  f o r  t h e  6 .5 - in .  s l a c k s ,  i . e . ,  t h e  brakes 
i n  bo th  cases  would have been e x a c t l y   he same adjus tment ,  t h e  K-factors can be 
c a l c u l a t e d  using nominal brake des ign d a t a  from t h e  manufacturers.  Such a  
c a l c u l a t i o n  r e s u l t s  i n  a  1 2  t o  13% reduc t ion  i n  K-factor from t h e  value  d e t e r -  
mined wi th  6 .5 - in .  s l a c k s  i f  ?-in.  s l a c k s  a r e  used: 

where 

Kf = K-factor 
I = s l a c k  a d j u s t e r  i eng th ,  inches 
K = s p r i n g  r a t e ,  lb / inch  

X1 = caged l e n g t h  of s p r i n g  
X2 = l e n g t h  of s p r i n g  when spr ing  brakes a r e  s e t  
F2 = s p r i n g  f o r c e  a, t  extended i e n g t h .  

Unprimed va lues  a r e  f o r  cond i t ion  a s  t e s t e d ,  i . e . ,  6 .5 - in .  s l a c k s .  Primed 
va lues  a r e  f o r  cond i t ions  a s  c a i c u l a t e d ,  i . e . ,  >- in .  sla,cks.  

3.3.3 TEST RESULTS, VEHICLE: 1 4  
3.5.3.1 Effect iveness  axid Minimum Stopping Distance Tes t s .  Resu l t s  from 

t h r e e  e f f e c t i v e n e s s  t e s t s  conducted on Vehicle 14 a r e  given i n  Fig.  83. 
Because of t h e  h igh ly  s e n s i t i v e  pedal ,  r e s u i t i n g  from a  high l i n e  pressure/  
peda,i f o r c e  g r a d i e n t ,  a,nd t h e  ve ry  e f f e c t i v e  brakes ,  making it p o s s i b l e  t o  
l o c k  t h e  wheels a.t a  r e i a , t i v e l y  losr l i n e  p ressure ,  e f f e c t i v e n e s s  t e s t s  couid 
riot be confil~cted on the  empty vei i ic le  wi thcu t  t h e  a n t i l o c k  system being opera- 
t i o n a l ,  I n  a ,ddi t ion,  it wa,s deemed inadv isab le  t o  c o n d ~ c t  e f f e c t i v e n e s s  t e s t s  
on t n e  loaaea v e h i c l e  beyond the p o i n t  wnich whee; lock  f i r s t  occurs ,  The 
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FIGURE 83 . EFFECTIVENESS TESTS, VEHICLE: 14 





l e f t  r e a r  wheel o f  t h e  t r a c t o r  locked a t  a pedal  f o r c e  of 55 l b  and a  decel-  
e r a t i o n  of 14.0  f t / sec2 ,  wi th  t h e  t e s t  h a l t e d  a t  t h i s  po in t  because of t h e  
very r e a l  p r o b a b i l i t y  t h a t  lockup of  both  t r a c t o r  wheels a t  h igher  decelera-  
t i o n s  would r e s u l t  i n  severe  i n s t a b i l i t y .  The e f f e c t i v e n e s s  t e s t  performed 
wi th  t h e  loaded v e h i c l e ,  w i t h  t h e  a n t i l o c k  system operat ing,  produced a  maxi- 
mum d e c e l e r a t i o n  c a p a b i l i t y  of 15 .2  f t / sec2 .  The e f f e c t i v e n e s s  t e s t  conducted 
on t h e  empty v e h i c l e ,  w i t h  t h e  a n t i l o c k  system opera t iona l ,  was discontinued 
when t h e  d e c e l e r a t i o n  reached 14.8 f t / s e c 2  because of excess ive  v i b r a t i o n  i n  
t h e  f r o n t  brakes r e s u l t i n g  i n  a  broken pipe  f i t t i n g .  

Data f o r  t h e  minimum stopping d i s t a n c e  t e s t s  a r e  shown g r a p h i c a l l y  i n  
Figs .  84 and 83, and summarized i n  Table 32. 

3 . 5 . 3 . 2  Response Time Tes t s .  Brake response time measurements were made 
on t h e  v e h i c l e  a s  t e s t e d ,  bo th  wi th  and without t h e  a n t i l o c k  system opera- 
t i o n a l .  On completion o f  t h e  s p e c i f i e d  t e s t  sequence, t h e  brakes were ad- 
jus ted ,  and t h e  response time t e s t s  were made again.  Resul ts  of these  t e s t s  
a r e  given i n  Figs .  8 6  through 89 and a r e  summarized i n  Table 33. The maximum 
pressures  measured by t h e  t r ansducers  mounted on t h e  v e h i c l e  were between 
60-80 p s i .  Consequently, t h e  brake a p p l i c a t i o n  t imes ,  a s  given i n  Table 33, 
were measured from t h e  i n s t a n t  p r e s s w e  s t a r t e d  t o  r i s e  a t  t h e  output  of t h e  
t r e a d l e  valve  t o  t h e  ins ta ,n t  t h a t  p ressure  reached 6q0  of maximum value,  
r a t h e r  t h a n  60 p s i  a s  was used previously .  Two f ind ings  a r e  worthy of comment: 

( 1 )  When t h e  a n t i l o c k  system i s  turned on, l i t t l e  change i s  noted i n  
brake a p p l i c a t i o n  response t ime, except on t h e  r e a r  a x l e  where it i s  decreased 
s i g n i f i c a n t l y ,  i . e . ,  from 0.35 t o  0.26 s e c .  L i t t l e  change i s  noted i n  r e l e a s e  
t imes ,  except t h a t  t h e  r e a r  a x l e  brakes on t h e  t r a c t o r  a r e  somewhat improved 
i n  t h i s  r egard .  

( 2 )  Brake adjustment does not seem t o  a f f e c t  t h e  a p p l i c a t i o n  t imes s i g -  
n i f i c a n t l y ,  but  d i d  decrease  t h e  r e l e a s e  t imes of t h e  brakes on t h e  t r a c t o r .  

3 .5 .4  SUMMARY OF PERFORMANCE OF VEHICUS EQUIPPED WITH ADVANCED SYSTEMS. 
Table 34  summarizes t h e  performance exh ib i t ed  by t h e  t h r e e  t e s t  veh ic les  on 
t h e  d r y  t r a c k ,  and Table 35 summarizes t h e  performance exh ib i t ed  by Vehicles 
1 2  and 14 on t h e  low c o e f f i c i e n t  su r face .  On t h e  low c o e f f i c i e n t  su r face ,  
d i r e c t  comparisons can be made s i n c e  both veh ic les  were t e s t e d  under t h e  same 
condi t ions .  Dry-surface t e s t s  on t h e  t r u c k  wi th  d i s k  brakes and on Vehicle 
1 2  were conducted on t h e  e a s t  s t ra ightaway;  Vehicle 1 4  was t e s t e d  on t h e  
approach t o  t h e  skid  pad. Tire-road i n t e r f a c e  t e s t s  ind ica ted  t h a t  both peak 
and s l i d i n g  t i r e - r o a d  i n t e r f a c e  c o e f f i c i e n t s  a r e  l e s s  on t h e  approach road 
than on the  e a s t  s t ra ightaway.  Thus any comparison of t h e  dry sur face  pe r fo r -  
mance of Vehicle 14 w i t h  t h e  o ther  two v e h i c l e s  must t ake  t h i s  d i f f e r e n c e  i n t o  
account.  

3 . 5 . 3  FAILURES ENCOUNTERED I N  TESTS OF VEHICLES EQUIPPED WITH ADVANCED 
SYSTEMS. A number of problems were encountered i n  t e s t i n g  t h e  veh ic les  
equipped w i t h  t h e  advanced systems which a r e  d e t a i l e d  below. These problems 
could be a t t r i b u t e d  p r i m a r i l y  t o  t h e  f a c t  t h a t  t h e  systems under t e s t  were i n  
t h e  prototype o r  developmental s t a g e s .  

Disk Brake Truck. No a c t u a l  s t r u c t u r a l  o r  brake system f a i l u r e s  occurred 
during t h e  t e s t i n g  of t h i s  veh ic le .  Developmental problems were encountered, 
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however. Af te r  t h e  s p l i t  f r o n t / r e a r  system was i n s t a l l e d  j u s t  p r i o r  t o  t e s t -  
ing,  it was found t h a t  t h e  f u l l  power hydrau l ic  system d i d  not  have t h e  capac- 
i t y  t o  l o c k  up a l l  four wheels i n  t e s t s  wi th  t h e  loaded veh ic le .  I n s t a l l a t i o n  
of more accumulators and a higher  capac i ty  pump a l l e v i a t e d  t h e  problem. 

Vehicle 12.  No problems were encountered wi th  t h e  v e h i c l e  s t r x t u r e  o r  
b a s i c  brake system except t h a t  midway through t h e  t e s t s  a l l  brake drums had 
t o  be replaced due t o  severe  hot  s p o t t i n g  and hea t  checking. Bra,kes were r e -  
l i n e d  a t  t h e  t ime of drum replacement. Severa l  t imes dur ing t e s t i n g  grease  
s e a l s  on var ious  axles  had t o  be replaced due t o  f a u l t y  i n s t a l l a t i o n  a f t e r  
r e p a i r  of wheel speed sensors  f o r  t h e  adap t ive  braking system. 

Vehicle 12,  Adaptive Braking System. On t h e  adap t ive  braking system, 
t h e  fol lowing components f a i l e d  a t  l e a s t  once: wheel speed sensors ,  so le -  
noids  on t h e  modulating va lves ,  and components i n  t h e  e l e c t r o n i c  c o n t r o l  
modules. The l a r g e s t  problem was encountered wi th  f a i l u r e  of speed sensors ,  
which were developmental u n i t s ,  and were not  designed t o  t ake  t h e  high brake 
temperatures encountered i n  burnishing.  

Vehicle 12, Syncron System. Air l e a k s  i n  t h e  system were de tec ted  
s h o r t l y  a f t e r  i n s t a l l a t i o n .  F a i l u r e  o f  t h e  brake pedal  mechanical s t o p l i g h t  
swi tch which t r i g g e r s  t h e  syncron system a l s o  occurred s h o r t l y  a f t e r  i n s t a l -  
l a t i o n .  

Vehicle 14. Problems were encountered w i t h  t h e  f r o n t  wheel brakes on 
t h i s  v e h i c l e  throughout t h e  period of t e s t i n g ,  including:  s t r u c t u r a l  f a i l u r e  
of t h e  brake a c t u a t o r  suppor t  b racke t ,  and a broken pipe f i t t i n g .  Vibrat ion 
i n  t h e  f r o n t  brakes caused t h e  brake chambers t o  work loose  p e r i o d i c a l l y ,  and 
t h e  pressure  t r ansducer  on t h e  chamber t o  work loose  and blow ou t ,  No prob- 
lems were encountered wi th  t h e  a n t i l o c k  system dur ing t e s t i n g .  



4. ANALYTICAL PROGRAM 

4.1 SCOPE OF PROGRAM 
The purpose of the analytical study was to establish mathematical pro- 

cedures for predicting vehicle braking performance, specifically: brake ef- 
fectiveness, braking efficiency, pedal force gain, and thermal response. 
Analytical methods found in the literature were adapted for use in the study, 

Th? test results indicated that the loaded vehicles experienced consid- 
erable brake fade when being decelerated from speeds of 60 mph. The test data 
also showed that wheel lockup occurred prematurely on axles of a tandem-axle 
pair mounted on either a tractor or trailer. The analysis developed to predict 
maximum deceleration capability necessarily had to include fade effects as 
well as dynamic load transfer occurring on tandem-axle suspensions. Since this 
analysis resulted in a rather extensive set of algebraic equations, a digital 
computer program was developed to perform the calculations. A description of 
this performance prediction scheme is given below. 

4.2 THEORETICAL PREDICTION OF BRAKING PERFORMANCE 
For vehicles equipped with unassisted hydraulic brake systems, the pedal 

force is the following function of line pressure: 

where ph = line pressure 
AMC = master cylinder area 
J = pedal lever ratio 

= mechanical efficiency 
The mechanical efficiency is the product of the lever efficiency q1 and the 
cylinder efficiency T ~ ,  viz.: 

Typical values of lever efficiency 71 range from 0.92 to 0.94. Cylinder ef- 
f iciency qc is typically 0.96 and 0.88 for single-piston and tandem master 
cylinders, respectively. 

For vacuum-assisted hydraulic brake systems, Equation 4-1 becomes 



where B* = vacuum a s s i s t  c h a r a c t e r i s t i c s ,  defined by the  r a t i o  of pushrod 
force  upon the  master cyl inder  p is ton  over the  pedal force  
mult ipl ied by the pedal l eve r  r a t i o .  

In  a i r  brake systems, the  applied pedal force  merely cont ro ls  the a i r  -- 
flow through the brake valve and does not serve as  a work producing element. 
Thus, no attempt was made t o  pred ic t  t he  pedal force / l ine  pressure r e l a t i on -  
sh ip  i n  a i r  braked vehicles .  

The ac tua l  brake fo rce  per ax le  created by a hydraulic brake system i s  
given by (3 ,50 )  : 

where 

Q 
= brakel ine pressure 

po = pushout pressure 
Awc = wheel cyl inder  area 
BF = brake f ac to r ,  defined a s  the r a t i o  drum drag over the actua- 

t i n g  force  of one brake shoe (169) 
r = e f f ec t ive  drum or d isk  rad ius  
R = e f f ec t ive  t i r e  radius 

qc = mechanical e f f ic iency  = 0.96 
A s imi la r  expression serves t o  compute the brake force  per axle  of a 

vehicle equipped with a i r  brakes: 

where 
p = l eve r  r a t i o  between brake chamber and brake shoe 
A, = brake chamber a rea  

vm = mechanical e f f ic iency  between brake chamber and shoe actuat ion 
For S-cam brakes, the l eve r  r a t i o  i s  given by 

where 
a, = e f f ec t ive  s lack  ad jus t e r  length 

= e f f ec t ive  cam radius  
For wedge brakes, the l eve r  r a t i o  i s  r e l a t ed  t o  the  wedge angle w, viz. ,  

- 

P = 
2 t an  (a/2) 



I f  t h e  brakes  a r e  i n  good mechanical cond i t ion ,  t h e  mechanical e f f i c i e n c i e s  
e x h i b i t e d  by S-cam and wedge brakes  range from 0.70 t o  0.75 and 0.80 t o  0.88, 
r e s p e c t i v e l y ,  

Ana ly t i ca l  express ions  f o r  p r e d i c t i n g  t h e  brake f a c t o r  of va r ious  types  
of drum and d i s c  brakes  a s  a f u n c t i o n  of brake geometry and t h e  f r i c t i o n  co- 
e f f i c i e n t  of t h e  l i n i n g  have been developed by S t r i e n  (169). These techniques  
were deemed t o  be t h e  most a c c u r a t e  a v a i l a b l e  and have been used e x c l u s i v e l y  
i n  t h i s  s tudy.  Typical  brake f  a c t o r / l i n i n g  f r i c t i o n  c o e f f i c i e n t  r e l a t i o n s h i p s  
f o r  a L e a d i n g - t r a i l i n g  shoe, a two-leading shoe, and a duo-servo brake a r e  
presented i n  Fig .  90. 

