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1  .0  INTRODUCTION 

An o b j e c t i v e  - o f  t h e  Motor Truck Brak ing  and Handl ing Research 

program a t  HSRI (The Highway Sa fe ty  Research I n s t i t u t e  o f  The 

U n i v e r s i t y  o f  Mich igan)  i s  t he  development o f  a  methodology t o  pre-  

d i c t  t h e  b rak i ng  performance o f  t r ucks  and t r a c t o r - t r a i  l e r s .  I n  

t h e  con tex t  o f  f e d e r a l  r e g u l a t i o n  o f  b rak i ng  performance, t h i s  

t r a n s l a t e s  i n t o  a  need t o  p r e d i c t  s topp ing  d i s t ance  w i t h  a  h i gh  

degree o f  accuracy. 

Comprehensive d i g i t a l  computer s i m u l a t i o n  programs [I ,2,3] 

have been developed as t o o l s  f o r  i n v e s t i g a t i n g  heavy t r u c k  b rak i ng  

and hand1 i ng behav ior .  I n  these programs, va r ious  op t ions  have 

been a v a i l a b l e  f o r  r ep resen t i ng  brakes, rang ing  f rom the  s imp les t  

r e p r e s e n t a t i o n  by pressure- torque c h a r a c t e r i  s t i  cs t o  more compre- 

hensive models i n c l u d i n g  t h e  i n t e r n a l  geometry of t he  brake shoes 

and mechanisms. Nevertheless,  meaningful  p r e d i c t i o n  o f  v e h i c l e  

b rak i ng  performance r e q u i r e s  r ep resen ta t i on  o f  t he  brakes i n  terms 

o f  t h e i r  ins tantaneous torque ou tpu t  ( e f f e c t i v e n e s s )  as dependent 

on t h e  ins tantaneous a c t u a t i o n  e f f o r t ,  r o t a t i o n a l  speed, and i n t e r -  

na l  , temperature occu r r i ng  as energy i s  absorbed by t he  brake. 

Because o f  t h e  complex interdependence o f  va r ious  f a c t o r s  (es- 

p e c i a l  l y  t h e  changing f r i c t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  brake 

1  i n i n g s )  , the  ava i  l a b l e  brake models a re  n o t  s u i t e d  t o  accura te  

r ep resen ta t i on  over a  broad range o f  ope ra t i ng  cond i t i ons .  Though 

brake fade can be s p e c i f i e d  i n  t h e  models as a  f u n c t i o n  o f  c a l -  

cu l a ted  brake temperature, no systemat ic  method e x i s t s  by which t o  

determine t h e  fade c o e f f i c i e n t  f rom a v a i l a b l e  data.  Rather, t h e  

brake i s  bes t  represented by an e m p i r i c a l  model de r i ved  f rom 

measured performance over  a spectrum o f  cond i t i ons .  Th is  r e p o r t  

presents  methodology and techniques developed t o  descr ibe  brake pe r  

formance as a  f unc t i on  o f  a c t u a t i o n  e f f o r t ,  s l i d i n g  v e l o c i t y ,  and 

1 i n i  ngldrum i n t e r f a c e  temperature i n  a  way which a1 lows c a l c u l a t i o n  

of t he  expected torque ou tpu t  through any a r b i t r a r y  b rak i ng  s i  tua-  

t i o n ,  t h e  o n l y  l i m i t a t i o n  be ing  t h a t  t h e  opera t ing  cond i t i ons  o f  



t he  brake a re  w i t h i n  t h e  spectrum o f  cond i t i ons  covered by the  

exper imental  t e s t s  f rom which t he  model i s  der ived.  

The macer ia l  presented here i s  d i r e c t e d  towards examining 

t he  performance o f  hydraul  i c a l  l y -ac tua ted  heavy v e h i c l e  brakes, 

us i ng  techniques which have a l s o  been a p p l i e d  t o  t he  study o f  pneu- 

ma t i ca l  l y -ac tua ted  brakes [4]. For a i  r -braked veh ic les ,  the  e x i  s- 

tence o f  Federal Motor Veh ic le  Sa fe ty  Standard 121 (FMVSS 121 [5]  

has l e d  t o  c a r e f u l  examinat ion and measurement o f  d e t a i l e d  informa- 

t i o n  concerning t ime h i s t o r i e s  o f  brake performance du r i ng  a  s top 

i n  o rde r  t o  b e t t e r  understand (1 )  a n t i l o c k  system performance and 

( 2 )  t he  i n f l u e n c e  o f  brake c h a r a c t e r i s t i c s  on t he  s topping d is tance  

obta ined i n  emergency stops [6,7]. I n  s tud ies  o f  FMVSS 121 veh ic les ,  

t he  i n f l uences  o f  i n - s t o p  fade and s i de - t o - s i de  v a r i a t i o n  i n  brake 

capabi 1  i ty  were found t o  be s i g n i f i c a n t  f a c t o r s  i n  determin ing 

wheels-unlocked s topp ing  performance. These same f a c t o r s  a re  impor- 

t a n t  f o r  veh i c l es  w i t h  hydraul  i c a l  l y -ac tua ted  brakes (a1 though t he  

i n t e r a c t i o n  o f  these f a c t o r s  w i t h  a n t i l o c k  system performance i s  

n o t  a  c u r r e n t  i s sue ) .  As FMVSS 105 ( t h e  f ede ra l  s tandard f o r  

veh i c l es  w i t h  hydraul ' i  ca l  l y -ac tua ted  brakes) i s  extended t o  medium 

and .heavy veh ic les ,  cons ide ra t i  on o f  t h e  v a r i a b i  1  i t y  i n  h y d r a u l i c  . 

brake performance and t he  i n f l u e n c e  o f  brake fade w i l l  become 

i n c r e a s i n g l y  impor tan t  i n  develop ing b rak ing  systems t o  meet govern- 

mental requirements . 
The most c o s t l y  and time-consuming a c t i v i t y  assoc ia ted w i t h  

us ing  computer s imu la t i ons  t o  p r e d i c t  veh4cle performance i s  the  

a c q u i s i t i o n  o f  s u i t a b l e  parametr ic  data f o r  c h a r a c t e r i z i n g  t he  

v e h i c l e  and i t s  components. Over t he  pas t  severa l  years,  HSRI has 

employed var ious  approaches f o r  ga ther ing  brake data and represen t ing  

t he  data i n  a  form s u i t a b l e  f o r  computer s imu la t i on .  The process 

o f  develop ing an app rop r i a te  method f o r  c o l  l e c t i n g  and represen t ing  

brake da ta  has proven t o  be d i f f i c u l t  because ( I  ) brake charac te r -  

i s t i c s  change w i t h  work h i s t o r y ,  (2 )  t h e r e  i s  a  cons iderable 

v a r i a t i o n  f rom brake t o  brake o f  t he  same type, ( 3 )  brake ad jus t -  

ment can cause changes i n  brake performance (4) 1  i n i ng ld rum i n t e r -  

face temperatures (o r  average i n t e r f a c e  temperatures). a r e  hard t o  



measure, and ( 5 )  t h e  convent iona l  methods f o r  p resen t ing  r e s u l t s  

o f  i n e r t i a  dynamometer t e s t s  do n o t  con ta i n  a1 1  t he  i n f o r m a t i o n  

needed t o  p r e d i c t  s  t opp i  ng performance. The d i  r e c t  dependence o f  - 
brake performance on t h e  1 i n i  ng/drum i n t e r f a c e  temperature necessi  - 
t a t e s  t h e  i n c l u s i o n  o f  t h i s  parameter i n  t he  approach desp i t e  t he  

added complex i t y  o f  brake thermal model ing i n  o rder  t o  achieve 

accura te  brake rep resen ta t i on .  The approach taken i s  one o f  app ly-  

i n g  s tandard computer-based mu1 t i p l e  regress ion  methods t o  brake 

performance da ta  and t h e  s i g n i f i c a n t  independent va r i ab l es .  The 

method depends on hav ing i n-stop h i  s t o r y  da ta  f rom dynamometer t e s t s ,  

as w e l l  as thermal model ing i n f o r m a t i o n  on t he  brake, b u t  i n  r e t u r n  

f o r  t h i s  e f f o r t  p rov ides  a lgor i thms f o r  p r e d i c t i n g  t h e  instantaneous 

to rque  ou tpu t  of a  brake a t  a r b i t r a r y  opera t ing  cond i t i ons .  

