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1. INTRODUCTION 

This document p resen t s  the  r e s u l t s  and f ind ings  from the  t h i r d  

phase of a r e sea rch  p r o j e c t  e n t i t l e d  "Retarders f o r  Heavy Vehic les :  

Evaluat ion of Performance C h a r a c t e r i s t i c s  and In-Service Costs" conducted 

by The Univers i ty  of Michigan Transpor ta t ion Research I n s t i t u t e  (LTTRI) 

f o r  the  Nat ional  Highway T r a f f i c  Sa fe ty  Administrat ion (NHTSA) . 
The f i r s t  phase of t h i s  study produced a r e p o r t  [ l ]  t h a t  described 

the  p o t e n t i a l  b e n e f i t s  to  be derived from r e t a r d e r  use i n  va r ious  heavy 

t ruck  a p p l i c a t i o n s .  The b e n e f i t s  examined i n  Phase I were (1) s a f e t y  

enhancement due t o  reduced p r o b a b i l i t y  of a runaway a c c i d e n t ,  ( 2 )  c o s t  

sav ings  due to  decreased brake wear and maintenance, and (3) pro- 

d u c t i v i t y  gains  due t o  decreased t r i p  time. 

I n  Phase I1 [2] ,  two types of f i e l d  eva lua t ions  were conducted. 

A survey of heavy t rucks  opera t ing  on severe  grades near  Cumberland, 

Maryland produced f ind ings  i n d i c a t i n g  t h a t  (1) average brake temperatures 

were approximately 60°C lower on retarder-equipped v e h i c l e s  than on 

non-retarder-equipped veh ic les  and (2) t h e  maintenance of t ruck  brakes 

was genera l ly  poor wi th  no evidence suggest ing t h a t  v e h i c l e s  equipped 

wi th  r e t a r d e r s  have foundation brakes t h a t  a r e  b e t t e r  ad jus ted  than those 

i n s t a l l e d  on non-retarder-equipped v e h i c l e s .  In  a d d i t i o n  t o  the  f i e l d  

survey,  a "mobile r e t a r d a t i o n  dynamometert1 [ 2 , 3 ]  was const ructed and used 

t o  measure r e t a r d a t i o n  fo rces  de r iv ing  from engine drag,  r o l l i n g  r e s i s -  

t ance  plus  aerodynamic drag,  and r e t a r d e r  systems. On a s t e e p  grade,  

r e t a r d a t i o n  measurements were performed on two t r a c t o r s  and t h r e e  

r e t a r d e r s .  The f i e l d  information gathered i n  Phase I1 confirmed the  

genera l  v a l i d i t y  of t h e  b e n e f i t s  p red ic ted  i n  Phase I and provided the  

b a s i s  f o r  f u r t h e r  r e sea rch  on methods f o r  e s t ima t ing  r e t a r d e r  performance 

w i t h  r e s p e c t  t o  downhill speed c o n t r o l ,  reduced brake wear, and d i rec -  

t i o n a l  i n s t a b i l i t y  on s l i p p e r y  s u r f a c e s .  

I s sues  a s s o c i a t e d  with downhill speed c o n t r o l ,  reduced brake wear, 

and d i r e c t i o n a l  s t a b i l i t y  a r e  addressed i n  t h i s  r e p o r t .  With regard  t o  

brake wear and d i r e c t i o n a l  s t a b i l i t y ,  Phase 111 included both  a n a l y t i c a l  



and experimental  work. The Vehicle Research and Test  Center (VRTC) of 

NHTSA performed (1) v e h i c l e  t e s t s  t o  s tudy d i r e c t i o n a l  c o n t r o l  ma t te r s  

and ( 2 )  i n e r t i a  dynamometer t e s t s  t o  examine the  in f luence  of tempera- 

t u r e  on brake wear. This r e p o r t  combines t h e o r e t i c a l  and a n a l y t i c a l  work 

wi th  t h e  experimental  r e s u l t s  obtained by VRTC t o  provide pre l iminary  

methods f o r  p r e d i c t i n g  (a) brake savings  due t o  r e t a r d e r  use and ( b )  

bounds of s t a b l e  v e h i c l e  opera t ion  during r e t a r d e r  a p p l i c a t i o n  on 

s l i p p e r y  s u r f a c e s .  (See Sect ions  3 and 4 ,  r e spec t ive ly . )  The next 

s e c t i o n  of t h i s  r e p o r t  desc r ibes  a method f o r  p r e d i c t i n g  the  downhill 

speed c o n t r o l  provided by r e t a r d e r s  and d i scusses  the  in f luence  of 

r e t a r d e r  c h a r a c t e r i s t i c s  on a grade s e v e r i t y  r a t i n g  system [ 4 , 5 , 6 ] .  



2. RETARDER PERFORMANCE I N  CONTROLLING THE SPEED OF SPECIFIC VEHICLES 

Information Needed t o  Pred ic t  Retardat ion 

A major goal  of t h i s  p r o j e c t  has been t o  develop a  c a l c u l a t i o n  

procedure f o r  p r e d i c t i n g  the  r e t a r d a t i o n  performance of s p e c i f i e d  v e h i c l e /  

r e t a r d e r  combinations. A pre l iminary  format f o r  a  proposed recommended 

p r a c t i c e  f o r  e s t ima t ing  equi l ibr ium speeds on downgrades was presented 

i n  t h e  Phase I1 t e c h n i c a l  r e p o r t  [ 2 ] .  During Phase 111, the  approach 

ou t l ined  i n  Phase I1 was re f ined  and modified t o  r epresen t  indus t ry  

p r a c t i c e  t o  the  e x t e n t  t h a t  we understood i t .  (Appendix A p resen t s  a  

computer code and examples of ca lcu la ted  r e s u l t s  f o r  the  cur ren t  ve r s ion  

of the  p r e d i c t i o n  procedure.)  

The rev i sed  p r e d i c t i o n  procedure provides a  uniform method f o r  

c a l c u l a t i n g  t h e  c o n t r o l  (equi l ibr ium) speeds mainta inable  by e i t h e r  

engine ,  d r i v e l i n e ,  o r  t r a i l e r - a x l e  r e t a r d e r s .  This c a l c u l a t i o n  pro- 

cedure balances the  power demand assoc ia ted  wi th  descending a  grade a t  

constant  v e l o c i t y  a g a i n s t  the  a v a i l a b l e  r e t a r d i n g  power. The power demand 

depends upon the  weight of t h e  v e h i c l e ,  i t s  v e l o c i t y ,  and the  s i n e  of 

t h e  angle  of t h e  downgrade. The a v a i l a b l e  r e t a r d i n g  power i s  developed 

through (1) n a t u r a l  r e t a r d a t i o n  ( t h a t  i s ,  aerodynamic drag and r o l l i n g  

r e s i s t a n c e ) ,  (2) engine drag,  and (3)  r e t a r d e r  opera t ion.  Table 1 

presen t s  the  symbols, d e f i n i t i o n s ,  v a r i a b l e s ,  and equat ions  used i n  the  

c a l c u l a t i o n  procedure. 

I n  a d d i t i o n  t o  information desc r ib ing  the  v e h i c l e  ( i . e . ,  i t s  

weight ,  t i r e s ,  aerodynamic f a c t o r s ,  and d r i v e  system),  the  procedure 

r e q u i r e s  measured d a t a  desc r ib ing  the  power ve r sus  r o t a t i o n a l  speed 

c h a r a c t e r i s t i c s  of t h e  i n s t a l l e d  r e t a r d e r .  I n  the  case of an engine 

speed r e t a r d e r ,  the  power c a p a b i l i t y  of the  r e t a r d e r ,  over and above t h a t  

suppl ied  by the  engine opera t ing  without a  r e t a r d e r ,  i s  the  appropr ia te  

inpu t  information.  I f  the  r e t a r d e r  is temperature s e n s i t i v e ,  graphs o r  

t a b l e s  of power c a p a b i l i t y  versus  speed f o r  the  temperature range 

app l i cab le  t o  the  a n t i c i p a t e d  s e r v i c e  condi t ions  a r e  needed. Current ly ,  



Table  1 

C a l c u l a t i o n  Procedure :  R e t a r d a t i o n  Performance 

For each gea r  , t h e  c a l c u l a t i o n  procedure determines maximum grades  f o r  

fou r  va lues  of c o n t r o l  speed ranging  from the  v e h i c l e  v e l o c i t y  ( v ~ : )  

corresponding t o  maximum engine  RPM t o  t h e  v e h i c l e  v e l o c i t y  (Vqi) 

corresponding t o  t he  engine RPM a t  t he  minimum speed of i n t e r e s t .  

Symbols and D e f i n i t i o n s  

Weight Fac to r s  

W t o t a l  v e h i c l e  weight  ( l b s )  

Vehicle  Dimensions 

A v e h i c l e  f r o n t a l  a r e a  ( f t 2 )  

Q 
number of t i r e  r e v o l u t i o n s  per  mi l e  of 

t r a v e l  ( e s t a b l i s h e s  t h e  r o l l i n g  r a d i u s  

of t he  t i r e s )  

Dimensionless C o e f f i c i e n t s  

cA a i r  r e s i s t a n c e  c o e f f i c i e n t  

CAL a l t i t u d e  c o r r e c t i o n  f a c t o r  

cR road s u r f a c e  c o e f f i c i e n t  

CT r o l l i n g  r e s i s t a n c e  c o e f f i c i e n t  

Subsc r ip t s  

i s u b s c r i p t  used t o  denote  g e a r s ,  i x 1  

corresponding t o  low gea r  

V e l o c i t i e s  

V, engine speed i n  r e v o l u t i o n s  pe r  minute (rpm) 

!, maximum engf ne speed (rpm) 
d2r 

Vep  minimum engine  speed (rpm) 

7 vehFcle v e l o c i t y  (mph) 

V1: v e h i c l e  v e l o c i t y  corresponding t o  maximum 

engine speed,  gea r  i (mph) 

V b i  v eh i  c l e  v e l o c i t y  corresponding t o  minimum 

engine speed,  gea r  i (mph) 

9: V 2 i  = V 4 i  + 2/3(111i-V4i) (mph) 

v3: "3: = V4: + 1 / 3 ( ~ ~ ; - ~ ~ ~ )  ( m ~ h )  

Vd d r i v e l i n e  speed (rpm) 

vt  t r a i l e r  r e t a r d e r  speed (rpm) 



Table 1 (Cont.) 

VC c o n t r o l  speed (equi l ibr ium speed on a downgrade (mph) 

Gear Ratios 

Gi t ransmisston gear r a t h ,  ith gear 

d r ive  ax le  gear  r a t i o  

ART t r a i l e r  ax le  r a t i o  ( f o r  r e t a r d e r  i n s t a l l e d  

on a t r a i l e r  a x l e )  

E f f i c i e n c i e s  

n~ d r ive  ax le  e f f i c i e n c y  

nT t r a i l e r  axle  ef f Fciency 

no o v e r a l l  d r ive  system effFciency 

Power - 
PN n a t u r a l  r e t a r d a t i o n  i n  horsepower 

pE engine re ta rd ing  power (hp) 

PRE r e t a r d e r  power from an engine-speed r e t a r d e r  (hp) 

pRD re ta rde r  power from a driveline-speed r e t a r d e r  (hp) 

PRT r e t a r d e r  power from a t r a i l e r  axle  r e t a r d e r  (hp) 

pS t o t a l  r e t a rd ing  power ava i l ab le  (hp) 

PG grade power demand (hp) 
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Re ta rda t ion  Numerics 

G grade of t h e  h i l l  used i n  determining PG 

cM maximum grade a l lowable  f o r  a  g iven  s e t  of va lues  f o r  

PS, W ,  and VC 

Vehicle  Speeds 

For each  gea r  (denoted by t h e  s u b s c r i p t  i )  

V l i  = Vehicle  v e l o c i t y  cor responding  t o  r a t e d  

speed Ver60/RMARGi 

v4: = Vehicle  v e l o c i t y  corresponding t o  t h e  engine RPM a t  

minimum speed = Vep60/RMARG? 

V 2 i  " Vqi + 2/3(Vli-Vqi) 

V3i = vqi + 1/3(vIi-vqi) 

The c a l c u l a t i o n s  a r e  done a t  each  of t he se  speeds ,  bu t  t h e  b a s i c  

equa t ions  a r e  t h e  same r e g a r d l e s s  of the  speed used. Hence, t h e  symbol V i s  

used t o  r ep re sen t  v e h i c l e  v e l o c i t y  i n  t h e  fo l lowing  equat ions .  

R o t a t i o n a l  Speeds 

a  > Ve = engine  speed i n  RPY 

ve = V RYARGt/60 

where 

V = v e h i c l e  v e l o c i t y  i n  mph 

RF! = t i r e  r e v o l u t i o n s  per  mi le  

AR = r e a r  ( d r i v e )  a x l e  r a t i o  

ci = r a t i o  f o r  t he  i t h  gea r  

b) Vd = d r i v e l i n e  speed Fn RPX 

Vd V RxAR/60 

c 1 vt = t r a i l e r  r e t a r d e r  speed i n  RPM 

vt  = v RMART/60 

where 

ART = t r a i l e r  a x l e  r a t i o  

Re ta rda t ion  Var iab les  

a  > PN = n a t u r a l  r e t a r d a t i o n  in horsepower 



Table 1 (Cont . )  

where 

W = weight i n  l b s  

cR = road s u r f a c e  c o e f f i c i e n t  

CT = t i r e  r o l l i n g  r e s i s t a n c e  c o e f f ? c t e n t  

V = v e h i c l e  v e l o c i t y  i n  mph 

CA = a i r  r e s i s t a n c e  c o e f f i c i e n t  

cAL = a l t i t u d e  c o r r e c t i o n  f a c t o r  

In  t h e  fo l l owing ,  fE(Ve) ,  fRE(Ve),  fRD(V) ,  and 

fRT(vt )  a r e  t a b u l a r  f unc t i ons .  

b  PE = engine r e t a r d t n g  power i n  horsepower 

PE = fE(ve)  

c 1 PRE = r e t a r d e r  power from an engine speed r e t a r d e r  

?RE ' fItE(ve) ( 6 )  

d )  PRD = r e t a r d e r  power f o r  a d r i v e l i n e  r e t a r d e r  

(horsepower) 

Pm = fRD(Vd) 

e  1 pRT = r e t a r d e r  power from a  t r a i l e r  a x l e  

r e t a r d e r  (horsepower) 

PRT = fRT(Vt) 

f )  ;k P~ = t o t a l  r e t a r d i n g  power a v a i l a b l e  

PS = PE/no + PRE/no + PRD/nD 

' PRT/nT ' PN 

where 

no = o v e r a l l  d r i v e  system e f f i c i e n c y  

nD =i r e a r  ( d r i v e )  a x l e  e f f i c i e n c y  

nT = t r a i l e r  a x l e  e f f i c i e n c y  

- 

*See foo tno t e  on next  page. 
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Grade vs .  Cont ro l  Speed 

pG = grade power demand 

where G Is t h e  grade  (G i s  the  s i n e  of t h e  ang le  of t he  h i l l ) ,  

Sy equa t ing  PG and PS and s o l v i n g  f o r  t h e  maximum g r a d e ,  GM, 

a t  which V Fs t h e  c o n t r o l  speed ,  one o b t a i n s :  

where vc LS t h e  s e l e c t e d  c o n t r o l  speed. 

Note: The program c a l c u l a t e s  $ f o r  t h e  speeds  V I I  

through v~~ f o r  each  gear .  These speeds  a r e  c o n t r o l  

speeds  f o r  t h e  g rades  determined by Eq. (11). 

"This a p p l i e s  t o  a l l  mechanical t r ansmis s ions  and conver te r - type  
t r ansmis s ions  when i n  lockup. For conve r t e r  o p e r a t i o n ,  i t  i s  neces sa ry  
t o  compensate f o r  t h e  feedback ( s l i p )  c h a r a c t e r i s t i c s  of t h e  conve r t e r .  
A r ea sonab le  app rox ina t ion  f o r  conve r t e r  b r a k i n g  can be ob ta ined  by 
a d j u s t i n g  t h e  PS formula t ion  a s  fo l iows:  

Braking Device 
Fac to r  

(Converter  Sraking)  

- - -  

Transmission Inpu t  Re ta rde r  (pE/no + PRE/no) * 0 .90  

Transmission Output o r  (PE/na + PRD/no) 0 .95  
D r i v e i i n e  Re ta rde r  



inpu t  informat ion on the  power absorpt ion c a p a b i l i t i e s  of r e t a r d e r s  i s  

a v a i l a b l e  from most of the  manufacturers of r e t a r d e r s .  

Parametric da ta  descr ib ing r o l l i n g  r e s i s t a n c e ,  aerodynamic drag,  

and d r i v e l i n e  p r o p e r t i e s  a r e  sometimes a v a i l a b l e  from v e h i c l e ,  t r ans -  

mission,  and engine manufacturers who use these  data  i n  p r e d i c t i n g  the  

a c c e l e r a t i o n  and f u e l  economy performance of heavy t rucks .  Suggested 

va lues  f o r  these  parameters a r e  l i s t e d  i n  Tables 2-8, should values  f o r  

these  v a r i a b l e s  not  be r e a d i l y  a v a i l a b l e .  Parametr ic  d a t a ,  desc r ib ing  

how the  c l o s e d - t h r o t t l e  drag of the  engine v a r i e s  a s  a  func t ion  of 

engine speed, a r e  more d i f f i c u l t  t o  ob ta in .  Example values  of t h i s  

func t ion  were measured i n  Phase I1 f o r  two 350-hp engines [ 2 , 3 ] ,  however, 

engine f e a t u r e s ,  accessor ies ,  and o t h e r  f a c t o r s  may cause v a r i a t i o n s  i n  

r e t a r d a t i o n  horsepower c a p a b i l i t i e s  t h a t  could be deemed important  i n  

c lose  comparisons ( involving horsepower d i f f e r e n c e s  on t h e  order  of 

approximately 35 hp).  Clear ly ,  s p e c i f i c  information on the engine and 

a c c e s s o r i e s  involved i n  a  p a r t i c u l a r  eva lua t ion  i s  d e s i r a b l e ,  but  ( i f  

nothing e l s e  i s  r e a d i l y  a v a i l a b l e )  r e p r e s e n t a t i v e  values  of engine drag,  

a s  shown i n  Table 9 ,  may be used i n  making r e l a t i v e  comparisons. 

2 . 2  Equil ibrium Control  Speeds on Various Grades 

The t o t a l  r e t a r d i n g  power a v a i l a b l e  depends upon v e h i c l e  speed 

and t h e  gear r a t i o  involved.  For each gea r ,  r e t a r d i n g  power is  a  con- 

t inuous  func t ion  of v e h i c l e  speed (see  Figure 1, f o r  example). Although 

t h e  t o t a l  power a v a i l a b l e  f o r  r e t a r d a t i o n  inc reases  wi th  speed (and gear 

r a t i o ) ,  the  power demand assoc ia ted  wi th  mainta ining speed on a  grade 

a l s o  i n c r e a s e s  wi th  speed. I n  a d d i t i o n ,  the  power demand is  p ropor t iona l  

t o  grade such t h a t  on s t e e p  grades,  the  power demand w i l l  exceed the  

r e t a r d i n g  power a v a i l a b l e  a t  high speeds (see  t h e  dashed l i n e s  super- 

imposed on Figure 1 ) .  The i n t e r s e c t i o n  of a  l i n e  of power demand on a  

f i x e d  grade wi th  the  r e t a r d i n g  power a v a i l a b l e  i n  a  p a r t i c u l a r  gear 

r e p r e s e n t s  a  power balance between demanded and a v a i l a b l e  power. This 

po in t  of power balance i s  descr ibed by (1) the  speed a t  which i t  occurs 

( c a l l e d  t h e  "con t ro l  speed1') ,  (2) the  grade s p e c i f i e d ,  and (3)  the  power 

l e v e l  involved.  Amongst these  t h r e e  q u a n t i t i e s  the  v e h i c l e  opera tor  is 



Table 2 

Suggested Values f o r  T i re  Revolutions Per Mile (FUd) 

by Truck T i r e  Size  

Size  - 



S i z e  - 
Table 2 - Continued 

RevIMile 



Table 3 

Suggested Values f o r  Truck Aerodynamic Drag Coef f i c i en t s  (C ) 
A 

0.80 f o r  a power u n i t  not  equipped wi th  aerodynamic 
a i d s  on i t s  roof 

0.64 f o r  a power u n i t  equipped wi th  aerodynamic a i d s  

Table 4 

Suggested Values f o r  Highway Surface  Coef f i c i en t s  (CR) 

Road Type C~ 

Smooth Concrete 

Worn Concrete, Br ick ,  
Cold Blacktop 

Hot Blacktop 

Table 5 

Suggested Values f o r  Rol l ing Resis tance  Coef f i c i en t  (C ) T 

T i r e  Type 
- -  - 

Bias Ply  

Radial  Ply  

0.0066 + 0.000046V 

0.0041 + 0.000041V 

where V i s  i n  mph 



Table 6 

Suggested Values f o r  A l t i t u d e  Correction Coef f i c i en t s  ( C  ) 
AL 

A l t i t u d e  ( f t )  'AL 

Table 7 

Suggested Values f o r  Dr ive t ra in  E f f i c i e n c i e s  (nD, no, nTR 1 

n 
D 

n 
Vehicle o 

4x2 t r a c t o r ,  manual t ransmiss ion .94 

4x2 t r a c t o r ,  automatic t ransmiss ion . 9 4  

6x4 t r a c t o r ,  manual t ransmiss ion .90 

6x4 t r a c t o r ,  automatic t ransmiss ion .90 

retarder-equipped t r a i l e r  ax le  n = .95 TR 



Table 8 

Vehicle F r o n t a l  Areas 

Vehicle f t 2  

Van 108 

Tankers 
Conventional 
Cab-Over 

Buses 
T r a n s i t  
School 

10-Wheel Dump 7 3 

Table 9 

Typical  Four-Cycle Engine F r i c t i o n  HP 

Engine Speed, RPM 

Engine HP 1200 1600 1900 2 100 
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F i g u r e  1. R e t a r d i n g  power,  PS, v e r s u s  v e l o c i t y  w i t h  super imposed  l i n e s  
o f  power r e q u i r e d  on c o n s t a n t  g r a d e s ,  PC. 
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F i g u r e  2 .  Maximum g r a d e s ,  %, o v e r  t h e  r a n g e  o f  c o n t r o l  s p e e d s  
a p p l i c a b l e  t o  e a c h  g r a d e .  



i n t e r e s t e d  i n  the  c o n t r o l  speed a p p l i c a b l e  t o  a  p a r t i c u l a r  grade.  Hence, 

a  primary output  of the  c a l c u l a t i o n  procedure i s  a  s e t  of curves (one 

f o r  each gea r )  showing equ i l ib r ium cond i t ions  i n  terms of maximum grade 

ve r sus  c o n t r o l  speed ( see  Figure  2 ) .  

By examining graphs of maximum grade ve r sus  c o n t r o l  speed,  a  

v e h i c l e  o p e r a t o r  can determine t h e  speeds and gear  s e l e c t i o n s  a p p r o p r i a t e  

t o  the  grades t h a t  a  v e h i c l e l r e t a r d e r  combination is  l i k e l y  t o  encounter 

i n  s e r v i c e .  

( In  t h i s  case ,  t h e  r e s u l t s  r e f l e c t  t h e  c a p a b i l i t y  of t h e  r e t a r d e r  

t o  mainta in  c o n t r o l  speeds on grades wi thout  using the  foundat ion brakes  

a t  a l l .  Combined use of both r e t a r d e r s  and foundat ion brakes  i n  o rde r  

t o  minimize t r i p  time i s  discussed i n  Sec t ion  2 . 3 . )  

The maximum power absorp t ion  c a p a b i l i t y  of a  r e t a r d e r  i s  c l e a r l y  

a  primary f a c t o r  i n  determining c o n t r o l  speed on downgrades. I f  pre-  

d i c t i o n s  f o r  a  p a r t i c u l a r  r e t a r d e r l v e h i c l e  combination i n d i c a t e  an 

unacceptably low c o n t r o l  speed on downgrades encountered i n  s e r v i c e ,  

a  more powerful r e t a r d e r  i s  probably requ i red .  

Given comparable power c a p a b i l i t i e s ,  t h e  i n s t a l l e d  performance 

c h a r a c t e r i s t i c s  of r e t a r d e r s  d i f f e r  due t o  where they a r e  loca ted  on the  

v e h i c l e .  Engine speed r e t a r d e r s  can produce high torque a t  low forward 

v e l o c i t i e s  because r e t a r d e r  speed ( t h a t  i s ,  engine speed) w i l l  be high 

i f  the  proper  gear i s  s e l e c t e d .  I n  c o n t r a s t ,  a t  low forward v e l o c i t i e s ,  

r e t a r d e r s  i n s t a l l e d  on t h e  d r i v e l i n e  o r  the  t r a i l e r  a x l e s  w i l l  produce 

l e s s  than t h e i r  maximum torque c a p a b i l i t y  because t h e i r  r o t a t i o n a l  speeds 

w i l l  be lower than those  speeds a s s o c i a t e d  wi th  normal highway t r a v e l .  

These d i f f e r e n c e s  a r e  r e a d i l y  i l l u s t r a t e d  by example c a l c u l a t i o n s  (see  

Figures  3  and 4 ) .  The engine  speed r e t a r d e r  (Fig.  3) and t h e  d r i v e l i n e  

r e t a r d e r  (Fig .  4 )  have comparable power c a p a b i l i t i e s  a t  approximately 

2100 rpm b u t ,  a s  can be seen by comparing Figures  3 and 4 ,  t h e  engine speed 

r e t a r d e r  has  much g r e a t e r  grade c a p a b i l i t y  a t  v e l o c i t i e s  l e s s  than 40 mph 

than the  grade c a p a b i l i t y  of t h e  d r i v e l i n e  r e t a r d e r  chosen f o r  t h i s  

example . 
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I n  p r a c t i c e ,  a  number of op t ions  a r e  a v a i l a b l e  t o  achieve d e s i r e d  

performance. Models of d r i v e l i n e  and t r a i l e r  a x l e  r e t a r d e r s  wi th  high 

power c a p a b i l i t y  a r e  a v a i l a b l e .  High va lues  of d r i v e  a x l e ,  and p a r t i -  

c u l a r l y  t r a i l e r  a x l e ,  r a t i o s  (on the  o rde r  of 5 o r  6 )  may be chosen t o  

cause t h e  d r i v e l i n e  o r  t r a i l e r  a x l e  r e t a r d e r  t o  opera te  a t  high speeds ,  

thereby absorbing more power a t  lower forward speeds than would have been 

p o s s i b l e  wi th  lower a x l e  r a t i o s .  C lea r ly ,  the  p rospec t ive  buyer of a 

r e t a r d e r  needs t o  consider  these  f a c t o r s  p lus  concerns wi th  s h i f t i n g  gears  

and us ing automat ic  t ransmiss ions .  Never theless ,  t h e  c a l c u l a t i o n  pro- 

cedure i s  a p p l i c a b l e  t o  a l l  types of r e t a r d e r s  and the  r e s u l t s  can be used 

t o  a i d  i n  s e l e c t i n g  an accep tab le  l e v e l  of performance. 