The " s e n s i t i v i t y "  of a brake i s  de f ined  by S t r i e n  a s  (169,185): 

where 

PL = l i n i n g  f r i c t i o n  c o e f f i c i e n t  
Note t h a t  a,s def ined,  t h e  brake s e n s i t i v i t y  E i s  t h e  change i n  brake 
f a c t o r  (and hence brake to rque)  wi th  r e s p e c t  t o  a change i n  t h e  f r i c t i o n  co- 
e f f i c i e n t  of t h e  brake l i c i n g ,  Brake s e n s i t i v i t y  i s  included i n  t h e  a n a l y s i s  
by computing t h e  t h e o r e t i c a l  brake f a c t o r  a s  a f u n c t i o n  of l i n i n g  f r i c t i o n  co- 
e f f i c i e n t  f o r  each brake us ing design informat ion.  An example computation i s  
shown i n  F i g ,  91. A non-faded opera t ing  des ign  point. i s  e s t a b l i s h e d  on t h i s  
curve by t h e  value  f o r  p (des igna ted  as  lLh) provided by t h e  veh ic le  o r  brake 
manufacturer,  (Typica l  va lues  of pLh f o r  S-cam and wedge brakes  a r e  0.35 t 3  

0.38 and 9.45 t o  0.48, r e s p e c t i v e l y . )  On drawing a s t r a i g h t  l i n e  tangent  t o  
t h e  curve a t  t h e  p o i n t  corresponding t o  PLh ( a s  i n d i c a t e d  i n  Fig .  91) a brake 
s e n s i t i v i t y  i s  e s t a b l i s h e d  a t  t h e  opera t ing  des ign p o i n t .  The value  f o r  brake 
s e n s i t i v i t y  determined i n  t h i s  manner can then  be used t o  c a l c u l a t e  a brake 
f a c t o r  (approximate)  a s  a f u n c t i o n  of values  of pL t h a t  d e p a r t  from t h e  d e s i g r  
o p e r a t i n g  p o i n t  a s  a r e s u l t  of f a d e ,  

The l i n i n g  f r i c t i o n  c o e f f i c i e n t  pL i s  a f u n c t i o n  of temperature ,  v e l o c i t y ,  
and p r e s s u r e  (109,182,183).  Since  a l l  v e h i c l e s  were t e s t e d  under almost iden- 
t i c a l  cond i t ions  of v e l o c i t y  and ambient temperature,  and s i n c e  t h e  brake 
temperatures  d i d  no t  very s i g n i f i c a n t l y  from v e h i c l e  t o  veh ic le ,  t h e  c o e f f i -  
c i e n t  of f r i c t i o n  of t h e  l i n i n g  can be expressed a s  a f u n c t i o n  of p ressure  
between l i n i n g  and drum, v i z . :  

where 

pm i s  t h e  mean pressure  between brake shoe and drum 
p ~ i  i s  t h e  l i n i n g  c o e f f i c i e n t  of f r i c t i o n  a t  an a r b i t r a r i l y  s p e c i f i e d  

"faded" c o n d i t i o n  ( s e e  F ig .  91) 
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FIGURE 90. BRAKE FACTOR VS LINING FRICTION COEFFICIENT 



FIGURE 91. EXACT AND APPROXIMATE BRAKE FACTOR 
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Since a comparative ca l cu la t ion  has shown t h a t  t he  product pLp does not vary 
considerably from one t e s t  vehicle  t o  another,  the  mean pressure pm between 
shoe and drum can be replaced by t h e  l i n e  pressure a t  t he  ind iv idua l  brake 
chambers. The fade c o e f f i c i e n t  f a s  we l l  a s  the  low l i m i t  f o r  t he  l i n i n g  
f r i c t i o n  c o e f f i c i e n t  pLa, were determined from t e s t  da t a  and curve f i t t i n g  
procedures. Vehicles with a i r  brake systems yielded fade c o e f f i c i e n t s  of 
0.018 [ i n , 2 / l b ]  when loaded and 0.003 [ in .p / lb]  when empty. For vehicles  
equipped with hydraul ic  brake systems, t he  corresponding values f o r  f a r e  

- 0.00088 [ in .  2 / lb ]  and 0.00028 [ i n .  2/lb].  Analysis of the  experimental da t a  
ind ica ted  t h a t  t he  maximum reduct ion i n  l i n i n g  f r i c t i o n  c o e f f i c i e n t  could be 
approximated reasonably wel l  by assuming t h a t  F L ~  = 0-70  FLhe 

I f  vehic les  were equipped with proport ioning or  l i m i t i n g  valves, l i n e  
pressure  was introduced i n t o  Equation 4-4 or  4-5 as  a va r i ab l e  determined by 
the  proportioning or l i m i t i n g  used on a p a r t i c u l a r  ax le ,  The brake force  per 
ax le  can be expressed a s :  

where 
A BF) 

C = and C a s  shown i n  Fig. 91. 
1 A ( P T )  2 

On e v a l ~ a t i n ~ ~ ~ ~ u a t i o n  4-10 f o r  each ax le  a s  a func t ion  of l i n e  pressure,  t he  
t o t a l  r e t a rd ing  fo rce  a c t i n g  on the  vehicle  i s  obtained from 

F 
x, t o t a l  

= C F  
x, i 

where i designates  t h e  number of braked ax les .  
For two-axle t rucks ,  t he  equations descr ib ing  dynamic ax le  loading may 

be expressed a s  (19,21,26) : 

where 

center  of g rav i ty  height  
X = wheelbase 

W = vehicle  weight 



For tandem-axle t r u c k s  and t r a c t o r - s e m i t r a i l e r  combinations, t h e  above expres- 
s i o n s  a r e  cons iderab ly  more complicated (3) ,  bu t  a r e  n e v e r t h e l e s s  amenable t o  
computer s o l u t i o n ,  For a  given b rake- l ine  p ressure ,  Equations 4-10, 4-11, 
and 4-12 se rve  t o  d e f i n e  t h e  d e c e l e r a t i o n  of t h e  veh ic le ,  and t h e  dynamic ax le  
loads  e x i s t i n g  a t  t h i s  d e c e l e r a t i o n .  The t ire-roadway f r i c t i o n  c o e f f i c i e n t  
r equ i red  t o  prevent  wheel lockup i s  given by 

and t h e  r e s u l t i n g  braking e f f i c i e n c y  achieved by i n d i v i d u a l  a x l e s  i s  def ined 
as  

I f  wheel lockup i s  found t c  occur on some but  not  a l l  a x l e s  a t  a  given 
l i n e  p ressure ,  t h e  r e t a r d i n g  f o r c e  produced by t h e  a x l e  w i t h  locked wheels 
i s  assumed t o  be given by t h e  fo l l cwing  r e l a t i o n s h i p :  

F - - F 
x, i / s l i d e  'road z, i /dyn 

where p road corresponds t o  t h e  a c t u a l  c o e f f i c i e n t  of f r i c t i o n  e x i s t i n g  a t  
t i r e - r o a d  i n t e r f a c e .  

For e leven of t h e  t h i r t e e n  v e h i c l e s  t e s t e d ,  braking performance diagrams 
were cons t ruc ted ,  i n  which by use of a n a l y t i c a l  express ions ,  r e l a t i o n s h i p s  
between pedal  f o r c e ,  brake l i n e  p ressure ,  v e h i c l e  d e c e l e r a t i o n  c a p a b i l i t y  
( loaded  and unloaded) and t i r e - r o a d  f r i c t i o n  c o e f f i c i e n t  r equ i red  t o  prevent  
wheel lockup on a  given a x l e  a r e  depic ted.*  F igures  92 through 104  show t h e  
braking performance diagrams f o r  t h e s e  v e h i c l e s .  Corresponding braking e f f i -  
c iency diagrams a r e  given i n  F igs .  105 through 115, I n  t h e s e  diagrams good 
agreement i s  shown between t h e o r e t i c a l  a r~d  t e s t  r e s u l t s ,  i n d i c a t i n g  t h a t  accu- 
r a t e  p r e d i c t i o n s  of b rak lcg  performance cac  be made based upon v e h i c l e  and 
brake system des ign  d a t a  f o r  buses,  t r u c k s ,  and t r a c t o r - t r a i l e r s .  

*Exceptions were t h e  heavy t r u c k  and t h e  c i t y  bus, f o r  which diagrams 
cou ld  no t  be cons t ruc ted  because necessary  des ign informa,tion was no t  a v a i l a b l e  
from t h e  veh ic le  manufacturers.  





FIGURE 93. BRAKING PERFOXMANCE DIAGRAM FO3 MEDIUM TRUCK 



FIGURE 94. BRAKING PERFORMANCE DIAGRAM FOR SCHOOL BUS 
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FIGURE 96 BRAKING PERFORMANCE DIAGRAM FOR TRACTOR-TRA ILER 2-S1 
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FIGURE 98. BRAKING PERFORMANCE DIAGRAM FOR EMPTY TRACTOR-TRAILER 3 -S2 
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FIGURE 102. BRAKING PERFORMANCE DIAGRAM FOR DISK BRAKE TRUCK 



FIGURE 103. BRAKING PERF9RMANCE DIAGRAM FOR V E H I C U  12, LOADED, W I T 3  MOST 
EFFECTIVE BRAKES 
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FIGURF: 104. BRAKING PERFORMANCE DIAGRAM FOR VEHICLE 14 
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FIGURE 1.06. 3RAKING EFFICIENCY FOR MEDIUM TRUCK 
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COEFFICIENT OF TIRE-ROADWAY FRICTION: p 
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Coefficient o f  Tire-Roadway Friction: C( 
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FIGURE 109. BRAKING E F F I C I E N C Y  FOR TFACTOR-TRAILER 2-S1 



Coefficient of Tire-Roadway Friction: p 
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FIGURE 110. BRAKING EFFICIENCY FOR TRACTOR-TRAILER 2-S2 
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Coefficient of Tire-Roadway Friction: cc 

2R Rear Axle on First Trailer 
3F Front Axle on Second Trailer 
3R Rear Axle on Second Trailer 

F I G U R E  112. BRAKING E F F I C I E N C Y  FOR EMPTY D O U B U S  COMBINATION 2-S1-2 
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2R Rear Axle on First Trailer 
31: First Axle on Second Trailer 
3R Rear Axle on Second Trailer 

0.5 1 I 
1 I I 1 I 1 I I 
I I I 

F I G U R E  113 6 BRAKING E F F I C I E N C Y  FOR LOADED DOUBLES COMBINATION 2-S1-2 



FIGURE 114. BRAKING E F F I C I E N C Y  DIAGRAM FOR DISK BRAKE TRUCK 



Tire-Roadway Friction Coefficient: p 
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FIGURE 115. BRAKING EFFICIENCY FOR VEHICLF: 12,  LOADED, WITH MOST EFFECTIVE 
BRAKES 
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4.3 INFLUENCE OF BRAKE FORCE DISTRIBUTION ON PERFORMANCE 
Analyses have a l s o  been conducted t o  examine the extent  t o  which brake 

force  d i s t r i b u t i o n  cons t i tu ted  an i n f l u e n t i a l  f a c t o r  determining the  braking 
performance measured i n  t h i s  program. The l i t e r a t u r e  shows t h a t  it i s  poss ib le  
t o  def ine an i d e a l  brake force  d i s t r i b u t i o n  which takes i n t o  account the  
f r i c t i o n  avai lable  a t  the t i r e - road  i n t e r f a c e  and the vehicle  proper t ies  in- 
f luencing load t r a n s f e r  during braking (3,50) .  For the  two-axle vehicle,  
t he  following l imi t ing  condition can be defined f o r  t he  brake-force d i s t r i bu -  
t i on ,  @: 

min min 

where 
@ = brake force  on the  r e a r  ax le  divided by t o t a l  brake fo rce  
p = the  t i re - road  f r i c t i o n  coe f f i c i en t  
$ = s t a t i c  r e a r  ax le  load divided by the  t o t a l  vehicle  weight 
x = height  of center  of grav i ty  divided by wheelbase 
E = braking e f f i c i ency  

The above inequa l i t y  serves t o  def ine an envelope f o r  values of 4 t h a t  const i -  
t u t e  an optimum design compromise when maximum wheels -unlocked dece lera t ion  
performance i s  being sought f o r  the loaded and unloaded vehicle  operating over 
a  spec i f ied  range of t i re - road  f r i c t i o n  coe f f i c i en t s .  

4.3.1 BRAKE DISTRIBUTION AND BRAKING PERFORMANCE OF TRUCKS AND BUSES. 
On assuming a  maximum and minimum value of p equal t o  0.8 and 0.2, respec t ive ly ,  
appl ica t ion  of condit ion 4-16 t o  the  l i g h t  t ruck  r e s u l t s  i n  a t h e o r e t i c a l  
value f o r  = 0.51, a s  contrasted with the  ac tua l  brake fo rce  d i s t r i b u t i o n  i n  
which Q = 0.53. The computed d i s t r i b u t i o n  ( 4  = 0.51) y i e l d s  a  minimum braking 
e f f i c i ency  of 77% f o r  the  loaded vehic le  operating on s l ippery  road surfaces 

( p  = 0.2). For a  dry road surface,  t h e  computed braking e f f i c i e n c i e s  a r e  0.80 
and 0.87 f o r  the empty and loaded cases ,  respec t ive ly .  These braking e f f i -  

c ienc ies  would produce wheels-unlocked dece lera t ions  of 20.6 f t / s e c 2  f o r  the 
empty vehicle  and 22.6 f t / s e c 2  f o r  the  loaded vehic le  on a  road surface having 
a  tire-roadway f r i c t i o n  coe f f i c i en t  of 0.8. On comparing these  t h e o r e t i c a l  

values t o  t e s t  da ta  ( 2 3  f t / s ec2 ,  unloaded, and 23 f t / s ec2  loaded) ,  it appears 
t h a t  the braking system of the  l i g h t  t ruck  was operat ing near an optimum con- 
d i t i o n .  