The nex t  s e c t i o n  o f  t h i s  r e p o r t  descr ibes t h e  approach taken 

i n  terms o f  t he  brakes se lected,  t he  t e s t s  conducted, and t he  methods 

o f  da ta  ana l ys i s .  Sec t ion  3.0 presents  t h e  t ype  o f  r e s u l t s  ob ta ined  

w i t h  an assessment o f  t he  e r r o r  magnitudes assoc ia ted  w i t h  t he  

model, and a  comparison o f  t h e  brake model i n - s t o p  to rque  p red i c -  

t i o n s  w i t h  t h e  to rque  measured on an i n e r t i a  dynamometer. Sec t ion  

4 .0 .d iscusses p r a c t i c a l  appl  i c a t i o n s  o f  t h e  developed methodology 

t o  severa l  areas of need i n  brake system design. 



2.0  RESEARCH APPROACH 

I n  o rde r  t o  accompl i sh t h e  hydrau l  i c brake s tudy descr ibed 

h e r e i n a f t e r ,  i t  was necessary t o  s e l e c t  app rop r i a t e  brakes f o r  

study, t e s t  them on t h e  I n s t i t u t e '  s Mobi l e  Dynamometer, and analyze 

t h e  brake performance da ta  obta ined.  

2.1 Brake S e l e c t i o n  

Guidance i n  s e l e c t i o n  o f  brakes f o r  t e s t  was ob ta ined  through 

d iscuss ions  w i t h  brake des ign engineers f rom two o f  t h e  major  t r u c k  

manufacturers.  For t h e  program t o  be most b e n e f i c i a l ,  i t  was con- 

s i de red  impo r tan t  t o  s e l e c t  brakes which a re  candidates f o r  u t i l i -  

z a t i o n  i n  any a n t i c i p a t e d  FMVSS 105 r e g u l a t i o n  a p p l i c a b l e  t o  medium 

t r ucks .  However, t h e  s e l e c t i o n  o f  those brakes would be h i g h l y  

dependent on t h e  s e v e r i t y  o f  t h e  s topp ing  d i s t ance  requi rements  

imposed--potent ia l  l y  rang ing  f rom e x i s t i n g  brake systems f o r  moder- 

a t e  requi rements  t o  f u l l  d i s c  brake systems f o r  severe requirements.  

Never the less,  t h e  most c r i t i c a l  and most 1 i k e l y  candidate brake i n  

FMVSS 105 systems would be o f  t h e  15 x 5 drum brake type  c u r r e n t l y  

used, w i t h  v a r i a t i o n s  i n  l i n i n g  t ype  and c y l i n d e r  s i z e  t o  t a i l o r  

t h e  brake t o  s p e c i f i c  appl  i c a t i o n s .  

A coopera t i ve  arrangement was es tab l i shed  w i t h  t h e  Kelsey- 

Hayes Company whereby a popu la r  15 x 5 drum brake would be burn ished 

and t e s t e d  i n  a manner t y p i c a l  o f  FMVSS 105 condi t i  ons. The f i r s t  

brake se lec ted ,  shown i n  F i gu re  1, was a 15 x 5 Twinplex drum brake, 

9051 J l i n i n g ,  1-112" wheel c y l i n d e r s ,  w i t h  a Gun i te  2603 drum. 

Th is  brake i s  t y p i c a l l y  used w i t h  a 15,000-lb r a t e d  r e a r  ax le ,  and 

was t e s t e d  by Kel sey-Hayes on an i n e r t i a  dynamometer a t  7,436-1 b 

wheel load, 19.3" t i r e  r ad ius .  

Cons idera t ion  was g i ven  t o  t e s t i n g  a d i s c  brake f o r  compari- 

son purposes, b u t  t he  a v a i l a b i l i t y  o f  t h e  brake and adap ta t i on  

hardware prevented i t s  i n c l u s i o n  i n  t he  program. Ins tead,  a second 

15 x 5 drum brake w i t h  ABB 539 1 i n i n g ,  t y p i c a l  o f  a 17,500-1 b r a t e d  

r e a r  a x l e  brake, was se lec ted  f o r  t e s t .  The brake was ob ta ined  new, 





t e s t e d  a t  H S R I  f o r  f i r s t  e f f ec t i veness  (p re -burn ish)  , burnished, 

and then t e s t e d  f o r  second e f f ec t i veness  and a  m a t r i x  o f  o t h e r  

condi t i  ons. - 

2.2 B r a k e T e s t s  

Brake t e s t s  a t  the  I n s t i t u t e  a r e  c a r r i e d  o u t  on t he  Mob i le  

Truck T i r e  Dynamometer, as shown i n  F igure  2. The Dynamometer [8] 

cons i s t s  o f  t he  s t r a i g h t - t r u c k  power u n i t  on which an inst rumenta-  

t i o n  van and a u x i l i a r y  power systems a re  mounted. The t r u c k  tows a  

spec ia l  t r a i l e r  w i t h  a  t e s t  wheel mounted on i t s  c e n t e r l i n e .  The 

brake i s  mounted i n  a  convent ional  f ash ion  on t h e  t e s t  wheel and i s  

supported by a  t ransducer  f o r  measuring t he  brake torque, l o n g i -  

t u d i n a l  f o r c e  and wheel load.  Wheel load  i s  p rov ided  by an a i r  

sp r i ng  and i s  ad jus ted  by t he  sp r i ng  pressure.  

The mob i le  dynamometer brake t e s t s  a re  e f f e c t i v e l y  constant -  

speed t e s t s  i n  c o n t r a s t  t o  i n e r t i a  dynamometer t e s t s  which s imu la te  

a  dece le ra t i ng  v e h i c l e .  I n  t he  research environment, the  constant -  

speed t e s t  method has t he  advantage o f  reduc ing t he  number o f  

v a r i a b l e s  du r i ng  t e s t .  

Mob i le  dynamometer t e s t s  were conducted on bo th  brakes. The 

f i r s t  brake (15 x  5 w i t h  9051 J l i n i n g )  had been burn ished and 

t e s t e d  on the  Kelsey-Hayes i n e r t i a  dynamometer so t h a t  t he  o n l y  

mob i le  dynamometer t e s t s  r equ i red  were a  m a t r i x  o f  cond i t i ons  t o  

cha rac te r i ze  i t s  performance. Table 1  summarizes t he  m a t r i x  o f  

t e s t s  a l l  conducted a t  an i n i t i a l  brake temperature o f  220" o r  

l e s s  as measured by an SAE l i n i n g  thermocouple. The f i r s t  32 t e s t s  

were conducted a t  1  i g h t  b rak ing  1  eve1 s  t o  p rov ide  comparative data 

between t he  speed cond i t i ons  o f  20 and 40 mph. The 120 t e s t s  con- 

s t i  t u t e d  t h e  foundat ion  o f  t he  m a t r i x  o f  cond i t i ons  over which t h e  

brake was t o  be charac te r i zed ,  P e r i o d i c a l  l y  , t e s t s  were1 conducted 

a t  3 mph t o  p rov ide  very  low v e l o c i t y  cond i t i ons  f o r  de te rmina t ion  

of the  b rake ' s  speed dependence. Throughout t he  t e s t s ,  the  brake 

a p p l i c a t i o n  t ime was he ld  t o  f o u r  seconds o r  less ,  i f  necessary, t o  

keep t he  energy absorp t ion  du r i ng  t e s t  t o  no more than one "g"  

equ i va len t .  





Table 1. Summary o f  Tes t  M a t r i x  f o r  t he  15 x  5  
Drum Brake, 9051 J L i n i n g .  

- 
Tests Cond i t ions  

3  2  Tests  a t  200 t o  1000 p s i ;  20 and 40 mph 

120 Tests  a t  200 t o  1600 p s i  ; 20, 40 and 60 mph 

16 Tests  a t  200 t o  1600 p s i ;  3  mph 

71 Warm-up and c o n t r o l  t e s t s ;  1000 p s i  a t  40 mph 

The second brake t e s t e d  ( 1  5  x  5  w i t h  ABB 539 1  i n i n g )  was 

rece i ved  unburnished. The brake was i n s t a l l e d  on t h e  mob i le  

dynamometer and was t e s t e d  i n  a  sequence s i m u l a t i n g  t h e  FMVSS 105 

t e s t  procedures, as summarized i n  Table 2. The e f f e c t i v e n e s s  t e s t s  

T a b l e 2 .  S u m r n a r y o f T e s t M a t r i x f o r  t h e 1 5 x 5  
Drum Brake, ABB 539 L i n i n g .  