2.3 Adoption of a Grade Sever i ty  Rating System f o r  Retarder-Equipped 
Trucks 

A grade s e v e r i t y  r a t i n g  system has  been developed f o r  adv i s ing  

t r u c k  d r i v e r s  of a p p r o p r i a t e  speeds f o r  descending mountains [ 3 , 4 ] .  This 

system i s  based on s e t t i n g  a s a f e  upper bound on brake temperature and 

then c a l c u l a t i n g  the  maximum speed of descent t h a t  w i l l  cause the  v e h i c l e ' s  

brakes  t o  reach,  but  no t  exceed, the  temperature limit. I n  t h i s  sense ,  

the  procedure provides  an optimum time s o l u t i o n  wi th  a brake temperature 

c o n s t r a i n t .  

I n  t h e  p ro to type  grade s e v e r i t y  r a t i n g  system recommended i n  [ 5 ] ,  

t ruck  d r i v e r s  r ece ive  d r i v i n g  i n s t r u c t i o n s  v i a  s i g n s  d i sp lay ing  appro- 

p r i a t e  speeds f o r  the  weight c l a s s e s  of t h e i r  v e h i c l e s .  These s i g n s ,  

r e f e r r e d  t o  a s  weight s p e c i f i c  speed s i g n s  ( see  Figure  5 ) ,  a r e  placed a t  

t h e  top of severe  downgrades. The e n t r i e s  i n  each s i g n  a r e  based on the  

s l o p e  and l eng th  of the  p a r t i c u l a r  grade involved.  The s lope  of the  

downgrade in f luences  t h e  power t h a t  has t o  be absorbed by the  braking 

system i n  o rde r  t o  mainta in  a constant  v e l o c i t y ,  and t h e  l eng th  of the  

grade determines t h e  time pe r iod  dur ing which t h e  brakes  a r e  heated.  

E s s e n t i a l l y ,  the  s l o p e  and length  of grade,  along wi th  t h e  weight of the  

v e h i c l e ,  determine t h e  p o t e n t i a l  energy t h a t  needs t o  be d i s s i p a t e d  by 

t h e  braking system and o t h e r  sources  of r e t a r d a t i o n .  

The e n t r i e s  i n  the  weight s p e c i f i c  speed s i g n s  a r e  determined by a 

bulk  temperature c a l c u l a t i o n  i n  which t h e  hea t  flow process  f o r  a l l  of 



Note: I mph r 1.609 km/h 
I Ib: 0.454 kg 

rn P 

POUNDS MAX SPEED 

60,000 
\ 55 MPH 

65,000 
\ 38 

70,000 
\ 28 

75,000 
\ 23 

80,000 
\ 20 

F i g u r e  5 .  Exampie of  a weight s p e c i f i c  speed (WSS) 
s i g n  [ 5 ] .  

b 



of the  foundation brakes is  represented by the  equat ions ,  v a r i a b l e s ,  and 

parametr ic  f a c t o r s  presented i n  Table 10.  The s e v e r i t y  of a given grade 

is  r a t e d  i n  terms of t h e  v e l o c i t y  a t  which the  temperature-constrained 

power absorpt ion c a p a b i l i t y  of the v e h i c l e ' s  brakes equals  t h e  power 

demanded of t h e  v e h i c l e ' s  brakes.  This i s  the  same conceptual  not ion,  

involving a power balance ,  a s  t h a t  used i n  exp la in ing  the  t ruck  re ta rda -  

t i o n  p r e d i c t i o n  procedure.  However, i n  t h i s  case ,  the  b a s i c  c a l c u l a t i o n s  

a r e  performed f o r  veh ic les  without r e t a r d e r s .  The e n t r i e s  i n  a t y p i c a l  

weight s p e c i f i c  speed s i g n  assume t h a t  the  foundation brakes a r e  absorbing 

an amount of power equal  t o  the  power needed t o  mainta in  a constant  con- 

t r o l  speed on t h e  grade l e s s  the power absorbed by r o l l i n g  r e s i s t a n c e ,  

aerodynamic drag,  and engine drag.  

The minimum-time constrained-brake-temperature approach may be 

extended t o  retarder-equipped v e h i c l e s  by reducing the  power absorbed by 

the  foundation brakes by an amount equal  t o  t h e  power absorbed by t h e  

r e t a r d e r .  To minimize t r i p  time, the  d r i v e r  of a retarder-equipped 

v e h i c l e  may be expected t o  t r a v e l  f a s t e r  than the  d r i v e r  of a comparable 

v e h i c l e  without a r e t a r d e r  because both  t h e  r e t a r d e r  and the  foundation 

brakes  may be used t o  c o n t r o l  speed dur ing mountain descents .  Given t h a t  

the  weight s p e c i f i c  speed s i g n s  a r e  being developed f o r  non-retarder-  

equipped v e h i c l e s ,  the  information presented on these  s i g n s  would be 

conservat ive  r e l a t i v e  t o  retarder-equipped v e h i c l e s .  

On t h e  s u r f a c e ,  i t  might seem t h a t  a p l a u s i b l e  s o l u t i o n  would be 

t o  have two s e t s  of signs---one s e t  f o r  retarder-equipped veh ic les  and the  

o t h e r  s e t  f o r  o t h e r  v e h i c l e s .  This s o l u t i o n ,  bes ides  appearing to  be  

cumbersome and confusing,  is  not  p r a c t i c a l  because va r ious  r e t a r d e r s  have 

d i f f e r i n g  amounts of power absorpt ion c a p a b i l i t y .  The p r e f e r r e d  approach 

has been t o  t r y  t o  develop a method f o r  opera to r s  of retarder-equipped 

v e h i c l e s  t o  r e i n t e r p r e t  the  weight s p e c i f i c  speed s igns  using knowledge 

of the  horsepower c a p a b i l i t i e s  of t h e i r  r e t a r d e r s .  

Two methods f o r  r e i n t e r p r e t i n g  the  weight s p e c i f i c  speed s igns  have 

been discussed [ 5 , 6 ] .  Herein these  methods a r e  r e f e r r e d  t o  a s  t h e  "AV" 

and "AR" i n t e r p r e t a t i o n s .  



Table 10 

Parameters ,  Equations,  and Var iab les  f o r  Bulk 
Temperature Ca lcu la t ions  

I n  a  mountain descen t ,  the  r a t e  a t  which p o t e n t i a l  energy i s  
converted t o  heat  i s  low enough t h a t  bulk  temperature c a l c u l a t i o n s  may 
be used t o  s tudy the  thermal p r o p e r t i e s  of braking systems. Equation 
(12) d e s c r i b e s  t h e  h'eat flow process  f o r  t h e  foundat ion brakes  i n  terms 
of ( a )  t h e  t o t a l  energy s t o r a g e  c a p a b i l i t y  of a l l  the  b rakes ,  (b) t h e  
h e a t  l o s s e s  due t o  cool ing (convection,  r a d i a t i o n ,  e t c . ) ,  and (c) t h e  
t o t a l  braking power, PB, app l i ed  t o  a l l  the  b rakes ,  v i z .  : 

where 

m C r e p r e s e n t s  t h e  product of the  mass of t h e  brakes  
m u l t i p l i e d  by t h e  s p e c i f i c  h e a t  of t h e  brake 
m a t e r i a l  ( n e v e r t h e l e s s ,  i t  i s  an e m p i r i c a l l y  
determined c o e f f i c i e n t  i n  t h e  a p p l i c a t i o n  of 
Equation (13) ) 

8 i s  t h e  average o r  bulk  temperature of t h e  brakes  

h(V) i s  a  cool ing c o e f f i c i e n t  t h a t  depends upon v e l o c i t y  

8 i s  the  ambient temperature 
a  

t i s  time 

- i s  t h e  time r a t e  of change of temperature 
d t  

For an i n i t i a l  temperature ,  00 ,  t h e  s o l u t i o n  of (12) f o r  a  constant  
v e l o c i t y ,  V c ,  i s  

where 



Table 10 (Cont . ) 

Empirical  r e s u l t s  obta ined i n  Reference [4 ]  y i e l d  t h e  fo l lowing 
express ions  f o r  1 / ~  and h(V) a s  func t ions  of v e l o c i t y :  

- = 1.23 + 0.0256V mph, l / h r  (14) 

and 

h(V) = 0 . 1  + 0.00208V mph, h p / O ~  (15) 

(These express ions ,  (14) and ( l j ) ,  a r e  determined from measurements 
on a  p a r t i c u l a r  t r a c t o r - s e m i t r a i l e r  v e h i c l e  equipped wi th  t e n  S-cam 
brakes  [4 ]  .) 

For a  f i x e d  grade of l e n g t h  L being t r a v e l e d  a t  a cons tan t  
v e l o c i t y ,  V c ,  t h e  time requ i red  t o  descend t h e  grade i s  L/V,. Hence, 
us ing (13) t h e  temperature ,  B f ,  a t  t he  bottom of t h e  grade i s :  

For a  given s e t  of va lues  f o r  € i f ,  e 0 ,  and B a ,  Equation (16) may 
be used t o  por t ray  t h e  in f luences  of the  l eng th  of grade and c o n t r o l  
v e l o c i t y  on the  power t h a t  t ruck  brakes  can absorb wi thout  exceeding 
t h e  temperature boundary, 

The power i n t o  the  b rake ,  PB (hp) ,  i s  descr ibed by the  follow- 
ing equa t ion :  

- WGV 
P~ 

- - -  
375 P~ 

where 

W i s  the  v e h i c l e  weight ( l b s )  

G is  t h e  s l o p e  of the  grade ( rad)  

V i s  the  v e l o c i t y  (mph) 

and PN is  t h e  "na tu ra l "  r e t a r d a t i o n  (hp) 

The main components of PN a r e  r o l l i n g  r e s i s t a n c e ,  aerodynamic d rag ,  
and engine  drag 



I n  t h e  AV method, t h e  d r i v e r  of a  r e t a rde r - equ ipped  v e h i c l e  would 

add a v e l o c i t y  increment  (AV) t o  t h e  speed g iven  i n  t h e  WSS s i g n .  
I 

I d e a l l y ,  t h e  v e l o c i t y  increment  would b e  based on t h e  power of  t h e  

r e t a r d e r ,  PR, t h e  s l o p e  of  t h e  g rade ,  G ,  and t h e  weight  of t h e  v e h i c l e ,  

W ,  p e r  t h e  fo l lowing  e q u a t i o n :  

Assuming t h a t  t h e  above e q u a t i o n  can be  implemented by a c h a r t  o r  o t h e r  

s u i t a b l e  d r i v e r ' s  a i d ,  t h e  d r i v e r  would need t o  know t h e  s l o p e  of t h e  

g rade  i n  a d d i t i o n  t o  t h e  c u r r e n t  weight  of t h e  v e h i c l e  and t h e  power o f  

t h e  r e t a r d e r .  P o s s i b l y  t h e  WSS s i g n  could  be augmented t o  g ive  t h e  s l o p e  

o f  t h e  g rade  o r  a  p reced ing  s i g n  could  b e  used t o  d i s p l a y  g rade  i n f o r -  

mat ion .  I n  t h e  absence  of  s p e c i f i c  grade  i n f o r m a t i o n ,  a  c o n s e r v a t i v e  

approach would b e  t o  u se  t h e  maximum grade  i n  t h e  v e h i c l e ' s  r e g i o n  of  

s e r v i c e  t o  de termine  a g e n e r a l  speed increment  f o r  t h a t  r e g i o n  . I n  [ 6 ] ,  

i t  i s  shown t h a t  v e h i c l e  o p e r a t i o n  i n  accordance  w i t h  Equat ion  (18) and 

WSS s i g n s  w i l l  r e s u l t  i n  c o n s e r v a t i v e  o p e r a t i o n  w i t h  r e s p e c t  t o  t h e  

t empera tu re  p r e d i c t e d  f o r  t h e  founda t ion  b r a k e s .  

I n  t h e  AW method, t h e  d r i v e r  o f  a  r e t a rde r - equ ipped  v e h i c l e  would 

reduce  t h e  weight  ca t egory  of  h i s  v e h i c l e  by an amount de termined by t h e  

power of  h i s  r e t a r d e r  and,  i n  an  i d e a l  arrangement,  by t h e  s l o p e  of t h e  

g rade .  Once t h e  weight  decrement (OW) i s  de termined,  t h e  ' d r i v e r  would 

use  a  h i g h e r  speed  a s s o c i a t e d  w i t h  a  lower weight  a s  d i s p l a y e d  on t h e  WSS 

s i g n .  14athemat ica l ly ,  t h e  AW i n t e r p r e t a t i o n  may b e  c h a r a c t e r i z e d  by t h e  

fo l lowing  e q u a t i o n :  

where 

AW is  t h e  weight  decrement ( l b s )  

PR 
i s  t h e  power of t h e  r e t a r d e r  (hp) 

G i s  t h e  s l o p e  of t h e  grade  

and V i s  t h e  v e l o c i t y  



A s  i n  the  AV approach, information concerning t h e  s lope  of t h e  grade i s  

involved,  i f  not  d i r e c t l y ,  a t  l e a s t  i n  some i m p l i c i t  manner. Although 

the  s lope  of the  grade i s  used i n  determining the  weight versus  speed 

information displayed i n  t h e  WSS s ign ,  i t  i s  d i f f i c u l t  t o  e x t r a c t  grade 

informat ion from the  s i g n  because the  l eng th  and the  s lope  of the  grade 

i n t e r a c t  i n  a  complex r e l a t i o n s h i p  p e r t a i n i n g  t o  brake temperature.  

Again we suggest  t h a t ,  i n  a d d i t i o n  t o  the  grade s e v e r i t y  r a t i n g  system, 

grade information a l s o  be suppl ied  o r  a  maximum grade f o r  the  region be 

employed. 

A disadvantage of t h e  weight decrement method i s  t h a t  no t  only i s  

grade informat ion needed, but  a l s o  a  v e l o c i t y  needs t o  be chosen t o  ca l -  

c u l a t e  AW. I n  [ 5 ] ,  a  v e l o c i t y ,  based on r e s u l t s  from the  grade s e v e r i t y  

r a t i n g  system app l i ed  t o  a  non-retarder-equipped v e h i c l e ,  i s  employed i n  

an example c a l c u l a t i o n .  Since the  v e l o c i t y  obta ined by the  GSRS pro- 

cedure may be low, t h e  computed value  of AW may be  high (see  Equation 

(19))  l ead ing  t o  a  nonconservative es t ima te  of v e h i c l e  speed f o r  the 

retarder-equipped v e h i c l e .  

In  summary, t h e  AV i n t e r p r e t a t i o n  appears t o  be  more s t r a i g h t -  

forward than t h e  AW i n t e r p r e t a t i o n  because the weight of the  v e h i c l e  

r equ i red  f o r  determining AV is  known whi le  the  v e l o c i t y  r equ i red  f o r  

determining iiW i s  not  known a  p r i o r i .  

For e i t h e r  t h e  AV o r  AW i n t e r p r e t a t i o n ,  grade informat ion o r  i t s  

equivalent  i s  needed i f  minimum time opera t ions  a r e  t o  be es t imated f o r  

mountain descen t s .  In  the  prototype grade s e v e r i t y  r a t i n g  system, the  

upper bound on brake temperature was s e l e c t e d  t o  be 500°F. A t  t h i s  

temperature ,  t y p i c a l  brake l i n i n g s  may be a t  the  verge  of s t a r t i n g  t o  

fade .  However, t h e  wear of brake l i n i n g s  i s  much g r e a t e r  a t  500°F than 

i t  is  i n  t h e  range from 150 t o  2 5 0 ' ~ .  I f  a  r e t a r d e r  were purchased on 

t h e  b a s i s  of saving brake wear, then opera t ing  a t  minimum time condi t ions  

may not achieve the  des i red  brake savings  unless  the  r e t a r d e r  can absorb 

enough power t o  keep t h e  work done by the foundation brakes t o  a  l e v e l  

such t h a t  brake temperatures w i l l  remain much lower than 500°F. C lea r ly ,  

brake savings  a r e  maximized by using t h e  r e t a r d e r  a lone.  I f  the  c o n t r o l  

speed of t h e  r e t a r d e r / v e h i c l e  combination is s a t i s f a c t o r y ,  then the  

foundation brakes need not  be u t i l i z e d  i n  descents  of s t e e p  grades.  



3 .  DETERMINATION OF BRAKE WEAR AS A FUNCTION OF RETARDER USE 

3 . 1  Ra t iona le  and Approach Employed i n  S tudying  Brake Wear 

The use  of r e t a r d e r s  can g r e a t l y  reduce b rake  wear t he reby  sav ing  

on t h e  c o s t s  a s s o c i a t e d  w i t h  r e l i n i n g  b rake  shoes  o r  pads and main- 

t a i n i n g  o r  r e p l a c i n g  b rake  drums o r  d i s c s .  I n  t h e  Phase I work [ I ] ,  

a  brake  l i f e  e x t e n s i o n  f a c t o r  (BLEF) i s  in t roduced  i n t o  r e t u r n  on i n v e s t -  

ment a n a l y s e s  t o  i l l u s t r a t e  t h e  economic b e n e f i t s  of employing r e t a r d e r s  

i n  v a r i o u s  s i t u a t i o n s .  S ince  t h e  Phase  I r e s u l t s  a r e  p re sen ted  f o r  a 

range  of BLEF's, a n t i c i p a t e d  v a l u e s  o f  BLEF's a r e  needed f o r  e s t i m a t i n g  

o r  p r e d i c t i n g  r e t u r n  on inves tment  i n  proposed r e t a r d e r  a p p l i c a t i o n s .  

Re ta rde r  manufac turers  have t e s t i m o n i a l s  from customers i n d i c a t i n g  

l a r g e  b rake  l i f e  e x t e n s i o n  f a c t o r s  f o r  p a r t i c u l a r  c a s e s .  Although t h i s  

i n fo rma t ion  shows t h a t  major b rake  sav ings  can b e  ob ta ined  through 

r e t a r d e r  u s e ,  a lmost  i n v a r i a b l y  t h e  s e v e r i t y  o f  t h e  duty  c y c l e  involved  

i s  n o t  q u a n t i f i e d  i n  a  manner t h a t  can be e x t r a p o l a t e d  t o  s i t u a t i o n s  

d i f f e r i n g  from t h o s e  surveyed.  To compensate f o r  t h e  l i m i t a t i o n s  of  

s p e c i f i c  t e s t i m o n i a l s ,  a g e n e r a l  approach,  based on wear s av ings  be ing  

p r o p o r t i o n a l  t o  work s a v i n g s ,  has  been desc r ibed  i n  [ 7 ] .  I n  t h i s  approach,  

t h e  amount of work done by t h e  founda t ion  b rakes  i n  c o n t r o l l i n g  and 

ma in ta in ing  speed on t h e  l e v e l  and on grades  i s  computed f o r  s i t u a t i o n s  

i n  which (1)  a  r e t a r d e r  i s  n o t  used and t h e  founda t ion  brakes  do a l l  t h e  

work and ( 2 )  a des igna ted  p a r t  o f  t h e  work is  done by a r e t a r d e r ,  thereby 

r educ ing  t h e  work done by t h e  foundat ion  b rakes .  The amount o f  work done 

wi thou t  a  r e t a r d e r  ( i t em (1) above) d iv ided  by t h e  amount of work done by 

t h e  founda t ion  b rakes  when a r e t a r d e r  i s  i n  use  ( i t em ( 2 ) )  i s  a f i r s t -  

o r d e r  e s t i m a t e  of t h e  b rake  l i f e  e x t e n s i o n  f a c t o r  f o r  t h e  r e t a r d e r ,  

v e h i c l e ,  and duty  c y c l e  employed i n  t h e  c a l c u l a t i o n s .  

The q u a l i t y  of t h e  e s t i m a t e s  made us ing  t h i s  wear-propor t ional - to-  

work approach depends upon (a) whether  d r i v e r s  a c t u a l l y  use  r e t a r d e r s  a s  

assumed i n  t h e  c a l c u l a t i o n s  and (b)  whether  h igh  b rake  tempera tures  would 

be encountered  i n  t h e  de f ined  duty  c y c l e .  With r ega rd  t o  i t em ( a ) ,  t h e  

e s t i m a t i o n  of random v a r i a t i o n s  i n  d r i v e r  c h a r a c t e r i s t i c s  i s  deemed t o  be 

unreasonable  f o r  t h e  d e t e r m i n i s t i c  approach t aken  h e r e i n .  



On the  o t h e r  hand, brake wear i s  known t o  be highly  dependent upon 

brake temperature.  Furthermore, r e t a r d e r s  can provide an important  s a f e t y  

margin when used i n  opera t ions  where high brake temperatures a r e  

encountered. For h igh temperature a p p l i c a t i o n s ,  brake wear i s  l i k e l y  t o  

be s i g n i f i c a n t l y  underest imated unless  temperature in f luences  a r e  con- 

s i d e r e d .  Consequently, t h e  approach taken i n  t h i s  s tudy  has been t o  

a t tempt  t o  extend the  wear-proportional-to-work approach t o  a  more 

r e a l i s t i c  one i n  which brake temperatures a r e  p r e d i c t e d ,  and then 

measured brake c h a r a c t e r i s t i c s  a r e  employed t o  es t ima te  wear. To apply 

t h e  wear p r e d i c t i o n  procedure developed i n  t h i s  s tudy,  the  e f f e c t i v e n e s s  

of a  r e t a r d e r  wi th  r e s p e c t  t o  brake savings  would be es t imated by cal -  

c u l a t i n g  brake wear wi th  and without the r e t a r d e r  i n  use f o r  a  p e r t i n e n t  

duty cyc le  (veh ic le  r o u t e ) ,  

3.2 Summary of the  Method Developed f o r  P r e d i c t i n g  Brake Temperature 

The method developed f o r  e s t ima t ing  brake wear i s  based on using 

p red ic ted  brake temperatures ,  horsepowers, and a p p l i c a t i o n  pe r iods  f o r  

a  s e r i e s  of brake a p p l i c a t i o n s  c o n s t i t u t i n g  any s p e c i f i e d  duty cyc le  f o r  

a  s e l e c t e d  v e h i c l e .  The duty cyc le  i s  s p e c i f i e d  by desc r ib ing  the  r o u t e  

t o  be t r a v e l e d  i n  terms of (1) an e l e v a t i o n  p r o f i l e  ( a l t i t u d e  versus  

d i s t a n c e )  and ( 2 )  a v e l o c i t y  p r o f i l e  ( v e l o c i t y  versus  d i s t ance)  . These 

p r o f i l e s  c o n s i s t  of a l t i t u d e  and v e l o c i t y  l e v e l s  a t  s e q u e n t i a l  p o i n t s  

(d i s t ances )  along a  proposed r o u t e .  The c a l c u l a t i o n  procedure uses i n f o r -  

mation from the  "current"  point  and the  next po in t  along the  r o u t e  t o  

determine t h e  s t a t u s  of t h e  brakes whi le  t r a v e l i n g  from the  c u r r e n t  point  

t o  t h e  next p o i n t .  I f  t h e  brakes  a r e  not  needed between the  cur ren t  and 

t h e  next p o i n t s ,  t h e  v e h i c l e  i s  assumed t o  a r r i v e  a t  the  next po in t  a t  

t h e  p resc r ibed  v e l o c i t y  wi th  the  brakes cooled appropr ia te ly .  I f  t h e  

brakes  a r e  needed, the  power absorbed by each brake i s  ca lcu la ted  taking 

i n t o  account (1) n a t u r a l  r e t a r d a t i o n ,  ( 2 )  r e t a r d e r  power ( i f  a  r e t a r d e r  

i s  used) ,  (3) e l e v a t i o n  changes, and ( 4 )  brake propor t ioning.  

I n  t h e  c a l c u l a t i o n  procedure descr ibed h e r e i n ,  i t  i s  assumed t h a t  

s u f f i c i e n t  ve loc i ty -d i s t ance  po in t s  a r e  given t o  al low accura te  pre- 

d i c t i o n s  based on constant  a c c e l e r a t i o n  l e v e l s  between p o i n t s .  Based 



on t h i s  assumption, t h e  v e l o c i t y  p r o f i l e  i s  a s  sketched below. For 

t h e  l i n e a r  v e l o c i t y  c h a r a c t e r i s t i c  i l l u s t r a t e d  i n  t h e  ske tch ,  t h e  

a c c e l e r a t i o n ,  A, between the  c u r r e n t  p o i n t ,  di, and the  next  p o i n t ,  

di+l' i s  given by t h e  fo l lowing equat ion:  

and t h e  time pe r iod ,  T, f o r  t r a v e l i n g  from p o i n t  di t o  di+l i s  given 

by 

(For computational  s i m p l i c i t y ,  A = - vi) /To)  

The s lope  of t h e  h i l l  i s  c a l c u l a t e d  from e l e v a t i o n  ve r sus  d i s t a n c e  

d a t a  f o r  t h e  proposed r o u t e ;  v i z . :  

where e  i s  t h e  e l e v a t i o n  

Under these  cond i t ions ,  t h e  power (HPB) t o  be  absorbed by t h e  brakes  i s  

given by : 

- 
HPB - -m A V - HPN - HPENG - HPRET - S mg V (20) 

where 

m i s  the  mass of t h e  v e h i c l e  

A i s  the  a c c e l e r a t i o n  



V i s  t h e  v e l o c i t y  

S i s  t h e  s l o p e  of t h e  h i l l  

HPE is  n a t u r a l  r e t a r d a t i o n  

HPENG is  engine drag 

HPRET i s  r e t a r d e r  power 

The propor t ioning of t h e  brake system is  used t o  d iv ide  t h e  t o t a l  

braking power i n t o  s e p a r a t e  power requirements f o r  the  t r a c t o r ' s  f r o n t  

b rakes ,  t h e  t r a c t o r ' s  r e a r  b rakes ,  and t h e  t r a i l e r ' s  brakes .  I n  these  

c a l c u l a t i o n s  brake imbalance i s  ignored s o  t h a t  a t  each l o c a t i o n  

( t r a c t o r  f r o n t ,  t r a c t o r  r e a r ,  o r  t r a i l e r )  t h e  brake power is  equa l ly  

d iv ided  among t h e  number of brakes a t  t h a t  l o c a t i o n .  

Once t h e  power i n t o  the  brake i s  determined,  bulk  temperature 

c a l c u l a t i o n s  a r e  used t o  p r e d i c t  brake temperature ,  8, v i z . ,  

where 

% CP 
i s  t h e  thermal capaci tance  

J 

h(V) i s  the  cool ing c o e f f i c i e n t  

e 
0 

is the  i n i t i a l  temperature 

'a 
i s  t h e  ambient temperature 

The above equa t ion  i s  solved f o r  0 by numerical  i n t e g r a t i o n  methods. 

The in te rmedia te  r e s u l t s  of the  c a l c u l a t i o n s  a r e  a  temperature and 

a  horsepower p r o f i l e  f o r  each brake.  These temperature and horsepower 

p r o f i l e s ,  a long w i t h  brake a p p l i c a t i o n  t imes ,  a r e  in tended f o r  use i n  

p r e d i c t i n g  brake wear. Empirical  r e l a t i o n s h i p s  f o r  e s t i m a t i n g  brake wear 

a r e  presented i n  t h e  fo l lowing s e c t i o n s .  The d e t a i l s  of t h e  manner i n  



which numerical  c a l c u l a t i o n s  of brake temperature and horsepower p r o f i l e s  

a r e  accomplished a r e  i l l u s t r a t e d  i n  t h e  computer code presented i n  

Appendix B .  