Application of condition 4-16 t o  the  school bus y i e l d s  values of @ = 0.50 
t o  0.55, whereas the  vehicle  ac tua l ly  had a  brake force  d i s t r i b u t i o n  of @ = 

0.42. I f  the bus had a brake force  d i s t r i b u t i o n  of 4 = 0.55, braking e f f i -  
c ienc ies  equal t o  0.72 and 0.93 could be expected f o r  the  empty and loaded 
vehicle ,  respec t ive ly ,  operat ing on s l ippery  roadways ( p  = 0.2), while on 
dry surfaces ( p  = 0.8) e f f i c i e n c i e s  of 0.92 and 0.96 could be expected. It 
appears t h a t  the dece lera t ion  c a p a b i l i t y  of t h i s  vehicle  can be improved by 
changing the brake fo rce  d i s t r i b u t i o n .  A proport ional  braking system w i l l  



n o t ,  however, s i g n i f i c a n t l y  i n c r e a s e  braking performance because of t h e  small  
change i n  r e l a t i v e  s t a t i c  r e a r  a x l e  load  from t h e  empty t o  loaded cond i t ion  

( A $  = 0.105).  
The small  change i n  r e l a t i v e  s t a t i c  a x l e  load on t h e  i n t e r c i t y  bus pro- 

duced by t h e  a d d i t i o n  of payload ( A @  0 )  i n d i c a t e s  t h a t  a  f i x e d  brake f o r c e  
d i s t r i b u t i o n  should y i e l d  near  optimim braking performance. Condit ion 4-16 
i n d i c a t e s  t h a t  6 = 0.61 i s  near  optimum whereas t h e  i n t e r c i t y  bus a c t u a l l y  
had a  brake f o r c e  d i s t r i b u t i o n  of cb = 0.66. Test  r e s u l t s  i n d i c a t e  t h a t  n e i t h e r  
t h e  f r o n t  nor t h e  l e a d i n g  tandem a x l e  approached t h e  wheel s l i d e  condi t ion,  
e i t h e r  empty o r  loaded. Improvements i n  t h e  maximum braking performance of 
t h e  i n t e r c i t y  bus can apparen t ly  be achieved by inc reas ing  t h e  brake e f f e c -  
t i v e n e s s ,  f r o n t  and r e a r ,  and by changing t h e  brake f o r c e  d i s t r i b u t i o n  i n  a  
proper manner, 

The brake f o r c e  d i s t r i b u t i o n  cb of t h e  medium t r u c k  was 0.74, and t h e  
change i n  r e l a t i v e  s t a t i c  a x l e  load from t h e  empty t o  loaded cond i t ion  was 
r a t h e r  l a r g e ,  namely, A @  = 0.29. 

Appl icat ion of cond i t ion  4-16 t o  t h e  medium t r u c k  produces t h e  fol lowing 
requirements f o r  6: 

0.27 _< 4 - < 0.52 f o r  y = 0.2, empty v e h i c l e  
0.12 < 6 < 0.36 f o r  p = 0.8, empty v e h i c l e  - - 
0.58 - < 6 - < 0.83 f o r  y = 0.2, loaded veh ic le  
0.43 - < O - < 0.68 f o r  p = 0.8, loaded v e h i c l e  

These r e s u l t s  i n d i c a t e  t h a t  t h e  a c t u a l  brake f o r c e  d i s t r i b u t i o n  ( 6  = 0.74) i s  
near  optimum only f o r  t h e  loaded veh ic le  opera t ing  on s l i p p e r y  road sur faces .  
These f i n d i n g s  i n d i c a t e  t h a t  a  brake f o r c e  d i s t r i b u t i o n  of O = 0.47 would 
probably  y i e l d  b e t t e r  braking performance f o r  a l l  road sur face  and load ing  
cond i t ions  than can be expected from 6 = 0.74. Braking e f f i c i e n c i e s  computed 
wi th  6 = 0.47 a r e  0.83 and 0.61 f o r  t h e  empty and loaded v e h i c l e  on road sur-  
f a c e s  having a  t i r e - r o a d  f r i c t i o n  c o e f f i c i e n t  of p = 0.2, and 0.67 and 0.90 
f o r  t h e  empty and loaded veh ic le ,  r e s p e c t i v e l y ,  on road sur faces  wi th  p = 0.8. 
On assuming a  roadway f r i c t i o n  c o e f f i c i e n t  of 0.8, t h e  empty veh ic le  would 
d e c e l e r a t e  a t  approximately 17 f t / s e c 2  and t h e  loaded v e h i c l e  would d e c e l e r a t e  
a t  23 f t / s e c 2 ,  provided t h e  brake e f f e c t i v e n e s s  i s  increased t o  a  l e v e l  such 
t h a t  wheel s l i d e  cond i t ions  can be approached. A f u r t h e r  i n c r e a s e  i n  braking 
c a p a b i l i t y  could be accomplished only by means of a  p ropor t iona l  braking 
system, which, based on c a l c u l a t i o n s ,  could i n c r e a s e  t h e  maximum wheels un- 
locked d e c e l e r a t i o n  of t h e  medium t r u c k  t o  23 f t / s e c 2  f o r  both load ing  condi- 
t i o n s ,  i f  y = 0.8. 

4.3.2 BRAKE DISTRIBUTION AID BRAKING PERFORMANCE OF TRACTOR-TRAILERS . 
An i n e q u a l i t y  comparable t o  cond i t ion  4-16 has been der ived f o r  t h e  combina- 
t i o n  veh ic le  equipped wi th  tandem a x l e s  ( 3 ) ,  but i s  n o t  presented here ,  i n  
view of i t s  l eng th .  Computations have n e v e r t h e l e s s  been performed f o r  t h r e e  
of t h e  combinations t e s t e d .  

For t h e  2s-1 combination ( v e h i c l e  6 ) ,  a  f i x e d  d i s t r i b u t i o n  of brake f o r c e  



can be determined by f i t t i n g  the  c r i t e r i o n  which was applied t o  t he  i n t e g r a l  
vehic les  considered above, This d i s t r i b u t i o n  i s  given by: 

where $ 1 ~  = brake fo rce  on f r o n t  a x l e / t o t a l  brake fo rce  
$ 1 ~  = brake fo rce  on r e a r  a x l e / t o t a l  brake fo rce  
4 2 ~  = brake force  on t r a i l e r  a x l e / t o t a l  brake force .  

The a c t u a l  brake fo rce  d i s t r i b u t i o n  on Vehicle 6 was 0.11: 3.44: 0.45, indica-  
t i n g  i n s u f f i c i e n t  braking e f f o r t  on the  f r o n t  ax le  and too  much on the t r a i l e r  
ax l e ,  Test da t a  support t h i s  ana lys i s  i n  t h a t  one t r a c t o r  r e a r  wheel and one 
t r a i l e r  wheel approached wheel s l i d e  when the  empty vehicle  decelerated a t  
1 7  f t / s ec2 .  Although b e t t e r  performance can be achieved by modifying the  
brake force  d i s t r i b u t i o n ,  a  f i xed  d i s t r i b u t i o n  should not be expected t o  pro- 
duce braking e f f i c i e n c i e s  much higher than 75%. 

The other  two t r a c t o r - t r a i l e r  combinations f o r  which the  r e l a t i o n s h i p  
between brake fo rce  d i s t r i b u t i o n  and braking performance was inves t iga ted  a r e  
Vehicle 7 (2-82) and Vehicle 8 (3-$2))  both of which used the  same t r a i l e r .  
Vehicle 7 was capable of dece lera t ions  ( n o  wheels locked) of 20 f t / s e c 2  i n  
t h e  loaded condit ion while Vehicle 8 was capable of only 14 .1  f t / s e c 2  ( n o  
wheels locked) and 16.1 f t / s e c 2  (some wheels locked i n  the  t r a i l e r ) .  Analysis 
of the  equations f o r  the  dynamic load on t h e  t r a i l e r  ax les  i nd ica t e s  t h a t  
load t r ans fe r r ed  from the  t r a i l e r  ax les  when the  vehicle i s  decelerated i s  
d i r e c t l y  propor t iona l  t o  the t o t a l  weight of t he  t r a i l e r  plus load,  t h e  t r a i l e r  
cen ter  of g rav i ty  height ,  and the  percent of the  t o t a l  braking e f f o r t  concen- 
t r a t e d  on the  t r a i l e r  ax les .  Values f o r  the  above mentioned var iab les  f o r  
Vehicles 7 and 8 a r e  as  follows: 

Vehicle 7 Vehicle 8 
Weight of t r a i l e r  plus  load 45,000 l b  53,530 l b  
T r a i l e r  p lus  load C.G. height  16 in .  16 in .  
Percent of t o t a l  brake e f f o r t  on t r a i l e r  b7.5% 5 3 . 9  

Plots  showing the  load on each ax le  a s  a func t ion  of vehicle  dece lera t ion  
a re  given i n  Fig. 117 f o r  Vehicle 7, and i n  Fig. 118 f o r  Vehicle 8. For a  
dece lera t ion  of 0.5 g, a t  which the  t r a i l e r  wheels of Vehicle 8 s t a r t e d  locking 
up, the  l i n e  pressure f o r  Vehicle 7 was 75 p s i  and f o r  Vehicle 8 was 100 p s i .  
The ca l cu la t ions  show t h a t  the  load t r ans fe r r ed  from t h e  t r a i l e r  ax les  a t  
t h i s  dece lera t ion  was 12% more f o r  Vehicle 8 than f o r  Vehicle 7. This c l e a r l y  
i nd ica t e s  t h a t  on Vehicle 8 braking e f f o r t  was not balanced t o  load, and t h a t  
t he  t r a c t o r  (without f r o n t  wheel brakes) was not  doing i t s  share of the  work 
causing the  t r a i l e r  ax l e s  t o  be overbraked. This example i l l u s t r a t e s  t h a t  
unlimited interchange of t r a c t o r s  and t r a i l e r s  w i l l  have t o  be severely cur- 
t a i l e d ,  o r  some means found t o  e a s i l y ,  quickly,  and accu ra t e ly  balance brakes 
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t o  ax le  load, i f  improvment i n  braking performance of a r t i cu l a t ed  vehicles  i s  
t o  be achieved. 

4.3.3 EFFECT OF THE VARIATION LOAD C.  G. HEIGHT 3N BRAKING PERFORMANCE 
OF THE LOADED TRACTOR. An ana lys is  was made t o  determine the influence of 
load C.G. height on the  performance of a loaded t r a c t o r ,  and t o  compare the  
performance of a t r a c t o r - t r a i l e r  combination t o  t h a t  of a t r a c t o r  carrying a 
load configured t o  simulate t h a t  which the t r a c t o r  c a r r i e s  when pul l ing  a 
t r a i l e r .  Vehicle and brake system design da ta  from the t r a c t o r  and t r a i l e r  
of Vehicle 12 were used i n  the ana lys is .  

The dynamic load diagram f o r  the  loaded combination, showing the  r e l a -  
t ionship  of t o t a l  ax le  load and the hor izonta l  and v e r t i c a l  kingpin reac t ions  
a t  the f i f t h  wheel t o  the vehicle  decelerat ion,  i s  given i n  Fig,  119. Note 
t h a t  although the load on the f r o n t  ax le  increases  with decelerat ion,  and the  
t o t a l  load on the  t r a i l e r  axles decreases,  the t o t a l  load on the t r a c t o r  r e a r  
ax les  remains f a i r l y  constant.  This i s  accounted f o r  by the  f a c t  t h a t  desp i te  
t he  increase i n  load on the  t r a c t o r  r e a r  wheels from the  increase i n  the ver- 
t i c a l  component of the kingpin reac t ion  a t  t he  f i f t h  wheel, load i s  t r ans -  
f e r r ed  off t h i s  s e t  of wheels due t o  the  moment of the force  from the  horizon- 
t a l  kingpin reac t ion  (overrunning fo rce ) .  Any attempt t o  configure a load 
f o r  the t r a c t o r  so t h a t  it i s  loaded " ju s t  a s  i f  it were pu l l i ng  a t r a i l e r "  
i s  made d i f f i c u l t  because of these load t r ans fe r  c h a r a c t e r i s t i c s  pecul iar  t o  
a r t i c u l a t e d  vehicles.  

The dynamic load diagram f o r  the  loaded t r a c t o r  maintaining the horizontal  
pos i t ion  of the  C.G. a t  the f i f t h  wheel loca t ion  i s  given i n  Fig. 120 f o r  
various load C.G. heights .   h he load configurat ion assumed was roughly equi- 
va len t  t o  t h a t  shown i n  the loading diagram f o r  the White t r a c t o r ,  Appendix 

A ) .  Note t h a t ,  under these conditions,  it i s  impossible t o  achieve f r o n t  and 
r e a r  ax le  loading curves equivalent t o  those obtained f o r  the loaded t r ac to r -  
t r a i l e r  combination. Loads obtained a t  a decelerat ion of 0.5 g a r e  summarized 
i n  Table 36. 

COMPARISON OF AXLE LOADS FOR LOADED TRACTOR A I D  
TRACTOR-TRAILER COMBINATION AT 0 .5  g 3ECELERATION 

Load on Tractor Axles Load on Tractor Axles 
Loaded Combination, l b  Loaded Tractor ,  l b  

F i f t h  Wheel Height C G  Height 

Axle 48 in. 46 in .  70 i n .  88 i n .  

Front 15,190 14,190 16,190 17,690 

Rear 33,220 28,885 26,385 23,385 
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The problem i s  f u r t h e r  complicated by in t e rax le  load t r a n s f e r  on the  
tandem axles ,  leading t o  premature locking of wheels on one of t he  ax l e s ,  
Taking in t e rax le  load t r a n s f e r  i n t o  account, the  dynamic load diagram f o r  
Vehicle 12 i s  showr i n  Fig. 121. Note t h a t  although the t o t a l  load on the  
t r a i l e r  ax les  decreases with dece lera t ion  and the  t o t a l  load on the  t r a c t o r  
r e a r  axles  remains almost constant,  i n t e r a x l e  load t r a n s f e r  causes severe 
unloading of t he  leading t r a i l e r  ax le  and the rearmost t r a c t o r  axle.  The 
r e s u l t i n g  brake fo rce  c a p a b i l i t i e s  of each ax le  a r e  shown i n  Fig. 122. 