Tests  Cond i t ions  

1  ? F i r s t  e f f e c t i v e n e s s  (8674 1  b, equ i va l en t  l oad )  

500 Burn ish  

12 Second e f f e c t i  veness 

16 Tests a t  500 t o  1500 p s i ;  15, 30, 45 and 
60 rnph;' 150°F i n i t i a l  temperature 

2  0  Tests  a t  500 t o  1500 p s i ;  15, 30, 45 and 
60 mph; 250°F i n i t i a l  temperature 

2 0 Tests  a t  500 t o  1500 p s i ;  15, 30, 45 and 
60 rnph: 350°F i n i t i a l  temperature 

were performed a t  speed and to rque  c o n d i t i o n s  r ep resen t i ng  t h e  

average va lues t h a t  would be seen by t he  brake mounted on a  v e h i c l e  

a t  8,674 l b s  wheel load.  The bu rn i sh  was l i k e w i s e  performed a t  

c o n d i t i o n s  r ep resen t i ng  such averages. A f t e r  t h e  second e f f e c t i v e -  

ness, a  m a t r i x  of cond i t i ons  was t e s t e d  cover ing  a  range o f  



a c t u a t i o n  pressures, speeds and i n i t i a l  temperatures t o  p rov ide  a 

foundat ion  o f  data f o r  computer ana l ys i s  and d e r i v a t i o n  o f  a  brake 

model. - 
2.3 Data Ana lys is  

2.3.1 Data A c q u i s i t i o n  and I n i t i a l  Processing. The 

f o l l  owi ng v a r i a b l e s  were recorded du r i ng  each brake appl  i c a t i  on : 

1 ) brake to rque  

2 )  b rak ing  f o r c e  a t  the  t i r e - r o a d  i n t e r f a c e  

3 )  h y d r a u l i c  l i n e  pressure 

4)  dynamometer speed 

5 )  angular  speed o f  t he  brake 

6 )  1  i n i  ng temperature (SAE thermocoupl e l  

I n  a d d i t i o n ,  t h e  temperature o f  t h e  rubbing sur face  o f  t he  drum was 

recorded by means o f  a  thermocouple rubb ing  on t h e  drum sur face  

du r i ng  t h e  t e s t s  w i t h  t he  ABB 539 l i n i n g .  A schematic diagram o f  

t h i s  thermocouple i s  shown i n  F igure  3. 

These da ta  s i g n a l s  were recorded on an analog tape recorder .  

A t  t he  same time, se lec ted  da ta  s i g n a l s  were moni tored on a m u l t i -  

channel pen-chart  recorder  so t h a t  t he  opera to r  cou ld  observe t he  

performance o f  t he  brake. P e r i o d i c a l l y  throughout  t he  t e s t i n g ,  t he  

opera to r  p laced c a l i b r a t i o n  s i gna l s  f o r  each da ta  channel on t h e  

tape reco rd ing  . 
A t  t he  conc lus ion  o f  t he  t e s t s  on each brake, t he  analog 

tape reco rd ing  was d i g i t i z e d  on t h e  I n s t i t u t e ' s  AD-4 analog computer. 

The analog computer f i l t e r s  and a m p l i f i e s  each channel o f  da ta  and 

passes them t o  a n a l o g - t o - d i g i t a l  conver te rs .  The sampl i ng r a t e  o f  

t h e  conver te rs  was 10 msec f o r  t he  9051 J t e s t s  and 20 msec f o r  t he  

ABB 539 t e s t s .  The d i g i t i z e d  data channels a re  then sen t  t o  a  

PDP-11 d i g i t a l  computer where they  a re  f u r t h e r  a m p l i f i e d  and then 

w r i t t e n  onto a d i g i t a l  magnetic tape. The c a l i b r a t i o n  s i gna l s  on 

t he  analog tape reco rd ing  a r e  a l s o  d i g i t i z e d  so t h a t  t he  data channels 

can be sca led i n t o  phys i ca l  u n i t s  du r i ng  process ing o f  t he  d i g i t a l  

tape. 



Figure 3. I1 lustration of drum surface thermocouple instal lation. 



When t h e  data i s  w r i t t e n  onto t h e  d i g i t a l  tape, each brake 

a p p l i c a t i o n  i s  s t o red  i n  a  separate f i l e .  The d i g i t a l  tape i s  

then e d i t e d  so - t h a t  t h e  i n d i v i d u a l  f i l e s  a r e  b u i l t  i n t o  l a r g e r  

f i l e s  con ta in i ng  r e l a t e d  groups o f  brake a p p l i c a t i o n s ,  toge ther  w i t h  

t h e i r  r e l e v a n t  c a l i b r a t i o n  f i l e s .  Reformat t ing t he  tape i n  t h i s  

manner r e s u l t s  i n  b e t t e r  o rgan i za t i on  o f  t he  data f o r  purposes o f  

f u r t h e r  processing. I n  a d d i t i o n ,  a l l  extraneous and bad data i s  

e d i t e d  o u t  of t he  tape a t  t h i s  t ime. 

A f t e r  t he  d i g i t i z e d  tape i s  ed i ted ,  i t  i s  processed by pro-  

gram TRANSMOBILE which conver ts  the  raw d i g i t i z e d  data i n t o  phys ica l  

u n i t s .  Th is  program creates two outputs .  The f i r s t  i s  a  p r i n t e d  

reco rd  f o r  each brake a p p l i c a t i o n  con ta in i ng  a t a b u l a r i z e d  reco rd  

o f  t h e  data a t  approx imate ly  0.2-second i n t e r v a l s ,  toge ther  w i t h  

some summary i n fo rma t i on .  A sample o f  the  ou tpu t  f o r  an a p p l i c a t i o n  

i s  shown i n  F igure  4. I t  should be noted t h a t  t he  a p p l i c a t i o n  t ime 

i s  t he  t ime f rom the  onset  o f  brake torque u n t i l  t h e  l i n e  pressure 

i s  tu rned  o f f ,  Also, t h e  i n i t i a l  values o f  torque and pressure 

a r e  those a t  t h e  t ime when t he  pressure has j u s t  reached a steady- 

s t a t e  cond i t i on .  The average values o f  torque, pressure, and r o t a -  

t i o n a l  speed a re  computed f rom t h e  t ime t he  i n i t i a l  torque and 

pressure a re  reached t o  t he  end o f  t he  a p p l i c a t i o n .  I n  a d d i t i o n  t o  

t h e  p r i n t e d  output ,  a  magnetic tape i s  w r i t t e n ,  s t o r i n g  f o r  f u t u r e  

process ing t h e  d e t a i l e d  raw data from each brake a p p l i c a t i o n .  

2.3.2 Data Reduction. The data records f o r  each brake 
I 

appl  i c a t i o n ,  as compiled and co r rec ted  by the  program TRANSMOBILE, 

r e q u i r e  f u r t h e r  r educ t i on  before *performing t he  regress ion  ana l ys i s  , 

The d i g i t a l  data i s  processed by a program, DYNADRUM I I I A ,  t o  per-  

form t h e  f o l  l ow ing  operat ions:  

1 )  conver t  a c t u a t i o n  pressure t o  shoe f o r c e  

2 )  conver t  r o t a t i o n a l  speed t o  rubb ing  speed 

3 )  c a l c u l a t e  t he  instantaneous 1 i ning/drum i n t e r f a c e  

temperature 

4 )  c a l c u l a t e  t he  instantaneous brake e f fec t i veness .  





C a l c u l a t i o n  o f  t he  shoe a c t u a t i o n  f o r c e  f rom the  a c t u a t i o n  

pressure i s  a  s t r a i g h t f o r w a r d  process based on t he  brake c y l i n d e r  

s i ze .  The r e t u r n  sp r i ng  f o r ce ,  r e a d i l y  determined f rom the  expe r i -  

mental t e s t s ,  -is sub t rac ted  i n  t h e  process. L ikewise,  t he  rubb ing  

speed i s  determined f rom t h e  r o t a t i o n a l  speed by m u l t i p l i c a t i o n  by 

t he  drum rad ius .  