3.3 Measurement of Fac to r s  In f luenc ing  Brake Wear 

I n  t h i s  s tudy ,  a semi-empirical  approach has  been employed t o  

develop a mathematical r e p r e s e n t a t i o n  of t h e  wear process .  I n  o r d e r  t o  

develop a semi-empirical  r e p r e s e n t a t i o n ,  exper imenta l  d a t a  need t o  be 

gathered i n  s u f f i c i e n t  q u a n t i t y  t o  c h a r a c t e r i z e  t h e  b a s i c  f e a t u r e s  of 

t h e  phenomenon t o  be "modeled." ( I n  o t h e r  words, a  semi-empirical  

r e p r e s e n t a t i o n  is  e s s e n t i a l l y  a phenomenological d e s c r i p t i o n  expressed 

i n  mathematical  terms.)  I n  t h i s  case ,  r e s u l t s  from i n e r t i a  dynamometer 

t e s t s  have been examined t o  develop pre l iminary  s e t s  of r e l a t i o n s h i p s  

t h a t  appear t o  be  u s e f u l  f o r  p r e d i c t i n g  brake wear. These r e l a t i o n s h i p s  

w i l l  be  presented i n  Sec t ion  3.4 a f t e r  reviewing t e s t  procedures ,  

exper imenta l  r e s u l t s ,  and pre l iminary  f i n d i n g s  i n  Sec t ions  3.3.1, 3.3.2, 

and 3.3.3. 

3.3.1 Test  Procedures Employed i n  Studying.Brake Wear. A sequence 

of dynamometer t e s t s  ( see  Table 11) has  been u t i l i z e d  t o  i n v e s t i g a t e  

brake wear. This sequence c o n s i s t s  of four  p a r t s :  (1) a s e r i e s  of 

t e s t s  whose purpose is  t o  provide  informat ion f o r  use i n  c h a r a c t e r i z i n g  

brake wear f o r  o p e r a t i n g  temperatures ranging from 150°F t o  700°F (Steps 

1 through 17 i n  Table 1 1 ) ;  (2) a s imula t ion  of t h e  work performed by 

t h e  brake dur ing 20 mountain descen t s  i n  which t h e  d r i v e r  c o n t r o l s  v e l o c i t y  

by "snubbing" t h e  brake 25 t imes dur ing  each descent  (Step 18 i n  Table 

1 1 ) ;  (3) a s imula t ion  of  descending the  same mountain a s  i n  (2) except 

i n  these  20 runs  t h e  d r i v e r  i s  assumed t o  employ a cons tan t  drag r a t h e r  

than  us ing a snubbing technique (Step 19 i n  Table 1 1 ) ;  and ( 4 )  a  s p e c i a l  

subsequence of t e s t s  whose purpose i s  t o  i n v e s t i g a t e  the  wear r a t e  

exper ienced dur ing o p e r a t i o n  a t  normal temperature l e v e l s  fo l lowing con- 

d i t i o n i n g  a t  e l e v a t e d  temperatures  (Steps  20 through 2 2  i n  Table 11) .  

Note t h a t  i n  a l l  s t e p s  except  18 and 19 a warm-up procedure,  which 

g e t s  t h e  brake t o  700°F, i s  used b e f o r e  s t a r t i n g  t h e  snubs. This 



Table 11 

Dynamometer T e s t  Procedure ,  Brake Wear Versus Temperature [8 ]  

FMC'SS 121  Burnish (Brake Condit ioning) 

200 Stops  40 rnph 10 f p s .  350' I B T  
200 S tops  40 rnph 10 f p s .  500' I B T  

Brake Tes t  P r e p a r a t i o n  

Disassemble brake  assembl ies .  

Clean brake  shoes  and l i n i n g s  thoroughly and completely 
(vacuum, wipe,  e t c .  ) . 
Measure each shoe and l i n i n g  assembly a t  e i g h t  (8) l o c a t i o n s  
( fou r  (4)  l o c a t i o n s  p e r  l i n i n g  segment) .  

S c r i b e  marks on shoes  on both  s i d e s  s o  t h e  measurements can 
be made a t  t h e  same l o c a t i o n s  each  t ime.  

Mark shoes 1 & 2 s o  t h e  same shoe can be r e i n s t a l l e d  i n  t he  
same l o c a t i o n  and i d e n t i f i e d  f o r  measurement and weighing.  

Weigh each shoe and l i n i n g  assembly. 

Record a l l  we igh t s  and measurements. 

S t ep  1. Warm Up (The fo l lowing  warm-up procedure was a l s o  
inco rpora t ed  i n  t h e  subsequent  s t e p s :  

25 Stops  40 mph 50,186 in - lb s  10  f p s 2  
(P repa ra t ion )  

S t ep  2. Warm Up. (Same a s  S tep  1 ) .  Then 
500 Snubs 45-39 mph 16,800 in - lb s  
(P repa ra t ion )  

S t ep  3. WarmUp. Then 
500 Snubs 45-39 mph 16 ,800 i n - l b s  
(P repa ra t ion )  

S t ep  4 .  Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
( P r e p a r a t i o n )  

S t ep  5. Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
(P repa ra t ion )  

S t ep  6 .  Warm Up, Then 
500 Snubs 45-39 mph 16,800 in - lb s  
( P r e p a r a t i o n )  

S t ep  7.  Warm Up. Then 
500 Snubs 45-39 mph 16,800 i n - l b s  
(P repa ra t ion )  

150' IBT 

200' I B T  

300' IBT 

400' IBT 

500" IBT 

600' I B T  



Table  11 (Cont . ) 

Step  8. Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
(P repa ra t ion )  

S t ep  9. Warm Up. 
( P r e p a r a t i o n )  

S tep  10.  Warm Up. Then 
500 Snubs 45-39 mph 16,800 i n - l b s  
( P r e p a r a t i o n )  

S t ep  11. Warm Up. Then 
500 Snubs 45-39 mph 16,800 i n - l b s  
( P r e p a r a t i o n )  

S t e p  12. Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
( P r e p a r a t i o n )  

S t ep  13.  Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
( P r e p a r a t i o n )  

S t e p  14.  Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
( P r e p a r a t i o n )  

S t ep  15.  Warm Up. Then 
500 Snubs 45-39 mph 16 ,800 i n - l b s  
( P r e p a r a t i o n )  

S t ep  16 .  Warm Up. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
( P r e p a r a t i o n )  

700' IBT 

700' IBT 

600' IBT 

500' I B T  

400' IBT 

300' IBT 

200' I B T  

150' IBT 

S tep  17.  Warm Up. Then 
( P r e p a r a t i o n )  

S t e p  18.  - 20 S e t s  of - 25 Snubs 
45-39 mph 16,800 in - lb s  150' IBT 
5.6 Set, O f f  ----------------- 2.9 Sec.  On. 

( P r e p a r a t i o n )  

S t ep  19. 2 Drags 42 mph 5 ,500  i n - l b s  t o rque  150' IBT 
223 See. On ( 3  Min. 43 Sec . )  --------------- 1 8  Min. Of f  
( P r e p a r a t i o n  

S t e p  20. WarmUp. Then 
500 Snubs 45-39 mph 16,800 i n - l b s  600' IBT 
( P r e p a r a t i o n )  



Table 11 (Cont.) 

S t ep  21. Warm Up. Then 
500 Snubs 45-39 mph 16,800 i n - l b s  
( P r e p a r a t i o n )  

S t ep  22. WarmUp. Then 
500 Snubs 45-39 mph 16,800 in - lb s  
(P repa ra t ion )  

700' IBT 

200' I B T  

******NOTE: Check cold  s t r o k e  b e f o r e  and a f t e r  t e s t .  



warm-up procedure i s  descr ibed by Step 1. Af te r  t h e  warm-up, t h e  

brake i s  allowed t o  cool  from 700°F t o  the  des i red  i n i t i a l  brake tempera- 

t u r e  (IBT) f o r  a s e r i e s  of 500 snubs from 45 t o  39 mph. Each snub i s  

performed a t  t h e  d e s i r e d  I B T .  

The amount of wear during t h e  snubs (not  inc lud ing  the  wear during 

warm-up) is determined f o r  a sequence of i n c r e a s i n g  and, then,  de- 

c reas ing  IBT's a s  s p e c i f i e d  i n  Table ll. I n  o rde r  t o  measure wear, i t  

i s  necessary  t o  disassemble t h e  brake and proceed according t o  t h e  

i n s t r u c t i o n s  g iven i n  Table 11 under the  heading "Brake Tes t  Prepara t ion."  

The t o t a l  dynamometer procedure i s  very  time consuming, r e q u i r i n g  

a t  l e a s t  two weeks t o  complete a s i n g l e  b rake .  Never theless ,  we do not  

recommend l eav ing  ou t  any of the  s t e p s  because brake wear is  a func t ion  

of both temperature and pas t  work h i s t o r y ,  thereby n e c e s s i t a t i n g  

i n c r e a s i n g  and decreas ing temperature sequences (and a l s o  S teps  20 through 

22) t o  d e f i n e  t h e  in f luence  of work h i s t o r y  ( see  Sec t ion  3 .4) .  Poss ib ly ,  

i f  r e s u l t s  from t e s t s  of s e v e r a l  brakes  confirmed t h e  g e n e r a l i t y  of the  

semi-empirical  model descr ibed i n  Sec t ion  3.4,  a  s i m p l i f i e d  (shor tened)  

procedure could provide  a v a l i d  approach f o r  c h a r a c t e r i z i n g  b rakes .  

3.3.2 Experimental Resu l t s  Charac te r i z ing  Brake Wear. I n e r t i a  

dynamometer t e s t s  have been performed on t h e  two brakes descr ibed i n  

Table 12. These brakes  a r e  samples of popular types of brake hardware 

a s  c u r r e n t l y  i n s t a l l e d  on t y p i c a l  heavy t rucks .  

Table 12 

Brakes Used i n  Wear Tes t s  

Brake ijl Brake #2 

16.5 i n  x 7 i n  S-cam 16.5 i n  x 7 i n  S-cam 

24 i n z  chamber 24 i n 2  chamber 

6 i n  s l a c k  a d j u s t e r  6 .5  i n  s l a c k  a d j u s t e r  

551 C l i n i n g  MM-8C5 l i n i n g  



The d a t a  obta ined from t h e  b a s i c  procedure (Steps 1 through 17) 

i n d i c a t e  a l a r g e  amount of "hys te res i s "  i n  the  r e s u l t s ,  wi th  g r e a t e r  

wear occurr ing a f t e r  high temperature opera t ion  than t h a t  which occurred 

be fo re  high temperature opera t ion  (see  F igs .  6  and 7) .  

Brake #2 was t e s t e d  through Steps 20, 21, and 22 t o  provide new 

informat ion on the  wear t h a t  accrues during low temperature brake app l i -  

c a t i o n s  performed immediately a f t e r  a s e t  of high temperature snubs;  

t h a t  i s ,  a f t e r  completing the  h y s t e r e s i s  loop,  a d d i t i o n a l  t e s t s  were 

performed a t  IBT's of 600°F, 700°F, and then 200°F. These a d d i t i o n a l  

t e s t s  were added t o  t e s t  t h e  hypothes is  t h a t  high temperature snubs leave 

a "charred" l a y e r  t h a t  wears much more r a p i d l y  than normal "uncharred" 

l i n i n g  mate r i a l .  This hypothes is  i s  supported by the  r e s u l t s  obtained 

a t  200°F a s  presented i n  Figure 7. The measured wear a t  200°F i s  0.0022 

inches per  500 snubs when these  snubs a r e  not preceded by high temperature 

snubs. This compares t o  0.0090 inches per  500 snubs (approximately a 

300% inc rease )  when t h e  immediately preceding snubs had been a t  700°F. 

Clear ly ,  wear processes depend upon the  pas t  work h i s t o r y  of the  brake,  

no t  j u s t  the  c u r r e n t  temperature of the  brake. 

This f ind ing  concerning t h e  importance of p a s t  work h i s t o r y  c e r t a i n l y  

complicates the  s i t u a t i o n  wi th  regard t o  p r e d i c t i n g  brake wear f o r  var ious  

duty cyc les  t h a t  may apply t o  v e h i c l e s  i n  s e r v i c e .  

3.3.3 Braking Technique and Its Ef fec t  on Brake Wear. Before 

a t tempt ing t o  explore  p o s s i b l e  means f o r  t r e a t i n g  the  work h i s t o r y  mat te r ,  

however, the  d i scuss ion  of r e s u l t s  from the  dynamometer t e s t  procedure 

w i l l  be extended t o  cover two s t e p s  t h a t  have not been addressed so  f a r .  

These s t e p s  (numbers 18 and 19 i n  Table 11) a r e  approximate s imulat ions  

of duty cycles  app l i cab le  t o  the  brakes i n s t a l l e d  on an 80,000-lb 

t r a c t o r - s e m i t r a i l e r  t h a t  i s  descending Mart in ' s  Mountain on westbound 

highway US 4 8  approaching Cumberland, Maryland from the e a s t .  

  art in's Mountain was included i n  the  Phase I1 f i e l d  s tudy 121. 

The s e c t i o n  of road under d i scuss ion  i s  a f a i r l y  uniform 6 . 4 %  grade t h a t  

i s  approximately 2 .5  mi les  long.  One s t r a t e g y  used i n  descending t h i s  

grade i s  t o  pu l se  t h e  brakes every 0 . 1  mi le ,  causing the  v e h i c l e  speed 
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t o  c y c l e  between 40  and 44 mph. ( In  the  dynamometer procedure,  the  brake 

i s  cycled between 39 and 45 mph t o  a t t a i n  an equ iva len t  duty cyc le  using 

the  c o n t r o l  system b u i l t  i n t o  the  dynamometer.) I n  Step 18,  twenty 

descen t s  of   art in's Mountain a r e  s imulated i n  o rde r  t o  work t h e  brake 

enough t o  achieve a  l e v e l  of wear t h a t  i s  l a r g e  enough t o  measure wi th  

reasonable  accuracy.  

Another approach t o  descending Mar t in ' s  Mountain would be t o  apply 

cont inuously  a  low l e v e l  of brake p r e s s u r e ,  producing a  uniform drag.  

This approach i s  s imulated by Step 19 of t h e  dynamometer procedure.  

I n t e r e s t i n g l y ,  even though t h e  t o t a l  energy involved i s  equ iva len t  

i n  Steps  18 and 1 9 ,  the  pu l s ing  technique appears t o  r e s u l t  i n  s l i g h t l y  

lower temperatures  and t o t a l  wear than those  obta ined by t h e  constant  

d rag  technique (see  Table 13,  Step Numbers 18 and 1 9 ) .  These d i f f e r e n c e s  

might be due t o  (a)  b e t t e r  coo l ing  occur r ing  dur ing t h e  pe r iods  when t h e  

brake i s  n o t  app l i ed  i n  t h e  p u l s i n g  mode of opera t ion  o r  (b) ma t te r s  

r e l a t e d  t o  the  p r e s s u r e  l e v e l s  involved--approximately 20 p s i  dur ing 

pu l ses  and l e s s  than 10 p s i  dur ing  t h e  constant  drag t e s t s  o r  (c)  t h e  

o r d e r  of t e s t i n g .  I n  any e v e n t ,  t h i s  s tudy  appears t o  have i n a d v e r t e n t l y  

uncovered t h e  need f o r  examining whether pu l s ing  o r  cons tan t  drag i s  

t h e  p r e f e r a b l e  means f o r  performing a  mountain descent .  The smal l  amount 

of d a t a  gathered here  favors  the  pu l s ing  method. 

3.4 A Semi-Empirical Method f o r  Including Work His to ry  When Est imat ing 
Brake Wear 

The i n f l u e n c e  of work h i s t o r y  on brake wear might be neg lec ted  i f  

t h e  average wear a t  each temperature l e v e l  could be used t o  e s t i m a t e  t h e  

in f luence  of temperature on wear. An example of an "average" wear 

func t ion  i s  i l l u s t r a t e d  by t h e  dashed l i n e s  pass ing through t h e  middle 

of the  h y s t e r e s i s  loop presented i n  Figures  6 and 7 .  However, t h e  d a t a ,  

corresponding t o  the  l i n e  l abe led  "Steps 20, 21, 22" i n  Figure  7 ,  show 

t h e  de f i c iency  of t h e  averaging approach when it i s  app l i ed  t o  duty cycles  

i n  which t h e  brakes  a r e  allowed t o  cool  a f t e r  a  s e r i e s  of opera t ions  t h a t  

cause a  h igh temperature t o  be  reached.  I f  t h e  average of t h e  h y s t e r e s i s  

loop i n  Figure  7  were t o  be used t o  es t ima te  wear occur r ing  a t  200°F 



Table  1 3  

Example R e s u l t s :  Brake i/2 

Air Brake Wear v s .  Temperature 

S tep  
Number 

2 

T e s t  - 
500 snubs  

500 snubs  

500 snubs 

500 snubs 

500 snubs 

500 snubs 

500 snubs  

500 snubs  

I n i t i a l  Temperature,  OF 

L in ing  D r  urn 

1 5  0 200 

2 00 250 

30 0 415 

4 00 460 

500 540 

600 650 

700 760 

700 760 

11 500 snubs 600 

12  500 snubs  500 

1 3  500 snubs  400 

14 500 snubs  300 

15 500 snubs  200 

16  500 snubs  15 0 

1 8  20 s e t s  of  25 snubs 

19 20 d rags  

20 500 snubs  600 

2 1 500 snubs 700 

22 265 snubs*** 200 

620 

540 

460 

350 

250 

175 

v a r i e d *  

var ied** 

Average Wear, i n .  

.0009 

,0022 

. 00 32 

-00  39 

,0064 

. 00 81 

,0092 

,0171 

*At  t h e  s t a r t  o f  each  of t h e  25 snub s e r i e s ,  IBT was 150°F on 
drum and l i n i n g .  A t  t h e  end of t h e  s e r i e s  (25 th  s t o p ) ,  l i n i n g  
t empera tu re  was 320-470°F and drum tempera ture  was 465-600°F 
( r eason  f o r  l a r g e  v a r i a t i o n  between s e t s  i s  unknown). 

**At t h e  s t a r t  of t h e  d rags ,  IBT was 150°F on drum and l i n i n g .  
A t  t h e  end of t h e  d r a g s ,  l i n i n g  t empera tu re s  were 340-490°F 
and drum t empera tu re s  were 460-685OF ( r eason  f o r  l a r g e  
v a r i a t i o n  between d r a g s  i s  unknown). 

***Only 265 snubs due t o  dynamometer breakdown ( e x t r a p o l a t i o n  
t o  500 snubs  y i e l d s  ,0090 i n .  o f  wea r ) .  



a f t e r  o p e r a t i o n  a t  700°F, t h e  es t imated l e v e l  of wear would only be 

approximately 25% of t h e  measured l e v e l  of wear f o r  t h e  700°F-then-200°F 

sequence of brake opera t ion .  C lea r ly ,  t h e  wear phenomenon under s tudy 

responds t o  t h e  p a s t  h i s t o r y  of brake usage, and i n  t h i s  case ,  f a i l u r e  

t o  t ake  t h i s  i n t o  account would r e s u l t  i n  an  unacceptably i n a c c u r a t e  

e s t ima t ion  of brake wear. 

To desc r ibe  t h i s  wear phenomenon i n  a semi-empirical model, we 

d e f i n e  a v a r i a b l e ,  H ,  t h a t  r e p r e s e n t s  t h e  p a s t  work h i s t o r y  of t h e  brake.  

I n t u i t i v e l y ,  H is  viewed a s  a measure of t h e  depth and e x t e n t  t o  which 

the  rubbing m a t e r i a l s  have been degraded ( o r  "charred") by use a t  

e l e v a t e d  temperatures.  (For our  purposes,  H can be expressed i n  inches . )  

As t h e  brake wears during o p e r a t i o n  a t  low temperatures,  H i s  reduced 

t o  a nominal l e v e l  t h a t  corresponds t o  a normal brake condi t ion.  During 

brake usage of s u f f i c i e n t  s e v e r i t y  t o  cause t h e  temperature t o  b u i l d  up, 

H i s  hypothesized t o  i n c r e a s e ,  thereby forming a b a s i s  f o r  p r e d i c t i n g  a 

subsequent i n c r e a s e  i n  t h e  r a t e  a t  which t h e  brake w i l l  wear wi th  

temperature.  

Assuming t h a t  t h e  v a r i a b l e  H r e p r e s e n t s  t h e  genera l  cha rac te r -  

i s t i c s  of the  wear'phenomenon a s  measured, we have developed semi- 

e m p i r i c a l  r e l a t i o n s h i p s  s u i t a b l e  f o r  "modeling" t h e  wear process .  This 

model has  been conceived a s  a feedback system i n  which t h e  r a t e  of change 

of wear wi th  r e s p e c t  t o  work ( i . e . ,  wear r a t e )  i s  compared t o  the  

i n f l u e n c e s  of temperature i n  determining t h e  r a t e  of change of t h e  work 

h i s t o r y  v a r i a b l e ,  H (see  Figure  8 ) .  The d e t a i l e d  reasoning l ead ing  t o  

t h e  development of t h e  model i l l u s t r a t e d  i n  Figure  8 w i l l  be d iscussed 

next .  

The fol lowing equa t ions  and accompanying d e f i n i t i o n s  express  i n  

mathematical  terms the  wear phenomenon a s  descr ibed i n  t h e  previous  

paragraphs:  





i s  an incrementa l  change i n  wear (ic) 

A W i s  an incrementa l  amount of work ( in- lb)  

AH is  an incrementa l  change i n  H ( i n )  

A W ~ / A W  i s  r e f e r r e d  t o  h e r e i n  a s  the  "wear r a t e "  ( i n / i n - l b )  
- 
H r e p r e s e n t s  t h e  mean value of work, H ,  during an 

increment of work AW a t  a nominal temperature,  9 

54-H r e p r e s e n t s  a f i r s t - o r d e r  e s t i m a t e  of t h e  in f luence  
of H on wear r a t e  ( ( in - lb ) - I )  

KHB(0) i s  a func t ion  of temperature t h a t  determines the  
in f luence  of work on t h e  work-history v a r i a b l e ,  H 
( i n / i n - l b )  

For a given temperature ,  Equation (23) i n d i c a t e s  t h a t  H w i l l  q u i t  

changing when 

t h a t  i s ,  when t h e  wear r a t e  is  given by: 

Equation (24)  s t a t e s  t h a t  t h e  f u n c t i o n  KH0(8) r e p r e s e n t s  t h e  s teady-  

s t a t e  wear r a t e  a t  va r ious  temperatures .  I f  t h e  brake were t o  be 

repea ted ly  worked a t  a s p e c i f i e d  temperature ,  t h e  wear r a t e  would 

e v e n t u a l l y  reach the  va lue  given by K m ( 0 ) .  

The q u a n t i t y  (11%) r e p r e s e n t s  a "work constant"  (analogous t o  a 

time cons tan t  i n  dynamics) determining t h e  r a t e  a t  which s t eady  s t a t e  

i s  approached f o r  t h e  system def ined by Equations (22) and ( 2 3 ) .  To a i d  

i n  understanding t h e  meaning of the  work c o n s t a n t ,  the  fo l lowing opera to r  

i s  in t roduced:  



p  = d ( * ) / d ~  = r a t e  of change with respec t  t o  work 

and 

l / p  = t h e  i n t e g r a l  wi th  respec t  t o  work 

Using t h e  opera to r  p ,  Equations (22) and (23) may be i n t e r p r e t e d  as  

follows f o r  i n f i n i t e s i m a l  increments of work: 

where p  We i s  t h e  wear r a t e .  

By combining (25) and (26) ,  the  following d i f f e r e n t i a l  equat ion i s  

obta ined f o r  H :  

(P + b ) H  = KH8(0) 

The general  s o l u t i o n  of (27 )  f o r  a  f ixed  temperature,  8, i s  as follows: 

where Ho i s  the  i n i t i a l  value  of H a t  the  s t a r t  of working the  b rake ,  

Based on (28),  the  wear r a t e  may be expressed as  follows : 



The system of Equations (25) and (26)  a r e  r epresen ted  by the  

block diagram previously  presented i n  Figure  8. As shown i n  Figure  8 ,  

t h e  t o t a l  wear i s  simply t h e  accumulated ( i n t e g r a t e d )  wear r a t e .  A t  a  

f i x e d  temperature,  the  accumulated wear, W e ,  i s  equal  t o  the  i n t e g r a l  

of p We,  where p W i s  given by Equation ( 2 9 ) ,  viz., 
e 

where 

W is  t h e  amount of work done 

Ho i s  the  i n i t i a l  va lue  of work h i s t o r y  when t h e  
work was s t a r t e d  

We 
i s  the  amount of wear due t o  t h e  work done s i n c e  
H was e s t a b l i s h e d  

0 

Now, consider us ing the  semi-empirical model t o  r epresen t  the  d a t a  

presented i n  Figure  7. As i n d i c a t e d  i n  our wear concep tua l i za t ion ,  

KHo(6)is  t h e  s t eady-s ta te  wear r a t e  a t  each temperature.  To f i r s t  

approximation, the  s t eady-s ta te  wear r a t e  ( s 6 ( 8 ) )  may be es t imated t o  

l i e  near  the  average of t h e  d a t a  a t  temperatures l e s s  than 700°F wi th  

t h e  h i g h e s t  va lue  of t h e  d a t a  a t  700°F being on the o rde r  of t h e  assumed 

s teady-s ta te  value .  The "width" of t h e  modeled h y s t e r e s i s  loop a t  each 

temperature depends upon t h e  value  s e l e c t e d  f o r  . A s  an i n i t i a l  

e s t i m a t e ,  l e t  b W 5 0 0  = 2.0 where WjO0 equa l s  the  amount of work done 

i n  500 snubs (W500 = 74.3 x lo6 in- lb  i n  t h i s  case ) .  The value  of 2.0 
-K W 

f o r  KW#jOO means t h a t  ( 1  - e WH joO) = 0.8647, which seems t o  be 

reasonable  f o r  a h y s t e r e s i s  loop of t h e  s i z e  shown i n  Figure  7 .  ( I f  

d e s i r e d ,  the  value  of could be changed i t e r a t i v e l y  i n  a process  of 

improving t h e  f i t  t o  t h e  measured da ta . )  Based on the  cons ide ra t ions  

presented i n  t h i s  paragraph,  an i n i t i a l  s e t  of parametr ic  values  f o r  

modeling the  wear r e s u l t s  presented i n  Figure  7 a r e  summarized i n  Table 

14. 



Table 14 

Wear Parameters  f o r  a  Semi-Empirical Model 

'500 
= 7 4 . 3  x l o 6  in- lb  

t i r e  (e)w500 

Using t h e  parameters  g iven  i n  Table 1 4 ,  t h e  fo l lowing  r e s u l t s  

(Table 15) a r e  ob ta ined  from an example c a l c u l a t i o n  approximating the  

du ty  c y c l e  p e r t a i n i n g  t o  t h e  d a t a  p re sen ted  i n  F igu re  7 .  The c a l c u l a t e d  

r e s u l t s  a r e  i n  good agreement w i t h  test r e s u l t s  f o r  tempera tures  from 

300°F t o  600°F. Although more work could be  done t o  p rov ide  a b e t t e r  

f i t  t o  t h e  d a t a ,  t h e  r e s u l t s  a r e  c l o s e  enough t o  suppor t  t h e  conceptua l  

i d e a s  unde r ly ing  t h e  semi-empirical  model and t o  j u s t i f y  f u r t h e r  

i n v e s t i g a t i o n  i n t o  t h e  m e r i t s  of  e s t i m a t i n g  brake  wear u s ing  t h i s  model. 