4.3.4 BRAKING PERFORMANCE W I T H  DUAL CIRCUIT A I R  BRAKE SYSTEMS, Several 
possible  dual c i r c u i t  or  s p l i t  braking systems have been proposed f o r  commer- 
c i a l  vehicle  braking systems (301,306,307), The purpose of these systems i s  
t o  prevent t o t a l  brake f a i l u r e  i n  t he  event of f a i l u r e  of a s ing le  system 
component. T h e e  t y p i c a l  systems a r e  evaluated i n  t h i s  sect ion:  a combina- 
t i o n  spr izg  brake-service brake system," a "horizontal  s p l i t "  system using 
dual ac tua tor  wedge brakes ( stopnester  or  t w i n ~ l e x )  , and a completely redun- 
dant system using dual  diaphragm brake ac tua tors  with S-cam brakes, 

The combination spring brake-service brake system was analyzed using 
the vehicle  and brake system da ta  from Vehicle 6, the  Ford F-7000 two-axle 
t r a c t o r  i n  combination with the Trailmobile 35 - f t  van t r a i l e r ,  The system 
u t i l i z e s  two c i r c u i t s ,  t he  primary c i r c u i t  cons is t ing  of t he  t r a c t o r  r e a r  
axle  serv ice  brakes, and the  secondary c i r c u i t  cons is t ing  of the  t r a c t o r  f r o n t  
brakes and r e a r  ax le  spr ing brakes. In  a normal service appl ica t ion ,  the  
spring brakes a r e  not u t i l i z e d .  However, i n  the event of primary system 
f a i l u r e ,  the  spring brakes become operable and can be modulated i n  conjunction 
with the f r o n t  brakes,  In  the event of a secondary system f a i l u r e ,  the  t r a c t o r  
r e a r  se rv ice  brakes remain operable. In  e i t h e r  case, normal operation of the 
t r a i l e r  brakes i s  maintained, In  making t h i s  ana lys is ,  using Equation 4-5, 
fade e f f e c t s  a r e  ignored and i t  i s  assumed t h a t  the spring brakes on the  t r a c t o r  
r e a r  ax le  have a K-factor of 0.45. Under normal operation, Vehicle 6 has a 
brake fo rce  d i s t r i b u t i o n  ( see Section 4.3 - 2 )  of 41F: mlR: 42R = 0'11: 0.44: 0.45. 
I n  a f a i l u r e  mode i n  which t h e  primary system i s  u t i l i z e d ,  t h e  d i s t r i b u t i o n  

becomes 0.0: 0.45: 0.55 and the  maximum dece le ra t ioc  c a p a b i l i t y  i s  reduced by 
11.5%. In a f a i l u r e  mode i n  which the  secondary system i s  u t i l i z e d ,  the  d i s -  
t r i b u t i o n  becomes 0.12:0.35:0.53 and the  maximum dece lera t ion  c a p a b i l i t y  i s  
reduced by only 6.H0, Since the  i d e a l  d i s t r i b u t i o n  f o r  t h i s  vehicle  i s  0.20: 

0.42: 0.38, it i s  obvious t h a t  the  t r a i l e r  wheels would be overbraked under 
e i t h e r  f a i l u r e  condition. 

For the  ana lys is  of the "horizontal  s p l i t ' '  system, the  vehicle  and brake 
parameters f o r  Vehicle 8, the Diamond Reo tandem-axle t r a c t o r  and the  Fruehauf 
40-ft tandem-axle van t r a i l e r ,  a r e  employed. The Diamond Reo t r a c t o r  was 

equipped with dual  ac tua tor  wedge brakes, having a brake f a c t o r  of 5.0 i f  both 
ac tua tors  a r e  operat ional ,  and a brake f a c t o r  of 3.0 i f  jus t  one ac tua tor  i s  
operat ional .  If a dual a i r  piping c i r c u i t  scheme i s  employed, wherein the  

primary c i r c u i t  serves one ac tua tor  on each t r a c t o r  brake, and the  secondary 

*The dual c i r c u i t  system i s  pat terned a f t e r  t h a t  developed f o r  the  Ford 
L-ser ies  t rucks  and t r a c t o r s  described i n  re ferecces  (139) and (140) .  
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c i r c u i t  se rves  t h e  o ther  a c u t a t o r  on each brake, f a i l u r e  of e i t h e r  c i r c u i t  
would reduce t h e  t r a c t o r  brake e f fec t iveness  by 4%. It i s  assumed t h a t  i n  
t h e  f a i l u r e  of e i t h e r  c i r c u i t  , t r a i l e r  braking i s  maintained,  The brake f o r c e  
d i s t r i b u t i o n  f o r  t h i s  veh ic le ,  o r i g i n a l l y  0.0: 0.47: 0.33, would be changed t o  
0.0: 0.35: 0.65 under f a i l u r e  cond i t ions ,  and t h e  t o t a l  d e c e l e r a t i o n  c a p a b i l i t y  
would be reduced by about 2 q 0 ,  The o r i g i n a l  brake d i s t r i b u t i o n  l e d  t o  over- 
braking of t h e  t r a . i l e r  a x l e s ,  and f a i l u r e  under t h i s  scheme would only serve  
t o  accentuate  t h i s  cond i t ion ,  

Dual diaphragm a c t u a t o r s  f o r  use wi th  S-cam brakes provide f o r  a completely 
redundant system i n  which t h e  decrease  i n  brake e f f e c t i v e n e s s  under p a r t i a l  
system f a i l u r e  i s  p r a c t i c a l l y  n e g l i g i b l e ,  The a c t u a t o r  employed i s  i d e n t i c a l  
t o  t h e  convent ional  type except t h a t  it con ta ins  an e x t r a  diaphragm with  sep- 
a r a t e  a i r  supply l i n e s .  Under normal opera t ion ,  t h e  e x t r a  diaphragm i s  in -  
a c t i v e ,  and t h e  a i r  p ressure  i n  t h e  s e p e r a t e  l i n e s  i s  zero.  If f a i l u r e  occurs 
i n  t h e  s e r v i c e  brake system, t h e  secondary system i s  a c t i v a t e d ,  and a i r  i s  
suppl ied through t h e  s e p a r a t e  l i n e s  t o  t h e  e x t r a  diaphragm. This system pro- 
v ides  f o r  t h e  l e a s t  l o s s  of brake system e f f e c t i v e n e s s  under f a i l u r e  condi- 
t i o n s ,  but a t  t h e  disadvantage of r e q u i r i n g  completely redundant p ip ing  and 
s p e c i a l  brake chambers. 

4.4 THEIiMAL MALYSIS 
This s tudy has included e f f c r t s  t h a t  have been d i r e c t e d  towards developing 

techniques t o  p r e d i c t  brake thermal response,  The a n a l y s i s  was hindered by 
s e v e r a l  f a c t o r s ,  namely: ( a )  t h e  ins t rumentat ion used i n  t h e  experimental  
program d i d  no t  l end  i t s e l f  t o  an a c c u r a t e  c o r r e l a t i o n  of c a l c u l a t i o n s  and 
experimental  r e s u l t s ,  ( b) l i n i n g  m a t e r i a l  parameters such a s  thermal conduc- 
t i v i t y ,  s p e c i f i c  hea t ,  and dens i ty ,  could no t  be measured m d  thus  had t o  be 
es t imated,  ( c )  t h e  l o c a t i o n  of t h e  thermocouples i n s t a l l e d  ir, t h e  brake l i n i n g  
was no t  h o w n  with  s u f f i c i e n t  accuracy,  and ( d )  t h e  convective hea t  t r a n s f e r  
c o e f f i c i e n t  could n e i t h e r  be a c c ~ r s t e l y  computed nor a ,ccurate ly  determined 
from experiment. Notwithstanding t h e s e  d i f f i c u l t i e s ,  ca lcula . t ions  were made 
t o  p r e d i c t  brake temperatures a s  func t ions  of time. 

F i n i t e  d i f f e r e n c e  methods were emplgyed t o  compute t h e  temperatures as  z 
func t ion  of t ime a t  var ious  p o i n t s  i n  t h e  l i n i n g ,  T = f ( x ,  t ) ,  t h a t  :.:auld en- 
sue i n  t h r e e  o f  t h e  t e s t  procedures,  namely, t h e  fade  t e s t ,  t h e  recovery t e s t ,  
and t h e  brake r a t i n g  t e s t .  This procedure was d i c t a t e d  by t h e  n e c e s s i t y  t 9  

in t roduce  t h e  convective heat  t r a n s f e r  c o e f f i c i e n t ,  h, a s  a v a r i a b l e  dependect 
upon veh ic le  speed. The thermal  p r o p e r t i e s  needed f o r  t h e  a n a l y s i s  were 3b- 

t a i n e d  from publ ished d a t a  (216, 217, 225)  acd a d i g i t a l  c5mputer program was 
w r i t t e n  t o  f a c i l i t a t e  t h e  numerical  work involved.  

F igures  123, 124, and 125 i l l u s t r a t e  t h e  a p p l i c a t i o n  of t h i s  program t o  
p r e d i c t  t h e  v a r i a t i o n  i n  temperature t h a t  i s  produced ic t h e  brake l i n i n g  of 
t h e  rced2urn t ruck .  Although t h e s e  f i g u r e s  i n d i c a t e  t h a t  reasonably  gocd agree- 
ment was obtained between theory  and t e s t  f o r  t h i s  p a r t i c u l a r  veh ic le ,  agree- 
nent between theory  and t e s t  was l e s s  s a t i s f a c t o r y  f o r  o the r  veh ic les ,  t h e r e  
being,  i n  genera l ,  d i sc repanc ies  of t h e  order  of 20%. It car? be concluded 
from t h e s e  r e s u l t s  t h a t  i~ order  t o  develop techniques  f o r  p r e d i c t i n g  brake 
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thermal response based upon vehic le  and brake system design da t a ,  fu r the r  ana- 
l y t i c a l  work supported by ca re fu l ly  instrumented t e s t s  w i l l  be required. 

4 .5 VEHICLE DYNAMIC SIMULATION 
Dynzmic modelling and simulation were employed i n  t h e  ana ly t i ca l  phase 

of t h i s  study t o  inves t iga te  t h e  effect iveness  of brake proportioning schemes 
over a wide range of loadings and t e s t  surfaces,  t o  assess  t h e  e f f ec t  of va r i -  
a t ions  i n  t r a c t o r  and t r a i l e r  brake response time on performance, and t o  evalu- 
a t e  t h e  braking performance of an i n t e g r a l  t ruck  equipped with a rear-wheel 
an t i lock  system. I n  addi t ion,  t h e  r e s u l t s  of another simulation e f f o r t ,  sup- 
ported independently by HSRI t o  study t h e  d i r ec t iona l  dynamics of t r a c t o r -  
t r a i l e r s  i n  turn ing  and braking maneuvers, a r e  summarized. 

4 .5.1 VERTICAL PLANE MODEL. The dynamic simulation employed i n  t h i s  
study i s  based upon a model t h a t  represents e i t h e r  an i n t e g r a l  2-axle t ruck o r  
t r a c t o r ,  or  a 3-axle t r a c t o r - t r a i l e r  combination. Motions a r e  constrained t o  
t h e  plane of symmetry ( v e r t i c a l  plane) .  Spec i f ica l ly ,  t h e  wheels can bounce 
and spin,  chassis  can heave, and p i t ch ,  and acce lera te  (dece lera te )  i n  s t r a i g h t  
l i n e  motion. The braking system i s  modeled i n  a manner such t h a t  var iab le  
time lags and delays i n  torque response can be introduced. Any desired brake 
force d i s t r i bu t ion  can be specif ied.  Figure 126 depicts  t h e  e s s e n t i a l  fea tures  
of t h e  model. A de t a i l ed  descr ipt ion of t h i s  model i s  given i n  Appendix D. 

4.5.2 BRAKE PROPORTIONING BASED ON STATIC AXLE LOADS. To determine t h e  
improvement i n  performance t h a t  could be expected f o r  a 3-axle t r a c t o r - t r a i l e r  
combination (2-211) using s t a t i c  load-sensi t ive proportioning valves,  a typ ica l*  
2-axle t r a c t o r  and 27-f t  van t r a i l e r  were used a s  a bas i s  f o r  t h e  study. Brake 
torque f 3 r  each ax le  was calculated from t y p i c a l  design information. Table 
37 gives t h e  ax le  loads and brake torque d i s t r i bu t ions  assumed f o r  t h e  study. 
The t i r e - road  in t e r f ace  was modeled using t y p i c a l  p-s l ip  curves with peak/ 
s l i d i n g  coe f f i c i en t s  of f r i c t i o n  equal t o  0.92/0.85 as  shown i n  Fig. 127. 

TABLE 37 

AXLE LOADS AND BRAKE FORCE DISTRIBUTION 

Tract or  Tract or  
T ra i l e r  

Front Rear Tot a1  
Axle Axle Axle 

Weight, Empty, l b  3,334 5,221 4,285 12,&0 

Weight, Loaded, l b  5,479 16,446 18,835 40,760 

Fixed Brake Force 16 38 46 100 
Dis t r ibu t ion ,  $I 

Prcport ioned Brake 2 6 4 1 3 3 100 
Fcrce D i s t r i b u t i o n ,  
Ebpty Vehicle, $ 

+The si,mulat ed combinaticn c lose ly  resembled a Ford F-7000 t r a c t o r  with 
a Fruehauf Model FBB 27-ft  van t r a i l e r .  
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In  t h i s  preliminary inves t iga t ion ,  no account was taken of t he  l o s s  of brake 
e f fec t iveness  t h a t  i s  caused by fade during a s ing le  s top,  The following 
f ind ings  were obtained: 

( 1 )  Without proportioning the  loaded vehicle  achieves a  maximum decelera- 
t i o n  of 16.7 f t / s ec2  before the  t r a i l e r  wheels lock up. 

( 2) The empty vehicle  without proportioning achieves a  maximum decelera- 
t i o n  of 16.9 f t / s ec2  before t he  t r a i l e r  wheels lock up. 

( 3 )  The empty vehicle  with the  brakes proportioned t o  t he  s t a t i c  loads 
on the  ax les  ( a s  shown i n  the  l a s t  row of Table 37) can achieve a  
maximum dece lera t ion  of 23.8 f t /sec2 without encountering wheel lock- 
up, an improvement i n  stopping c a p a b i l i t y  of about 4%. 