The instantaneous 1  i n i  ng/drum i n t e r f a c e  temperature i s  a  

parameter c a l c u l a t e d  f rom a  f i n i t e  element heat  t r a n s f e r  model o f  

t he  brake drum [4] .  The drum i s  t r e a t e d  as a  two-dimensional s t r u c -  

t u r e  d i v i d e d  i n t o  elements, as shown i n  F igure  5. A t  t he  beginn ing 

o f  each brake a p p l i c a t i o n ,  t h e  drum i s  considered t o  be a t  a  u n i -  

form temperature equ i va len t  t o  t he  exper imental  l y  measured i n i t i a l  

temperature. The model c a l  c u l  a tes  the time-dependent heat  f 1  ow 

through each element o f  t h e  drum when s u b j e c t  t o  t h e  heat  f l u x  i n -  

p u t  a t  t h e  sur face  equ i va len t  t o  t h e  t ime h i s t o r y  o f  energy d i s s i -  

p a t i o n  by t h e  brake ( t o rque  t imes speed). N i n e t y - f i v e  percen t  o f  

t he  d i s s i p a t e d  energy i s  assumed t o  f l o w  i n t o  t he  drum, w i t h  t h e  

remain ing f i v e  percent  go ing i n t o  t he  l i n i n g .  Heat f l o w  through 

t he  mounting f l a n g e  and c o o l i n g  a t  t he  ou t s i de  o f  t h e  drum i s  

n e g l i g i b l e  f o r  these sho r t - du ra t i on  brake a p p l i c a t i o n s .  The 

temperature i n  each element a t  each p o i n t  i n  t ime i s  c a l c u l a t e d  from 

numerical  i n t e g r a t i o n  o f  t he  conduc t i v i  ty equat ion. The phys ica l  

dimensions of t h e  drum model a re  shown i n  F igure  5, and t he  thermal 

c o n d u c t i v i t y  and d i f f u s i v i  t y  constants  used i n  the  c a l c u l a t i o n s  

were 30 BTU/hr/ f t / "F,  and 0.43 f t 2 / h r ,  r e s p e c t i v e l y .  A more exten- 

s i v e  d i scuss ion  o f  t he  i n t e r f a c e  temperature model i ng i s  prov ided 

i n  Reference [4].  

F i n a l  l y  , the  brake e f f ec t i veness  parameter represen t ing  t he  

torque ou tpu t  per  u n i t  o f  i n p u t  f o r c e  i s  c a l c u l a t e d  f o r  each 

i n s t a n t  of t ime. The processed data i s  p r i n t e d  ou t  as i l l u s t r a t e d  

i n  t h e  example o f  F igure  6, and i s  p laced on a  d i g i t a l  tape f i l e  

f o r  r eg ress ion  ana l ys i s .  







2.3.3 Regression Analysis of the Effectiveness Function. I n  

i t s  processed form, the digi ta l  data contains m u 1  t i p l e  data sets  
consisting of the effectiveness, actuation force, sliding velocity, 
and interface -temperature parameters organized into f i l e s  for 
individual brake applications. The challenge i s  then t o  derive a 
mathematical model that  can express the effectiveness as a function 
of the three other variables w i t h  suff ic ient  f l ex ib i l i t y  that i t  can 
reasonably match a l l  the data se ts .  

The approach taken here was to f i t  the data by a mu1 t i-  

variable regression analysis in which the effectiveness can be 
expressed in the form: 

where 
e = interface temperature 

v = sliding velocity 

F = actuation force 

The effectiveness function i s  obtained by a conventional computer 
1 i brary s t a t i s t i ca l  program which generates a 1 east  squares curve 
f i t  to  the processed data [4].  The function i s  then represented 
by a s e t  of coefficients for the above equation. In addition, the 
coefficient of determination and standard error can be used t o  
assess the goodness of the curve-fi t t i  ng process. 



3.0 HYDRAULIC BRAKE EFFECTIVENESS FUNCTIONS 

The exfer imental  data obta ined f rom the  hydraul  i c  brake 

t e s t s  were analyzed by t he  methods descr ibed i n  t he  preceding 

sec t i ons  t o  i n v e s t i g a t e  t he  na tu re  o f  t he  e f f ec t i veness  func t ion ,  

degree o f  accuracy w i t h  which t he  model cou ld  be matched t o  t h e  

brake c h a r a c t e r i s t i c s  over a1 1  cond i t i ons ,  and t he  a b i l i t y  o f  t h e  

model t o  p r e d i c t  torque performance under a r b i t r a r y  t e s t  condi  ti ons. 

3.1 Typ ica l  E f f ec t i veness  Funct ions 

The e f f ec t i veness  f unc t i ons  take t he  form shown i n  F igures 

6, 7, and 8. The e f f ec t i veness  i s  p l o t t e d  as a  f u n c t i o n  of c a l -  

c u l a t e d  i n t e r f a c e  temperature f o r  d i f f e r e n t  s l  i d i n g  v e l o c i t i e s ,  

w i t h  each graph f o r  a  d i f f e r e n t  a c t u a t i o n  f o r c e  l e v e l .  F igures 6 

and 7 a re  bo th  f o r  t h e  brake w i t h  90515 l i n i n g  based on t e s t s  near 

t h e  beginn ing (sequences 7-10) and near t he  end (sequences 23-37) 

o f  t h e  t e s t  program. For t h i s  brake, the  e f f ec t i veness  f a l l s  

t y p i c a l l y  i n  the  range o f  30-40 i n - l b / l b  w i t h  s t r ong  temperature 

dependence, e s p e c i a l l y  above 500°F. The brake data shows a  pecu- 

l i a r l y  h i gh  temperature dependence a t  t h e  very  low (5  f p s )  speed. 

A t  o t h e r  speeds, t h e  performance seems more c o n s i s t e n t  w i t h  e f f e c t i v e -  

ness curves t h a t  tend t o  ove r l ap  each o the r .  A comparison o f  t he  

p l o t s  i n  F igures 6 and 7 shows a  systemat ic  increase i n  t h e  

e f f ec t i veness  du r i ng  t he  1  a t t e r  t e s t  sequence i n d i c a t i n g  changing 

brake c h a r a c t e r i s t i c s ,  a  p o i n t  which w i l l  be discussed i n  d e t a i l  

l a t e r .  

F igure  8 shows the  e f f ec t i veness  determined f o r  t he  brake 

w i t h  ABB 539 1  i n i n g .  It may be charac te r i zed  by an o v e r a l l  h i ghe r  

e f f ec t i veness  l e v e l ,  g rea te r  speed dependence ( t h e  p l o t s  f o r  

d i f f e r e n t  speeds a r e  separated),  and more temperature s e n s i t i v i t y  . 
Since t he  two brakes were mechanical l y  s im i  1  ar ,  t he  d i f f e r e n c e  

between t he  p l o t s  o f  F igures 6 and 7  versus F igure  8 a r e  p r i m a r i l y  

a  r e f l e c t i o n  o f  d i f f e r e n c e s  i n  l i n i n g  c o e f f i c i e n t .  I n  general ,  the  



F i g u r e  6a, 6 .  Ef fec t iveness  p l o t s  f o r  b rake  w i t h  90515 l i n i n g  - 
400 p s i  and 800 p s i ,  t e s t  sequence 7-10,, 



F igure  6c, d. E f f e c t i v e n e s s  p l o t s  f o r  brake w i t h  90515 l i n i n g  - 
1200 p s i  and 1600 p s i ,  t e s t  sequence 7-10. 



Figure 7a, b. Effectiveness plots for brake w i t h  9051J lining - 
400 psi and 800 psi, test sequence 23-37. 



Figure 7c, d. E f fec t i veness  p l o t s  f o r  brake w i t h  9051J l i n i n g  - 
1200 p s i  and 1600 p s i ,  t e s t  sequence 23-37. 
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Figure 8e. Effectiveness p l o t  for brake with ABB 539 lining - 
1500 psi. 
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c h a r a c t e r i s t i c s  e x h i b i t e d  by the  e f f ec t i veness  f u n c t i o n  may be 

viewed as c l o s e l y  para1 l e l  t o  the c h a r a c t e r i s t i c s  o f  l i n i n g  

c o e f f i c i e n t .  
- 

The e f f ec t i veness  f unc t i ons  shown i n  these f i g u r e s  a re  

a c t u a l l y  p l o t s  of Equat ion (1 )  us ing  t he  c o e f f i c i e n t s ,  aiik, ob- 

t a i ned  i n  t he  regress ion  ana l ys i s .  Appendix A conta ins sGmmary 

r e s u l t s  of t h e  regress ion  ana l ys i s .  

3.2 Eva lua t ion  o f  Modeling E r ro r s  

The regress ion  ana l ys i s  t o  o b t a i n  the  e f f ec t i veness  f u n c t i o n  

i s ,  i n  e f f e c t ,  an e f f o r t  t o  f i t  a mu l t i -nomia l  expression t o  a  s e t  

o f  exper imental  data.  A p r a c t i c a l  concern i n  such an exerc ise  i s  

t o  o b t a i n  a  measure o f  t he  e r r o r  assoc ia ted w i t h  t he  fit, both  t o  

assess t h e  qua1 i ty o f  t he  exper imental  data and t o  judge the  ade- 

quacy o f  t he  mu l t i -nomia l  expression used. I n  a  regress ion  ana lys is ,  

the  q u a l i t y  o f  f i t  can be judged by two s t a t i s t i c s  r o u t i n e l y  c a l -  

c u l  ated-the c o e f f i c i e n t  o f  determi n a t i o n  and t he  standard e r r o r .  