I n  h i n d s i g h t ,  t h e  concepts  unde r ly ing  t h e  model have i n t e r e s t i n g  

i m p l i c a t i o n s  w i t h  r e s p e c t  t o  measuring b rake  wear. For example, t h e  

p r a c t i c e  of h e a t i n g  t h e  b rake  t o  700°F by r epea ted  a p p l i c a t i o n s  and then  

l e t t i n g  i t  coo l  t o  t h e  d e s i r e d  tempera ture  has  a  b e a r i n g  on t h e  i n i t i a l  

v a l u e  of H a t  t h e  s t a r t  of a  s e r i e s  of snubs .  P o s s i b l y ,  t h e  warm-up 

procedure  might be  modif ied or  t h e  d a t a  processed  t o  compensate f o r  t h e  

deg rada t ion  caused by t h e  warm-up. I n  a d d i t i o n ,  t e s t i n g  could be per -  

formed u n t i l  n e a r l y  s t e a d y - s t a t e  wear r a t e s  were ob ta ined ,  thereby a i d i n g  

i n  developing  a b e t t e r  unders tanding  of  t h e  v a l i d i t y  of  t h e  model. 

Furthermore,  more t e s t i n g  similar t o  a  200°F, 600°F, 200°F sequence would 

l e n d  in fo rma t ion  t h a t  could be used i n  e v a l u a t i n g  t h e  v a l i d i t y  of  t h e  

model and t h e  r e p e a t a b i l i t y  of t h e  t e s t  r e s u l t s .  



Table 15 

Example Calcula t ions  of Wear 

For these  c a l c u l a t i o n s :  

1. Ho = 0 i n i t i a l l y  ( a t  200°F) 

2 .  Hf = H0(0.1353) + (0.4323)KHBW500 

where Hf  is t h e  value of H a t  t h e  end of a 
s e r i e s  of snubs 

Fig.  7 
Calc. Meas, 

a O F  '%ew500 0 f We 
H 



3.5 P r e d i c t i o n  of t h e  In f luence  of Retarder Use on Brake Wear 

The purpose of t h i s  sub-section i s  t o  t i e  the  experimental  and 

modeling r e s u l t s  concerning brake wear t o  those  opera t iona l  considera- 

t i o n s  t h a t  a r e  p e r t i n e n t  t o  the  brake savings  ob ta inab le  through the  

use  of r e t a r d e r s .  Although t h i s  work represen t s  a  very modest e f f o r t  

compared t o  t h a t  which could be app l i ed  t o  t h e  s tudy of brake wear, the  

f i n d i n g s  have c l e a r  impl ica t ions  wi th  regard t o  those  heavy v e h i c l e  

a p p l i c a t i o n s  i n  which ex t raord ina ry  brake savings  can be r e a l i z e d .  

Obviously, i f  the  foundation brakes a r e  not  used, they w i l l  no t  wear, and 

hence, i f  a  r e t a r d e r  i s  used t o  perform some p o r t i o n  of t h e  braking of a  

v e h i c l e ,  a  brake savings  w i l l  occur. However, i f  brakes on a  v e h i c l e  

r i s e  t o  high temperatures due t o  t h e  s e v e r i t y  of the  mountains the  

v e h i c l e  descends, o r  the  number of s t o p s  t h a t  the  v e h i c l e  makes i n  a  

s h o r t  t ime,  t h e  wear r a t e  of the  brakes w i l l  be much higher  than t h a t  

a t t a i n e d  during comparable low temperature a p p l i c a t i o n s .  But t h i s  

temperature e f f e c t  is  not the  whole s t o r y ;  p a s t  work h i s t o r y  a l s o  

in f luences  wear r a t e  i n  t h a t  high wear r a t e s  occur a f t e r  h igh temperature 

opera t ion  even though t h e  brake has cooled b e f o r e  i t  i s  appl ied  again .  

The following example employs t h e  temperature and wear models developed 

i n  t h i s  s tudy t o  i l l u s t r a t e  t h e  combined importance of both temperature 

and work h i s t o r y  i n  a  duty cycle  i n  which a v e h i c l e  makes a  s e r i e s  of 

mountain descents  along a  hypo the t i ca l  rou te .  Since using a  r e t a r d e r  

lowers both (a)  the  temperature l e v e l  of brake opera t ion  and (b) the  

amount of work done by the  foundation brakes ,  r e t a r d e r  usage lengthens 

brake l i f e  by in f luenc ing  both  of t h e  main phenomena con t r ibu t ing  t o  

brake wear. 

3 .5 .1  An I l l u s t r a t i v e  P r e d i c t i o n  of Brake Wear During Repeated 

Mountain Descents. For example, assume t h a t  a  heavy t ruck  has a  rou te  

c o n s i s t i n g  of s e v e r a l  mountains. The primary braking on t h i s  r o u t e  is  

t h a t  needed t o  c o n t r o l  speed whi le  descending each of t h e s e  mountains. 

For ease  i n  cons t ruc t ing  a  simple example (al though t h e r e  i s  no reason why 

the computational t o o l s  developed i n  t h i s  s tudy could not  be appl ied  t o  

a  complex s i t u a t i o n ) ,  assume t h a t  each of these  mountains i s  s i m i l a r  t o  

Mar t in ' s  Mountain (as  previously  d iscussed)  and t h a t  the  d r i v e r  con t ro l s  



speed by a p p l y i n g  25 p u l s e s  o f  b r a k i n g  s i m i l a r  t o  t h o s e  used i n  t h e  

dynamometer t e s t s  performed i n  t h i s  s t u d y .  

A t empera tu re  p r o f i l e  r e p r e s e n t a t i v e  of  a descen t  of  M a r t i n ' s  

Mountain h a s  been  computed u s i n g  t h e  t echn iques  d e s c r i b e d  i n  S e c t i o n  3.2.  

The t empera tu re  p r o f i l e  c o n s i s t s  of  a s e r i e s  o f  i n c r e a s e s  i n  tempera ture  

when t h e  b r a k e  is  a p p l i e d  fo l lowed by a c o o l i n g  p e r i o d  u n t i l  t h e  b rake  

i s  a p p l i e d  aga in .  The second column of Table 16  p r e s e n t s  an  e s t i m a t e  of 

t h e  ave rage  tempera ture  o c c u r r i n g  d u r i n g  each  of  t h e  25 snubs needed t o  

c o n t r o l  v e h i c l e  speed  i n  t h e  neighborhood o f  40 mph us ing  t y p i c a l  

founda t ion  b rakes .  

The work done du r ing  a s i n g l e  snub i s  t h e  product  o f  t h e  ave rage  

power absorbed by t h e  b rake  m u l t i p l i e d  by t h e  l e n g t h  of t ime t h e  b rake  

i s  a p p l i e d .  (Note t h a t  t h e  power absorbed by t h e  b r a k e  a l s o  de termines  

t h e  t empera tu re  r i s e  o c c u r r i n g  du r ing  a snub. See Equation ( 2 1 ) . )  For 

t h i s  example c a l c u l a t i o n ,  t h e  work, W1, done d u r i n g  a s i n g l e  snub i s  taken  

t o  be 1.486 x l o 5  i n - l b s ,  cor responding  t o  one of  t h e  snubs employed i n  

t h e  s e t s  of 500 snubs used i n  t h e  dynamometer t e s t s .  

I n  t h i s  ca se ,  we choose t o  app ly  Equat ions  (28) and (30) t o  each 

snub,  v i z .  , 

and 

where 

i ranges  from 1 t o  25 t o  d e s i g n a t e  t h e  
sequence o f  snubs  du r ing  each  mountain 
descen t  

is  t h e  work h i s t o r y  v a r i a b l e  

i s  t h e  work done i n  a s i n g l e  snub 
(1.486 x l o 5  i n - l b s )  





YIJHWl = 0.004,  e -bW1 = 0.004,  and 1 - e -bW1 
:: 0.996 

Se i s  a f u n c t i o n  of  t empera tu re  a s  i n d i c a t e d  
i n  Table 14 

( P e r t i n e n t  v a l u e s  of  KHeWl a r e  g iven  i n  t h e  t h i r d  column 

of Table  16 . )  

'ei i s  t h e  b rake  wear r e s u l t i n g  from t h e  ith snub 

I n i t i a l l y ,  t h e  b rake  i s  presumed t o  have been cond i t ioned  by r e p e a t e d  

o p e r a t i o n  around 150°F such  t h a t  H = 0.55  x which i s  t h e  normal 
1 

v a l u e  of work h i s t o r y  f o r  t h i s  t empera tu re .  The changes i n  work h i s t o r y  

and wear p e r  snub (W . )  i n c r e a s e  d u r i n g  t h e  " F i r s t  Descent" as shown i n  
e 1 

t h e  f o u r t h  and f i f t h  columns of Table  16 .  Work h i s t o r y  i n c r e a s e s  from 

H1 = .55 (lo-') i n c h e s  t o  H25 = ,6336 (lo- ')  i n c h e s  and t h e  t o t a l  b rake  

wear accumula tes  t o  5 .8  (10 '~ )  i nches  du r ing  t h e  descen t  of t h e  f i r s t  

mountain. 

By t h e  time t h e  v e h i c l e  r eaches  t h e  summit of  t h e  second mountain 

i t s  b rakes  a r e  presumed t o  have cooled  t o  150°F a g a i n .  However, t h e  work 

h i s t o r y  s t a r t s  a t  H = ,6336 i n c h e s ,  t h a t  i s ,  t h e  v a l u e  r e t a i n e d  
1 

from t h e  end of t h e  p rev ious  d e s c e n t .  Although t h e  work h i s t o r y  d e c r e a s e s  

s l i g h t l y  d u r i n g  t h e  f i r s t  few snubs ,  t h e  b rake  t empera tu re  soon b u i l d s  

up t o  a l e v e l  such  t h a t  t h e  work h i s t o r y  i n c r e a s e s  throughout  most of  t h e  

second descen t  ( s e e  t h e  l a s t  two columns of  Table  1 6 ) .  The amount of  

wear accumulated du r ing  t h e  second descen t  is l a r g e r  t han  t h a t  accumulated 

du r ing  t h e  f i r s t  descen t  because  o f  t h e  i n f l u e n c e  o f  work h i s t o r y .  

On t h e  ave rage ,  work h i s t o r y  w i l l  con t inue  t o  i n c r e a s e  du r ing  each 

succeed ing  mountain descen t  and,  consequen t ly ,  t h e  accumulated wear w i l l  

i n c r e a s e  d u r i n g  succeeding  d e s c e n t s .  The p r o g r e s s i o n  of t h e  wear p e r  

snub d u r i n g  s i x  mountain d e s c e n t s  i s  i l l u s t r a t e d  i n  F i g u r e  9 .  C l e a r l y ,  

t h e  t o t a l  wear f o r  t h e  s i x t h  descen t  (9 .2  x 10'~ inches )  i s  much g r e a t e r  

t h a n  t h a t  achieved on t h e  f i r s t  descen t  ( 5 . 8  x 10'~ i n c h e s ) .  

Now cons ide r  t h e  same s i t u a t i o n  excep t  t h a t  t h e  v e h i c l e  i s  equipped 

w i t h  a r e t a r d e r .  Assume t h a t  t h e  r e t a r d e r  does n o t  have enough power 
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t o  ma in ta in  40 mph s o  t h e  d r i v e r  p e r i o d i c a l l y  snubs  t h e  b rakes  t o  c o n t r o l  

speed .  Let  u s  presume t h a t ,  i n s t e a d  of 2 5  snubs ,  1 0  snubs a r e  enough 

t o  c o n t r o l  speed .  (A modera te ly  powerful  r e t a r d e r  could  ach ieve  t h i s . )  

Based on t h e  amounts of  work done wi thou t  and w i t h  t h e  r e t a r d e r ,  a b rake  

s a v i n g s  o f  2 5  t o  10 ( i . e . ,  BLEF = 2.5) would be a n t i c i p a t e d .  However, 

t h e  e f f e c t  of  work h i s t o r y  w i l l  b e  much l e s s  f o r  t h e  r e t a rde r - equ ipped  

v e h i c l e  a s  can be s e e n  by comparing t h e  wear r e s u l t s  p r e s e n t e d  i n  F i g u r e s  

9 and 10.  By i n c l u d i n g  t h e  i n f l u e n c e  of  work h i s t o r y  i n  a d d i t i o n  t o  t h e  

r e d u c t i o n  i n  work i t s e l f ,  a b rake  l i f e  e x t e n s i o n  f a c t o r  of 3 . 2  (due t o  

r e t a r d e r  u se )  i s  p r e d i c t e d  f o r  a h y p o t h e t i c a l  du ty  c y c l e  c o n s i s t i n g  o f  

s i x  mountain d e s c e n t s .  

The r e s u l t s  of  t h i s  example i n d i c a t e  t h a t  r e t a r d e r s  shou ld  be  

e s p e c i a l l y  e f f e c t i v e  i n  r educ ing  b rake  wear i n  duty  c y c l e s  c o n s i s t i n g  of  

r e p e a t e d  p e r i o d s  of i n t e n s i v e  b rake  usage ( c h a r a c t e r i z e d  by s i g n i f i c a n t  

t empera tu re  i n c r e a s e s )  even i f  t h e  b rakes  c o o l  between t h e s e  p e r i o d s  of  

heavy use .  

3 . 5 . 2  S t a t u s  o f  t h e  A b i l i t y  t o  P r e d i c t  Brake Wear. The a b i l i t y  

t o  p r e d i c t  b rake  l i f e  e x t e n s i o n  f a c t o r s  (BLEF's due t o  r e t a r d e r  u se )  

depends upon t h e  a b i l i t y  t o  p r e d i c t  b rake  wear a s  a f u n c t i o n  of  t h e  

sequence  o f  work done by t h e  founda t ion  b r a k e s .  During t h i s  p r o j e c t ,  

computa t ional  metI~ods ( t o o l s )  have been  developed t o  a l e v e l  where they  

show promise a s  means f o r  e v a l u a t i n g  t h e  r o l e  of work h i s t o r y  i n  a s s e s s i n g  

b rake  wear. The tempera ture  and wear models a r e  ready t o  be combined 

i n t o  s i m u l a t i o n  programs (computer codes)  t h a t  can b e  used t o  s t u d y  t h e  

i n £  luences  o f  t y p i c a l  duty  c y c l e s  on b rake  wear. R e s u l t s  from b o t h  

v e h i c l e  exper iments  and f u r t h e r  dynamometer t e s t i n g  a r e  needed t o  r e f i n e  

and improve b o t h  ( a )  t h e  d e t a i l s  o f  t h e  b a s i c  models and (b)  t h e  

means f o r  de t e rmin ing  p a r a m e t r i c  v a l u e s  f o r  u se  i n  t h e  models, t he reby  

p rov id ing  a convenient  methodology f o r  p r e d i c t i n g  b rake  wear and BLEF's. 
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4 .  THE INFLUENCE OF RETARDER TORQUE O N  DIRECTIONAL STABILITY* 

I n  genera l ,  d i r e c t i o n a l  response problems do not  become unmanageable 

f o r  a d r i v e r  u n t i l  t h e  t i r e s  on an a x l e  s e t  a r e  incapable  of supplying 

adequate l a t e r a l  f o r c e  f o r  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 .  Under 

braking cond i t ions ,  t h e  l a t e r a l  f o r c e  c a p a b i l i t i e s  of t i r e s  a r e  reduced 

a s  t h e  t i r e s  a r e  r equ i red  t o  produce inc reas ing  amounts of l o n g i t u d i n a l  

fo rce .  Severe s t a b i l i t y  and c o n t r o l  problems occur when the  l a t e r a l  

f o r c e  c a p a b i l i t y  a t  a  p a r t i c u l a r  a x l e  s e t  i s  much l e s s  than t h a t  a v a i l a b l e  

a t  o t h e r  a x l e  l o c a t i o n s .  S p e c i f i c a l l y ,  i f  the  r e a r  t i r e s  of t h e  t r a c t o r  

of a t r a c t o r - s e m i t r a i l e r  v e h i c l e  l o s e  a s i g n i f i c a n t  p o r t i o n  of t h e i r  

l a t e r a l  f o r c e  c a p a b i l i t y ,  the  v e h i c l e  tends  t o  go i n t o  a t r a c t o r  jack- 

k n i f e  and i f  t h e  t r a i l e r  wheels l o s e  l a t e r a l  f o r c e  c a p a b i l i t y ,  a  t r a i l e r -  

swing-type of jackknif ing may occur.  Hence, t h e r e  i s  a p o s s i b i l i t y  t h a t  

t r a c t o r - i n s t a l l e d  r e t a r d e r s  may c o n t r i b u t e  t o  t h e  i n i t i a t i o n  of a t r a c t o r  

jackknife  and t r a i l e r - i n s t a l l e d  r e t a r d e r s  may c o n t r i b u t e  t o  an i n s t a b i l i t y  

c h a r a c t e r i z e d  by a t r a i l e r  swing. 

The t e c h n i c a l  l i t e r a t u r e  con ta ins  l i m i t e d  informat ion on r e t a r d e r -  

induced d i r e c t i o n a l  c o n t r o l  problems. Highway s i g n s  i n s t r u c t i n g  t ruck  

d r i v e r s  t o  t u r n  o f f  r e t a r d e r s  on snow-covered o r  i c y  roads a r e  r epor ted  

t o  e x i s t  i n  c e r t a i n  regions  of t h e  United S t a t e s  [ I ] .  S p e c i f i c  t ruck  

acc iden t s  on s l i p p e r y  roads have been a t t r i b u t e d  t o  r e t a r d e r  usage. How- 

ever ,  a  d e t a i l e d  understanding of t h e  c o n t r o l  problems encountered by 

d r i v e r s  of retarder-equipped t r a c t o r - s e m i t r a i l e r s  as  opera ted i n  t h e  U.S. 

has no t  been e s t a b l i s h e d .  

The purposes of  the  following d i scuss ion  a r e  t o :  (1) a s s e s s  the  

cond i t ions  under which r e t a r d e r  torque may l ead  t o  d i r e c t i o n a l  c o n t r o l  

problems, ( 2 )  quan t i fy  the  n a t u r e  of t h e  c o n t r o l  d i f f i c u l t i e s  encountered 

i n  these  adverse  cond i t ions ,  and (3) desc r ibe  t h e  c h a r a c t e r i s t i c s  of 

unsafe s i t u a t i o n s  t h a t  might r e s u l t  from improper use of r e t a r d e r s .  

*A rev i sed  and enhanced v e r s i o n  of the  m a t e r i a l  i n  t h i s  chapter  
is  presented i n  SAE Paper No. 831788 e n t i t l e d  "Di rec t iona l  Control  of 
Retarder-Equipped Heavy Trucks Operating on S l ippery  Surfaces ,"  co- 
authored by P.S. Fancher and R.W. Radl inski  [ 9 ] .  



4.1  Dynamics of Vehicle Operation During Retardat ion 

To a i d  i n  developing a  fundamental understanding of t h e  dynamics of 

r e t a r d e r  braking,  a  s p e c i a l  ve r s ion  of a  comprehensive v e h i c l e  s imulat ion 

was designed t o  f a c i l i t a t e  a  d e t a i l e d  a n a l y s i s  of the  in f luence  of r e t a r d e r  

torque on wheel speeds during dece le ra t ions  i n  turning maneuvers. The 

so-cal led  "PHASE 4" braking and handling s imulat ion [ l o ]  has been supple- 

mented by a  subrou t ine  t h a t  adds the  in f luences  of r e t a r d e r  braking to  

t h e  computerized v e h i c l e  model. I n  t h i s  s p e c i a l  ve r s ion  of t h e  PHASE 4 

model, r e t a r d e r  c h a r a c t e r i s t i c s  a r e  represented as  a  func t ion  of engine 

speed. Engine speed, which is  ca lcu la ted  from the  average of t h e  speeds 

of t h e  d r i v e  wheels ( t ak ing  i n t o  account the  t ransmiss ion and rear-axle  

gear r a t i o s ) ,  i s  used i n  a  t a b l e  look-up func t ion  t o  determine r e t a r d e r  

torque.  Retarder  torque i s  (1) mul t ip l i ed  by the  appropr ia te  gear r a t i o  

f o r  t h e  opera t ing  condi t ions  t o  be s imulated,  ( 2 )  divided by the  dr ive-  

l i n e  e f f i c i e n c y ,  and ( 3 )  divided i n t o  equal  amounts of torque appl ied  t o  

each of the  d r i v e  wheels of the  veh ic le .  The exact  d e t a i l s  of t h e  

c a l c u l a t i o n s  performed i n  implementing t h i s  a d d i t i o n  t o  t h e  v e h i c l e  model 

a r e  contained i n  t h e  l i s t i n g  of a  subrou t ine  e n t i t l e d  "RETARD" which i s  

included i n  Appendix C.  

This v e h i c l e  model was appl ied  t o  t h e  s imula t ion  of a  v e h i c l e  s i m i l a r  

t o  one t h a t  was subsequently t e s t e d  by NHTSA a t  VRTC. A d e t a i l e d  l i s t -  

ing  of the  v e h i c l e  parameters used i n  the  s imulat ion study a r e  presented 

i n  Appendix C. The simulated veh ic le  i s  r e p r e s e n t a t i v e  of a  t y p i c a l  f ive -  

a x l e  t r a c t o r - s e m i t r a i l e r .  The v e h i c l e  is  simulated i n  an unloaded con- 

d i t i o n  because jackknif ing i s  l i k e l y  t o  be a  g r e a t e r  problem f o r  unloaded 

v e h i c l e s  than i t  is  f o r  loaded veh ic les .  I n  an unloaded s t a t e ,  the s t a t i c  

load on each d r i v e  ax le  i s  equal  t o  5,081 l b s  and the  simulated v e h i c l e  

weighs 28,210 l b s .  

The r e t a r d e r  c h a r a c t e r i s t i c s  employed i n  t h e  a n a l y s i s  correspond t o  

measured r e s u l t s  obtained i n  Phase 11. The in f luences  of both  engine 

drag and t h e  r e t a r d e r  a r e  combined i n t o  a  s i n g l e  func t ion  express ing the  

to rque  generated by t h e  r e t a r d e r  and engine a t  var ious  engine speeds 

(see  Table 17) .  The model a l s o  includes  r o l l i n g  r e s i s t a n c e  and aerodynamic 



Table  1 7  

R e t a r d a t i o n ,  Engine P l u s  Re ta rde r  Torque 

T o t a l  Torque Engine Speed 
( f  t .  l b )  v s  . ( r a d / s e c )  (rpm) 

d rag  s o  t h a t  t h e  t o t a l  r e t a r d a t i o n  c h a r a c t e r i s t i c s  of  t h e  s i m u l a t e d  

v e h i c l e  a r e  e q u i v a l e n t  t o  t h o s e  measured f o r  a  p a r t i c u l a r  v e h i c l e  ( t h a t  

i s ,  f o r  t h e  v e h i c l e  d e s i g n a t e d  a s  #2 i n  t h e  Phase I1 t e s t s  [ 2 ] ) .  

Condi t ions  f o r  which j a c k k n i f i n g  of  t h e  s imu la t ed  v e h i c l e  are 

p r e d i c t e d  were found by t r i a l  and e r r o r  and by a d j u s t i n g  forward v e l o c i t y  

and t i r e l r o a d  f r i c t i o n  l e v e l .  The computer p r e d i c t i o n s  i n d i c a t e  t h a t  

t h e  s i m u l a t e d  v e h i c l e  w i l l  j a c k k n i f e  i f  i t s  r e t a r d e r  i s  swi tched f u l l y  

on w h i l e  t h e  v e h i c l e  i s  making a  t u r n  o f  approximate ly  0.15 g  a t  a forward 

v e l o c i t y  of 32 f t / s e c  (21 .8  mph) w i t h  t h e  peak f r i c t i o n  between t h e  

t r u c k ' s  t i r e s  and t h e  road  be ing  0.20.  (Appendix C c o n t a i n s  a  d e t a i l e d  

l i s t i n g  of  t ime h i s t o r i e s  of a l l  p e r t i n e n t  v e h i c l e  dynamics v a r i a b l e s  

c a l c u l a t e d  i n  t h i s  c a s e . )  

Examination of  t h e  d e t a i l e d  time h i s t o r i e s  p rov ides  i n t e r e s t i n g  

i n s i g h t s  i n t o  t h e  dynamic behav io r  of t h e  system. The consequences of  t h e  

c o n s t r a i n t s  on speeds  and t o r q u e s  due t o  t h e  d i f f e r e n t i a l s  (one f o r  each 

a x l e  and one i n t e r a x l e  d i f f e r e n t i a l )  a r e  somewhat s u r p r i s i n g  a t  f i r s t  

o b s e r v a t i o n .  I n  p a r t i c u l a r ,  when t h e  r e t a r d e r  is  a p p l i e d  i n  a  t u r n i n g  

maneuver, t h e  l i g h t l y  loaded d r i v e  wheels  may t u r n  backwards i f  t h e  

t i r e l r o a d  f r i c t i o n  i s  o f  a n  a p p r o p r i a t e  v a l u e .  This  phenomenon (which 

was subsequen t ly  observed  i n  v e h i c l e  t e s t s )  i s  p o s s i b l e  because ,  due t o  

d i f f e r e n t i a l  a c t i o n ,  t h e  speed o f  t h e  d r i v e l i n e  i s  t h e  ave rage  o f  t h e  

o u t p u t  speeds  a t  each  d r i v e  wheel  (w i th  g e a r  r a t i o s  b e i n g  p r o p e r l y  



accounted f o r )  and t h e  output  torques  a r e  equal  f r a c t i o n s  (114 f o r  four  

d r iven  wheels) of the  inpu t  torque.  The dynamics of t h e  dr iven wheels 

a r e  such t h a t  even i f  some of them a r e  tu rn ing  backwards, the  a l g e b r a i c  

sum of a l l  of t h e  wheel speeds adds up t o  the d r i v e l i n e  speed. 

Another i n t e r e s t i n g  f e a t u r e  of t h e  s imulated performance has t o  

do wi th  t h e  decrease  i n  r e t a r d e r  torque a s  the  average wheel speed 

decreases .  This f e a t u r e  of r e t a r d e r  performance means t h a t  i n  s t r a i g h t -  

l i n e  braking,  t h e  r e t a r d e r  w i l l  not  lock t h e  d r i v e  wheels, al though l a r g e  

amounts of s l i p  corresponding t o  t i r e  opera t ion  a t  p o i n t s  beyond the  peak 

of t h e  p - s l ip  curve a r e  poss ib le  on s l i p p e r y  su r faces .  

I f  both the  foundation brakes and t h e  r e t a r d e r  a r e  used i n  s t r a i g h t -  

l i n e  braking,  the  r e t a r d e r  torque may provide enough a d d i t i o n a l  torque 

t o  cause t i r e s  on t h e  d r i v e  ax les  t o  opera te  beyond t h e  peak of the  

u-s l ip  curve.  However, a s  i n  t h e  previous s i t u a t i o n ,  the  r e t a r d e r  torque 

becomes smal l  a t  low r o t a t i o n a l  speeds wi th  the  r e s u l t  t h a t  t h e  d r ive  

wheels may o r  may not  lock  up, depending upon the  torque appl ied  by the  

foundation brakes .  