4.5.3 IDEAL PROPORTIONING. The object ive of brake proportioning i s  t o  
d i s t r i b u t e  braking forces  among the various wheels of a  vehicle i n  an i d e a l  
manner under a  v a r i e t y  of loading and road surface conditions.  Idea l  brake 
fo rce  d i s t r i b u t i o n  i s  t h a t  which y i e lds  t he  maximum possible  decelerat ion on 
any given road surface,  implying, f o r  a  three-axle  r i g :  

and 

where 

Fxl'Fx2'Fx3 
= the  brake fo rces  on the  three  axles  of the  vehicle  

FZ1'FZ2'FZ3 
= the  instantaneous normal loads on each axle  

a  = dece lera t ion  
X 

g  = g r a v i t y  constant  
p = t i re - raod  in t e r f ace  coe f f i c i en t  

A second study was conducted t o  determine i f  a  f e a s i b l e  proportioning 
scheme could be developed which would d i s t r i b u t e  t he  brake forces  over a  wide 
range of loadings and surface condit ions such t h a t  Equations 4-17 and 4-18 
would be s a t i s f i e d  t o  a  maximum extent .  The 2-S1 combination vehicle ,  namely, 
the Ford F-7000 t r a c t o r  i n  combination with the  Trailmobile 35-f t  van t r a i l e r ,  
was se lec ted  as  the prototype f o r  t h i s  study. Parameter da ta  def ining the  
vehic le  and brake system were determined and introduced i n t o  the  simulation. 
The e f f e c t s  of brake response time, fade, and pushout pressures  were included, 
Fade e f f e c t s  were considered pressure-dependent and were modeled as  was d is -  
cussed previously,  Preliminary runs were made t o  check t h a t  tke  simulation 
r e s u l t s  matched t e s t  r e s u l t s  obtained f o r  the  vehicle  i n  the  empty and loaded 
condition. The p - s l i p  c h a r a c t e r i s t i c  used t o  represent  the  t i r e s  assumed peak/ 
s l i d i n g  c o e f f i c i e n t s  of f r i c t i o n  equal t o  0.76/0.7 i n  order t o  br ing  the  simu- 
l a t e d  surface c lose r  t o  t h a t  e x i s t i n g  a t  BADC. Simulated performance and 



experimental  d a t a  a r e  compared i n  Fig.  128. 
To inc rease  braking e f f i c i e n c y  t o  a maximum ex ten t ,  a  propor t ioning scheme 

should no t  only account f o r  changes i n  s t a t i c  loading but changes i n  dynamic 
load ing  a s  wel l .  Dynamic load- o r  d e c e l e r a t i o n - s e n s i t i v e  devices  or  sensors  
a r e  r a t h e r  d i f f i c u l t  t o  employ t o  a c t u a t e  brake propor t ioning valves because 
of no i se  and v i b r a t i o n a l  problems. However, dynamic a x l e  loads  and veh ic le  
d e c e l e r a t i o n  a r e  dependent upon t h e  appl ied pneumatic b rake l ine  p ressure  
( o u t p u t  of t h e  t r e a d l e  va lve) .  Accordingly, a scheme was devised t o  u t i l i z e  
both s t a t i c  load and l i n e  p ressure  a s  propor t ioning v a r i a b l e s .  The charac- 
t e r i s t i c s  of t h e  valve simulated f o r  t h e  t r a c t o r  a r e  given i n  Fig.  129 and 
f o r  the  t r a i l e r  i n  Fig.  130. To achieve b e s t  performance, it was necessary 
t o  inc rease  t h e  e f f e c t i v e n e s s  of t h e  e x i s t i n g  brakes by a f a c t o r  of 2.6 on 
t h e  f r o n t  ax le  of t h e  t r a c t o r ,  by 1.3 on t h e  r e a r  a x l e  of t h e  t r a c t o r ,  and by 
1 . 7  on the  t r a i l e r  ax le .  

Computer runs were made i n  a manner s i m i l a r  t o  t h e  bra.king e f f e c t i v e n e s s  
t e s t  procedure. The v e h i c l e  was given an  i n i t i a l  v e l o c i t y  of 60 mpn and t h e  
brakes were app l ied  a t  a g iven l i n e  p ressure  and held a t  t h i s  l i n e  pressure  
u n t i l  t h e  v e h i c l e  stopped. Line p ressure  was increa,sed i n  f i n i t e  s t e p s  u n t i l  
wheel lockup occurred.  Figure 131 presen t s  recorder  t r a c e s  t h a t  a r e  obtained 
i n  a t y p i c a l  computer run.  

Simulated braking runs  were made f o r  t h e  base l ine  and i d e a l l y  proportioned 
v e h i c l e s  a t  a l l  of t h e  load ing  cond i t ions  given i n  Table 38 and two t i r e - r o a d  
i n t e r f a c e  cond i t ions :  ppeak/usliding = 0.76/0.70 and 0.325/0.3. Figures  132 
and 133 show t h e  maximum d e c e l e r a t i o n  (wheels unlocked) achieved and t h e  braking 
e f f i c i e n c y  as  computed us ing locked wheel f r i c t i o n  a s  a re fe rence  va lue ,  We 
see t h a t  by means of t h i s  i d e a l i z e d  propor t ioning scheme it i s  poss ib le  t o  
achieve b e t t e r  than g q 0  braking e f f i c i e n c y  f o r  a t r a c t o r - t r a i l e r  on t h e  0 .7  
and 0.3 su r faces ,  except f o r  two cases  on t h e  d r y  surface ,  namely, t h e  f u l l y -  
loaded veh ic le  and t h e  b o b t a i l .  The s tudy  a l s o  showed t h a t  changing t h e  height  
of t h e  c e n t e r  of g r a v i t y  from 16 t o  48 i n .  from t h e  t r a i l e r  deck had a neg- 
l i g i b l e  e f f e c t  on braking performance. 

4.5.4 BRAKE TIME RESPONSE, The importance of brake response time on t h e  
mean d e c e l e r a t i o n  c a p a b i l i t y  of a veh ic le  i s  d iscussed i n  d e t a i l  i n  Sec t ion  
2 ,6 ,1 ,  A r t i c u l a t e d  veh ic les ,  however, have a unique problem due t o  t h e  d i f -  
f e rence  i n  a c t u a t i o n  t ime between t h e  t r a c t o r  brakes and t r a i l e r  brakes.  
Although t e s t s  of t h e  b a s e l i n e  v e h i c l e s  ind ica ted  t h a t  t h i s  de lay  t ime i s  of 
t h e  order  0.15 sec ,  it i s  conceivable t h a t  longer  de lay  t imes could r e s u l t  
due t o  u f a v o r a b l e  s e r v i c e  condi t ions .  For t h i s  reason,  s e v e r a l  computer runs 
were made t o  s tudy t h e  e f f e c t  of an inc reas ing  de lay  time on t h e  order  of wheel 
lockup f o r  an empty veh ic le .  The r e s u l t s  a r e  shown i n  Fig.  134, i n d i c a t i n g  
0.5 sec de lay  i n  a p p l i c a t i o n  of t h e  t r a i l e r  brakes causes  t h e  t r a c t o r  wheels 
t o  s t a r t  t o  lockup u n t i l  t h e  t r a i l e r  brakes f i n a l l y  apply. As de lay  times 
become longer ,  t h e  tendency of t h e  t r a c t o r  r e a r  wheels t o  lock  becomes much 
g r e a t e r ,  uxtil a t  1.8 sec t h e  wheels lock  completely.  These r e s u l t s  were ob- 
t a i n e d  f o r  an etr,pty veh ic le  a t  a high c o e f f i c i e n t  surface ,  but t h e  same r e s u l t s  
would be obtained f o r  lower d e c e l e r a t i o n s  on a s l i p p e r y  surface .  
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1 Indicates Wheel Lock on Front Axle 
I 

2 Indicates Wheel Lock on Rear Axle Without Proportioning 
3 Indicates Wheel Lock on Trailer Axle With Proportioningm 
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Low C.G. Low CG High CG High CG 

FIGURE 132. PERFORMANCE COMPARIS3N ON 0.7-p SURFACE,  WITH ANC WITHOLT PROPOR- 
T I O N I N G  



1 Indicates Wheel Lock On Front Axle 
2 Indicates Wheel Lock on Rear Axle Without ProportioningQ 

1 3 Indicates Wheel Lock on Tractor Axle With Proportioningea 
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FIGURE 133. PERFORMANCE CGMPARISON ON 0.3-p SURFACE, WITH AND WITHOUT PROPOR- 
T I O N I N G  



Vehicle Velocity 

0 ft/sec.- 
100 ft1sec.- 

Tractor Front 
Wheel Velocity 

0 ftlsec., 
1 00 f t/sec.- 

Tractor Rear 
Wheel Velocity 

0 ft/sec.- 
100 ft/sec.- 

Trailer Wheel 
Velocity 

0 ft/sec.- 
Empty Tractor-Trailer with Load Proportioning, Total Brake Torque = 30,000 f t - l b . 4  b1 second 

FIGURE 134. EFFECT OF TIME P3SPONSE ON ORnER OF WHEEL LOCKGP 





4.5.5 INTEGRAL TRUCK EQUIPPED WITH WHEEL ANTILOCK SYSTEM. The purpose of 
t h i s  s tudy was t o  determine the  response of an i n t e g r a l  t r uck  equipped with 
a  r e a r  wheel an t i l ock  system t o  braking and s t e e r i n g  inpu t s  on a  v a r i e t y  of 
t e s t  sur faces .  Vehicle and brake system da t a  f o r  the  loaded Chevrolet C-30 
were employed i n  a  ho r i zon ta l  plane s imulat ion of a  two-axle vehic le  model* 
t o  which an an t i l ock  system, based on t h a t  descr ibed by Madison and Riordan 
(96)) was added. The block diagram of t he  s imulat ion model i s  given i n  F ig ,  
135. 

Twelve s imulat ion runs were made, as  l i s t e d  i n  Table 39, s i x  of which 
involved s t r a i g h t  ahead braking, and s i x  of which involved combined s t ee r ing  
and braking. In  every case enough brake torque was appl ied t o  lock up a l l  
f o u r  wheels. The g r e a t e s t  gains  i n  performance were made on the  low c o e f f i -  
c i e n t  sur face ,  wherein stopping d i s t ance  was c o n s i s t e n t l y  decreased by use of 
t h e  a c t i l c c ~  system, Figure 136 dep ic t s  t he  t r a j e c t o r i e s  and r e s u l t i n g  yaw 
angle  f o r  t he  braking and s t e e r i n g  maneuver, with one run being made without 
braking t o  def ine  t he  curve, The curves show t h a t  although s t e e r i n g  was l o s t  
due t o  lockup of t he  f r o n t  wheels, t h e  yaw angle was considerably l e s s  when 
t h e  an t i l ock  system was opera t iona l .  The r e s u l t s  of t h i s  study agree i n  gen- 
eral .  wi th  t h e  r e s u l t s  of t he  vehic le  t e s t s ,  but po in t  up the  d e s i r a b i l i t y  of 
using an a n t i l o c k  system on t h e  f r o n t  as  wel l  a s  t h e  r e a r  wheels, 

4.5.6 DIRECTIONAL DYNAMICS OF TRACTOR-TRAILERS I N  COMBINED BRAKING AND 
STEERING YATJEWERS. A summary of the  work described by Leucht (326) i.s given 
i n  t h i s  s ec t i oc .  The computer s imulat ion was based upon a  mathematical model 
which descr ibes  the  l ong i tud ina l ,  l a t e r a l ,  and yawing motions of a  th ree-ax le  
t r a c t o r - s e m i t r a i l e r  on a  f l a t  road surface.  Idea l ized  s t e e r i n g  and braking 
inpu t s  were appl ied t o  t he  s imulat ion t o  determine the  in f luence  of (1) design 
parameters,  ( 2 )  opera t ing  condi t ions ,  and ( 3 )  the  envircnment on t k e  d i r e c t i o n a l  
beha.vior of t he  vehic le  under study. 

The response t o  s t e p  s t e e r i n g  was used t o  eva lua te  t he  inf luence of design 
parameters on t r a n s i e n t  response and s teady tu rn ing  behavior a s  measured by 
response t imes and l a t e r a l  a cce l e r a t i on  gain,** r e spec t ive ly .  Decreasing t h e  
forward ve loc i ty ,  moving the  f i f th -wheel  forward, increas ing  the  wheelbase of 
t he  t r a c t o r ,  decreasing t h e  load on t h e  s e m i t r a i l e r ,  and moving t h e  load t o  
t h e  r e a r  of t he  t r a i l e r  decreased the  l a t e r a l  a cce l e r a t i on  gain and the  response 
t imes. Increas ing  the  f r i c t i o n  a t  t h e  f i f t h  wheel decreased t h e  l a t e r a l  ac- 
c e l e r a t i o n  gain and increased the  response time of t he  vehicle  s i g n i f i c a n t l y .  

The e f f e c t s  of brake-system parameter changes on d i r e c t i o n a l  response 
were evaluated by braking the  vehic le  from a  s teady  tu rn  with s f i xed  s t e e r  
angle.  Increased braking l ed  t o  a  sharper  t u rn  acd an increased l a t e r a l  
response a s  measured by the  yawing ve loc i ty ,  l a t e r a l  a cce l e r a t i on ,  and s i d e s l i p  
angle of the  t r a c t o r ,  The v a r i a t i o n  i n  loading condi t ion was i d e n t i f i e d  as  
a major cause of undesirable  d i r e c t i o n a l  response with a  f i xed  brake-torque 

*This model i s  descr ibed i n  d e t a i l  i n  re fe rence  (325). 
+*Lateral  a cce l e r a t i on  gain i s  defined a s  t he  r a t i o  of t h e  s teady-s ta te  

l a t e r a l  a cce l e r a t i on  t o  the  s teer -angle  input .  





FIGURE 136. VEHICLE TRAJECTSRY AND YAW ANGLE: FOR TYPICAL SIMJLAYION RUN 
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d i s t r i b u t i o n .  Brake-system design c h a r a c t e r i s t i c s  used t o  improve the  system 
behavior were t h e  brake-torque d i s t r i b u t i o n ,  load-sens i t ive  brake-torque con- 
t r o l ,  and brake app l i ca t ion  times. Longitudinal and 1a . t e r a l  brake-torque 
va r i a t i ons  from a  base l ine  d i s t r i b u t i o n  had t h e  o v e r a l l  e f f e c t  of decreasing 
t h e  performance of t h e  vehicle  i n  a combined s t e e r i n g  and braking maneuver 
without any wheels locking.  