The f i r s t  i s  a  measure o f  t he  f r a c t i o n  ( rang ing  f rom 0 t o  1) o f  t he  

v a r i a t i o n  i n  t he  data t h a t  i s  accommodated by t he  mu l t i -nomia l  

expression. Random v a r i a t i o n  i n  the  exper imental  data and system- 

a t i c  changes i n  brake behavior (w i t hou t  a  matching v a r i a b l e  i n  the  

regress ion  ana l ys i s )  bo th  reduce t he  c o e f f i c i e n t  o f  determinat ion.  

Coef f i c ien t  o f  de te rmina t ion  values g rea te r  than 0.9 a re  gene ra l l y  

considered i n d i c a t i v e  o f  a  good f i t  i n  regress ion  ana lys is .  The 

standard e r r o r  i s  analogous t o  t he  standard d e v i a t i o n  o f  t he  

d i f ferences between t he  exper imental  and p red i c ted  data po in t s .  

Once a good f it t o  t h e  data i s  obta ined ( i n d i c a t e d  by a h i gh  coef -  

f i c i e n t  of de te rmina t ion) ,  t he  standard e r r o r  prov ides a measure o f  

t he  random v a r i a t i o n  i n  t he  exper imental  data.  

The adequacy o f  t he  regressi,on model was evaluated by 

examining t h e  c o e f f i c i e n t  o f  d e t e m i  n a t i  on obta ined when the  num- 

be r  o f  terms i n  the  mu l t i -nomia l  was v a r i e d  and when var ious  se ts  

o f  exper imental  data cover ing extended per iods o f  t e s t i n g  were com- 

bined. The number o f  terms i n  t he  mu1 t i - nom ia l  i s  the  product  o f  

t he  upper l i m i t s  on t he  summations i n  Equat ion ( I ) ,  



For the  hyd rau l i c  brakes t e s t s ,  an expression cons i s t i ng  o f  

27 ( f o r  the  ABB 539 1  i n i n g )  t o  36 terms (9051 J 1  i n i n g )  proved 

opt imal  i n  t h e  sense t h a t  fewer terms were i n s u f f i c i e n t  t o  conform 

t o  t he  v a r i a t i o n a l  e f f e c t s ,  reducing the  c o e f f i c i e n t  o f  determinat ion, 

and a  g rea ter  number o f  terms d i d  no t  improve the c o e f f i c i e n t  o f  

determinat ion s i g n i f i c a n t l y .  The opt imal  number o f  terms i n  the 

regress ion  models tended t o  r e s u l t  i n  c o e f f i c i e n t s  o f  determinat ion 

i n  the  range o f  0.92 t o  0.95. 

Brakes cha rac te r i  s t i c a l  l y  experience systematic changes i n  

performance w i t h  use. The i m p l i c a t i o n  i s  t h a t  work h i s t o r y  i s  a  

v a r i a b l e  i n f l u e n c i n g  the  e f fec t i veness .  Though work h i s t o r y  was no t  

o f  d i r e c t  i n t e r e s t  i n  t h i s  modeling study, i t s  e f f e c t  had t o  be 

considered i n  t h e  development o f  the s tudy because the  systematic 

v a r i a t i o n s  would i n f l uence  the f i t  o f  t he  regress ion model. U l  ti- 

mately, i t  would be a  l o g i c a l  extension o f  t h i s  study t o  develop a  

c h a r a c t e r i s t i c  v a r i a b l e  represent ing  work h i  s t o r y  and inc lude i t  as 

an independent v a r i a b l e  i n  the regress ion ana lys is .  A broader 

d iscussion o f  t h i s  sub jec t  i s  inc luded i n  Reference [a] .  

Nevertheless, i n  t h i s  p r o j e c t  work h i  s t o r y  was on ly  considered 

as a  p o t e n t i a l l y  confounding e f f e c t  on qua1 i t y  o f  f i t . The e f f e c t  

becomes ev ident  i n  t he  c o e f f i c i e n t  o f  determinat ion obtained when 

se ts  o f  experimental data are combined i n t o  one ana lys is .  The 

15 x  5 brake w i t h  90515 l i n i n g  was pu t  through over 20Q tes t s ,  i n -  

c l  ud i  ng th ree  dupl i cate sets  of appl i c a t i  ons cover ing 200-1 6Q0 p s i  

and 20, 40, and 60 mph. The f i r s t  s e t  (sequence 7-10, Fig. 6 )  was 

c l e a r l y  d i s t i ngu i shed  from the  l a s t  two sets (sequence 23-37, Fig. 

7 )  by a  reduc t i on  i n  the  c o e f f i c i e n t  o f  determinat ion when a l l  th ree  

were combined. On the  o the r  hand, t he  l a s t  two were combined on the  

j u s t i f i c a t i o n  t h a t  the  c o e f f i c i e n t  o f  determinat ion f o r  the  combina- 

t i o n  was no t  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  obtained from each 

when i n d i v i d u a l l y  analyzed. Thus, t he  i n d i c a t i o n  i s  t h a t  the brake, 

received burnished and t es ted  on an i n e r t i a  dynamometer, cont inued 

t o  change i n  e f fec t i veness  w i t h  t e s t i n g  on the mobi le dynamometer 

through approximately one-half  o f  the  t e s t  program, f i n a l  l y  s t a b i  l- 

i z i n g  dur ing  the  l a s t  h a l f  o f  t he  program. 



Recognizing t h a t  t he  brake w i t h  the  90515 l i n i n g  must be 

cha rac te r i zed  a t  d i f f e r e n t  p o i n t s  by t he  separate e f f ec t i veness  

f unc t i ons ,  i t  i s  app rop r i a te  t o  examine t he  standard e r r o r  obta ined 

t o  assess t he  -e r ro r  i n  t he  p r e d i c t i o n s  t h a t  may be expected because 

o f  t he  random v a r i a b i l i t y  o f  t he  brake. The s tandard e r r o r  may be 

considered as a measure o f  t he  d i f f e r e n c e  between p r e d i c t e d  and 

observed performance a t  any a r b i  t r a r i  l y  se lec ted  p o i n t  i n  a  t e s t .  

Because t he  brake torque does n o t  va ry  randomly a t  each i n s t a n t  o f  

t ime  throughout  a  t e s t  ( i .e . ,  i t  i s  n o t  h i gh  one i n s t a n t  and low the  

nex t ) ,  t he  v a r i a t i o n s  may n o t  necessa r i l y  average o u t  over  an 

a p p l i c a t i o n .  Hence, t he  s top- to -s top  to rque  v a r i a b i  1  i t y  o f  a brake 

i s  l i k e l y  t o  be i n  p r o p o r t i o n  t o  t he  standard e r r o r ,  and t h i s  

s t a t i s t i c  can be expected t o  r e f l e c t  t he  o v e r a l l  v a r i a b i l i t y  o f  the  

brake . 
Table 3 summarizes t he  s tandard e r r o r s  obta ined w i t h  t h e  

two t e s t e d  brakes. When normal ized by t he  mid-range va lue o f  t h e  

. Table 3. Standard E r ro r s  Obtained i n  t h e  
Regression Analys is .  

Standard Mid-Range 
 rake L i n i n g  E r r o r  E f fec t i veness  Percent 

9051 J (sequence 7-1 0 )  1.72 25 7 

9051 5 (sequence 23-37) 2.79 37 7 

ABB 539 4.81 5 3  9  

e f fec t i veness ,  t he  standard e r r o r s  a re  equ i va len t  t o  7-9 percent.  

These values a re  t y p i c a l  o f  t h e  range o f  v a r i a b i l i t y  commonly 

ascr ibed  t o  brakes. A p r a c t i c a l  i n t e r p r e t a t i o n  o f  t h i s  s t a t i s t i c  i s  

t o  say t h a t  t he  brake torque w i l l  be repea tab le  w i t h i n  14% (90515 

l i n i n g )  t o  18% (ABB 539 l i n i n g )  f o r  95% o f  brake a p p l i c a t i o n s  ( i . e . ,  

two s tandard e r r o r s ) .  L ikewise,  t he  h i ghe r  v a r i a b i l i t y  o f  t h e  more 

e f f e c t i v e  ABB 539 l i n i n g  i s  an expected t rend .  