( In  r e a l i t y ,  the  engine may s t a l l  i f  the  wheel speeds a r e  low and 

t h e  t ransmiss ion i s  s t i l l  i n  gear.  Also, r e t a r d e r s  usua l ly  "cut out" a t  

some low engine  speed. ) 

The s imula t ion  s tudy shows t h a t  the  t r a d e o f f s  between v e h i c l e  speed,  

app l i ed  torque due t o  the  r e t a r d e r ,  and t i r e / r o a d  f r i c t i o n  a r e  very 

important .  Peak t i r e / r o a d  f r i c t i o n  decreases  a s  forward v e l o c i t y  in-  

c reases .  However, the  amount of torque app l i ed  t o  the  d r i v e  wheels by 

t h e  r e t a r d e r  i s  reduced i f  a  h igher  gear i s  needed t o  opera te  a t  increased 

v e l o c i t y .  Hence, the  p o s s i b i l i t y  f o r  d i r e c t i o n a l  i n s t a b i l i t y  depends 

upon s e l e c t i n g  t h e  appropr ia te  v e l o c i t y  f o r  the  su r face  cond i t ions ,  gear 

r a t i o s ,  and r e t a r d e r  involved i n  v e h i c l e  experiments (and/or simulated 

t e s t s ) .  



4.2 Experimental Resu l t s  from Driver-Controlled Tes t s  

Based on t h e  t h e o r e t i c a l  r e s u l t s  from t h e  s imula t ion ,  d r ive r -  

c o n t r o l l e d  v e h i c l e  t e s t s  were planned and executed a t  VRTC. The t e s t s  

were conducted wi th  two v e h i c l e s - t h e  f i r s t  be ing  s i m i l a r  t o  t h e  one 

s imulated and t h e  second c o n s i s t i n g  of a  4x2 t r a c t o r  and s ing le -ax le  

s e m i t r a i l e r .  The second v e h i c l e  was included i n  t h e  s tudy because t h i s  

v e h i c l e  was known t o  have n o t i c e a b l e  adverse  d i r e c t i o n a l  response charac- 

t e r i s t i c s  on s l i p p e r y  s u r f a c e s  when t h e  d r i v e r  suddenly c losed the  

t h r o t t l e .  

Each of  t h e  v e h i c l e s  had a  r e t a r d e r .  The torque ve r sus  speed 

c h a r a c t e r i s t i c s  of t h e s e  r e t a r d e r s  (as they were opera t ing  dur ing the  

t e s t s )  were measured by drawbar p u l l  t e s t s  ( see  Table 18) . Neither  of 

t h e s e  r e t a r d e r s  a r e  e s p e c i a l l y  powerful by p resen t  day s t a n d a r d s ,  thus  

they do no t  c o n s t i t u t e  a  "worst case  s i t u a t i o n "  i n  terms of t h e  maximum 

to rque  c a p a b i l i t y  a v a i l a b l e  on t h e  market. 

The t e s t  d r i v e r  was very  experienced i n  conducting heavy t r u c k  

braking experiments on s l i p p e r y  s u r f a c e s .  His performance i s  representa-  

t i v e  of t h e  b e s t  t h a t  can be expected from an experienced d r i v e r  t h a t  has  

developed d r i v i n g  s k i l l s  by p r a c t i c i n g  t h e  t e s t  maneuvers. The f a s t e s t  

speed t h a t  t h e  d r i v e r  can n e g o t i a t e  t h e  t e s t  course i s  a  measure of t h e  

upper bound on d r i v e r l v e h i c l e  system performance. 

The t e s t s  were conducted on t h e  Vehicle Dynamics Area (VDA) a t  t h e  

Transpor ta t ion  Research Center (TRC) of Ohio. Two cons tan t  r a d i i  t u r n s  

were used--one wi th  a  500-foot r a d i u s  and t h e  o t h e r  wi th  a  200-foot 

r a d i u s .  The t u r n s  were marked by t r a f f i c  cones ar ranged t o  d e l i n e a t e  

12-foot l anes .  

For wet t e s t s  t h e  l a n e s  were p laced on a  jenni te-coated s e c t i o n  of 

t h e  VDA. The s k i d  number of t h i s  wet ted  s u r f a c e  was 20 (p=0 .2) .  However, 

p rev ious ly  conducted t e s t s  of t r u c k  t i r e s  i n d i c a t e  t h a t  t h e  peak t i r e /  

road f r i c t i o n  would be approximately 0.3 on t h i s  su r face .  

Addi t iona l  t e s t s  were performed on a  500-foot r a d i u s  t u r n  dur ing 

t h e  w i n t e r  when i c y  cond i t ions  could be r a i n t a i n e d  on t h e  VDA. The 

maximum t i r e l r o a d  f r i c t i o n  l e v e l  of i c y  s u r f a c e s  tends  t o  l i e  between 
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Retarder Character is  t i c s  of Test  Vehicles 

(measured wi th  load c e l l  drawbar) 

1972 P e t e r b i l t  4x2 wi th  DDA 8V72, Jacobs Retarder 

Engine R P M  

1650 

2200 

retard in^ h.p. i n  6 th  Direct*  

Engine and Retarder Engine Only 

134 66 

19 3 11 3 

1978 Ford 6x4 wi th  Cummins 350, Jacobs Retarder 

Engine R P M  

1625 

2200 

Retarding h.p. i n  6 th  Direct*  

Engine and Retarder  Engine Only 

16 2 2 8 

251 7 6 

* P a r a s i t i c  drag i n  n e u t r a l  has been sub t rac ted  from 
these  values .  



0.1 and 0.14, with 0 .1  being typ ica l  of "wet" i c e  as may be encountered 

when hard i c e  has a  t h in  coat of water lying on i t .  Although the exact 

f r i c t i o n  l eve l  i s  d i f f i c u l t  t o  control  on icy sur faces ,  r e s u l t s  from 

t e s t s  performed one a f t e r  the  other  with and without the re ta rder  i n  

operation can be used to obtain a  quan t i t a t i ve  comparison providing an 

assessment of the influence of re ta rder  braking on icy  roads. 

The t e s t  procedure consisted of severa l  passes through the t e s t  

course a t  gradually increasing speeds u n t i l  the maximum cont ro l lab le  

speed was reached. The resolut ion of t h i s  process was found t o  be 

surpr i s ingly  consis tent  with the  influences of one milelhour differences 

i n  forward veloci ty  being readi ly  d iscern ib le .  

Several types of control  modes were invest igated.  F i r s t ,  the 

course was driven a t  constant ve loc i ty .  This establ ished the maximum 

speed a t  which the  dr iver  could negot ia te  the course while s taying i n  the 

lane.  (This type of maneuver i s  l a t e r  re fer red  t o  a s  a  "drive-through" 

t e s t . )  Second, the course was followed a t  constant speed u n t i l  the 

t h r o t t l e  was closed causing engine drag t o  re ta rd  the vehicle .  The dr iver  

applied s teer ing  correct ions to keep the vehicle  within the lane. Third, 

the speed i n  the curve was kept constant up t o  a  fixed point ,  a t  which 

the  re ta rder  was applied. In  t h i s  case,  the re ta rder  p lus  the engine drag 

caused the vehicle  t o  slow more rapidly with a  grea te r  d i r ec t iona l  dis- 

turbance than tha t  caused by engine drag alone. In general,  the maximum 

cont ro l lab le  i n i t i a l  speed was lower i n  the s i t u a t i o n  i n  which the 

r e t a rde r  was ac t iva ted  (see Table 19) .  

The t e s t  r e s u l t s  (Table 19) a l so  contain information on the best  

wheels-unlocked stopping dis tances t h a t  the  dr iver  was able t o  a t t a i n  

using the foundation brakes with and without the re ta rder  i n  operation. 

These r e s u l t s  show tha t  the use of r e t a rde r s  w i l l  upset the braking 

d i s t r i bu t ions  of the  t e s t  vehicles  i n  a  manner t ha t  w i l l  r e s u l t  i n  longer 

minimum distance s t a b l e  s tops while braking and turning on low coef f ic ien t  

surfaces.  Apparently, the dr iver  can modulate the t readle  valve to achieve 

shor te r  stopping dis tances when the r e t a rde r  i s  not i n  use than when i t  

i s  i n  use. 









The t e s t  r e s u l t s  obtained without employing the foundation brakes 

require  explanation. The form of the i n s t a b i l i t y  (plow out or  jackknife,  

as indicated i n  Table 19) depends upon whether the l a t e r a l  force demands 

a r e  f i r s t  exceeded a t  the f ront  wheels o r  a t  the dr ive wheels. The t e s t  

vehicles  experience a plow out a t  the l i m i t  of t he  "drive through" 

maneuver. This plow-out response ind ica tes  tha t  the f ront  t i r e s  cannot 

generate the s ide  forces t ha t  would be required t o  negot iate  the turn 

above the l i m i t  ve loc i ty .  However, when decelerat ion i s  present due to  

e i t h e r  engine drag or  r e t a rde r  plus engine drag, the l i m i t  response 

changes to  a jackknife,  ind ica t ing  tha t  the longi tudinal  s l i p  generated 

by the engine and/or re ta rder  drag i s  large enough to  cause the s ide  

force capabi l i ty  a t  the  dr ive wheels to be in su f f i c i en t  to  prevent 

j  ackknif e. 

The jackknifes caused by engine drag alone occur a t  nearly the same 

speed as  the speed a t  which the plow out occurred i n  the drive-through 

t e s t s ,  although the locat ion of l a t e r a l  force insuff iciency has sh i f t ed  

from the f ron t  to  the dr ive  wheels. In  some cases,  the jackknife in- 

s t a b i l i t y  occurred a t  a speed higher than the maximum drive-through speed. 

The addi t ion of engine drag appears t o  have helped to  balance the yaw 

moment act ing on the t r a c t o r  and to  slow the vehicle  enough t o  allow the 

dr iver  t o  control  the s i t u a t i o n  a t  i n i t i a l  speeds exceeding the drive- 

through speed. 

However, when the re ta rder  i s  used, the vehic le ' s  r e a r  t i r e s  a r e  

not able  t o  maintain a yaw moment balance a t  speeds equal to  the drive- 

through speed. The amount of speed reduction below the drive-through 

speed depends upon the gear r a t i o  involved and the load on the vehicle .  

The influence of the re ta rder  i s  g rea te r  when the vehicle  i s  operating 

i n  low gears and a t  l i g h t  loads. On icy surfaces,  the use of the re ta rder  

i n  the " f u l l  on" pos i t ion  r e s u l t s  i n  an immediate jackknife i f  the vehicle  

i s  negot iat ing a turn when empty. The sever i ty  and rap id i ty  of the 

jackknife i s  such tha t  there i s  l i t t l e  the dr iver  can do to  control  the 

s i t ua t ion .  



I f  t h e  three-axle  t r ac to r / two-ax le  s e m i t r a i l e r  i s  loaded,  r e t a r d e r  

opera t ion  a t  1 / 3  maximum provides some s t a b i l i t y  margin over t h e  opera t ion  

wi thout  the  r e t a r d e r  f o r  t h i s  v e h i c l e  opera t ing  on an i c y  s u r f a c e .  A t  

f u l l  r e t a r d a t i o n ,  t h e  loss-of-control  mode s h i f t s  from plow ou t  t o  jack- 

k n i f e  on t h e  i c y  s u r f a c e .  C lea r ly ,  a s  i s  expected t o  occur i n  genera l ,  

j ackkn i f ing  problems a r e  much more c r i t i c a l  f o r  t h e  unloaded (empty) 

v e h i c l e  than they a r e  f o r  a  f u l l y  loaded v e h i c l e .  

4 .3  P r e d i c t i o n s  f o r  S i t u a t i o n s  Not Simulated o r  Tested 

The purpose of t h i s  s e c t i o n  i s  t o  provide  a  simple a n a l y t i c a l  

method f o r  e s t i m a t i n g  the  bounds of s a f e  v e h i c l e  opera t ion  when using 

r e t a r d e r s  on s l i p p e r y  s u r f a c e s .  This s i m p l i f i e d  model a i d s  i n  desc r ib ing  

unsafe s i t u a t i o n s  through the  use of a  smal l  (approaching minimum) number 

of opera t ing  v a r i a b l e s  and parameters.  The exper ience  gained i n  per-  

forming v e h i c l e  s imula t ions  and eva lua t ing  t e s t  r e s u l t s  has  been app l i ed  

i n  developing t h i s  s i m p l i f i e d  method f o r  i d e n t i f y i n g  s i t u a t i o n s  t h a t  

cha l l enge  the  a b i l i t y  of d r i v e r s  t o  mainta in  d i r e c t i o n a l  c o n t r o l  when a  

r e t a r d e r  i s  i n  use,  

The important  f a c t o r s  t o  be considered wi th  r e s p e c t  t o  t h e  in f luence  

of a  r e t a r d e r  on d i r e c t i o n a l  c o n t r o l l a b i l i t y  a r e  l i s t e d  i n  Table 20. 

S i t u a t i o n s  t h a t  may be unsafe can be i d e n t i f i e d  by comparing the  f r i c -  

t i o n a l  demands made by the  r e t a r d e r  i n  developing road-wheel brake fo rces  

( i tem 1 i n  Table 20) w i t h  the  f r i c t i o n a l  requirements needed t o  mainta in  

yaw moment balance  i n  a  tu rn ing  maneuver ( i tems 2  and 3 i n  Table 20 

c o n t r i b u t e  t o  t h i s  requirement) .  Both t h e  l o n g i t u d i n a l  f r i c t i o n a l  demand 

and t h e  l a t e r a l  f r i c t i o n a l  requirement a r e  func t ions  of forward v e l o c i t y .  

A t  a  given l e v e l  of t i r e / r o a d  f r i c t i o n  c a p a b i l i t y ,  t h e  fo l lowing equat ions  

may be used t o  make a  f i r s t - o r d e r  e s t i m a t e  of the  speed above which 

d i r e c t i o n a l  c o n t r o l  problems w i l l  a r i s e  because the  l o n g i t u d i n a l  fo rce  

demand caused by the  r e t a r d e r  exceeds the  l o n g i t u d i n a l  f o r c e  c a p a b i l i t y  

determined by the  l a t e r a l  fo rce  requirements,  v i z . ,  



Table 20 

Factors Influencing Direct ional  Control 
During Retarder Operation. 

Road wheel brake force a s  a function of forward ve loc i ty  

Important cha rac t e r i s t i c s :  

a .  re ta rder  and engine torque as  a function of 
ro t a t iona l  speed 

b. gearing, d i f f e r e n t i a l s ,  and t i r e  r a d i i  determining 
re ta rder  speed a s  a function of forward veloci ty  

Load on the retarded wheels and the percentage of tha t  load 
ava i lab le  f o r  l a t e r a l  force  generation 

Important cha rac t e r i s t i c s :  

a .  loading s t a t e  of the vehicle  

b. t i r e l r o a d  f r i c t i o n  l eve l  

c. i n t e r ac t ion  of longi tudinal  and l a t e r a l  force 
i n  determining d i r ec t iona l  control  l i m i t s  

La tera l  force requirements needed f o r  following a desired path 

Important cha rac t e r i s t i c s :  

a. l a t e r a l  accelerat ion required (path radius or  
curvature and ve loc i ty)  

b. l a t e r a l  force  required of the wheels on the 
retarded ax le(s )  i n  order t o  maintain d i r ec t iona l  
control  and yaw s t a b i l i t y  



1. Longi tudinal  fo rce  demand, FXD, a t  v e l o c i t y ,  V .  

where TR i s  r e t a r d e r  torque,  RT i s  t i r e  r a d i u s ,  and Gi i s  

t h e  gear  r a t i o  

For an engine speed r e t a r d e r ,  t h e  r e t a r d e r  torque i s  a  func t ion  

of engine speed,  NE,  i . e . ,  

and 

where Gi i s  a  gear  r a t i o  appropr ia te  t o  t h e  v e l o c i t y ,  V (mph), 

and G i s  t h e  number of t i r e  rev .  /min. p e r  mph. T 

2 .  L a t e r a l  fo rce  requirement,  FyR, a t  v e l o c i t y ,  V .  

where 

FZ 
i s  t h e  load on t h e  wheel s e t s  being r e t a r d e d  

A i s  t h e  l a t e r a l  a c c e l e r a t i o n  l e v e l  of t h e  t u r n  
( i n  g u n i t s )  

R i s  t h e  r a d i u s  of the  t u r n  

g  i s  t h e  g r a v i t a t i o n a l  constant  

3 .  Longi tudinal  f o r c e  c a p a b i l i t y ,  F x ~  ' f o r  d i r e c t i o n a l  s t a b i l i t y  

where p is  a measure of t h e  a v a i l a b l e  t i r e / r o a d  f r i c t i o n  



Equation (34) is  based on the assumption tha t  a t  low leve ls  of 

longi tudinal  and l a t e r a l  acce lera t ion  on a s l ippery surface an equ i l i -  

brium condition i s  achieved when each axle  s e t  is producing a l a t e r a l  

force tha t  i s  proportional to  the v e r t i c a l  load car r ied  on tha t  ax le .  

Under these conditions,  a yaw moment balance i s  assumed t o  be s a t i s f i e d .  

Equation ( 3 5 )  r e s u l t s  from the vector sum of the longi tudinal  and 

l a t e r a l  forces  being s e t  equal to  the t o t a l  f r i c t i o n a l  force ava i lab le  

a t  the l i m i t  of vehicle  performance. 

The maximum cont ro l lab le  speed, V i s  estimated by the simultaneous 
m y  

solut ion of Equations (33), ( 3 4 ) ,  and (35), as  i l l u s t r a t e d  i n  Figure 11. 

As shown i n  the  f igure ,  s t a b l e  operation i n  a pa r t i cu l a r  gear occurs a t  

speeds fo r  which the re ta rder  demand, 
F ~ ~ '  

f o r  t ha t  gear i s  l e s s  than 

F~~ ' the force l i m i t  f o r  the maneuver and ava i lab le  f r i c t i o n  l eve l .  

Diagrams s imi la r  to  Figure 11 can be readi ly  constructed fo r  any combina- 

t i o n  of r e t a rde r ,  vehicle ,  maneuver, and f r i c t i o n  l eve l  given engine 

and re ta rder  torque/speed charac te r i s  t i c s ,  gear r a t i o s ,  t i r e  r a d i i ,  wheel 

loads,  turn r a d i i ,  and f r i c t i o n  l eve l s  (see Reference [9] fo r  severa l  

examples). 

This s implif ied procedure can be applied t o  d r ive l ine  and t r a i l e r  

axle  r e t a rde r s  (when r e t a rde r  speed i s  properly accounted f o r  i n  the 

ana lys is ) .  I n  the case of a t r a i l e r  ax le  r e t a rde r ,  the i n s t a b i l i t y  mode 

i s  t r a i l e r  swing ra ther  than jackknifing. Since t r a i l e r  swing i s  a 

slower developing i n s t a b i l i t y  than a jackknife,  the dr iver  may be b e t t e r  

ab le  to cope with it.  Nevertheless, t r a i l e r  swing i s  a dangerous 

s i t u a t i o n  t o  be avoided. 



stable - I -- unstable 
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Example p a r a m e t r i c  v a l u e s  : 

T i r e s :  rpmlmph - 8.6  
loaded  r a d i u s  - 1 .625 '  (10x20 t i r e )  

O v e r a l l  g e a r  r a t i o :  6.0 ( r e a r  a x l e  - 4 . 4 4 ;  t r a n s m i s s i o n  - 1 .35 )  

Turn r a d i u s :  600 '  

F r i c t i o n :  0 . 3  

R e t a r d e r  p l u s  eng ine  t o r q u e  : ZP!! f t - l b s  
1300 509 
1560 6  30 
2100 9 30 

Load on d r i v e  whee l s :  10 ,162  l b s  
(empty v e h i c l e ,  l o a d  on a l l  4 d u a l s )  

F i g u r e  11. S s t i m a t i o n  of maximum c o n t r o l l a b l e  speed ,  vm 



5 .  S L W Y  AND CONCLUSIONS 

The primary products of t h i s  phase of research on r e t a r d e r s  have 

been development of  methodologies f o r  e s t ima t ing  t h e  in f luences  of 

r e t a r d e r  power ( torque)  on (1) downhil l  speed con t ro l ,  (2 )  brake wear, 

and (3) d i r e c t i o n a l  c o n t r o l  on s l i p p e r y  su r faces .  

With regard  t o  downhill speed c o n t r o l ,  a  r e t a r d a t i o n  p r e d i c t i o n  

procedure has been developed and r e f i n e d  t o  the  po in t  where i t  could 

s e r v e  a s  a  proposed recommended p r a c t i c e  f o r  e s t ima t ing  t h e  c o n t r o l  speeds 

on downgrades t h a t  can be maintained by r e t a r d e r s  i n s t a l l e d  on heavy 

v e h i c l e s .  This procedure i s  of s u f f i c i e n t  g e n e r a l i t y  t h a t  i t  can be 

app l i ed  t o  engine,  d r i v e l i n e ,  o r  t r a i l e r - a x l e  r e t a r d e r s  opera t ing  on 

pneumatic (exhaust  o r  engine b rakes ) ,  hydrau l i c ,  o r  e l e c t r i c a l  p r i n c i p l e s .  

The b a s i c  informat ion needed t o  desc r ibe  t h e  r e t a r d e r  i s  i t s  power output 

a s  a  func t ion  of i t s  r o t a t i o n a l  speed. By employing t h i s  d e s c r i p t i o n  of 

t h e  r e t a r d e r  and parameters desc r ib ing  t h e  weight and n a t u r a l  r e t a r d a t i o n  

of t h e  v e h i c l e ,  the  r e t a r d a t i o n  performance of s p e c i f i e d  v e h i c l e s  may be 

p red ic ted  using t h e  computer code presented i n  Appendix A. 

The p r e d i c t i o n  of brake wear i s  a  d i f f i c u l t  undertaking because of 

the  number of uncontrol led  and almost unpred ic tab le  s i t u a t i o n s  t h a t  can 

a r i s e  i n  s e r v i c e .  Never theless ,  t h e  use  of r e t a r d e r s  c l e a r l y  reduces the  

amount of work done by the  foundation b rakes ,  thereby producing a  brake 

savings .  I n  e a r l i e r  i n v e s t i g a t i o n s  of the  economics of r e t a r d e r  use [ I ] ,  

a  b r a k e - l i f e  extension f a c t o r  was u t i l i z e d  t o  quan t i fy  t h e  i n f l u e n c e  of 

brake savings  on the  b e n e f i t s  t o  be obta ined from r e t a r d e r  use .  

I n  t h i s  t h i r d  phase of t h e  s tudy of r e t a r d e r s ,  a  semi-empirical 

approach f o r  e s t ima t ing  brake wear has  been developed. This approach 

makes use of (a)  a  procedure f o r  p r e d i c t i n g  brake temperatures f o r  duty 

cyc les  def ined by v e l o c i t y  and e l e v a t i o n  p r o f i l e s  desc r ib ing  a  s p e c i f i c  

v e h i c l e  t r i p  o r  r o u t e  ( see  Appendix B) and (b) a  model of brake wear 

based on work-at-temperature r e l a t i o n s h i p s  der ived from experimental  d a t a  

obtained from measurements made on a  brake dynamometer ( see  Sect ion 3.4).  



The methodology involved i n  applying t h i s  approach t o  a p a r t i c u l a r  

s i t u a t i o n  would be a s  fo l lows:  (1) d e f i n e  e l e v a t i o n  and v e l o c i t y  p r o f i l e s  

r e p r e s e n t a t i v e  of t h e  v e h i c l e  r o u t e  involved,  ( 2 )  c a l c u l a t e  t h e  brake 

temperatures  p e r t a i n i n g  t o  t h i s  r o u t e  and augment t h e s e  temperature 

c a l c u l a t i o n s  wi th  wear c a l c u l a t i o n s  based on the  work-at-temperature model 

developed i n  t h i s  s tudy ,  ( 3 )  perform these  wear (and temperature) calcu- 

l a t i o n s  w i t h  and wi thout  t h e  r e t a r d e r  i n  use,  and ( 4 )  compute the  brake- 

l i f e  extension f a c t o r  as  t h e  r a t i o  formed by d iv id ing  the  wear when the  

r e t a r d e r  was no t  i n  use by t h e  wear when the  r e t a r d e r  was i n  use .  

Even though (1) t h e  temperature p r e d i c t i o n  procedure employed h e r e i n  

produces r e s u l t s  t h a t  a r e  compatible wi th  temperatures measured i n  t h e  

f i e l d  (e .g . ,  descen t s  of Mar t in ' s  Mountain o r  i n  s t u d i e s  a s s o c i a t e d  wi th  

t h e  proposed grade s e v e r i t y  r a t i n g  system) and ( 2 )  the  brake wear 

c a l c u l a t i o n  procedure employs parameters based on tes t  d a t a ,  the  descr ibed 

methodology f o r  p r e d i c t i n g  brake wear r e p r e s e n t s  a pre l iminary  s t e p  

towards developing a r e l a t i v e l y  simple approach f o r  t r e a t i n g  a very complex 

s u b j e c t .  The i n t r o d u c t i o n  of the  v a r i a b l e ,  H ,  r ep resen t ing  brake work 

h i s t o r y ,  has an important  conceptual  advantage t h a t  we b e l i e v e  t o  be use- 

f u l  f o r  exp la in ing  why d i f f e r e n t  sequences of e s s e n t i a l l y  t h e  same t o t a l  

amount of work produce d i f f e r e n t  amounts of wear. This approach t o  

modeling brake wear m e r i t s  f u r t h e r  i n v e s t i g a t i o n .  Furthermore, f i e l d  

measurements of brake wear (and a l s o  temperature) occurr ing over wel l -  

def ined s e r v i c e  r o u t e s  need t o  be  compared t o  p r e d i c t i o n s  of brake wear 

b e f o r e  t h e  o v e r a l l  methodology can be accepted a s  a reasonably accura te  

and p r a c t i c a l  approach f o r  e s t ima t ing  brake wear a s  a func t ion  of the  duty 

cyc le  involved.  

Downhill speed c o n t r o l  and brake savings  a r e  b e n e f i t s  t o  be expected 

from r e t a r d e r s .  However, t h e  improper use of a r e t a r d e r  on s l i p p e r y  

s u r f a c e s  can be a d i s b e n e f i t  w i t h  r e s p e c t  t o  d i r e c t i o n a l  con t ro l .  

Vehicle experiments have been conducted t o  f i n d  the  performance bounds 

w i t h i n  which t h e  d r i v e r  can mainta in  d i r e c t i o n a l  c o n t r o l  when a r e t a r d e r  

i s  a c t i v a t e d  dur ing tu rn ing  maneuvers on a s l i p p e r y  s u r f a c e .  The v e h i c l e  

experiments and computer s imula t ions  performed i n  t h i s  s tudy i n d i c a t e  

how exper imenta t ion o r  a n a l y s i s  can be used t o  examine the  l i m i t s  of s a f e  



performance f o r  s p e c i f i c  combinations of v e h i c l e ,  s u r f a c e  f r i c t i o n ,  

i n i t i a l  forward v e l o c i t y ,  and t u r n  r a d i u s .  