The e f f e c t  of t he  forward ve loc i ty  and f r i c t i o n  a t  t he  t i r e - road  i c t e r -  
f ace  on combined s t e e r i n g  and braking was a l s o  s tudied by braking the  vehicle  
i n  a  s t eady- s t a t e  t u rn .  An increase  i n  t h e  forward ve loc i ty  of t he  t r a c t o r  
increases  t h e  ga in  of t he  system r e s u l t i n g  i n  a  more severe l a t e r a l  response 
being exhibi ted a t  higher v e l o c i t i e s .  The vehicle  developed (1) a  slower 
l a t e r a l  response t o  braking, ( 2 )  more severe s t a b l e  responses, and (:) more 
ser ious  unstable  responses on a  sur face  with a  lower c o e f f i c i e n t  of f r i c t i o c .  

The a b i l i t y  of changes i n  bas ic  design parameters t o  mi t iga t e  aga ins t  
producing an undesirable  l a t e r a l  response while braking i n  a steady t u r n  was 
a l s o  examined. Increasing t h e  wheelbase of t h e  t r a c t o r  and the  amoun to f f r i c -  
t i o n  a t  the  f i f th -wheel  were most e f f e c t i v e  i n  reducing the  tendency f o r  
jackknif ing i n  a  combined s t ee r ing  and braking maneuver. 



In  order t o  evaluate t he  f indings obtained i n  the  experimental and ana- 
l y t i c a l  phases of t h i s  study, it appeared des i rab le  t o  categorize braking 
performance i n t o  a number of d i s t i n c t  f a c e t s  or q u a l i t i e s .  

The mechanics of the braking process suggest t h a t  there  a r e  a t  l e a s t  
f i v e  f ace t s  of brakicg performance deserving of considerat ion f o r  commercial 
vehicles .  These f a c e t s  ( o r  measures of braking performance) s h a l l  be re fer red  
t o  as e f fec t iveness ,  thermal capaci ty,  c o n t r o l l a b i l i t y ,  e f f ic iency ,  and 
response, and a re  defined below. 

5.1 PERFORMANCE MEASURES 
Brake e f fec t iveness  i s  a measure of the gain of a brake i n  terms of torque 

output per u n i t  input of l i n e  pressure a t  the brake chamber. When the braking 
l e v e l  i s  lowered such t h a t  the  t i r e s  a r e  not being forced t o  operate near 
t h e i r  adhesion or f r i c t i o n  l i m i t ,  the  t o t a l  braking force  ac t ing  on a vehicle  
i s  l i n e a r l y  r e l a t ed  t o  t he  t o t a l  torque being generated by a l l  of t he  brakes. 
Under these condit ions,  decelerat ion per u n i t  value of brake l i n e  pressure 
serves as  an overa l l  measure of the braking ef fec t iveness  of the  vehicle.  
For pneumatic systems character ized by a l i m i t  value of l i n e  pressure,  a 
f i n i t e  value of e f fec t iveness  f o r  a given brake means t h a t  there  i s  an upper 
l i m i t  t o  the brake torque t h a t  can be generated. I f  t h i s  maximum torque i s  
i n s u f f i c i e n t  t o  produce wheel lock, during the  braking process, t he  maximum 
valueofwheels-unlocked dece lera t ion  t h a t  can be achieved by the  vehicle  i s  
degraded. 

The thermal e f f ic iency  of a brake can be character ized by the  a b i l i t y  of 
the brake t o  absorb heat generated i n  a s ing le  s top and t o  conduct or convect 
away heat generated i n  a s e r i e s  of stops.  The combination of t h i s  thermal 
e f f ic iency  (which i s  mostly a c h a r a c t e r i s t i c  of the brake drum) with the  l i n i n g  
proper t ies  determines the fade r e s i s t ance  of the  brake. With the  instrumenta- 
t i o n  used i n  the t e s t s ,  thermal e f f ic iency  could not  be measured d i r ec t ly ,  
and so thermal capaci ty or r e s i s t ance  t o  fade i s  measured i n  terms of the  l e v e l  
of braking ef fec t iveness  t h a t  can be maintained during a s e r i e s  of rap id ly  
repeated snubs ( a s  spec i f ied  i n  the  fade t e s t  procedure f o r  t h i s  program) or  
t ke  number of snubs which can be accomplished i n  a given time i n t e r v a l  (SAE 
5880)) or the decrease i n  tow bar force  i n  a towing t e s t  ( a s  specif ied i n  t h i s  
program f o r  the brake r a t i n g  t e s t ) .  The fade t e s t  a s  conducted was not suc- 
ce s s fu l  f o r  the  l a rge  commercial vehicles  t e s t ed  i n  t h i s  program because brake 
fade could not be induced. However, i f  t he  requirements f o r  t he  i n i t i a l  and 
f i n a l  snub v e l o c i t i e s  a re  changed t o  correspond with those of SAE 3786, t h a t  
i s ,  40 mph t o  20 mph instead of 60 or 50 mpk t o  10 mph, fade can be induced 
and a measure of thermal capaci ty could be obtained. One such performance 
measure i s  the number of snubs t h a t  can be produced a t  a spec i f ied  l e v e l  of de- 
ce l e ra t ion  with the  time t o  ecce lera te  back t o  t e s t  speed between snubs not t o  
exceed a specif ied period. From the  point  of view of sa fe ty ,  a thermal capaci ty 

test should be based upon the  most severe duty cycle t h a t  a vehicle  might en- 



counter i n  genera l  use. 
Brake c o n t r o l l a b i l i t y  i s  used here i n  t h e  sense of t he  d r ive r  being 

able  t o  modulate brake force  under a  wide v a r i e t y  of loading and road surface 
condi t ions  t o  minimize stopping d is tance  while prevent ing wheel lockup. De- 
ce le ra t ion /pedal  fo rce  ga in  i s  a  performance measure t h a t  can be used t o  
cha rac t e r i ze  brake c o n t r o l l a b i l i t y  (13 ) .  

Braking e f f i c i ency  i s  a  measure of the  a b i l i t y  of a  vehicle  t o  u t i l i z e  
t h e  f r i c t i o n  fo rces  ava i l ab l e  a t  t h e  t i r e - r c a d  in t e r f ace .  S t r i c t l y  speaking, 
it i s  defined a s  t h e  r a t i o  of the  maximum wheels-unlocked dece lera t ion  capa- 
b i l i t y  of t he  vehicle  on a  given surface t o  the peak t i r e - road  f r i c t i o n  co- 
e f f i c i e n t  of t h a t  surface.  When braking e f f i c i ency  i s  determined experimen- 
t a l l y ,  the  surface on which the  vehic le  i s  t e s t e d  must be measured t o  deter-  
mine the peak t i r e - road  f r i c t i o n  c o e f f i c i e n t .  A t  the  present  time, adequate 
means do not e x i s t  f o r  making such a  measurement with l a r g e  t ruck  t i r e s .  
'Therefore, a s  an a l t e r n a t i v e ,  it i s  proposed t h a t  braking e f f i c i ency  be de- 
termined by c a l c u l a t i n g  t h i s  measure, a s  was accomplished f o r  t he  t e s t  vehicles  
i n  t h i s  program. 

Brake response time i s  defined a s  t he  time required f o r  a  brake t o  reach 
a  given l e v e l  of e f f ec t iveness  from t h e  time t h a t  the  brake con t ro l  (peda l )  
i s  ac t iva ted .  Measurements of response time i n  an a c t u a l  s top  would therefore  
r equ i r e  torque sensors  on each braked wheel, Consequently, a  more common 
means f o r  determining the  response time of pneumatic brake systems i s  t o  
measure t h e  time from t h e  i n s t a n t  of pedal app l i ca t ion  ( r e s u l t i n g  i n  a  f u l l ,  
f a s t  opening of the t r e a d l e  valve)  t o  t he  i n s t a n t  a  given pressure l e v e l  i s  
reached i n  t he  brake chamber. 

Measurements show t h a t  t he  response times t y p i c a l l y  exhibi ted by a i r -  
brake systems a r e  s u f f i c i e n t  t o  inf luence  the  braking performance of commer- 
c i a l  vehicles ,  a s  measured e i t h e r  by average dece l e ra t ion  or  stopping d is tance .  
Synchronization of brake timing i s  important f o r  preventing i n s t a b i l i t i e s  i n  
a r t i c u l a t e d  vehic les .  Brake-release time i s  s i g n i f i c a n t  when the  d r i v e r  i s  
a t tempting t o  modulate t he  brake fo rce  t o  prevent wheel lockup. Although the  
importance of response time i s  genera l ly  recognized, a  consensus has y e t  t o  
be reached with respec t  t o  def in ing  a s tandardized t e s t  p rac t i ce  f o r  measuring 
brake-response and brake-release times. Consensus i s  lack ing  on ( a )  how t o  
spec i fy  the  ac tua t ion  of t he  system, ( b )  what point  s h a l l  be se lec ted  t o  serve 
a s  "zero time" and ( c )  what l e v e l  or percentage of t he  steady pressure response 
should be se lec ted  t o  serve a s  t h e  bas i s  f o r  computing the  response or  r e l ea se  
t ime, The problem i s  f u r t h e r  complicated by the  nonl inear  charac te r  of pneu- 
matic con t ro l  systems; namely, t he  response times increase  i f  the  pressure 
increments requested by the  d r i v e r  a r e  decreased. Although brake response 
time a s  measured by the  time t o  achieve a  spec i f ied  l e v e l  of e f fec t iveness  
( i , e . ,  brake torque output)  i s  not exac t ly  equivalent t o  t he  time required t o  
a t t a i n  a  spec i f ied  pressure  l e v e l  i n  t he  brake chamber, t he  l a t t e r  measure- 
ment does serve t o  cha rac t e r i ze  t h e  dynamic p rope r t i e s  of a  given brake system 
and t o  i nd ica t e  t he  degree t o  which ind iv idua l  brakes on a vehicle  a r e  synchrc- 
nized with each o ther .  It appears t h a t  brake response, i r r e s p e c t i v e  of t he  



prec ise  manner i n  which it i s  determined e i t h e r  on appl ica t ion  or  r e l ea se ,  i s  
a  s i g n i f i c a ~ t  measure of commercial brake system performance. 

The performance measures defined above a r e  summarized i n  Table 40. 

TABLE 40 

PERFORMANCE MEASURES 

QuaLity Measures Performance Measure Symbol Technique 

I. Zffect iveness  Maximum dece lera t ion  a, Effect iveness  t e s t  
X 

(wheels unlocked ) 

2. Thermal s p a c i t y  Number of snubs achieved n Fa,de t e s t  
a t  a  given decelera , t ion 

3 .  Eff iciency Braking e f f i c i ency  -ax/ii Calculat ion of e f -  
f i c i ency  and t i r e /  
road in t e r f ace  t e s t  

4. Contro l la .b i l i ty  ~ e c e l e r a t i o n / p e d a l  force Effect iveness  t e s t  
gain 

3. Brake response Application and r e l ease  
Ta)  T~ 

S t a t i c  response 
times ( a , i r  brake systems time t e s t  

only 

5.2 MAXIMUM ACHIEVABLE PERFORMATJCE BASED ON TESTS AID ANALYSIS 
The maximum braking performance t h a t  can be achieved by a  vehicle  on a  

given t e s t  surface i s  l imi ted  by f i v e  f a c t o r s :  
( 1 )  The f r i c t i o n a l  fo rces  ava i lab le  a t  the t i re - road  i n t e r f a c e  
( 2 )  The e f fec t iveness  of the v e h i c l e ' s  brakes, t h a t  i s ,  t he  maximum 

torque capaci ty cf the  brakes 
(3)  The braking e f f i c i ency  of t he  vehicle ,  t h a t  i s ,  how well  t he  brake 

torque i s  balanced axle  t o  axle  such t h a t  the  t i r e - road  f r i c t i o n a l  
fo rces  a r e  bes t  u t i l i z e d  

(4) The a b i l i t y  of t he  d r ive r  t o  modulate the  pedal fo rce  such t h a t  
maximum dece lera t icn  and minimum stopping d is tance  a r e  achieved 
without l o s s  of d i r e c t i o n a l  con t r c l  arid s t a b i l i t y  

( 5 )  The time response of t he  brake system t o  an applied pedal force  
Tire-road i n t e r f a c e  t e s t s  i nd ica t e  t h a t  the f r i c t i o n  coe f f i c i en t  of t ruck  

t i r e s ,  both peak arad s l i d ing ,  i s  s i g n i f i c a n t l y  l e s s  than t h a t  of passenger 
c a r  t i r e s .  The e f fec t iveness  t e s t s  point  up considerable va r i a t i on  i n  t i r e -  
road f r i c t i o n  c o e f f i c i e r t  amoEg the various types of t ruck t i r e s .  For example, 
the l i g h t  t ruck  was capable of locked-wheel dece lera t ions  of as  high a s  



28  f t / s e c 2 ,  whi le  t h e  disk-braked t r u c k  was capable  of on ly  22 f t / s e c 2  wi th  
t h e  wheels locked.  Since  t e s t s  wi th  both  t h e  Michigan Department of S t a t e  
Highways sk id  t r a i l e r  and t h e  HSRI instrumented c a r  i n d i c a t e d  t h a t  t h e  f r i c t i o n  
c o e f f i c i e n t  of t h e  t e s t  t r a c k  var ied  only s l i g h t l y  over t h e  e n t i r e  period of 
t e s t i n g ,  t h e  d i f f e r e n c e  i n  locked-wheel d e c e l e r a t i o n  must be a t t r i b u t e d  t o  
d i f f e r e n c e  i n  t i r e  t r a c t i o n .  The importance of t h i s  observat ion cannot be 
overemphasized s i n c e  it  i s  p o i n t l e s s  t o  i n c r e a s e  t h e  e f f e c t i v e n e s s  of brakes 
i f  f r i c t i c n a l  f o r c e s  corresponding t o  t h e  inc reased  brake torque c a p a b i l i t i e s  
cannot be produced a t  t h e  t i r e - r o a d  i n t e r f a c e .  The r e a d e r  i s  t h e r e f o r e  cau- 
t i o n e d  t o  judge t h e  performance c a p a b i l i t i e s  of t h e  l a r g e r  t r u c k s  and t r a c t o r -  
t r a i l e r s  t e s t e d  i n  t h i s  program i n  l i g h t  of t h e s e  f i n d i n g s  on t r u c k  t i r e  t r a c -  
t i o n .  