3.3 P r e d i c t i o n  o f  In-Stop Torque 

The u l t i m a t e  purpose o f  t he  brake e f f ec t i veness  model i s  

f o r  p r e d i c t i o n  o f  t he  torque ou tpu t  du r i ng  a brake a p p l i c a t i o n .  

The ou tpu t  i s ,  o f  course, d i r e c t l y  dependent on t h e  t ime h i s t o r i e s  

o f  temperature, a c t u a t i o n  f o r ce ,  and v e l o c i t y ,  thus making the  

r e s u l t  s p e c i f i c  t o  t he  p a r t i c u l a r  t e s t  s i t u a t i o n ,  whether i t  be 

on-veh ic le  o r  on a  brake dynamometer. 

Tests were made t o  compare t h e  torque p r e d i c t i o n s  o f  t h e  

e f f e c t i v e n e s s  model ob ta ined  f rom the  regress ion  ana l ys i s  o f  mob i le  

dynamometer data aga ins t  t h e  measured performance on t he  i n e r t i a  

dynamometer. Such data were a v a i l a b l e  f o r  the  brake w i t h  t he  9051 J 

1 i n i n g .  Torque and speed t races  f o r  t e s t s  on t he  i n e r t i a  dyna- 

mometer were obta ined from Kel sey-Hayes a1 ong w i t h  t h e i r  Test 

Report  No. 77-37 documenting t he  dynamometer t e s t  r e s u l t s  f o r  t h i s  

brake. A computer s imu la t i on  model o f  an i n e r t i a  dynamometer was 

prepared and programmed w i t h  the  equ i va len t  t e s t  wheel l oad  o f  

7436 I b  and a  19.3- inch r o l l  i n g  rad ius .  Tcrque i n p u t  t o  t he  i n e r t i a  

dynamometer s i m u l a t i o n  was obta ined a t  each i n s t a n t  o f  t ime  f rom 

t h e  e f f e c t i v e n e s s  f u n c t i o n  accord ing t o  t h e  equat ion: 

Torque = e(e,  v, F )  F ( 2 )  

where 

e  = e f f ec t i veness  f u n c t i o n  

e = i n t e r f a c e  temperature 

v = s l i d i n g  v e l o c i t y  

F = a c t u a t i o n  f o r c e  

The i n t e r f a c e  temperature a t  each i n s t a n t  of t ime was determined 

from t h e  i n i t i a l  temperature and t he  time-dependent changes c a l -  

c u l a t e d  i n  t he  f i n i t e  element heat  t r a n s f e r  model descr ibed e a r l i e r .  

The e f f ec t i veness  f u n c t i o n  used was obta ined from the  f i r s t  

f u l l  s e t  o f  t e s t s  (sequence 7-10) on t he  Mobi le  Dynamometer, 



(See Appendix A for  values of the 36 coefficients for  this  effective- 
ness function. ) Figures 9-14 show the comparison of torque traces 
for two actuation levels over three speeds. I n  these plots the 
"measured" refers to  the iner t ia  dynamometer t e s t  trace while the 
"simulated" means results from the iner t ia  dynamometer simulation 
model. The best agreement i s  obtained a t  the low braking levels 
with errors of increasing magnitude a t  the high speed, high actua- 
tion force levels. The differences seen here are reasonable when 
viewed in l igh t  of the ea r l i e r  observation that  the brake effective- 
ness was increasing from t e s t  to t e s t  in the f i r s t  portion of the 
mobile dynamometer tes t s  on this  brake. In the 20-mph (800 and 
1600 psi)  and the 40-mph (800 ps i )  t e s t s ,  the rubbing speed traces 
are in very close agreement despite some apparent differences in the 
torque-time plots. However, to  achieve such close agreement in 
speed, the torque values must also be in close agreement. Hence, 
i t  must be concluded that much of the difference between the measured 
and simulated torque values i s  a resul t  of zero and calibration 
errors on the iner t ia  dynamometer s t r i p  chart, or due to errors in 
reading the torque values off the s t r i p  chart. 

In the 60-mph comparisons, the differences due t o  the sus- 
pected increasing brake effectiveness show up .  In both 60-mph 

t e s t s ,  the simulated dynamometer results indicate higher torques 
and higher deceleration levels than those measured earl i e r  on the 
iner t ia l  dynamometer, leading t o  the conclusion that  the brake 
effectiveness a t  these conditions had increased by the time of 
testing on the mobile dynamometer. 

These comparisons vividly i 1 lus t r a t e  the phenomena of brake 
effectiveness changes with work history. A1 though the brake model 
i t s e l f  appears quite capable of assimilating data from any source 
( iner t ia  dynamometer, cons tant-speed mobi l e  dynamometer, or even 
on-vehicle t e s t s )  to  produce a characterization of the brake capable 
of predicting i t s  o u t p u t  under other circumstances, that capabi 1 i ty 
i s  limited when brake effectiveness changes occur. The changes 
occur with work history, indicating that the brake's characteristics 
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Figure 9. Comparison of the measured and simulated brake performance 
on an inertia dynamometer - 800 p s i ,  20 mph. 
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Figure 10. Comparison of the measured and simulated brake performance 
on an  inertia dynamometer - 1600 psi, 20 mph.  
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Figure 11 .  Comparison o f  the measured and simulated brake performance 
on an inertia dynamometer - 800 psi, 40 mph. 



F igure  12. Comparison o f  t he  measured and s imulated brake performance 
on an i n e r t i a  dynamometer - 1600 p s i ,  40 mph. 
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F i g u r e  13. Comparison o f  t h e  measured and s i m u l a t e d  brake performance 
on an i n e r t i a  dynamometer - 800 p s i ,  60 mph. 
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Figure 14. Comparison of the measured and simulated brake performance 
on an inertia dynamometer - 1600 psi, 60 mph.  



are n o t  consistent b u t  change with each application, whereas the 
brake regression model as developed here i s  intended t o  characterize 
a consistent brake under arbitrary stopping conditions. I n  order 
to also characterize the work history effects as well, one or more 
work history variables would have t o  be added t o  the regression 
analysis. A t  th is  stage of understanding in brake technology, the 
work history variables are unknown b u t  would l ikely include factors 

related to the chemistry and reaction rates of the brake linings. 



4.0 APPLICATION OF RESULTS 

- 
The p r imary  i n t e n t  o f  t h i s  research program has been t o  apply  

a v a i l a b l e  techno log ica l  methods t o  t he  problem o f  p r e d i c t i n g  per-  

formance o f  hydraul  i ca l  l y -ac tua ted  brakes i n  o rde r  t o  assess t he  

p o t e n t i a l  f o r  devel  op i  ng improved b r a k i  ng performance model s needed 

f o r  r e g u l a t o r y  compl iance.  The exe rc i se  has proved most i n s t r u c t i v e  

i n  ways r e l a t i n g  d i r e c t l y  t o  FMVSS 105-type compliance issues,  b u t  

has a1 so generated new ideas r e l a t i n g  t o  o the r  areas o f  appl  i c a b i  1 i ty. 

4.1 FMVSS 105 Brak ing Performance P red i c t i ons  

I n  t he  event  an FMVSS 105 b rak ing  performance r e g u l a t i o n  i s  

promulgated f o r  commerci a1 t rucks ,  t h e  manufactur i  ng i ndus t ry  i s  

faced w i t h  t he  requi rement  o f  develop ing methodology f o y  assur ing  

compl iance  f o r  t h e  broad spectrum o f  veh i c l es  represented. Because 

of t he  des ign and opera t ing  v a r i a b l e s  assoc ia ted w i t h  veh i c l es  

over 10,000-1 b GVW ( i  .e., d i f f e r e n t  a x l e  r a t i n g  combinations, t i r e  

s izes ,  wheel bases, e tc .  ) ,  a number o f  brake system components and 

combinat ions must be developed. For any moderately cha l l eng ing  

performance requirement,  accuracy i n  performance p r e d i c t i o n  can 

o f t e n  min imize t h e  complex i t y  o f  an o v e r a l l  brake re l ease  w i t h  s i g n i  - 
f i c a n t  savings i n  development cos ts .  I n  add i t i on ,  t h e  r e s o r t  t o  

c o s t l y  a1 t e r n a t i v e s  such as a n t i l o c k  systems can most l i k e l y  be 

avoided w i t h  t h e  development o f  accurate p r e d i c t i v e  methods. 