A s i m p l i f i e d  a n a l y t i c a l  method has  been developed f o r  e s t ima t ing  

the  bounds of s a f e  v e h i c l e  opera t ion  on s l i p p e r y  s u r f a c e s  ( see  Sec t ion  

4.3) .  This s i m p l i f i e d  method compares t h e  l o n g i t u d i n a l  force  demand 

generated by r e t a r d e r  opera t ion  wi th  the  l o n g i t u d i n a l  f o r c e  l i m i t  de te r -  

mined by t h e  l a t e r a l  fo rce  requirements of t h e  tu rn ing  maneuver and the  

a v a i l a b l e  l e v e l  of t i r e / r o a d  f r i c t i o n .  The bound of c o n t r o l l a b l e  v e h i c l e  

opera t ion  i s  approximated through determining t h e  speed a t  which the  

l o n g i t u d i n a l  f o r c e  demand exceeds the  l o n g i t u d i n a l  f o r c e  l i m i t  a t  the  

wheels t o  which t h e  r e t a r d e r  a p p l i e s  torque.  The assumption i m p l i c i t  i n  

t h i s  approximation i s  t h a t  t h e  d r i v e r  w i l l  be a b l e  t o  s t e e r  t o  c o n t r o l  

t h e  v e h i c l e  up t o  t h e  po in t  where the  t i r e s  can no longer f u r n i s h  the  

l a t e r a l  f o r c e s  needed t o  fo l low the  d e s i r e d  p a t h  and c o n t r o l  the  yaw 

moments a c t i n g  on the  v e h i c l e .  The t e s t  r e s u l t s  appear t o  i n d i c a t e  t h a t  

even though t h e  v e h i c l e  slows down when t h e  r e t a r d e r  i s  app l i ed ,  t h e  speed 

reduc t ion  does no t  occur i n  a  manner t h a t  al lows the  d r i v e r  t o  r ega in  

d i r e c t i o n a l  c o n t r o l .  

Clear ly ,  t h e  procedure f o r  p r e d i c t i n g  t h e  maximum c o n t r o l l a b l e  speed 

i s  no t  based on i r r e f u t a b l e  l o g i c ,  bu t  r a t h e r  i t  represen t s  a  d e s c r i p t i o n  

of the  circumstances t h a t  w i l l  chal lenge t h e  d r i v e r ' s  a b i l i t y  t o  c o n t r o l  

t h e  veh ic le .  By eva lua t ing  Equations (31) through (35), t h e  bounds of 

c o n t r o l l a b l e  v e h i c l e  opera t ion  can be es t imated f o r  va r ious  combinations 

of r e t a r d e r  torque c a p a b i l i t y ,  v e h i c l e  loading,  gear r a t i o s ,  t i r e  s i z e s ,  

t u r n  r a d i i ,  and t i r e / r o a d  f r i c t i o n .  The s i m p l i f i e d  procedure se rves  t o  

summarize t h e  in f luences  of t h e  primary q u a n t i t i e s  t h a t  determine t h e  

circumstances i n  which r e t a r d e r  opera t ion  may be a  hazard r a t h e r  than a  

b e n e f i t .  

I n  summary, the  resea rch  i n v e s t i g a t i o n s  conducted i n  Phase 111 have 

l e d  t o  the  development of a n a l y t i c a l  and computational t o o l s  f o r  quant i fy-  

ing  t h e  in f luences  of r e t a r d e r  c h a r a c t e r i s t i c s  on downhill speed c o n t r o l ,  

reduced brake wear, and d i r e c t i o n a l  s t a b i l i t y .  
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APPENDIX A 

A Retardat ion P r e d i c t i o n  Procedure 

This appendix con ta ins  a computer code and example r e s u l t s  f o r  a 

cu r ren t  v e r s i o n  of the  "Retardat ion P r e d i c t i o n  Procedure. " 









L i s t  ing o f  111). RETARD.  S  

READ( I R . 9 8  I T  
I F  ( I T  L T  1  OR I T  GT 3 )  GO TO 6 7 1  
I F  ( I T  N E  1 )  GO TO 1 0  
C R 1  - C R R l  
CR2 = CRR2 

1 0  I F  ( I T  NE 2 )  GO TO 1 1  
C R 1  - CRB l 
C R 2  - CRB2 

1 1  I F  ( I T  EQ 3) GO TO 1 2  
W R I T E ( I W . 1 1 0 )  C R 1 .  C R 2  

1 1 0  FORMAT( '  ' . T 5 . ' C R 1  - ' . F 7  4 / T 5 . ' C R 2  = ' . F 8 . 6 )  
GO t0 1 3  

1 2  W R I T E ( I W . 1 1 1 )  
1 1 1  F O R M A T ( ' & ' . T S ,  ' C R i  = ' )  

READ( I R . 9 9 )  C R 1  
W R I T E (  I W .  1 1 2 )  

1 1 2  F O R M A T ( ' & ' . T S . ' C R 2  = ' )  
READ( I R . 9 9 )  C R 2  

1 3  CONTINUE 
6 7 2  W R I T E (  I W ,  1 1 3 )  
1 1 3  FORMAT( '&ROAD SURFACE FACTORS ( l = G O O O .  2 - F A I R  

1  . ' 4 = U S E R S  CFIOICE)  : ' ) 
R E A D ( I R . 9 8 )  I R S  
I F l I R S  L T  1  OR I R S  GT 4 1 G O T O 6 7 2  
I F  ( I R S  EQ 1 )  C H  = CHG 
IT ( I R S  EQ 2 )  C H  = CHF 
I F  ( I R S  EQ 3 )  C H  = CHP 
I F  ( I R S  N E .  4 )  W R I T E ( I W . 1 1 4 )  CIH 

1 1 4  FORMAT( '  ' , T 5 . ' C H  = ' . F 7  4 )  
I F  ( I R S  EQ 4 )  W R I T F ( I W .  1 1 5 )  

1 1 5  F O R M A T ( ' & ' , T 5 . ' C H  = ' 1  
I F  ( I R S  EQ. 4 )  R E A D ( I R . 9 9 )  C H  

C 
C  I N P U T  E N G I N E  PARAMETERS 
C 
C  ARRAY D E C L A R A T I O N S  
C  

D I M E N S I O N  RPME( 1 0 ) .  H F E (  1 0 ) .  G ( 2 0 )  
C  

W R I T E ( 1 W .  1 1 6 )  
1 1 6  F o R M A T ( / / / ' & E N G I N E  D E S C R I P T I O N  : ' 1  

R E A D ( I R . 1 0 1 )  ENG 
W R I T E ( 1 W .  1 1 7 )  

1 1 7  FORMAT( '&VEMAX (MAXIMIJM E N G I N E  SPEED.  RPM)  : ' 1  
R E A D ( I R . 9 9 )  VEMAX 
W R I T E ( I W . 1 1 8 )  

1 1 8  F O R M A T ( ' & V E M I N  ( M I N I M U M  E N G I N E  SPEED. RPM)  : ' )  
R E A D ( I R . 9 9 )  V E M I N  
WRITE(1W.  1 1 9 )  

1 1 9  FORMAT( ' & P R S  ( R A T E D  HORSEPOWER) : ' ) 
READ( I R . ~ )  PRS 

6 7 3  W R I T E ( I W . 1 2 0 )  
1 2 0  F O R M A T ( ' & E N G I N E  DRAG ( l = T Y P I C A L .  2 = U S E R S  CHOICE) (HP V S .  RPM) : ' )  

READ( I R .  98) I E D  
I F  ( I E D  . L T .  1  . O R .  I E D  . G T .  2 )  GO TO 6 7 3  
I F  ( I E D  . E Q .  2 )  GO TO 1 4  
NE = 4 
R P M E ( 1 )  = V E M I N  

















# E x e c u t i o n  begins 
VEHICLE DESCRIPTION : 
GVW/GCW (LB) : 75880* 
FRONTAL AREA (FTtX2) : 846 
AEROAIDS (1=NONE? 2=TYPICALv 3xUSERS CHOICE) : 1 

CA = 0190 

TIRE DESCRIPTION : 
NO* OF REV PER HItE (498e0 FOR 10x20 TIRES) : 498* 
ROLLING RESISTANCE FACTORS (IrRADIAL, 2081AS1 3=USERS CHOICE) : 1 

CR1 = 0t0041 
CR2 =0*000041 

ROAD SURFACE FACTORS (1=000Dt 2rFAIRt 3=YOORt 4zUSERS CHOICE) : 2 
CH = 1 62000 

ENGINE DESCRIPTION : 
VEHAX (HAXIHUH ENGINE SPEED? RPH) : 2100e 
VEMIN (MINIHUtl ENOINE SPEED? RPH) : 8001 
FRS (RATED HORSEPOWER) : 3501 
ENGINE DRAG ClxTYPICAL, 2=USERS CHOICE) (HP VSI RPM) : 1 

N O *  OF DATA POINTS : 4 
RFM VALUE HORSEPOWER 

800 t 00 9 * 1 0  
1233 33 23614 
1666167 48089 
2100*00 9 0  * 39 

DRIVE AXLE DESCRIPTION : 
DRIVE AXLE RATIO : 3 t 7  
NUMBER OF DRIVE AXLES (1 OR 2)  : 2 
DRIVE AXLE EFFICIENCY (l+TYPICAL? 2tUSERS CHOICE) : 1 

ED = 019200 

TRANSMISSION DESCRIPTION : 
TYPE (l=HANUAL, 2=AUTOHATIC) : 1 
NUHBER OF GEARS : 13 
GEAR RATIOS : 

G(1) : 12631 
G(2) : 8 * 3 5  
G(3) : 6 * 1 2  
G(4) : 4956 
G(5) : 3t38  
G(6) : 2447 
G(71 : 2614 
G(8) : 1481 
G ( 9 )  : 1657 
G(10) : 1135 
G(l1) : it17 
G(12) : 1*00 
G(13) : 0e87 

TRANSHISSION EFFICIENCY (I=TYPfCAL? 21USERS CHOICE) : 1 
ET = 0e9500 

8 6 



SUtiHAHY OF VEHICLE CHARACTERISTICS : .................................... 
GEAR VEH* VELI 

AT VEHAX (HPH) 
5 6 47 
8+19 
11617 
15100 
20t23 
27 t 68 
31 1 95 
37 a 78 
43 t 56 
50165 
58 * 45 
68 + 38 
78+60 

RETARDATION 
AT VEHAX (HP) 

109 * 24 
112*51 
116.47 
122b22 
131t65 
148688 
161 t 19 
181*34 
205 65 
242 t 27 
292 * 21 
372 * 76 
478 6 12 

VEH* VELt RETARDATION 
AT VEHIN (HPH) AT VEMIN (HP) 

2 * 08 12*53 
3612 13t63 
4426 14t87 
5*71 16*52 
7 t71 18*90 
lot55 22e59 
12*17 24 t 88 
14+39 28 25 
16t59 31 t88 
19t30 36t81 
22 127 42 t 85 
26 t 05 Sit66 
29494 62414 

OVERALL EFFICIENCYI EO = 0687 

t x t t r t t t x s t t t m t x t t t t t ~ x x t t * x 1 : t 1 : t ~ t x t * t x 1 : x ~ x ~ * ~ x t x * t t  
RETARDER DESCRIPTIONS : 

ENGINE SPEED RETARDER : 
ENTER N O +  OF DATA POINTS (I2 - ENTER 0 FOR NO RETARDER) 04 
NOTE: FIRST ENGINE SPEED SHOULD BE LESS THAN OR EQUAL 

TO V E M I N I  AND LAST ENGINE SPEED SHOULD BE GREATER 
THAN OR EQUAL TO VEMAX 

ENTER ENGINE SPEED AND  RETARDER HP? ONE PAIR/LINEt SEPARATE BY A COHHA 
800+~60+ 
1300e7125r 
190O.r210* 
2200+~325* 

DRIVELINE RETARDER : 
ENTER N O +  OF DATA POINTS (ENTER A 0 FOR NO RETARDER) 00 

TRAILER RETARDER : 
ENTER N O +  OF DATA POINTS (ENTER A 0 FOR NO RETARDER) 00 

S U M M A R Y  OF TOTAL RETARDATION 

G E A R  
1 
2 
3 
4 
(I 
J 

6 
7 
a 
'3 

UEH+ VEL* HP (TOTAL) 
5 t 47 448 20 
8*19 451 + 47 
1lt17 455 642 
15600 461 18 
20  123 470 60 
27 * 68 487t84 87 
31t95 500*14 
37 + 78 520 * 29 
43.55 5 4 4 .  .st 



GEAR 
1 
2 
3 
4 
e 
J 

6 
7 
8 
9 
10 
1 1  
12 
13 

GEAR 
1 
2 
3 
4 
C 
J 

6 
7 
8 
9 
10 
1 1  
12 
13 

GEAR 
1 
2 
3 
4 
5 
6 
9 
8 
9 
10 
1 1  
12 
13 

HP ( T O T A L )  
274 t 82 
277 4 30 
280 23 
284+35 
290 683 
302 t 09 
309 + 82 
322 + 12 
336 + 57 
357 t 82 
386+17 
430 + 97 
488 57 

HP (TOTAL) 
162.92 
164667 
166+70 
169147 
173.65 
li30+50 
184 6 99 
1?1+88 
199+68 
210+77 
225 t 07 
246t98 
274636 

HP ( T O T A L )  
81*18 
82 28 
83652 
85417 
87 + 55 
91 t24 
93 6 53 
96+90 
100153 
105 146 
l11+50 
120631 
130 * 79 

M A X I M U M  GRADES AT V A R I O U S  CONTROL S P E E D S  ........................................ 
GEAR 

1 
2 
3 
4 
e 
J 

6 
7 
8 
3 

GRADE ( X I  
40 t 52 
27424 
20 t 14 
15t20 
l1,SO 



GEAR 
1 
2 
3 
4 
C 
J 

0 

7 
8 
9 
10 
11 
12 
13 

GEAR 
1 
2 
3 
4 
0 
J 

6 
7 
8 
9 
10 
11 
12 
13 

GEAR 
1 
2 
3 
4 

GRADE ( X I  
31631 
21408 
15+62 
11t81 
8495 
6+79 
6*04 
5.31 
4t81 
4 t 40 
4611 
3 + 9 2  
3 + 87 

GRADE ( X )  
19.27 
13*03 
9 4 70 
7 * 37 
5 t 61 
4.28 
3480 
3.33 
2499 
2670 
2.47 
2*28 
2*16 

* * t t * * * * * * t * * * * * * X t * * j : % I t * t * * * * * * * * * * * * * * * * * * * * * * * * * *  
E - EXIT, N - NEW RUN, R - CHANGE RETARDER : R 
RETARDER DESCRIPTIONS : -,! 

ENGINE SPEED RETARDER : 
ENTER N O *  OF DATA POINTS (I2 - ENTER 0 FOR NO RETARDER) 00 

DRIVELINE RETARDER : 



- , . ,  - - - ,  - . . ,  . . - -  .... . - . .  -.. . - - - - 
ENTER DRIVELINE RPM AND RETARDER HP ONE P A I R / L I N E  
SEPARATE BY A COHHA 
0tlOI 
3000t?440+ 

TRAILER RETARDER : 
ENTER N O +  OF DATA POINTS (ENTER A 0 FOR NO RETARDER) 00 

SUMHARY OF TOTAL RETARDATION ............................ 
GEAR 

1 
2 
3 
4 
e 
J 

6 
7 
8 
9 
10 
I 1  
12 
13 

GEAR 
1 
2 
3 
4 
C 
J 

6 
a 
8 
9 
10 
11 
12 
13 

GEAR 
1 
2 
3 
4 
e 
J 

6 
7 
8 
9 
10 
1 f 
12 
13 

VEH t VEL t 
5t47 
8419 
11+17 
1StOO 
20 t 23 
27168 
31695 
37 * 78 
43 t 56 
50 6 65 
58 t 45 
68t38 
78 t 60 

VEH t VEL t 
4t34 
6 + 50 
8.87 
11090 
16606 
21.97 
25 t 36 
29t98 
34 t 57 
40 t 20 
46 + 39 
54 t 27 
62 t 38 

HP (TOTAL) 
136 t 00 
152 t 60 
171 9 17 
195.64 
230 169 
284t42 
317t63 
366 0 30 
418t89 
490 t 26 
578 t 35 
707 t 54 
862 t 93 

HP (TOTAL) 
81 t 72 
94 + 78 
109t30 
128t28 
1551 10 
195t32 
219 + 64 
254 + 58 
291 $47 
340 30 
398 t92 
482 t 33 
579 t 63 

HP (TOTAL) 
45 153 
55.12 
65972 
79 6 49 
98t71 
127 t 00 
143.76 
167.40 
191 681 
223t30 
260 02 
310t49 
367 + 26 

90 
GEAR VEH t VEL t HP (TOTAL) 

1 2t08 22t73 
7 7 . 4 7  7Q. Qfi 



M A X I M U M  G R A D E S  AT  VARIOUS CONTROL SPEEDS 

GEAR 
1 
n 
L 

3 
4 
e 
J 

6 
7 
8 
9 
10 
11 
12 
13 

GEAR 
1 
2 
3 
4 
e 
J 

6 
7 
8 
9 
10 
11 
12 
13 

GEAR 
1 
2 
3 
4 
5 
4 
7 
8 
9 
10 
11 
12 
13 

GEAR 
1 
2 

G R A D E  ( X I  
12+30 
9*21 
7t57 
6 t 45 
St64 
5 * 08 
4 t 91 
4 *79 
4 * 75 
4e78 
4t89 
5.11 
st43 

O H A D E  (XI 
9 431 
7 21 
6t09 
st33 
4*77 
4t39 
4.28 
4 * 20 
4t17 
4+18 
4t25 
4t39 
4659 

G R A D E  ( X )  
7tOl 
5*66 
4*?S 
4t46 
4*11 
3+86 
3 79 
3*73 
3*71 
3e71 
3*74 
3 * 82 
3*93 

9 1 
G R A D E  ( X I  



t t X * X * * $ * * * ~ * X * * * * ~ * $ * * * * X X * $ X * 1 : $ $ t X ~ X X ~ ~ * ~ * % ~ * * * * * $  
E - E X I T r  N - NEW R U N ?  R  - C H A N G E  R E T A R D E R  : R 
R E T A R D E R  D E S C R I P T I O N S  : 00 

E N G I N E  S P E E D  R E T A R D E R  : 
E N T E R  NO*  O F  D A T A  P O I N T S  (I2 - E N T E R  0 F O R  NO R E T A R D E R )  ' 0 0  

D R I V E L I N E  R E T A R D E R  : 
E N T E R  NO, O F  D A T A  P O I N T S  (ENTER A  0 F O R  NO R E T A R D E R )  00 

T R A I L E R  R E T A R D E R  : 
E N T E R  NO* OF D A T A  P O I N T S  ( E N T E R  A  0 F O R  NO R E T A R D E R )  02 
E N T E R  T R A I L E R  A X L E  R A T I O  : 3 t 7  
E N T E R  T R A I L E R  A X L E  E F F I C I E N C Y  : 495 
E N T E R  T R A I L E R  R P t l  AND R E T A R D E R  HP1 ONE P A I R / L I N E  
S E P A R A T E  BY A COMMA 
Ot10I 
3000*~440t 

S U H H A R Y  O F  T O T A L  R E T A R D A T I O N  ............................ 
G E A R  

1 
2 
3 
4 
e 
J 

6 
7 
8 
9 
10 
11 
12 
13 

G E A R  
1 
3 

HP ( T O T A L )  
135*16 
151 t34 
169 + 44 
193 e 32 
227 57 
280 0 14 
312*69 
360 + 46 
412 t 15 
482 t 43 
569 32 
696 4 97 
850 177 

9 2 
HP ( T O T A L )  

81605 
93.78 



GEAR 
1  
2 
3 
4 
C 
J 

6 
7 
8 
9 
10 
1 i 
12 
13 

GEAR 
1 
2  
3 
4  
5 
6 
7 
8 
9 
10 
11 
12 
13 

HP ( T O T A L )  
45403 
54 * 37 
64671 
78412 
96 * 88 

124 4 48 
140t86 
163 + 97 
187 6 86 
218+71  
254471 
304 t 28 
360.12 

HP ( T O T A L )  
22441 
28 4 42 
35 105 
43 * 60 
55*44 
72 *59  
82 t 5 9  
96 4 48 

110*55  
128.29 
148t42 
175*16 
204*10  

M A X I t l U M  G R A D E S  AT V A R I O U S  CONTROL SPEEDS 
-------------c-------------------------- 

GEAR 
1 
3 .. 
3 
4 
lz 
J 

6 
7 
8 
9 

10 
11 
12 
13 

G E A R  
1 
r( 
L 

G R A D E  ( X I  
12 * 22 
9 + 1 3  
7 * 49 
6  * 37 
5 *56  
3 4 00 
4 *84  
4e72 
4 t68  
4 + 71  
4 * 8 1  
5e04 
S + 33 

9 3 
GRADE ( 2 )  

9 * 2 3  
7413 



GEAR 
1 
2 

GEAR 
1 
2 
3 
4 
e 
J 

6 
7  
8 
9 

10 
11 
12 
13 

GRADE ( X )  
6 + 9 3  
St39 
4+87  
4t38 
4*03  
3 * 7 8  
3 * 7 1  
3665 
3 *63  
3 * 63 
3667 
3  . 74 
3t86 

GRADE ( X I  
5 132 
4 + 50 
4*07 
3.77 
3655 
3+40  
3.35 
3 + 3 1  
3629 
3+29  
3t29 
3  * 32 
3*37  

X t * ~ * * f * X * * * * * * X X * X X t X $ X % ~ % X * 1 : X $ * * X X X % X % * ~ * * * * X * $ * * *  
E - EXIT? N - NEW RUN, R - CHANGE RETARDER : E 

#Execut ion  terminated  
i 









APPENDIX B 

A Brake Temperature Algoritym 

This appendix provides  a simple a lgor i thm f o r  computing brake 

temperatures  based on the power absorbed and d i s s i p a t e d  by t h e  brake.  
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APPENDIX C 

Simulation of a Retarder-Equipped Tractor-semitrailer 

This appendix contains (1) a l i s t i n g  of a subroutine e n t i t l e d  

"RETARDER," ( 2 )  a s e t  of parametric data  describing a retarder-equipped 

t rac tor -semi t ra i le r ,  and (3)  tabulated values of time h i s t o r i e s  calculated 

for  an example turning maneuver i n  which jackknifing occurs a£ t e r  the 

retarder  i s  applied with the vehicle  operating on a s l ippery surface.  





~ ~ S R I / M V M A  BRAKING AND HANDLING SIMULATION OF TRUCKS. TRACTOR-SEMITRAILERS, DOUBLES. AND TRIPLES - PHASE d .  
RETARDER T H R E E - A X L E  TRACTOR / TWO-AXLE S E M I T R A I L E R  

S I M U L A T I O N  O P E R A T I O N  PARAMETERS: 

VEHICLE CONFIGURATION (NUMBER OF TRAILERS -- ENTER o FOR A STRAIGHT TRUCK) 
INITIAL VFLOCITY ( F T / S E C )  
STEER T A B L E  (NUMBER OF L I N E S ) :  P O S I T I V E  -STEER ANGLE T A R L E .  N E G A T I V E  - P A T H  FOLLOWER 

T A B L E  E N T R I E S :  T I M E  ( S E C )  L E F T  WHEEL ( D E G )  
- - - - - - - - - - - - - - - -  

0.0 0.0 
0.50 190.00 

10.00 100.00 

TREADLE PRESSURE T A B L E  (NUMBER OF L I E J E S )  
T A B L E  E N T R I E S :  

MAXIMUM S I M U L A T I O N  T I M E  ( S E C )  
T I M E  INCREMENT OF OUTPUT ( S E C )  

ROAD K E Y  = 0 : F L A T  ROAD. 

I N P U T  PAGE N U .  1 

T I M E  ( S E C )  PRESSURE ( P S I )  
- - - - - - - - - -  - - ------------  

0.0 0 .0  
2.00 0.0 
2 . 1 9  2 .oo 

10.00 2.00 

OUTPUT PAGE O P T I O N  K E Y S :  0 D E L E T E S  PAGES 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SPRUNG MASS SPRUNG MASS SPRUNG MASS T I R E  FORCES BRAKE SUMMARY L A T E R A L  UNSPRUNG MASS 
P O S I T I O N  V E L O C I T Y  A C C E L E R A T I O N  PAGES PAGES PAGES PAGES 

1 1 1 1 1 1 1 

TEMP 
PAGES 

0 



- I-iSRI/MVMA RRAKING AN0  HANOL ING S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS.  OOIJRLES. AND T R I P L E S  - PIIASE 4 .  INPUT  PAGE NO.  2 
RETARDER Tt lREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  

fRAC'fOR PARAMETCRS ------------------ 
WIiEELBASE - D I S T A N C E  FROM FRONT AXLE TO CENTER OF REAR SUSPENSION ( IN)  
BASE V E H I C L E  CURB WEIGHT ON FRONT SUSPENSION ( L B )  
BASE V E I I I C L E  CURB WEIGHT ON REAR SUSPENSION ( L R )  
SPRUNG MASS CG H E I G H T  ( I N .  ABOVE GROUNO) 
SPRUNG MASS ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
SPRUNG MASS P I T C H  MOMENT OF I N E R T I A  ( I N - L B - S E C e * 2 )  
SPRUNG MASS YAW MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
PAYLOAD WEIGHT ( L B )  

* * *  ZERO ENTRY I N D I C A T E S  NO PAYLOAD * + *  
* * *  F I V E  PAYLOAD D E S C R I P T I O N  PARAMETERS ARE NOT ENTEREO * * *  

F I F T H  WHEEL L O C A T I O N  ( IN .  AHEAO OF REAR SUSP. CENTER) 
F I F T H  WHEEL H E I G H T  ABOVE GROUNO ( I N )  
TRACTOR FRAME S T I F F N E S S  ( I N - L B / O E G )  
TRACTOR FRAME TORSIONAL A X I S  H E I G H T  ABOVE GROUNO ( I N )  

TRACTOR FRONT SUSPENSION AND AXLE PARAMETERS ............................................. 
SUSPENSION S P R I N G  RATE ( L B / I N / S I D E / A X L E )  

* * *  N E G A T I V E  ENTRY I N O I C A T E S  TABLE  ENTEREO ** '  
* * +  ECHO W I L L  APPEAR ON TABLE  INOEX PAGE * * *  

SUSPENSION V ISCOUS DAMPING ( L B - S E C / I N / S I O E / A X L E )  
COULOMB F R I C T I O N  ( L B / S I D E / A X L E )  

AXLE ROLL' MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
ROLL CENTER H E I G H T  ( I N .  ABOVE GROUNO) 
ROLL STEER C O E F F I C I E N T  (DEG. STEER/DEG. ROLL )  
A U X I L I A R Y  R O L L  S T I F F N E S S  ( IN -LB /OEG/AXLE)  
LATERAL D ISTANCE BETWEEN SUSPENSION SPRINGS ( I N )  
TRACK WIDTH ( I N )  
UNSPRUNG WEIGHT ( L B )  
STEERING GEAR R A T I O  (OEG STEERING WHEEL/OEG ROAD WHEEL) 
STEERING S T I F F N E S S  ( I N - L B / O E G )  
T I E  ROO S T I F F N E S S  ( I N - L B / D E G )  
MECHANICAL T R A I L  ( I N )  
TORSIONAL WRAP-UP S T I F F N E S S  ( I N - L B / I N )  
LATERAL OFFSET OF STEERING A X I S  ( IN )  

TRACTOR FRONT T I R E S  AND WHEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CORNERING S T I F F N E S S  ( L B / D E G / T I R E )  

+**  N E G A T I V E  ENTRY I N D I C A T E S  TABLE  ENTEREO * * *  
'** ECHO W I L L  APPEAR ON TABLE  INOEX PAGE * * *  

LONGITUOINAL  S T I F F N E S S  ( L B / S L I P / T I R E )  
*+*  N E G A T I V E  ENTRY I N O I C A T E S  TABLE  ENTEREO * * *  
* * *  ECHO W I L L  APPEAR ON TABLE  INOEX PAGE * * *  

CAMBER S T I F F N E S S  (LB /DEG/T IRE)  
A L I G N I N G  MOMENT ( I N - L B / O E G / T I R E )  
TIRE SPRING RATE (LB/IN/TIRE) 
T I R E  LOADED R A O I U S  ( I N )  
POLAR MOMENT OF I N E R T I A  ( IN -LB -SEC* *2 /WHEEL)  

L E F T  S I D E  R I G H T  S I D E  --------- ---------- 
- 1 1 9 . 0 0  - 1  1 9 . 0 0  

L E F T  S I O E  --------- 
-1.00 

R I G H T  S I O E  - ---------  
- 1 . 0 0  





0 0 0  
W l  moo 
0 I r- L? 0 

W l W l  O N 0  
d I V ) I  
X I  I 0 0 f  
U ! k !  