The maximu~wheels-unlocked d e c e l e r a t i o n  achievable ,  a s  determined e i t h e r  
from an e f f e c t i v e n e s s  t e s t  o r  a  minimum stopping d i s t a n c e  t e s t ,  i s  a  measwe 

of not only t h e  to rque  c a p a c i t y  of t h e  brakes,  but  a l s o  of how w e l l  t h e  
v e h i c l e  u t i l i z e s  t h e  f r i c t i o n  a v a i l a b l e  a t  t h e  t i r e - r o a d  i n t e r f a c e .  The maxi- 
mum d e c e l e r a t i o n  obtained on t h e  d r y  s u r f a c e  i s  summarized i n  Fig.  137 f o r  
a l l  of t h e  v e h i c l e s  t e s t e d .  With performance depic ted i n  t h i s  f ash ion ,  it I s  

immediately obvious t h a t  t h e  v e h i c l e s  equipped wi th  advanced brake and brake- 
c o n t r o l  systems did  no t  e x h i b i t  b rak ing  performance t h a t  was s i g n i f i c a n t l y  
b e t t e r  than was achieved by t h e  b a s e l i n e  v e h i c l e s .  I n  f a c t  it can be argued 
t h a t  a t r u c k ,  bus, o r  t r a c t o r - t r a i l e r  wi th  brakes  balanced f o r  maxitn~m braking 
performance can exceed t h e  performance achieved on a  d r y  surfa,ce by advanced 
brake c o n t r o l  systems. For example, t h e  l i g h t  t r u c k ,  a l l  t h e  buses,  and t h e  
2-S2 t r a c t o r - t r a i l e r  combination, e x h i b i t e d  performance on t h e  d ry  s u r f a c e s  
a s  good a s  Vehicle 1 2  and cons iderab ly  b e t t e r  t h a n  Vehicle 14 .  The d i sk-  
braked t r u c k ,  however, was outperformed only by t h e  l i g h t  t r u c k ,  and t h i s  
r e s u l t  may stem from a  d i f f e r e n c e  i n  t i r e  t r a c t i o n .  Figure  138 perhaps b e t t e r  
d e p i c t s  t h e  improvement i n  performance t h a t  can be expected by use of advanced 
b rake-con t ro l  systems, Since wheel lockup i s  viewed a s  undes i rab le ,  F i g .  138 
p r e s e n t s  only t h e  maximum d e c e l e r a t i o n s  obtained up t o  t h e  p o i n t  of wheel 
lockup. Considerable improvements i n  performance a r e  achieved f o r  Vehicle 1 2  
through use of t h e  adap t ive  braking system, e s p e c i a l l y  i n  t h e  t e s t s  conducted 
on t h e  low-coef f i c ien t  s u r f a c e ,  and i n  t h e  t e s t s  conducted wi th  t h e  enpty 
v e h i c l e  on t h e  d r y  sur face .  It should be noted t h a t  t h e  e f f e c t i v e n e s s  cf t h e  
brakes  on Vehicle 1 2  was i n s u f f i c i e n t  t o  l o c k  up a l l  t h e  wheels on t h e  d ry  
surface  i n  t h e  loaded cond i t ion .  

Vehicle 1 4  d i d  n o t  perform a s  w e l l  a s  Vehicle  12, on e i t h e r  t h e  d ry  
s u r f a c e  (even a f t e r  making allowance f o r  t h e  s l i g h t l y  lower t i r e - r o a d  f r i c t i c r  
c o e f f i c i e n t  of t h e  s u r f a c e  upon which Vehicle 1 4  was t e s t e d )  o r  t h e  wet s u r f a c e ,  
The empty t r a c t o r  ( b o b t a i l )  of Vehicle 1 4  produced a  maximum d e c e l e r a t i o n  of 
19 f t / s e c 2  on t h e  d ry  sur face ,  whi le  t h e  combination, empty o r  loaded, p r o d u c ~ d  
15 f t / s e c 2 .  Although t h e  a n t i l o c k  system d id  improve performance of t h e  cop- 
b i n a t i o n  a s  measured by t h e  maximum d e c e l e r a t i o n  ach ievab le  wi thout  wheel 
locking,  t h e  improved performance was cons iderab ly  l e s s  than  t h a t  which could 
have been achieved by b e t t e r  u t i l i z a t i o n  of t h e  f o r c e s  i n  t h e  t i r e - r o a d  i ~ t e r -  
f a c e .  
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Using t h e  experimental da t a  a t  hand, it i s  impossible t o  ca l cu la t e  exact ly 
t he  braking e f f i c i ency  of the t e s t ed  vehicles ,  s ince the  peak values of t i r e -  
road f r i c t i o n  coe f f i c i en t ,  upon which ef f ic iency  ca lcu la t ions  must necessar i ly  
be based, have been determined i n  an approximate manner. However, using these 
approximate coe f f i c i en t s ,  the  e f f i c i ency  exhibi ted by each vehic le  and system 
t e s t e d  i s  tabulated i n  Table 41. Using ef f ic iency  as  the  c r i t e r i o n ,  t he  disk- 
braked t ruck  showed bes t  performance on the dry surface. The system which 
produced the  bes t  ove ra l l  e f f i c i ency  measure was the  adaptive braking system 
i n s t a l l e d  on Vehicle 12,  Next bes t  was the  an t i lock  system i n s t a l l e d  on 
Vehicle 14 .  The smallest  performance gains  were achieved with the  proportion- 
i c g  system. As pointed out e a r l i e r ,  minor adjustments i n  t he  proportioning 
valves,  plus design s t eps  t h a t  prevent premature lockup of t he  wheels on the 
leading axle  of the  t r a i l e r ,  would have markedly improved the  performance 
obtained with the  proportioning system. The simulation study described e a r l i e r  
has indicated the  magnitude of performance improvements t h a t  can be expected 
from use of proport ioning systems. 

3VERALL BRAKING EFFICIENCIES FOR ADVANCED SYSTEMS TESTED 

Dry Surface Lowcoeff ic ien t  
Vehicle System 

Empty Loaded Empty Loaded 

Disk Brake Truck - 9 0 88 - - - - 
Vehicle 12 Trac tor -Tra i le r  Standard 4 8 67 - - 

- - 54 
P r o p ' s r t i o n i ~ g  47 67 - - 
Adaptive 83 70 81 9 6 

Vehicle 12  Tractor Standard 4 6 70 4 3 47 
Propcrtioning 82 70 3 6 47 
Adaptive 82 80 8C 75 

Vehicle 14 Tractor-Trai ler  Stacdard - - 4 5 46 - - 
Act i l o c k  66 68 6 6 72 

Vehicle 14 Tractor Ant i l o c k  86 - - 63 - - 

If a vehic le  i s  equipped with an adaptive or wheel ant i lock braking 
system, the d r ive r  does not have t o  modulate the pedal  force t o  prevent 
wheel lock,  However, f o r  vehicles  not so equipped, a  recent  study (13) a t  
HSRI showed t h a t  the  d r i v e r ' s  a b i l i t y  i n  modulating the  brake-pedal fo rce  t o  
prevent wheel lockup i s  d i r e c t l y  dependent upon the decelerat ion-pedal  fo rce  
c h a r a c t e r i s t i c  of the vehicle .  O f  a l l  the  vehicles  t e s t e d ,  the  d isk  brake 
t ruck  achieved the g r e a t e s t  maximum decelera.t ion without lockup of wheels. 



Figure  139 shows t h e  dece le ra t ion-peda l  f o r c e  g a i n  c h a r a c t e r i s t i c s  of t h e  
d i s k  brake t r u c k  along wi th  t h e  recommended upper and lower l i m i t s  der ived 
from t h e  HSRI s tudy,  It i s  i n t e r e s t i n g  t o  no te  t h a t  those  b a s e l i n e  v e h i c l e s  
i n  which t h e  d r i v e r  was a b l e  t o  modulate t h e  peda l  p r e s s u r e  such t h a t  a  high 
d e c e l e r a t i o n  was p o s s i b l e  wi thout  wheel lockup a l l  had dece le ra t ion-peda l  
f o r c e  c h a r a c t e r i s t i c s  which were w i t h i n  t h e  l i m i t s  suggested by t h e  HSRI s tudy,  
These v e h i c l e s  included t h e  l i g h t  t ruck ,  t h e  t h r e e  buses,  and t h e  2-S2 t r a c t o r -  
t r a i l e r  combination. It t h e r e f o r e  appears  reasonab le  t o  conclude t h a t  t h e s e  
l i m i t s  may a l s o  se rve  a s  a  g u i d e l i n e  i n  s e l e c t i n g  t h e  dece le ra t ion-peda l  f o r c e  
c h a r a c t e r i s t i c s  f o r  buses,  t r u c k s ,  and t r a c t o r - t r a i l e r s ,  

Peasurenents  of brake response t ime show t h a t  t h e  s tandard braking systems 
of Vehicles  12 and 1 4  had a p p l i c a t i o n / r e l e a s e  t imes t h a t  were approximately 
t h e  same o r  s l i g h t l y  longer  than  those  of t h e  b a s e l i n e  t r a c t o r - t r a i l e r s ,  
However, when us ing  Syncron on Vehicle 1 2  and t h e  a n t i l o c k  system on Vehicle  
14 ,  t h e  response t imes  of t h e  t r a i l e r  brakes  were improved cons iderab ly .  
R e s u l t s  from t k e  b a s e l i n e  v e h i c l e s ,  t h e  s t andard  systems of Vehicles  1 2  and 
14,  and t h e  improvement of response us ing  advanced systems a r e  summarized i n  
Table k 2 ,  

TABLE 42 

SUMMARY OF BRAKE liESPONSE TIMES 

~ p p l i c a t i o r , / ~ e l e a s e  Time, sec  
Vehicle Trac t  o r  T r a i l e r  

Rear Axle Rear Axle 

Average Basel ine  Vehicles 0 . 2 4 / ~ .  55 3.28/0.79 
Vehicle 1 2  Standard System G, ~ / 0 .  3 G  0. ~ c / o .  7 0  
Vehicle  1 2  w i t h  Syncroc 0. V/O. 30 0. ~ O / C I .  40 
Vehicle  14 Standard System 0.23/0.36 C. 36/0.64 
Vehicle 14 w i t h  A ~ t i l o c k  0. 23/0.44 C. 27/0.60 

5.3 MEAI'JS FOR IbIPROVII'JG PERFORMANCE 
The above d i scussed  f i n d i n g s ,  a s  der ived both  f r m  a c a l y s e s  and t e s t ,  

i n d i c a t e  t h a t  t h r e e  major s t e p s  w i l l  have t o  be taken t o  s i g n i f i c a c t l y  upgrade 
t h e  maximum braking performance of commercial v e h i c l e s ,  

F i r s t ,  The b a s i c  braking systems of t h e  m a j o r i t y  of thes t?  v e h i c l e s  w i l l  - 
have t o  be improved by use of mcre e f f e c t i v e  brakes ,  b e t t e r  brake balance,  
and f a s t e r  system response on a i r  braked v e h i c l e s .  

Second. The t r a c t i o n  c h a r a c t e r i s t i c s  of t i r e s  used on t h e  m a j o r i t y  of 
medium and heavy commercial v e h i c l e s  w i l l  have t o  be improved s o  t h a t  t h e  
advantage of improved brake e f f e c t i v e n e s s  can be f u l l y  u t i l i z e t f .  a t  t h e  t i r e -  
road i n t e r f a c e ,  

Third ,  Advanced brake c o n t r o l  systems w i l l  have t o  be employed t o  a l low - 
r a p i d  brake a p p l i c a t i o n s  wi thout  i n s t i g a t i n g  veh ic le  i n s t a b i l i t y  whether t h e  
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vehic le  be loaded or empty, and operat ing on a  dry or  s l i ppe ry  surface.  
A number of design a l t e r n a t i v e s  e x i s t  f o r  achieving these  object ives  : 
( 1 )  The ef fec t iveness  and fade r e s i s t ance  of the braking systems on 

medium and heavy t rucks  can be improved s ign i f i can t ly  by use of d i sk  
brakes. 

( 2 )  The ef fec t iveness  of the  braking systems of t r a c t o r s  can be improved 
by use of l a rge  brakes on the  f r o n t  ax le  of t r a c t o r s  with tandem 
r e a r  axles  ( a  design configurat ion i n  which f ron t  brakes a r e  genera l ly  
absent)  and by use of l a r g e r  brakes on the f ron t  ax le  of two-axle 
t r a c t o r s .  

(3 )  The braking ef f ic iency  of many t rucks  and t r a c t o r - t r a i l e r s  cac be 
improved by ca re fu l  d i s t r i b u t i o n  of braking e f f o r t  among the axles  
of t he  vehic le ,  

( 4) The brake response time of a i r  braked systems can be improved s igni -  
f i c a n t l y  through use of l a r g e r  hoses, improved connectors ar.d f i t t i ~ g s ,  
quick r e l ea se  valves,  r e l a y  valves on t r a c t o r s ,  and t r a i l e r  brake 
synchronization, 

( 5 )  Braking performance can be improved s ign i f i can t ly  on t rucks,  buses, 
and t r a c t o r - t r a i l e r s  through use of t he  advanced brake con t ro l  systems, 
which were evaluated by t e s t  and/or simulation i n  t h i s  program. These 
systems, ranked i n  order of p o t e n t i a l  f o r  improving braking perfor- 
mance, a re :  

( a )  an t i l ock  system 
( b )  dynamic load-sens i t ive  proportioning system 
( c )  s t a t i c  load-sens i t ive  proportioning system 

3.4 COST EFFECTIVENESS 
Firm cos t  f i gu res  f o r  the advanced systems t e s t ed  a r e  not ava i l ab l e  a t  

the  time of t h i s  wr i t ing .  It i s  impossible, therefore ,  t o  make an accurate  
assessment of gain i n  performance per u n i t  cost ,  f o r  example, of an t i l ock  
systems as  opposed t o  proportioning systems.* The problem i s  f u r t h e r  com- 
pounded by other  f ac to r s .  Prototypes and f l e e t  t e s t  u n i t s  usua l ly  cos t  more 
t o  produce than u n i t s  i n  mass production, Naictenance required f o r  advanced 
systems will increase vehic le  operating cos ts .  Increased weight due t o  l a r g e r  
brakes, s t ronger  suspension systems and vehic le  s t ruc tu re s  w i l l  increase in$-  
t i a l  vehic le  c o s t s  and decrease payload capaci ty.  Front brakes and power 
s t ee r ing  systems, i f  required on tandem axle  t r a i l e r s ,  w i l l  a l s o  increase 
cos t s .  Cost savings, however, would r e s u l t  from use of advanced systems by 
decreased t i r e  wear and l e s s  f l a t - s p o t t i n g .  With increased braking and coc t ro l  
c a p a b i l i t i e s ,  d r ive r s  may be able  t o  maintain f a s t e r  schedules. The g rea t e s t  
p o t e n t i a l  cos t  advantage, however, i s  the  decrease i n  accidents  caused by 
skidding and subsequent l o s s  of con t ro l ,  

*Yarber has assessed r e l a t i v e  system cos t s  and performance gains f o r  
var ious an t i lock  configurat ions i n  reference (327). 