I n  c o n t r a s t  t o  FMVSS 121, FMVSS 105 b rak ing  performance 

depends o n l y  on t he  peak t i r e  t r a c t i o n  l i m i t s  on d r y  sur faces and 

avoids t h e  complex issues o f  t i r e  t r a c t i o n  under h i gh  s l i p  condi -  

t i o n s  and on low c o e f f i c i e n t  (we t )  sur faces.  Hence, charac te r i za -  

t i o n  o f  t he  t i r e  t r a c t i o n  l i m i t s  f o r  FMVSS 105 a re  r a t h e r  s t r a i g h t -  

forward, a1 low ing  accura te  model ing i n  t h i s  respect .  Hence, t he  

p r imary  cha l  lenge i n  development o f  accurate p r e d i c t i v e  methodology 

f o r  FMVSS 105 performance l i e s  i n  the  model ing o f  instantaneous 

brake to rque  so t h a t  t he  s topp ing  d is tance  f o r  s p e c i f i c  brake com- 

b i n a t i o n s  can be ca l cu la ted .  With accurate brake torque models, 



computer r o u t i n e s  can r e a d i l y  be developed t o  l a b o r  through the.  

m a t r i x  o f  v e h i c l e  combinat ions o f f e r e d  by a manufacturer,  i n  o rder  

t o  d e f i n e  t he  -acceptable 1 i m i  t s  o f  brake p r o p o r t i o n i n g  app rop r i a te  

t o  each. Once reduced t o  t h i s  l e v e l ,  t h e  des ign o f  a brake re lease  

t o  meet FMVSS 105 performance requirements becomes o n l y  t he  r a t i o n a l  

process of s e l e c t i n g  the  necessary p r o p o r t i o n i n g  schemes. I n  t he  

event  t h e  FMVSS 105 performance requirements a re  so s t r i n g e n t  t h a t  

a g iven  f r o n t l r e a r  brake combinat ion cannot meet t he  requirements 

w i t h  a s i n g l e  p r o p o r t i o n i n g  scheme over  t h e  range o f  cond i t i ons  

r e f l e c t e d  by t h e  f i r s t  through f o u r t h  e f f ec t i veness  t e s t s ,  such a 

computer r o u t i n e  can e a s i l y  i d e n t i f y  t he  na tu re  o f  t h e  compliance 

problems and where performance improvements a re  needed. 

The l o g i c a l  ques t ion  a r i s i n g  a t  t h i s  p o i n t  i s  th is- is  t he  

reg ress ion  f i t  brake e f f ec t i veness  model used i n  t h i s  research 

s u f f i c i e n t l y  accurate t o  meet these needs? Obviously, t he  f i n a l  

assessment o f  t h e  r e q u i r e d  accuracy depends on t h e  s t r i ngency  of 

t he  FMVSS 105 performance requirements eventual  l y  imposed. Never- 

the less ,  f o r  a t y p i c a l  drum brake, i t  i s  a n t i c i p a t e d  t h a t  t h e  

instantaneous to rque  performance ( a t  a g i ven  p o i n t  i n  t he  b rake 's  

work h i s t o r y )  can be p r e d i c t e d  throughout any a r b i t r a r y  b rak ing  t e s t  

w i t h  a nominal accuracy o f  15%, about 95% o f  t h e  t ime. Th is  

approach represents  a s u b s t a n t i a l  s tep  fo rward  when compared w i t h  

t he  more t r a d i t i o n a l  measures o f  peak and average torque because 

these measures a r e  de f ined  o n l y  f o r  c e r t a i n  pressure, load, and 

i n i t i a l  speed cond i t i ons  and est imates o f  on-veh ic le  torque charac- 

t e r i s t i c s  can o n l y  be i n f e r r e d  by i n t e r p o l a t i o n  f rom these 

condi ti ons . 
However, as i n d i c a t e d  i n  t he  e a r l i e r  sect ions,  t he  major  pro- 

blem i n  ach iev ing  t h i s  accuracy der i ves  f rom t h e  d i f f i c u l t y  i n  

fo1 low ing  t h e  brake c h a r a c t e r i s t i c s  as t h e  work h i s t o r y  develops. 

The problem i s  i n  no way unique t o  t h i s  approach, but,  i n  f a c t ,  i s  

a man i f es ta t i on  o f  t he  chron ic  problem o f  c h a r a c t e r i z i n g  brake 

performance through some pe r i od  o f  use, whether on a dynamometer o r  

on a veh i c l e .  The approach o f  regress ion  model ing s imply  g ives  a 



p rec i se  q u a n t i t a t i v e  method o f  desc r i b i ng  the  changes t h a t  occur 

w i t h  brake use, thus serv ing  t he  f unc t i ons  o f :  

1  ) P rov id ing  a p rec i se  method f o r  desc r i b i ng  brake 

c h a r a c t e r i s t i c s  a t  any p o i n t  i n  FMVSS 105 

e f f ec t i veness  t e s t i n g .  

2 )  P rov id ing  a q u a n t i t a t i v e  method f o r  judg ing  t he  

o v e r a l l  v a r i ' a b i l i t y  o f  a  brake on a s top- to-s top 

bas is  and throughout  i t s  work h i s t o r y ,  

!4hile t h i s  second f u n c t i o n  may n o t  be common p r a c t i c e  i n  the  

i n d u s t r y  a t  t h i s  t ime, i t  may very  w e l l  prove an essen t i a l  considera- 

t i o n  i n  brake s e l e c t i o n  under FMVSS 105 r e g u l a t i o n .  

I t  i s  c l e a r  t h a t  f u r t h e r  research i s  r equ i red  t o  under- 

s tand t he  na tu re  o f  changes i n  brake torque c h a r a c t e r i s t i c s  w i t h  

work h i s t o r y .  Though a g iven  brake type may e x h i b i t  reasonably 

p r e d i c t a b l e  performance i n  t he  "green" cond i t i on ,  the  bu rn i sh  and 

subsequent changes i n  performance may be expected t o  vary  w i t h  

v e h i c l e  appl  i c a t i o n  because o f  t he  d i f f e r e n t  companion brakes and/or 

p r o p o r t i o n i n g  r a t i o s  used. Hence, the  research should focus on 

d iscovery  o f  f a c t o r s  i n  the  work h i s t o r y  t h a t  c o n t r o l  the changing 

c h a r a c t e r i s t i c s  so t h a t  t he  long-term changes i n  e f f ec t i veness  can 

be p red i c ted  j u s t  as the  shor t - te rm ( in -s top)  changes a re  p red i c ted  

i n  t h i s  research by t he  regress ion  model. 

4.2 Wear Balancing 

One c r i t e r i o n  o f  brake system design i s  achievement o f  

reasonable wear balance between t h e  f r o n t  and r e a r  ax les .  For 

hyd rau l i ca l l y -b raked  t r ucks  t h i s  aspect o f  design can be compl icated 

by t h e  numerous f r o n t  and r e a r  a x l e  brake combinations o f fe red ,  and 

by the  p o t e n t i a l  number o f  p ropo r t i on ing  schemes necessary should 

FMVSS 105 r e g u l a t i o n s  be imposed. Though brake wear balance i s  a  

f u n c t i o n  o f  many var iab les ,  many o f  which must be e m p i r i c a l l y  

determined, temperature balance between ax les i s  recognized as one 

o f  t he  impor tan t  va r i ab les .  Though abso lu te  p r e d i c t i o n  o f  brake 



temperatures i n  any du ty  c y c l e  i s  y e t  a  d i f f i c u l t  task,  t he  brake 

torque regress ion  model o f f e r s  o p p o r t u n i t i e s  t o  a n a l y t i c a l  l y  pre-  

d i c t  temperature balance as a  t o o l  i n  ach iev ing  acceptable wear 

balance throughout  a  spectrum o f  veh i c l es .  Through i t s  capabi 1  i t y  

t o  model brake e f f ec t i veness  as a  f u n c t i o n  o f  temperature, i t  can be 

used t o  o b t a i n  a  f i r s t - o r d e r  es t imate  o f  b rak ing  e f f o r t  and hence 

brake temperatures i n  se lec ted  du t y  cyc les ,  thereby reduc ing t he  

need f o r  exper imenta l  development i n  t h i s  aspect o f  brake system 

design. 