G a a  
W U Z  

V l A W U  
w m o  
C C Z >  
Q C - K  

-u C 
w - z > t  
x o o a w  
a t  t 
K - K t 0  
m a w  
\ > w  .' - = n o > -  
W C n .  W 
a z  a -.x 
\ W  > 
m A W U  

f :dx5 
2 - S r n Z  

--t n o  
- u - * o m -  
U W  O X W C  
W V ) W W U K K  
m - 3 2  w w o  
r 0 Cn. 

I W I  
0 1 0 1  
Z l U l  
n l V) I 
01  I 
U I C I  
W l U l  
A I W I  

w z z  
Y O 0  u z  
K - K  

u 
\ > w  
w a n  
lnca 
a z a  
\ W  

-J 
dud  
I > -  
2-3 

a r t  
-0-co 
O W  c x  
w m w w u  
v r r g z w  - 





t fSRI/MVMA BRAKING AND I I A N D L I N G  S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS.  DOUBLES. AND T R I P L E S  - PklASE 4 .  I N P U T  PAGE NO.  5 
RETARDER THREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  

T R A I L E R  NO. 1 REAR BRAKES . . . . . . . . . . . . . . . . . . . .  

T I M E  LAG ( S E C )  
R I S E  T I M E  ( S E C )  
BRAKE TORQUE ( I N - L B / P S I / B R A K E )  

* * *  N E G A T I V E  ENTRY I N D I C A T E S  TABLE ENTERED * * *  
* * *  ECHO W I L L  APPEAR ON TABLE INDEX PAGE * * *  

ANTILOCK KEY:  1 I N D I C A T E S  ANT ILOCK W I L L  B E  USED 

L E A D I N G  TANDEM AXLE T R A I L I N G  TANDEM AXLE ------------------- . . . . . . . . . . . . . . . . . . . .  
L E F T  S I D E  R I G H T  S I D E  L E F T  S I D E  R I G H T  S I D E  --------- ---------- --------- ---------- 





t ISRI/MVMA BRAKING AN0  HANDL ING S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS.  DOUBLES. AND T R I P L E S  - PHASE 4 .  
RETARDER TI IREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  

SPRING TABLES - - - ----------  
NO. OF L I N E S  ------------ FORCE ( L B )  ---------- D E F L E C T I O N  ( I N )  --------------- TABLE NO.  ------- --  

-20000.00 -20.00 
0.0 0.0 

9250.00 7.20 
25000.00 7.50 

( S P R I N G  COMPRESSION ENVELOPE) 

-20000.00 -20.00 
0.0 0.0 

8040.00 7.20 
25000.00 7.50 

( S P R I N G  EXTENSION ENVELOPE) 

SUSPENSION D E F L E C T I O N  CONSTANTS = 0.08000 INCHES COMPRESSION. 0.08000 INCHES EXTENSION 

SPRING S T A T I C  E Q U I L I B R I U M  CONDIT ION:  4068.81 LB .  3.39 INCHES.  U N I T  1 SUSP 1 AXLE 1 

- 20000.00 
0.0 
0.0 

4000.00 
6500.00 
9500.00 

13000.00 
17000.00 
50000.00 

( S P R I N G  

- 
-1  1 .oo 
- 1.00 
0.0 
1 .oo 
1.50 
2.00 
2.50 
3.00 
4 .00  

COMPRESSION ENVELOPE) 

-25000.00 - 1  1 .OO 
0.0 -0.80 
0.0 0 .20  

3000.00 1 .OO 
5000.00 1.50 
8000.00 2.00 

11500.00 '2.50 
15500.00 3.00 
40000. 00 4.00 

( S P R I N G  EXTENSION ENVELOPE) 

SUSPENSION D E F L E C T I O N  CONSTANTS = 0.02000 INCHES COMPRESSION. 0.02000 INCHES EXTENSION.  

SPRING S T A T I C  E Q U I L I B R I U M  C O N D I T I O N :  1390.59 L B .  0 .46  INCHES.  U N I T  1 SUSP 2 AXLE  1 

SPRING S T A T I C  E Q U I L I B R I U M  CONDIT ION:  1390.59 LB .  0.46 INCHES.  U N I T  1 SUSP 2 AXLE 2 





V) I 
W I  # > I  
w I I m o o  
t l 0 1 l O t N N  
I V I  I L / d d d d  
2 I 







* * *  RETARDER PARAMETERS / TABLES * * *  

GEAR R A T I O  : 2 . 4 7  
AXLE R A T I O  : 4 . 4 4  
E F F I C I E N C Y  : 0 . 8 6  
NO. OF RETARD AXLES : 2 . 0  

ENGINE RPM V S .  HORSEPOWER TABLE : 
0.0 0.0 

1300 .00  1 2 6 . 0 0  
1567 .OO 188 .00  
1833 .00  2 6 5 . 0 0  
2100 .00  3 7 2 . 0 0  

TORQUE ( F T - L B )  V S .  ENGINE SPEED (RAD/S) : 
0.0 0.0 

5 0 9 . 0 5  136.14 
6 3 0 . 1 1  164.10 
7 5 9 . 3 0  191.95 
9 3 0 . 3 7  2 1 9 . 9 1  

* R D L L I N G  RESISTANCE AND AERO DRAG PARAMETERS * * *  

ROLLING RESISTANCE COEFF : 0 . 0 1 3  
AERODYNAMIC EFFECTIVE  AREA ( F T * * 2 )  : 1 0 0 . 0 0  
AERODYNAMIC DRAG C O E F F I C I E N T  : 1 . 0 0  







11SRI/MVMA BRAKING AN0 IIANDLING SIMULATION OF TRUCKS. TRACTOR-SEMITRAILERS. DOUUCES. AN0 TRIPLES - PllASC 4 .  OUTPkJT PAGE 
RFTARnCR TIIRTE-AXLE TRACTOR / TWO-AX1 F SEMITRAILER 

TRACTOR SPRUNG MASS ACCELERATION (BODY AXES) INCRTIAL ACCEL. ALONG 
1lME . . . . . . . . . . . . . . . . . . . . . .  
(SEC ) FORWARD LATERAL VERTICAL ROLL PITCtl tlEADING LONGITUDINAL 

(FT/SEC**2) (FT/SEC**2) (FT/SEC**2) (DEG/SEC*+2) (OEG/SEC**2) (OEG/SEC**2) (FT/SECL*2) 
0.0 -0.1344 0.0 0.0 0 . 0  0 .3006  0.0 - 0 .  1344 
0 . 1 0  -0 .4344 1.1076 - 0 .  1324 - 18.2955 -4 .061  1 9 .2045  -0 .4351  
0 . 2 0  -0 .4953 1.6280 - 0 . 3 7  17 13.7037 -7.4506 13.2749 -0 .5015  
0 . 3 0  -0 .5623  1 .9906 -0 .07  33 8.5997 14 .8959 -0 .5837 -1 .1291 
0 . 4 0  -0 .5889 1.7110 0.0337 -2 .4793 0.0524 13.8061 -0 .6355 
0 . 5 0  -0 .5757 1.4 178 -0 .0202 4.3229 -5 .8479 1 1 .9333 -0 .6515  
0 . 6 0  -0 .5586  0.6964 0 .0795  0 .2638  -0.0094 7.5473 -0 .6582 
0 . 7 0  -0.5716 0.2042 -0 .1979 - 14.0890 -2.1132 5.1168 -0 .6858 
0 . 8 0  -0 .5287  -0 .0337 -0 .2522 19.3672 - 6 . 8 9  12 3 .  1194 -0 .6494 
0 . 9 0  -0 .5626 0 .0605  -0 .0279  8 .2086  -2  -0184 1.5667 -0 .6870  
1 .OO -0.5199 -0 .2458 0 .3085  -44.985 1 6 .8593 0.8419 -0 .646  1 
1 - 1 0  -0 .5395  -0 .3394 0.0263 25.2646 0 .3344  -0 .6605 -2 .627 1 
1 .20  -0 .5432 0 . 1 9 2 9  -0 .2852  43.4895 - 1.5050 1 .Of22 -0 .664  1 
1 . 3 0  -0 .5277 - 0 . 0 3  1 1 - 0 . 0 5  15 -7 1.0575 - 1 .0736 1 .Of34 -0 .6523 
1 . 4 0  -0 .5498 -0 .4468 1 .Of96 13.6700 24.4252 -0 .0007  -0 .6683  
1 . 5 0  -0.5654 0 . 2 7 4 8  0 . 0 4 6 0  70.1670 -1.5313 -0 .5845 -0 .6832 
1 . 6 0  -0 .5418 0. 1862 -0 .1182  -78.794 1 1 .3007 -0 .8186  -0 .6640  
1 . 7 0  -0 .5415 -0 .4669 0 .8382  - 1.2565 29.2534 - 1.2242 -0.6594 
1 .80  -0 .5460  0 . 2 8 8 8  -0 .3338 91.7253 - 1 1 .9344 -0 .2643 -0 .6626 
1 . 9 0  -0 .5414 0 .2306  -0 .7566 -82.5462 -22.4980 0 . 8 2 5 0  -0 .6641  - 2 .OO - -0 .6053 - -0 .6259  0.5192 - 1 9 . 8 5 7 8  - 19.1645 - 1.4694 - -0 .7227  - 
2 . 1 0  -0 .5556 0 . 3 0 2 9  -0 .8218 111.0659 -25.5445 -0 .2769 -0 .6703  
2 . 2 0  -2.3177 - 0 .  1484 1.4458 -73.2533 19.8112 13.0151 -2.4464 

P 2 . 3 0  -2 .3992 -1 .7151 - 1 .0978 -50.0800 28.9503 11.3631 -2.5288 
N 2 . 4 0  -3 .0535 - 1 .6088 -0.8177 112.4822 28.0379 2 1 .a899 -3 .  1698 
t-' 2 . 5 0  -2.6906 -2 .5498 0 . 3 3 4 2  -46 .9  152 -7  -0064 26.1900 -2 .785  1 

2 . 6 0  -3 .  1704 -4 .0715 1.5205 -80.9825 -6 .1908 18.7512 -3 .1802  
2 . 7 0  -3 .2723 -4 .3580  -0 .2202 122.6096 - 12 -8600  2 6 .  1304 -3. ,462 

2 . 8 0  -3 .6577 -5 .3938 -0 .9085 - 7 . 7  145 -3 .4070  28.4252 -3 .3309  
2 . 9 0  -3 .967  1 -6 .5276 - 1.7974 - 138.8472 -27.9385 23.0961 -3 .3515  
3 . 0 0  - 4 .  1646 -7 .6873  -1 .1155 120. 1051 - 15.7599 24.6056 -3 .1658 
3 . 1 0  -5 .2025 -8.7635 0 .6238  55 .574  1 - 14 .9570 25.4116 -3 .6987 
3 . 2 0  -5 .8759 -9 .4280  0 . 6 2 3 0  - 166.2894 11.7082 21.9841 -3 .7634 
3 . 3 0  -6 .5299 -10.1197 - 1 .6534 60.9742 - 19.0008 22.9468 -3 .7138  
3 . 4 0  -8 .0360  -10.7430 0 .3728  117.9508 9.4025 26.3043 -4 .3754 
3 . 5 0  - 9 .  1606 -1  1.2182 -0.0344 -140.6147 -5 .4185 23.1866 -4 .5193 
3 . 6 0  -10.2441 - 1 1.6289 - 1 .0905 -8 .7659  -3.9906 20.2095 -4 .5575 
3 . 7 0  -12.0352 - 1 1 .7905 0 .3585  150.1091 -2 .5408  23.5049 -5 .1682 
3 . 8 0  -13.6815 - 1 1.6082 1.5828 -88.648 1 14.3393 22.0175 -5.5086 
3 . 9 0  -14.9411 - 11.2276 - 1.6528 -90.0193 -5 .1418 19.2891 -6 .454 1 
4 . 0 0  -16.8598 - 10.7499 -0.864 7 137.2373 -4.7922 20.962 1 -6.0055 

NO. 1 . 0 2 . 1  

UUUY A X E S  
. - - - - - - - - - 

LATERAL 
(FT/SECC*2) 

0.0 
1.4289 
2.6062 
3.7833 
4 .3348  
4.7757 
4 .5718  
4 .4113  
4 . 3 8 8 1 '  
4 . 5 9 7 0  
4 .3717  
4.2785 
4 .8132  
4 .6268  
4 .1459  
4 .8848  
4 . 7 8 7 9  
4 -0924 
4 .8633  
4.8202 

- 3 -8799  - 
4 . 8  135 
4 . 6 6 3 1  
3 .7833  
4 .7243  
5 .0976  
4 .6376  
5 . i 3 8 i  
5 .7502 
5 .7644  
5.5754 
5 . 5 2 3 7  
5 .6675  
5 .6204  
5 . 6 8 8 0  
5 . 7 8 4 3  
5 .5855  
5 .  GO43 
5 .7987  
5 .8065  
5 .7217  





I-ISR I /MVMA 

TIME 
( S E C  
0.0 
0.10 
0 . 2 0  
0 . 3 0  
0 . 4 0  
0 . 5 0  
0 . 6 0  
0 . 7 0  
0 . 8 0  
0 . 9 0  
1 .00  
1 .10  
1 .20  
1 .30  
1 .40  
1 . 5 0  
1 .GO 
1 .70  
1.80 
1.90 

- 2 . 0 0  

P 2 . 1 0  
IU 2 . 2 0  
W 2 . 3 0  

2 . 4 0  
2 . 5 0  
2 . 6 0  
2 . 7 0  
2 . 8 0  
2 . 9 0  
3 . 0 0  
3 . 1 0  
3 . 2 0  
3 . 3 0  
3 . 4 0  
3 . 5 0  
3 . 6 0  
3 . 7 0  
3 . 8 0  
3 . 9 0  
4 .OO 

ORAKING AND IIANDLING SIMULATION OF TRUCKS. TRACTOR-SEMITRAILFRS. DOUBLES, AN0 TRIPLES - PHASE 4 .  OUTPUT PAGE NO. 1 . 0 5 . 1  
RETARDER TtIREE-AXLE TRACTOR / TWO-AX1.F. SEMITRAILER 

TRACTOR REAR SUSPENSION TIRE FORCES 
LEADING TANDEM AXLE 

LErT SIDE RIGIIT S I D C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
VERTICAL LONG. LATERAL MU-X MU-Y VERTICAL LONG. LATERAL MU-X MU-Y 

(LB) (LB ( L a )  ( L a )  (LU) (LB) 
25.10.59 -0.0 0.0 0.0 0 . 0  2540.50 -0.0 0 . 0 .  0.0 0.0 
2539 .90  -21.47 -19 .72  -0 .0085 -0 .0078  2496.28 - 18.08 -19 .42  -0.0072 -0 .0078  
2557.66 -29 .98  -6 .58  - 0 . 0  1  17 -0 .0026 2358 .60  -20 .91  - 6 . 1 0  -0 .0009 -0 .0026 
2701.32 -34 - 9 1  28.16 -0 .0129  0 . 0  104 2409.79 -21 .73  25 .37  -0 .0090  0.0101 
2689.3 1  -35 - 5 7  40.95 -0 .0132  0 .0152  2332.69 -20 .72  36.04 -0 .0089 0 .0155  
2669.09 -35 .02  6 2 . 1 1  -0 .0131  0 .0233  2350.90 -20 .99  5 5 . 7 4  -0.0089 0 . 0 2 3 7  
2585.65 -32.86 8 8 . 1 1  -0 .0127 0 . 0 3 4 1  2443.35 -22 .89  8 5 . 1 0  -0 .0094 0 .0348  
2556.66 - 3  1 .19 99.54 -0 .0122  0 . 0 3 8 9  2410.16 -23 .82  96 .09  -0.0099 0 . 0 3 9 9  
2732.4 1  - 3 2 . 4 6  143.63 - 0 . 0 1  19 0 .0526  2304.05 -23 .53  124. 18 -0.0102 0 .0539  
2668.58 - 3 1 . 1 0  194.59 -0 .0117 0 . 0 7 2 9  2402.05 -25 .15  179.73 -0.0 105 0 . 0 7 4 8  
2544.38 -29 .20  167.98 - 0 . 0 1  15 0 . 0 6 6 0  2400.11 -25 .63  162.68 -0.0107 0 . 0 6 7 8  
28 10.08 -3  1 .82  185.10 -0 .0113 0 . 0 6 5 9  2 185.03 -23 .63  147.78 - 0 . 0  108 0 . 0 6 7 6  
2714.25 -30 .83  262.96 -0 .01  14 0.0969 2324.77 -25.24 231.28 -0 .0109 0 .0995  
2525.66 -28 .57  215.56 - 0 . 0 1  13 0 . 0 8 5 3  2342.26 -25 .37  205.34 -0 .0108 0.0877 
2888.68 -32.41 184.06 - 0 . 0 1  12 0.0637 2224.72 -24 .61  145.57 - 0 . 0 1  11 0 .0654  
2846.57 -32 .12  296.67 - 0 . 0 1  13 0.1042 2309.27 -25 .10  247. 19 -0 .0109 0 . 1 0 7 0  
2770.72 -3  1.07 260.84 - 0 . 0 1  12 - 0 .0941  2434.16 -26.69 235.38 - 0 . 0 1  1 0  0 .0967  
2967.2 1  -33 .  14 178.89 - 0 . 0 1  12 0 . 0 6 0 3  2183.73 -23.99 135.21 - 0 . 0 1  10 0 . 0 6 1 9  
2785.43 - 3  1.47 290.42 - 0 . 0 1  13 0 .1043  2306.44 -24 .89  247 .O1 -0.0 108 0 . 1 0 7 1  
2508.59 -28 .37  256.58 -0.01 13 0 .1023  2278.60 -24 .78  239.43 -0 .0109 0 .1051  - 2968.56 - -33.08-159.39--0.0111 - 0 . 0 5 3 7  - 2183.06- -24.09- 120.37--0.0110 - 0 .0551  - 
2794.13 -31 .31  278.90 - 0 . 0 1  12 0 .0998  2328.0 1  -25.09 238.66 -0.0108 0 .1025  
1895.62 -379 .12  133.37 -0 .2000  0.0704 1725.53 - 3 4 5 . 1 0  122.44 -0 .2000 0 .0710  
2606.79 -52 1.36 111.70 -0 .2000  0.0428 1687.96 -337.59 6 8 . 1 9  -0 .2000  0.0404 
2485.12 -497.02 122.90 -0 .2000  0 .0495  2111.58 -422.32 8 8 . 6 5  -0 .2000 0 . 0 4 2 0  
2036.53 -407.31 9 2 . 3 2  -0 .2000  0 .0453  2223.59 -444.72 8 2 . 9 5  -0.2000 0 .0373  
2668.15 -533.63 116.15 - 0 . 2 0 0 0  0 . 0 4 3 5  2000.62 -399.77 68 .36  -0 .1998 0.0342 

2469.26 -488.49 115.74 -0 .1978 0 .0469  2054.08 -408.68 6 6 . 3 3  -0 .1990 0 .0323  
2198.18 -428.73 109.94 - 0 . 1 9 5 0  0 . 0 5 0 0  2363.39 -467.81 8 1 . 7 0  -0 .1979 0 .0346  
2506.41 -48 1.62 134.09 -0. 1922 0.0535 207 1 .75  -402.45 7 6 . 6 1  -0. 1943 0 .0370  
2392.68 -447 .50  145.06 - 0 .  1870 0 .0606  1890.67 -358.47 71 .74  -0 .1896 0 . 0 3 7 9  
2 199.55 -399.39 151.03 -0 .1816  0.0687 2316.05 -437.88 102.50 -0 .1891 0 . 0 4 4 3  
2396.44 -427.25 179.36 -0 .1783 0 .0748  21 16.28 -399.79 9 9 . 0 9  -0 .1889 0 .0468  
2470.54 -437 .7  1  191.10 -0 .1772  0.0774 1795.49 -341.14 7 9 . 0 0  -0 .1900 0 . 0 4 4 0  
2292. 13 -404.45 181.59 -0 .1765  0 . 0 7 9 2  2266.40 -430.61 9 9 . 7 2  -0 .1900  0 . 0 4 4 0  
2366.58 -417.75 187 - 0 6  -0.1765 0 . 0 7 9 0  2191.97 -416.47 96 .45  -0 .1900  0 . 0 4 4 0  

2820.47 -495.08 230 .20  -0 .1755 0 .0816  186 1 .29  -353.64 8 1 . 9 0  -0 .1900  0 . 0 4 4 0  
2552.07 -445. 14 215.66 -0 .1744 0 .0845  2209.82 -4 19.87 9 7 . 2 3  -0 .1000  0 . 0 4 4 0  
2496.59 -435.39 211.15 -0.1744 0 .0846  103.28 -0 .1900  2347. 19 -445.97 0 . 0 4 4 0  
2686.60 -465.92 234 .00  -0.1734 0 . 0 8 7 1  2082.29 -395.08 93.05 -0. 1897 0 . 0 4 4 7  
2682.53 -460 .9  1  244.83 -0 .1718 0 .0913  2207 - 5 1  -4 19.43 97 .13  -0 .1900  0 . 0 4 4 0  









HSRI/MVMA BRAKING AND 

T I M E  TREADLE 
( S E C  ) PRESSURE 

( P S I  

H A N D L I N G  S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS.  DOUOLES. AND T R I P L E S  - PHASE 4. OUTPUT PAGE N O .  1.10.1 
RETARDER TI IREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  

TRACTOR REAR SUSPENSION - BRAKE SUMMARY 
T R A I L I N G  TANDEM AXLE 

----------------- 
BRAKE RRAKE 
PRESSURE TORQUE 

( P S I )  ( I N - L B )  

L E F T  
. - - - - - - - - - - 

T I R E  
RRAKE 
FORCE 

( L B )  
-0.0 
-22.26 
-30.71 
-36.55 
-38.08 
-38.17 
- 36 .2.1 
-34.65 
-34.94 
-33.99 
-32.04 
-34.88 
-33.35 
-31.04 
-35.30 
-34.61 
-33.64 
-35.86 
-33.89 
-31.03 

-- 36.06 
-30. 17 

-556.48 
-629.00 
-583.63 
-472.20 
-592.25 
-526.37 
-46 1.86 
-509.65 
-445.51 
-400.78 
-433.84 
-43 1 .63 
-413.66 
-40 1 .85 
-456.48 
-415.03 
-391.48 
-429.98 
-420.78 

S I D E  - - - - - - - - 
WI-f E E L 
S L I P  

----------------- -------- 
ANGULAR ANGULAR BRAKE 
WIIEEL WHEEL PRESSURE 
.VEL.  ACCEL. ( P S I )  

( R A D / S E C ) ( R A D / S * * 2 )  
20.31 -0.0 0.0 
20.12 -0.99 0.0 
20.07 -0.27 0.0 
20.06 -0.01 0.0 
20.06 0.06 0.0 
20.07 0.03 0.0 
20.07 -0.08 0.0 
20.06 -0. 18 0.0 
20.05 -0.26 0.0 
20.02 -0.31 0.0 
20.00 -0.32 0.0 
19.97 -0.40 0.0 
19.92 -0.39 0.0 
19.90 -0.36 0.0 
19.87 -0.46 0.0 
19.83 -0.41 0.0 
19.80 -0.41 0.0 
19.76 -0.45 0.0 
19.73 -0.39 0.0 
19.69 -0.35 0.0 - 19.65 -- 0.49 -0.0 - 
19.62 -0.43 0.03 
13.71 -44.36 0.53 
10.92 -12.85 1 .Ol 
10.10 -4.53 1.34 
9.54 -7.20 1.56 
9.56 5.49 1.70 
10.01 2.41 1.80 
10.07 -1.49 1.87 
10. 19 2.82 1.91 
10.47 -0.96 I .94 
10.40 -3.47 1.96 
10.26 -0.65 1.97 
10.36 0.26 1.98 
10.37 -1.29 1.99 
10.05 -1.79 1.99 
10.06 2.69 I .99 
9.92 -0.03 2.00 
9.45 -1.39 2.00 
9.10 1.68 2.00 
8.80 1.93 2.00 

----------- 
BRAKE 
TORQUE 
( I N - L B )  

. R I G H T  S I D E  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T I R E  WlIEEL ANGULAR ANGULAR 
BRAKE S L I P  WIIEEL W14E E L 
FORCE V E L  ACCEL . 