5 .5 OTHER FAC TORS 
I n  considering any of the above design a l t e rna t ives ,  one must bear i n  

mind t h a t  the  commercial vehicle  has evolved over the  years as  a  design com- 
promise, The veh ic l e ' s  s t ruc tu re ,  suspension, and brake system have been 
designed f o r  a given l e v e l  of average braking performance, with a  c a p a b i l i t y  
of accepting a  c e r t a i n  amount of overload i n  emergency s i t u t a t i o n s .  The 
pneumatic t i r e s  a r e  p a r t  of t h i s  design compromise, s ince the re  i s n ' t  much 
poin t  i n  designing high t r a c t i v e  c a p a b i l i t y  i n t o  t ruck  t i r e s ,  a t  the  expense 
of increased r o l l i n g  r e s i s t ance  and higher wear r a t e s ,  i f  t h a t  t r a c t i v e  capa- 
b i l i t y  cannot be matched by brake torque c a p a b i l i t i e s  a s  constrained by brake 
s i ze  and brake design p rac t i ce ,  The aim of t h i s  design compromise has been 
t o  produce vehic les  which a re  s a fe  and r e l i a b l e  within t h e i r  performance 
range, and which a re  character ized by high payload/vehicle weight r a t i o s  and 
minimal operat ing and maintenance cos t s ,  To introduce a  requirement f o r  
severely increased braking capab i l i t y  i n t o  t h e  commercial f l e e t ,  a s  it has 
evolved, w i l l  necessar i ly  requi re  a  reevaluat ion of the design of t h e  e n t i r e  
system. The following poin ts  a r e  suggested f o r  ser ious considerat ion:  

(1) More e f f ec t ive  brakes w i l l  r equi re  s t ronger  suspensions and s tronger  
adjacent vehicle s t ruc tures .  

( 2 )  Large brakes on the  f r o n t  axles  of t r a c t o r s  could requi re  new f r o n t  
axle  and s t ee r ing  system designs, and, i n  many cases ,  t he  use of 
power s teer ing ,  

(3 )  With increased decelerat ion capabi l i ty ,  methods of cargo r e s t r a i n t  
w i l l  have t o  be reevaluated. On buses, passenger r e s t r a i n t  systems 
may have t o  be u t i l i z e d .  

(4) The r e l a t i v e l y  high r a t i o  of center  of grav i ty  height above roadway 
t o  t ruck  width t h a t  i s  common t o  s t r a i g h t  t rucks,  caused vehic le  
s t a b i l i t y  problems t o  be encountered a t  moderate decelerat ions i n  
t h i s  t e s t  program. It i s  expected t h a t  the  problem w i l l  be worse a t  
higher decelerat ions.  This problem may be a l l ev i a t ed  by use of an t i -  
lock systems. However, a t  t h i s  point  i n  time, the  problem i s  not 
c l e a r l y  defined and requi res  much more study before a  d e f i n i t e  solu- 
t i o n  can be suggested. 

( 5 )  I f  proportioning and/or an t i l ock  systems a re  t o  be widely used, cog- 
nizance should be taken of maintainance and r e l i a b i l i t y  problems 
associated with each system, Load-sensitive proportioning systems 
requi re  mechanical, pneumatic, or  other means of sensing changes i n  
load. Due t o  wear, corrosion, and other  degrading f ac to r s ,  the  l e v e l  
of Coulomb f r i c t i o n  i n  the suspension system may change, thus requi r ing  
periodic  inspect ion and adjustment of the  l inkage. Since an t i lock  
systems f o r  air-braked vehic les  a r e  s t i l l  i n  the  developmental stage, 
r e l i a b i l i t y  problems with both mechanical and e lec t ronic  components 
were encountered i n  the t e s t  program. It i s  mandatory t h a t  an t i lock  
systems have a  high degree of r e l i a b i l i t y  because of t he  human f a c t o r s  
involved. The t e s t  program has pointed out t h a t  regard less  of load 
or  surface condition, the d r ive r  w i l l  make rapid,  high-level brake 



appl ica t ions  i f  he knows the  an t i l ock  system i s  operat ional ,  whereas 
he w i l l  be extremely s e n s i t i v e  t o  load and surface condit ions when 
applying the  brakes without the  an t i l ock  system i n  operation. Serious 
s t a b i l i t y  problems a r e  poss ib le  i f  t he  d r i v e r  appl ies  the  brakes 
rap id ly  thinking t h a t  the  an t i lock  system i s  opera t iona l  where, i n -  
deed, i t  i s  not,  due t o  a component f a i l u re .  



6, RECOMMENDATIONS 

5.1 RECOMMENDATIONS FOR A PERFORMANCE STANDARD 
In  making spec i f i c  recommendations f o r  a  standard, ca re fu l  considerat ion 

has been given t o  the  necessi ty  t o  upgrade commercial vehicle  braking perfor-  
mance as  quickly as  possible  t o  acceptable l eve l s .  Careful considerat ion 
has a l s o   bee^ given t o  those points  discussed i n  Section 5 .  Taking i n t o  
account the system design problems which w i l l  r e s u l t  from increased perfor- 
mance requirements and the  s t a t e  of development of advanced systems, it i s  
recommended t h a t  r u l e s  be promulgated which requi re  upgrading the performance 
of t rucks,  buses, and t r a c t o r - t r a i l e r s  i n  three  d i s c r e t e  s teps,  separated by 
appropriate periods of time.* As a  f i r s t  s tep ,  it i s  recommended t h a t  the  
ru l e s  requi re  immediate ac t ion  t o  upgrade braking performance t o  a  l e v e l  
achievable by cur ren t  design prac t ice ,  t h a t  i s ,  the bes t  performance already 
demonstrated by basel ine vehic les  t e s t ed .  For the second s tep ,  it  i s  recom- - .  

mended t h a t  the  r u l e s  requi re  performance t o  be improved t o  the  l i m i t  of the  
t i re - road  i n t e r f a c e  t r a c t i v e  c a p a b i l i t i e s  of t ruck  t i r e s  now avai lab le  with 
due regard t o  r e a l i s t i c  braking e f f i c i enc i e s ,  The second s t e p  may requi re  
use of load-sens i t ive  proportioning systems on c e r t a i n  vehicles ,  and therefore  
s u f f i c i e n t  lead time should be allowed f o r  f u r t h e r  development and t e s t i n g  of 
these  devices. After  an appropriate  time i c t e r v a l  t o  allow f o r  development 
and t e s t i n g  of a r e l i a b l e  an t i lock  system, the  development of t ruck  t i r e s  with 
b e t t e r  t r a c t i v e  c h a r a c t e r i s t i c s ,  and the  necessary design modifications of ve- 
h i c l e  brake, suspension, and s t r u c t u r a l  systems, it i s  recommended as  a  t h i r d  
s tep  t h a t  performance equal t o  or  approachicg t h a t  of passenger ca r s  be r e -  
quired along with use of an an t i lock  system t o  insure vehicle  s t a b i l i t y  over 
a  wide range of vehicle loadings and road surface conditions.  Summaries of 
t he  suggested performance requirements fo r  each s tep  a r e  give2 a s  follows: 

Step 1 
*Maximum dece lera t ion  capab i l i t y :  16 ft/sec2** 

Minimum braking ef f ic iency:  659 f c r  surfaces having peak t ruck  t i r e -  

road f r i c t i o n  coe f f i c i en t s  between 0.2 and 0. 3 
Thermal capaci ty:  Same a s  requirements of SAE 5756 fade a2d recovery 
t e s t  except t h a t  15 f t / s e c 2  dece lera t ion  i s  required f c r  fade snubs 

- ~ e c e l e r a t i o n / ~ e d a l  force gain:  HSRI recommendations as given i n  Fig. 

139. 
' A i r  brake response time : Application, 0.25 see ( t r a c t o r ) ,  0.35 sec 

( t r a i l e r ) ;  Release, 0.50 sec ( t r a c t o r ) ,  0.70 sec ( t r a i l e r )  
Special  systems required:  None 

*Recommendaticns f o r  a  spec i f i c  time frame or  schedule t o  implement these 
s teps  cannot be made s ince information on lead times f o r  introduct ion of design 
changes, development of new hardware and necessary manufacturing techniques i s  
not  genera l ly  ava i l ab l e  from vehicle,  brake, and brake conponent manufacturers. 

**It i s  presumed t h a t  t h i s  dece lera t ion  would be measured on a  surface 
having a  peak t ruck  t i re - road  f r i c t i o n  coe f f i c i en t  of a t  l e a s t  0.75. 



Step 2 
*Laximum dece lera t ion  capabi l i ty :  20 f t /sec2* 
.Minimum braking ef f ic iency:  75% f o r  surfaces,  a s  i n  Step 1 
.Thermal capacity: Test upgraded t o  correspond with heaviest  duty cycles  
experienced i n  c l a s s  of se rv ice  

*Air brake response time: Application, 0.25 sec ( t r a c t o r ) ,  0,30 sec 
( t r a i l e r )  ; Release, 0.30 sec ( t r a c t o r ) ,  0.40 sec ( t r a i l e r )  
Special  systems required:  S t a t i c  load proportioning ( i f  necessary) 

Step 3 
*Maximum dece lera t ion  capab i l i t y :  24 f t / s e c 2  with upgraded t i r e s  such 
t h a t  peak t i re - road  surface coe f f i c i en t  i s  a t  l e a s t  0.85 on a  t y p i c a l  
dry asphal t  or concrete surface 

#Minimum braking eff ic iency:  85% f o r  surfaces having peak t ruck  t i r e -  
road f r i c t i o n  c o e f f i c i e n t  between 0.2 and 0.9 

*Special  systems required:  an t i lock  system 
*Improved t i r e s  a l s o  required 

6.2 COMPLIANCE WITH REQUIREMENTS 
Test procedures s imi la r  t o  those used i n  the  t e s t  program a re  recommecded 

f o r  determining brake e f fec t iveness ,  fade res i s tance ,  d e ~ e l e r a t i o n / ~ e d a l  fo rce  
gain c h a r a c t e r i s t i c s ,  and s t a t i c  response time of a ir-brake systems, If stop- 
ping dis tance t e s t s  a r e  required,  they should be made i n  conjunction with the 
e f fec t iveness  t e s t s  t o  ensure maximum unlocked wheel dece lera t ions  a r e  achLeved. 
Compliance with braking e f f i c i ency  requirements can be made by requi r ing  d e s i g ~  
ca lcu la t ions  s imi l a r  t o  those out l ined i n  Section 4.2, and by va l ida t ing  the 
ca lcu la t ions  by e f fec t iveness  t e s t s  on high coe f f i c i en t  and low coe f f i c i en t  
surfaces,  

Testing of t r a c t o r - t r a i l e r  combina$ions presents  a  spec ia l  challenge. 
Because of brake balance problems, a  t r a c t o r  which may perform very wel l  with 
one t r a i l e r  but perform poorly with another ,  Conversely, a  t r a i l e r  whose 
brakes were t e s t ed  on a  brake dynamometer and deemed adequate may perform well  
with one t r a c t o r  but perform poorly with another ,  Also a  t r a c t o r  could perform 
well  as a  loaded s t r a i g h t  t ruck,  but poorly i n  combination with a  t r a i l e r .  
For t h i s  reason it i s  recommended t h a t  t r a c t o r s  be c e r t i f i e d  t o  p u l l  only those 
t r a i l e r s  with which it has been demonstrated by design ca l cu la t ion  and t e s t  
t h a t  performance of the  combination vehicle  i s  adequate, 

6.3 FUTURE RESEARCH 
As a  r e s u l t  of t he  ana ly t i ca l  work and vehicle  t e s t i n g  accomplished i n  

t h i s  program, c e r t a i n  problem areas  have been pointed up which requi re  ca re fu l  
study and research ,  Tvo of these  problem areas  requi re  immediate a t t en t ion :  

(1) Truck t i r e s :  Test data  a r e  required t o  determine accurately the 
p - s l i p  c h a r a c t e r i s t i c s  of t ruck  t i r e s  i n  order t o  assess  the  maximum 
p o t e n t i a l  braking performance possible  with vehicles  equipped with 

*It i s  presumed t h a t  t h i s  dece lera t ion  would be measured on a  surface 
having a  peak t ruck t i re - road  f r i c t i o n  coe f f i c i en t  of a t  l e a s t  0.75, 



these tires. 
(2) Truck stability: Analytical work, accompanied by appropriate tests, 

is required to determine the causes of directional instabilities of 
integral trucks when subjected to severe braking maneuvers resulticg 
in high decelerations. Study of combined braking/turning maneuvers 
to assess vehicle stability and limit maneuver capability should alsc 
be undertaken. 

The thermal characteristics of commercial vehicle brakes also require 
fnrther study. Analytical work accompanied by carefully instrumented tests 
should be performed to determine the factors influencing the thermal effi- 
ciency of the brake and the best means of measuring suck efficiency. Researc? 
is also required to insure that any thermal capacity test specified should 
subject the brakes to duty cycles equivalent to the most intense cycle that 
the vehicle may encounter during its service life. 

Finally, further study of the dynamics of articulated vehicles is neces- 
sary. An assessment of the state of knowledge relative to the longitudinal 
and lateral dynamics of articulated vehicles (328) indicates that two areas 
require investigation: 

( 1) The articulated vehicle presents unique control and stability problems, 
making demands on driver skill which should be evaluated in terms of 
potential for loss of control, A study of the vehicle over its full 
range of operating environmental and off-?esigc configurations is 
required. By focusing particularly on "limit maneuver characteris- 
tics" (329) ,  discrimination can be made atxong vehicle configurations 
on the basis of peak performance available for accident avoidance 
maneuvers. 

( 2 )  An accurate characterization of the traction mechanics of the tire 
operating under combined side and longitudinal slip is needed for 
accurate dynamic modeling and simulation ~f response in 
combined braking and turning maneuvers. 