Long Grade Performance 

The performance o f  a  t r u c k  b rak ing  system i n  n e g o t i a t i n g  

l ong  grades i n  t h e  roadway i s  s i m i l a r l y  dependent on f r o n t / r e a r  

a x l e  temperature balance and t h e  fade c h a r a c t e r i s t i c s  o f  t he  i n d i  - 
v i dua l  brakes. Though performance p r e d i c t i o n  on l ong  grades 

necessa r i l y  r equ i res  model ing o f  brake c o o l i n g  e f f e c t s ,  t h e  regres-  

s i o n  e f f ec t i veness  model p rov ides  a  foundat ion  on which l ong  grade 

performance models can be based. As w i t h  t h e  wear balance problem 

above, t he  model o f f e r s  new o p p o r t u n i t i e s  t o  t r ade  o f f  l e s s  c o s t l y  

p r e d i  c t i  ve eng ineer ing  methods f o r  more c o s t l y  exper imental  

development e f f o r t .  



5.0 SUMMARY AND RECOMMENDATIONS 

The obfect ive o f  t h i s  s tudy o f  t r u c k  h y d r a u l i c  brakes was 

t o  develop t o o l s  and methodology f o r  the  a n a l y t i c a l  p r e d i c t i o n  o f  

b rak ing  performance. Past exper ience w i t h  c h a r a c t e r i z i n g  t he  per-  

formance of brakes has demonstrated t h a t  t h e  torque a t  any i n s t a n t  

i n  t ime i s  a  complex f u n c t i o n  o f  many va r i ab les .  The method 

se lec ted  f o r  model ing a  brake was by use o f  a  mu l t i -nomia l  expres- 

s i o n  i n v o l v i n g  t he  suspected va r i ab les  o f  i n f l uence ,  f i t t e d  t o  t he  

brake performance da ta  by reg ress ion  ana l ys i s .  The method proved 

capable o f  model ing t he  performance o f  t he  two t e s t e d  brakes 

(exc lus i ve  o f  work h i s t o r y  e f f e c t s )  w i t h  an express ion i n v o l v i n g  

a c t u a t i o n  force, s l i d i n g  v e l o c i t y ,  and d ruml l  i n i n g  i n t e r f a c e  tem- 

pera tu re .  As a  r e s u l t ,  t he  brake 's  performance cou ld  be descr ibed 

over  a  broad range of r ep resen ta t i ve  ope ra t i ng  cond i t i ons  by a  s e t  

o f  e m p i r i c a l  l y -de te rmi  ned c o e f f i c i e n t s .  

Th is  approach t o  d e s c r i b i n g  a  b rake 's  performance has 

severa l  disadvantages : 

* 1 )  The c h a r a c t e r i z a t i o n  o f  a  brake by i t s  regress ion  

c o e f f i c i e n t s  i s  n o t  as s t r a i g h t f o r w a r d  as t he  commonly used methods 

o f  quo t i ng  torque 1  eve1 s  , 

2 )  The methods o f  determin ing t he  c o e f f i c i e n t s  r e q u i r e  

d i g i t a l  process ing o f  dynamometer t e s t  data.  

3 )  The importance o f  drum11 i n i  ng i n t e r f a c e  temperature 

r e q u i r e s  t he  use o f  e i t h e r  a  heat  t r a n s f e r  model o r  improved 

exper imenta l  techniques f o r  measuring i n t e r f a c e  temperature,  

Despi te  these disadvantages, t h i s  method o f  c h a r a c t e r i z i n g  

brake performance has t he  s i g n i f i c a n t  advantage o f  be ing  ab le  t o  

p r e d i c t  instantaneous to rque  i n  any a r b i t r a r y  s topp ing  s i t u a t i o n  

(assuming exper imental  t e s t  data covered a  comparable range o f  

ope ra t i on ) .  These same p r e d i c t i o n s  cannot be made v a l  i d l y ,  us ing  



dynamometer torque da ta  as i t  i s  c u r r e n t l y  repor ted .  Yet t h e  same 

dynamometer t e s t s  a re  a s u f f i c i e n t  bas is  f o r  regress ion  ana l ys i s  t o  

o b t a i n  a  mu l t i -nomia l  - model. Though t he  approach requ i res  the  addi -  

t i o n a l  e f f o r t  o f  p r o v i d i n g  d e s c r i p t i v e  i n p u t  data f o r  t he  heat  

t r a n s f e r  model, t h i s  aspect  o f  t he  approach s imp ly  r e f l e c t s  t h e  

recognized importance o f  temperature on brake performance and would 

be e s s e n t i a l  t o  any a n a l y t i c a l  approach t o  t h i s  problem. 

I t  i s  recommended t h a t  t h i s  approach t o  brake charac te r i za -  

t i o n  be g i ven  ser ious  cons ide ra t i on  by brake manufacturers and users 

as a means t o  improve brake system des ign technology by expanding 

t h e  range o f  cond i t i ons  over  which system performance i s  eva luated 

i n  t h e  des ign process. Th is  recommendation i s  most app rop r i a te  i n  

t h e  t r u c k  manufactur ing i n d u s t r y  where many f r o n t / r e a r  brake 

combinat ions must be designed t o  be compat ible.  

Though t h i s  s tudy has shown t h a t  work h i s t o r y  can a l t e r  a  

b rake 's  performance c h a r a c t e r i s t i c s ,  reduc ing t he  accuracy o f  torque 

p r e d i c t i o n s ,  those e f f e c t s  should be amenable t o  c h a r a c t e r i z a t i o n  

i n  t h i s  model; and i t  i s  recommended t h a t  research on t h i s  aspect 

o f  brake performance be encouraged. 
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APPENDIX A  

EFFECTIVENESS FUNCTIONS 

9 

Th i s  appendix con ta ins  d e t a i  l e d  p resen ta t ions  o f  t he  

e f f e c t i v e n e s s  f unc t i ons  ob ta ined  f o r  each brake i n  the  form: 

where 

e  = e f f e c t i v e n e s s  [ in-1 b / l  b) 

e = i n t e r f a c e  temperature PF) 

V = s l i d i n g  v e l o c i t y  [ fps)  

F = a c t u a t i o n  f o r c e  [ lb)  



BRAKE: Kelsey-Hayes 15 x 5 Twinplex Brake, 1 1/2" wheel 
c y l  i nders , 9051 J 1 i n i  ng , Guni t e  2603 drum, sequence 7-1 0 

EFFECTIVENESS: - 

BOUNDS : 

Ac tua t ion  Force: 300 c F < 2690 1 b 
d - 

S l i d i n g  Speed: 11.4 - < V - < 28.8 fps 

Temperature : 

Lower e = 174.32 - 1.1741V + 10.852 x I O - ~ F +  2.5781 x I O - ~ V F  

Upper e = 126.97 + 2.7508V - .038253V2 - 83.2 x I O - ~ F  

+ 31.743 x 1om3vF - .58756 x I O ~ ~ V ~ F  



BRAKE: Kelsey-Hayes 15 x 5 Twinplex Brake, 1 1/2" wheel 
c y l  i nders, 9051 J 1 i n i  ng, Guni t e  2603 drum, sequence 23-37 

EFFECTIVENESS : 

BOUNDS: 

Ac tua t ion  Force: 320.; F ; 2750 1 b - - 
S l i d i n g  Speed: 2,2.c - v.;‘ - 27.2 fps  

Temperature : 

Lower e = 153.53 + 1.8102V + 13.634 x I Q - ~ F  + -/75961 x I ~ ' ~ V F  

Upper e = 203.45 - 2 . 9 ~ 4 3 ~  + . a4784av2 - 52.64 x I O - ~ F  

c 21.149 x I O - ~ V F  - .074507V2F + 22.331 x 

- 1.4046 x ~ Q - ~ V F ~ -  ,098195 x 1 0 ' 6 ~ 2 ~ 2  



BRAKE: Kelsey-Hayes 15 x 5 Twinplex Brake, 1 1/2" wheel c y l i n d e r  
ABB 539 1 i n i n g ,  Guni t e  2603 drum 

EFFECT1 VENESS : 

BOUNDS : 

Acu ta t i on  Forcer 750 < F < 2450 l b s  - - 
S l i d i n g  Speed: 6.0 < V < 29.0 f p s  - - 
Temperature: 

Lower e = 158.35 + 2.8003V + 55.787 x lom3F + 1.6101 x I O - ~ V F  

Upper e = 134.16 - 4.9104V + 0.24447V2 + 39.345 x lom3F 
+ 59.806 x 1 O - ~ V F  - 1 ,3786 x 1 O - ~ V ~ F  

t 23,072 x 1 0 0 ~ ~ ~  . 17.757 x I O ~ ~ V F ~  

t 0.42010 x 1 0 - 6 ~ 2 ~ 2  