( L B  ) ( R A D / S E C ) ( R A D / S C * 2 )  
-0.0 0.0 20.31 -0.0 
-18.05 0.0072 20.11 - 1  -22 
-20.37 0.0088 20.02 -0.82 
-20.54 0.0089 19.94 -0.80 
-18.91 0.0087 19.86 -0.79 
-18.62 0.0087 19.78 -0.79 
-19.51 0.0090 19.71 -0.72 
-21.00 0.0095 19.64 -0.65 
-20.50 0.0099 19.59 -0.55 
-22.84 0.0102 19.54 -0.53 
-23.12 0.0105 19.50 -0.48 
-21.15 0.0106 19.46 -0.41 
-23.05 0.0106 19.42 -0.42 
-23.06 0.0 106 19.39 -0.43 
-22.02 0.0109 19.35 -0.38 
-23.25 0.0107 19.32 -0.42 
-24.52 0.0108 19.28 -0.43 
-21.26 0.0108 19.25 -0.37 
-23.18 0.0106 19.22 -0.43 
-23.15 0.0107 19. 18 -0.42 

---20.76 0.0109 - 19.15 - -0.36 - 
-23.00 0.0106 19. 12 -0.43 

-476.42 0.3280 12.86 -50.49 
-448.16 0.5 192 9.12 -27.17 
-486.65 0.6196 7.14 -12.19 
-489.00 0.6533 6.42 -5.85 
-451.89 0.6763 5.90 -5.66 
-441.17 0.7120 5.18 -4.27 
-472.10 0.7173 5.00 -0.61 
-409.92 0.7236 4.79 -4.93 
-361.20 0.7604 4.08 -7.29 
-457.43 0.7678 3.87 1.38 
-422. 12 0.7595 3.90 -1.19 
-356.95 0.7813 3.45 -5.13 
-469.44 0.7755 3.42 3.64 
-421.24 0.7576 3.55 0.20 
-357.90 0.7651 3.28 -4.42 
-425.60 0.7676 3.07 1.46 
-431.42 0.7333 3.29 2.32 
-395.26 0.7086 3.32 -0.44 
-414.25 0.7119 2.98 2. 15 



TIME 
(SEC 

BRAKING AND HANDLING SIMULATION OF TRUCKS. TRACTOR-SEMITRAILERS. DOUBLES. AND TRIPLES - PHASE 
RETARDER TIiREE-AXLE TRACTOR / TWO-AXLE SEMITRAILER 
TRACTOR FRONT SUSPENSION - LATERAL TIRE FORCE AND MOMENT SUMMARY 

LEFT SIDE Rf GHT ....................................................... ............................... 
TIRE TIRE ALIGNING Tf RE TIRE 
SIDESLIP LATERAL MU-Y TORQUE SIDESLIP LATERAL 
ANGLE f ORCE ( IN-LO) ANGLE FORCE 
(DEG) (LB) (DEG) (LB 
0.0 0.0 0.0 0 . 0  0 . 0  0.0 

-0.3776 273.4478 0.0566 -273.32 18 -0 .3483 237.4240 
-0 .6773 51  1.0461 0 .1016  -510.8108 -0 .6138 404.8948 
-0.9694 750.7024 0.1454 -750.3567 -0 .8707 556.3127 
-1 .2148 836.1086 0 .  1607 -835.7236 - 1.0873 647.1309 
- 1.5254 923.6084 0.1763 -923.1833 - 1.3745 697.1658 
- 1 -3273 869.1260 0.1664 -868.7258 -1.1722 661.091 1 
-4.1656 826.3794 0 .  1583 -825.9990 - 1 .0070 632.7407 
-1.1332 819.0029 0. 1567 -8 18.6257 -0 .9742 61 1.5896 
-1 .2216 834.7058 0 .  1611 -834.32 15 - 1 .0585 639 .27  12 
-1.1003 795.2456 0 . 1 5 5 0  -794.8794 -0.9397 600.4 163 
- 1 .0658 798.7395 0.1533 -798.37 18 -0 .9082 572.4006 
- 1.3097 870.5339 0.1655 -870.1333 - 1.1449 655.1130 
-1.1894 817.4104 0 .1595  -817.0342 - 1.0222 646.56 18 
- 1.0263 782.8457 0.1513 -782.4854 -0 .8715 550.4663 - 1 .3347 878.684 1 0 .1667 -878.2795 - 1.1704 653.4797 
- 1 .2646 836.9622 0 .1632  -836.5769 - 1.0969 661.8691 
-0 .9890 768.642 1 0. 1484 -768.2883 -0 .8359 534.4697 
- 1.3252 879.5010 0 .1663  -879.0959 -1 .161 1 649.9026 
-1.3144 846.8767 0.1657 -846 -4868 - 1. 1465 669.7129 - -0 .9486 - 729.5950 0.1423 - -729.2590 - -0 .7981 - 512.0730 
- 1.2945 874.9973 0.1647 -874.5945 -1.1308 642.9702 
- 1 -3564 895.6917 0.1678 -895.2793 - 1.1793 702.9954 
-0.9395 795.7253 0.1409 -795.3589 -0.7654 55 1.6760 
- 1 -2930 960.6028 0.1647 -960.1604 - 1.0920 706.4290 
-1.7113 999.3735 0.1856 -998.9136 -1 .5012 765.3901 
-1.6110 932.8362 0.1806 -932.4067 -1 .3871 708.6 106 
-2 .2940 1 1 15.8779 0 .2000  -1115.3643 - 2  -0890  8 16.0549 
-3 .4759 11 17.0115 0.2000 -1116.4973 -3 .3533 873.9116 
-3.7634 1 104.5576 0 .2000  -1  104.0491 -3 .6705 889.0647 
-4.8346 1134.6169 0.2000 -1134.0947 ' -4 .8755 83 1.8396 
-6 .9899 1077.0349 0 .2000  -1076.5393 -7 .3150 827.9912 
-8 .1151 1059.3069 0 .2000  -1058.8191 -8.6379 865.391 1 
-9.4393 1126.3999 0 . 2 0 0 0  - 1  125.8813 - 10.2295 834.0068 

-12.2241 1 132.4333 0 . 2 0 0 0  -1131.9121 -13.5617 835.0786 
-14.2931 1082.6460 0 .2000  -1082.1475 -16.1493 874.0935 
-16.0549 1105.9521 0 . 2 0 0 0  -1105.4431 - 18.4508 836.9585 
- 19.3767 1123.2913 0 . 2 0 0 0  -1122.7742 -22 .71  13 8 17.6548 
-22.546 t 1077.3560 0 . 2 0 0 0  -1076.8601 -26.945 1 866.3694 
-24 .go14 1092.9575 0 . 2 0 0 0  - 1092.4543 -30.3627 866.9607 
-28.5706 1128.1421 0 . 2 0 0 0  -1127.6228 -35.5394 826.1865 

4 .  OUTPUT PAGE 

SIDE 
.---------------- 

MU-Y 

NO. 1 .11 .1  

. - - - - - - - -  
ALIGNING 
TORQUE 
( IN-LB 1 



T I M E  
( S E C  

BRAKING AND H A N D L I N G  S I M U L A T I O N  OF TRUCKS. T R A C T O R - S E M I T R A I L E R S .  DOUBLES. AND T R I P L E S  - PtlASE 
RETARDER THREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  
TRACTOR REAR SUSPENSION - LATERAL T I R E  FORCE AND MOMENT SUMMARY 

L E A O l N G  TANDEM AXLE 
L E F T  S I D E  R I GttT ....................................................... ............................... 

T I R E  T I R E  A L I G N I N G  T I R E  T I R E  
S I D E S L I P  LATERAL MU-Y TORQUE S I D E S L I P  LATERAL 
ANGLE FORCE ( I N - L E  ANGLE FORCE 
( D E G )  ( L a )  ( D E G )  ( L E I  
0 . 0  0.0 0 . 0  0.0 0 . 0  0 . 0  
0 . 0 5 1 8  - 19.7222 -0 .0078 31.0513 0 . 0 5 1 9  -19.4179 
0 . 0 1 7 1  -6 .578  1 -0 .002  6 10.3568 0.0172 - 6 . 0 9 9  1 

-0 .0695 28.  1583 0 . 0  104 -44.3335 -0 .0702 25.3706 
- 0 .  1015 40.9484 0 .0152  -64.4705 - 0 .  1030 36.0422 
-0 .1551 6 2 .  1072 0 . 0 2 3 3  -97.7837 -0. 1581 55.7413 
-0 .2272  88.1108 0 . 0 3 4 1  - 138.7248 -0 .2322 85 .0950  
-0 .2596 99.5403 0 . 0 3 8 9  - 156.7197 -0 .2658 96.0895 
-0 .3504 143.6289 0 .0526  -226.1343 -0 .3593 124.18 15 
-0 .4861  194.5902 0 .0729  - 306.3694 -0 .4988 179.7272 
-0 .4401 167.9827 0 . 0 6 6 0  -264.4775 -0 .4519 162.6828 
-0 .4391  185. 1024 0 . 0 6 5 9  -291.4316 -0 .4509 147.7800 
-0 .6459 262.9639 0 . 0 9 6 9  -4  14.0193 -0.6632 23 1.2828 
-0 .5690  215.5596 0 . 0 8 5 3  -339.3845 -0.5845 205.3407 
-0 .4248  184.0602 0 .0637  -289.7908 -0.4362 145.5660 
-0.6948 296.6707 0 . 1 0 4 2  -467.0886 -0.7136 247.1928 
-0 .6276 260.841 1 0 .094  1 -4 10.6770 -0 .6446 235.3765 
-0 .4019 178.8947 0 .0603  -28 1.6580 -0 .4  128 135.2120 
-0 .695 1 290.4158 0 .1043  -457.2407 -0 .7140 247.0086 
- 0 . 6 8  19 256.5789 0 .1023  -403.9666 -0 .7005 - 239.4303 
-0 .3580  - 159.3909 0 .0537  - -250.9506 -0.3676 - 120.3744 - 
-0.6654 278.8950 0.0998 -439.102 1 -0 .6835 238.6629 
-0 .9160  133.3709 0.0704 -209.9837 -0 .9430  122.4350 
- 1.0397 111.6983 0.0428 -175.8618 -1  -0751 68.1883 
- 1.9482 122 =8952 0 . 0 4 9 5  - 193.4905 -2 .0262 88.6546 
-3 .  1710 9 2 . 3  193 0 .0453  -145.3508 -3.3272 82.9492 
-3.9784 116.1475 0 .0435  - 182.8667 -4 .2077 68 .3611  
-5 .4585 115.7388 0 .0469  - 182.2233 -5 .8198 66.3319 
-7 - 4 8  10 109.9385 0 . 0 5 0 0  - 173.0910 -8 .0569 8 1.6980 
-8 .8606 134.0940 0 .0535  -2  11.1223 -9.6336 76.6061 

- 10.7741 145 -0622 0 .0606  -228.3909 -11.8132 7 1.7436 
- 13.5620 151 -0321  0.0687 -237.7901 -15.0000 102.4959 
- 15.6740 179.3570 0 .0748  -282.3860 -17.4869 99.0944 
-17.9186 19 1. 1048 0.0774 -300.8818 -20.1497 79.0015 
-21.2707 181.5861 0 .0792  -285.8953 -24.1089 99.7214 
-24.2305 187.0557 0 .0790  -294.5068 -27.7004 96.4466 
-26.9636 230.1973 0 .0816  -362.4307 - 3  1 .0622 8 1  -8967 
-30.7477 215.6587 0 .0845  -339.5405 -35.6472 97 .2320  
-34.5125 211.1535 0 .0846  -332.4473 -40.2826 103.2765 
-37.8068 234.0044 0 . 0 8 7 1  -368.4246 -44.4386 93.0505 
-4 1.8180 244.829 1 0 .0913  -385.4673 -49.3778 97.  1302 

4 .  OUTPUT PAGE 
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HSR I /MVMA 

T I M E  
( S E C  1  

B R A K I N G  AND t lANDLING S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS,  DOUBLES. AND T R I P L E S  
RETARDER TI IREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  

TRAZI.ER N O .  1 SPRUNG MASS P O S r T I O N  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FORWARD LATERAL V E R T I C A L  ROLL P I T C H  H E A D I N G  TURN 

( F T )  ( F T  1  ( F T )  ( D E G  1  ( O E G )  ( D E G )  R A D I U S  
( F T )  

-27.9938 0.0 0.0 0.0 0.0 0.0 * * * * * + * * * + * *  
-24.6133 -0.0001 -0.0001 0.0030 0.0006 -0.0003 -17337.3008 
-21.3199 -0.0004 -0.0010 0.0248 0.0039 -0.0023 5960.4 180 
-18.0316 0.0013 0.0002 -0.0036 -0.0002 0.0057 1748.4229 
- 14.7492 0.0090 -0.0005 -0.0360 0.0012 0.0417 1101.4365 
- 11.4730 0.0265 -0.0004 -0.0036 0.0020 0.1132 786.7097 
-8.2034 0.0575 -0.0002 -0.0459 0.0005 0.2305 623.9995 
-4.9403 0.1054 -0.0005 -0. 1451 0.0021 0.4012 547.6152 
- 1.6840 0.1726 -0.0004 -0.1079 0.0010 0.6204 454.1594 
. I .  565 1 0.2629 -0. W O O  -0.0399 0.0001 0.8874 404.1294 
4.8059 0.3786 -0.0013 -0.1942 0.0039 1.2104 414.3481 
8.0386 0.5201 0.0003 -0. (804 -0.0018 . 1.5763 350.1750 

1 1 -2630 0.6909 0.0003 -0.0423 -0.001 1 1.9787 314.0503 
14.4787 0.8938 -0.002 1 -0.2533 0.0065 2.4335 334.5862 
17.6854 1.1277 -0.0009 -0.2382 0.0050 2.9245 296.2427 
20.8830 1.3950 -0.00 (0 -0.035 1 .0.0003 3.4353 278.0149 
24.0703 1.6980 0.0008 -0.2R40 -0.0030 3.9893 282.3748 
27.2473 2.0361 -0.001 1 -0.2937 0.0028 4.5760 288.7944 
30.4136 2.4091 -0.0010 -0.0064 0.0021 5. 1692 252.9472 
33.5686 2.8206 -0.0012 -0.2755 0.0046 5.7964 270.4082 

-36.7121 - 3.2687 - -0.0013 -0.3438 - 0.0035 - 6.4519 - 271.4404 - 
39.8432 3.7529 -0.0008 0.0073 -0.0004 7.1050 240.3148 
42.9559 4.2757 -0.0026 -0.2548 0.0 129 7.7809 323.4 1 16 
46.0408 4.8262 -0.0027 -0.3396 0.0049 8.4431 350.2251 
49.0983 5.3994 0.0005 0.0566 -0.0004 9.0505 343.3752 
52.1264 5.9952 -0.0019 -0. 1761 0.0078 9.6 182 463.5330 
55. 1274 6.6075 -0.0013 -0.4 125 0.0035 10.1486 396.6692 
58.0995 7.2379 -0.0030 -0.0 1 0 0  0.0107 10.6295 403.9546 
6 1 .0460 7.8856 -0.0005 -0.0963 0.0009 11.0815 534.4705 
63.9677 8.5461 0.0004 -0.4165 -0.0020 1 1 .5 196 467.2866 
66.8625 9.2206 -0.0034 -0.0785 0.0124 11.9254 412.8350 
69 .. 7350 9.9 109 -0.0007 -0.0696 0.0013 12.3151 491.1792 
72.5859 10.6142 -0.0007 -0.4248 0.0024 12.7094 488.1963 
75.4130 1 1 .3304 -0.0027 -0. 1361 0.0094 13.0829 416.4465 
78.2183 12.061 1 -0.0004 0.0146 0.0022 13.4400 480.6948 
8 1 .0060 12.8042 -0.0019 -0.397G 0.0038 13.8076 540.0081 
83.7728 13.5587 -0.00 12 -0.2630 0.0058 14.1638 409.7681 
86.5192 14.3272 -0.0022 0.069 1 0.0053 14.5001 442.5867 
89.2502 15.1089 -0.0017 -0.2516 0.0035 14.8495 526.0752 
9 1 -9632 15.9024 -0.0013 -0.3592 0.0060 15.2039 446.2126 
94.6555 16.7090 -0.0019 -0.0126 0.0024 15.5409 39 1.1423 

- PHASE 4 

. - - - - - - 
S I D E  
S L I P  
( D E G )  
0.0 
-0.0040 
0.0028 
0.0654 
0. 1694 
0.3026 
0.4573 
0.6067 
0.7614 
0.9360 
1.0671 
1. 1873 
1.3525 
1.4683 
1.5523 
1.6719 
1.7813 
1 .a226 
1 .go90 
2.0070 

-2.0051 
2.0551 
2.0914 
1.9198 
1 .a561 
1.7349 
1 .5997 
1 .5809 
1.5051 
1.3997 
1 .4028 
1.3941 
1.3276 
1.3291 
1.3479 
1.2841 
1.2761 
1.3250 
1.3025 
1.2802 
1.3374 

OUTPUT PAGE N O .  1.00.3 

A R I  I C U L A T I O N  
ANGLE ( D E G )  
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HSR I /MVMA 

TIME 
(SEC) 

BRAKING AN0 IiANOLING SIMULATION OF TRUCKS. TRACTOR-SEMITRAILERS. DOUBLES. AND TRIPLES - PHASE 4 .  OUTPUT PAGE 
RETARDER TIIREE-AXLE TRACTOR / TWO-AXLE SEMITRAILER 
TRAILER NO. 1 REAR SUSPENSION - LATERAL TIRE FORCE AND MOMENT SUMMARY 

LEADING TANDEM AXLE 
LEFT SIDE RIGliT SIDE ....................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TIRE TIRE ALIGNING TIRE TIRE 
SIDESLIP LATERAL MU-Y TORQUE SIDESLIP LA1 ERAL MU-Y 
ANGLE FORCE ( IN-LO 1 ANGLE FORCE 
(OEG) (LEI  (DEG) (LB 
0 . 0  0.0 0 . 0  0 . 0  0.0 0.0 0.0 

-0.0024 0 .7935  0.0004 - 1.4576 -0.0024 0.7966 0 .0004  
0 .0006  -0 .1939  -0 .0001 0 . 3 5 6 2  0 .0006  -0.2053 -0.000 1 
0.0 127 -4 .1875 -0 .0019  7.6923 0.0 127 -4 .1180  -0 .0019 

-0 .0189 6.4004 0 .0028  - 1 1.7574 -0 .0189 5.8078 0 .0028  
-0.0227 7 .4338  0.0034 -13.6556 -0 .0227  7.4096 0.0034 
-0 .0228 7.8209 0 .0034  -14.3668 -0 .0230  7.0514 0.0034 
-0 .0636 23.9893 0 .0095  -44.0676 - 0 . 0 6 4 0  17.4957 0 . 0 0 9 6  
-0 .1223 43.6278 0 . 0 1 8 3  -80.1430 -0 .1232  36.0983 0 .0185  
-0.0876 28 .5  197 0 . 0 1 3 1  -52.3898 -0.0884 28.8214 0 . 0 1 3 3  
- 0 .  1148 43.8761 0 . 0 1 7 2  -80.5991 -0 .1161 30.5855 0 .0174  
- 0 . 2  197 81.9714 0 . 0 3 3 0  - 150.5790 -0.2224 62.7033 0.0334 
-0. 1473 46.1909 0 . 0 2 2 1  -84 .85  12 -0 .1494 50.7247 0 .0224  
-0 .1684 66 .2245  0 .0253  -121.6523 -0 .17 11 42.5781 0 .0257  
-0 .2988 115.3233 0 .0448  -2  11.8453 -0 .3037 84.8210 0 .0456  
-0.2057 60.7424 0.0309 -111.5819 -0.2092 71.0282 0.0314 
-0.1956 79.7668 0 .0293  -146.5293 -0 .1993 49.8526 0 .0299  
-0.3734 145.8873 0 .0560  -267.9902 -0.3806 98.2804 0 . 0 5 7 1  
-0 .2730  79.5467 0 . 0 4 1 0  -146.  1248 -0 .2785 98.3865 0 . 0 4  18 
- 0 . 2  134 86.2494 0 . 0 3 2 0  - 158.4376 -0 .2180 53.9176 0.0327 
-0 .4487 184. 1823 0.0673 -338.3372 -0.4584 112.1879 0 .0688  
-0 .3550  101.7786 0 .0532  -186.9642 -0 .3627 127.6407 0.0544 
-0 .2652 108.4199 0 .0398  -199.1640 -0 .27  12 69.7017 0 .0407  
-0 .502 1 203.400 1 0 .0753  -373.6396 -0 .5129 119.7484 0 . 0 7 6 9  
-0.3516 100.7843 0 .0527  - 185 .. 1378 -0 .3585 132.4973 0 .0538  
-0 .1738 66.8737 0 . 0 2 6  1 - 122.8450 47.2511 0 .0266  -0 .1771 
-0 .3487 153.3268 0 .0523  -28 1 .6565 -0 .3548 75.0103 0 .0532  
-0 .2611 75.4373 0 .0392  - 138.5760 -0 .2653 93.7305 0 .0398  
-0 .0600  21.2351 0 . 0 0 9 0  -39.0083 -0 .0610  18.3224 0 . 0 0 9 1  
-0.2354 104.0552 0.0353 -191.1463 -0 .2390 51.3457 0 . 0 3 5 8  
-0 .2273 69.0129 0 .0341  - 126.7745 -0 .2305 78.0437 0 .0346  
-0 .0188 6 .1391  0 .0028  -11.4610 -0 .0191  6.1237 0 . 0 0 2 9  
-0 .1675 73.8706 0 .0251  - 135.6980 36 .659  1 0 .0255  -0 .1698  
-0 .232 1 73.9660 0 .0348  - 135.8732 -0 .235  1 76.4427 0 .0353  
0.0000 -0.0095 -0 .0000  0.0174 0.0000 - 0 . 0 1  17 -0.0000 

-0.0944 40.2792 0.0142 -73.9916 -0 .0956 20.6804 0 .0143  
-0.2438 89.2826 0 .0366  - 164.0094 -0 .2469  73.2370 0 . 0 3 7 0  
-0 -0374 9 .9899  0.0056 -18.351 1 -0 .0378 14 .Of37 0.0057 
-0 .0120  4.7567 0.0018 -8 .7379 -0 .0122 3.0002 0 . 0 0 1 8  
-0.2016 84.5172 0 .0302  - 155.2554 -0.2042 49.1409 0 .0306  
-0 .1080 30.5442 0 .0162  -56.1087 -0. 1094 38.2308 0.0164 

NO. 1 . 1 3 . 2  

. - - - - - - - - 
ALIGNING 
TORQUE 
( IN-LB) 



HSRI /MVMA B R A K I N G  AND H A N D L I N G  S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS.  DOUBLES. AND T R I P L E S  - 
RETARDER TI IREE-AXLE TRACTOR / TWO-AXLE S E M I T R A I L E R  
T R A I L E R  N O .  1 REAR SUSPENSION - LATERAL T I R E  FORCE AND MOMENT 

T R A I L I N G  TANDEM AXLE 
L E F T  S I D E  ....................................................... ........................ 

T I  ME T I R E  T I R E  A L I G N I N G  T I R E  T I R E  
( S E C  ) S I D E S L I P  LATERAL MU-Y TORQUE S I D E S L I P  LATERAL 

ANGLE FORCE ( I N - L B  ) ANGLE FORCE 
(DEG (LB 1 (DEG 1 (LB 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.10 -0.0009 0.2825 0.0001 -0.5190 -0.0009 0.2839 
0.20 0.0012 -0.3793 -0. O W 2  0.6968 0.00 12 -0.4014 
0.30 -0.01 17 3.8969 0.0018 -7. 1585 -0.01 17 3.8111 
0.40 -0.0831 28.5625 0.0125 -52 -4684 -0.0832 25.5280 
0.50 -0.135 1 45.1893 0.0203 -83.01 14 -0.1355 43.8873 
0.60 -0.1989 69.8680 0.0298 - 128.3455 -0.1998 60.5346 
0.70 -0.3038 118.1090 0.0456 -2 16.9626 -0.3057 81 -4773 
0.80 -0.4 182 154.8514 0.0627 -284.4573 . -0.4215 119.8916 
0.90 -0 . 449 1 153.3623 0.0674 -281.7217 -0.4534 142.7433 
1 .OO -0.5418 2 16.9340 0.0813 -398.5012 -0.5479 136.8612 
1 - 1 0  -0.6898 271.2063 0. 1035 -498.1978 -0.6984 186.2565 
1.20 -0.6733 226.0107 0.1010 -4 15.1748 -0.6827 220.0970 
1.30 -0.7588 3 16.6465 0. 1138 -58 1 .6699 -0.7706 176.6920 
1.40 -0.9162 377.1726 0.1374 -692.8545 -0.9312 240.5840 
1.50 -0.8586 275 -6423 0. 1288 -506.3464 -0.8734 278.0669 
1 .GO -0.9 108 398.3362 0.1366 -73 1.73 12 -0.928 1 209.0992 
1.70 - 1.1048 432.4778 0. 1552 -794.4485 - 1.1262 245.9568 
1.80 - 1 .0238 322.7437 0.1512 -592.8701 - 1.044 1 333.9360 
1.90 -1.0217 439.9719 0.151 1 -808.2151 - 1.0436 222.7296 
2.00 - 1.2665 476.2534 0.1633 -874.8630 - 1.2940 244.8193 
2.10 -1.1781 332.8 169 0. 1589 -6 1 1.3745 - 1.2039 35 1 -4480 
2.20 -1.1227 459.4077 0. 1568 -843.9180 -1.1483 240.7184 
2.30 - 1.3077 474 -0840 0.1654 -870.8777 - 1.3357 238.0639 
2.40 - 1.0982 323.7856 0.1549 -594.7844 -1.1200 36 1.2292 
2.50 -0.8863 366.4082 0. 1329 -673.0806 -0.9030 219.2367 
2.60 - 1.0063 467.4709 0.1503 -858.7297 -1 -0238 19 1.2385 
2.70 -0.8652 270.7170 0. 1298 -497.2988 -0.8790 293.6 145 
2.80 -0.65 1 1 246.0378 0.0977 -451.9639 -0.6613 185.8423 
2.90 -0.8002 372.6602 0.1200 -684.5654 -0.8 122 159.4014 
3.00 -0.7525 244.5653 0.1129 -449.2588 -0.7630 245 -676 1 
3.10 -0.5507 194.399 1 0.0826 -357.1052 -0.5584 169.5564 
3.20 -0.6959 322.3789 0.1044 -592.2002 -0.7056 140.0318 
3.30 -0.7242 245.5130 0. 1086 -450.9998 -0.7336 227. 1122 
3.40 -0.4976 157.6295 0.0746 -289.5603 -0.504 1 173.7914 
3.50 -0.6036 270.3760 0.0905 -496.6724 -0.61 17 122.2425 
3.60 -0.7 196 278.3 103 0.1079 -5 11.2473 -0.7286 204.7858 
3.70 -0.5107 146.5214 0.0766 -269.1553 -0.5171 183.9536 
3.80 -0.5 149 214.3223 0.0772 -393.7034 -0.52 17 119.9687 
3.90 -0.6889 303.19 14 0.1033 -556.9534 -0.6977 156.6997 
4 .OO -0.5842 176.2202 0.0876 -323.7 109 -0.5916 198.3615 

- PtlASE 4. OUTPUT PAGE 

SUMMARY 
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T I M E  
(SEC 

BRAKING AND I IANOLING S I M U L A T I O N  OF TRUCKS. TRACTOR-SEMITRAILERS.  DOUOLES. AND T R I P L E S  - PktASE 4 .  OUTPUT PAGE I 
RETARDER TtIREE-AXLE TRACTOR / TWO-AXLE SEMITRAILER 

TRAILER NO.  1  REAR SUSPENSION - UNSPRUNG MASS SUMMARY 
LEADING TANDEM AXLE 

AXLE MOTION DYNAMIC SUSPENSION MOTIONS AND FORCES ----------- ..................................... 
P O S I T I O N  VELOCITY LEFT  S I O E  R I G H T  S I D E  ----------------- ----------------- .......................... .......................... 

VERTICAL ROLL VERT ICAL  ROLL A U X I L l A R V  SUSP. SUSP. SUSP . SUSP . SUSP . SUSP . 
( F T )  (DEG)  (FT/SEC)(DEG/SEC) ROLL TORQUE DEFLECT. VELOCITY FORCE DEFLECT. VELOCITY FORCE 

( I N - L B )  ( I N )  ( I N / S E C )  ( L B )  ( I N )  ( I N / S E C )  ( L B )  
0 . 0  0 . 0  0.0 0.0 0 . 0  0 . 0  0.0 -0.0 0.0 0.0 -0.0 

-0 .0001  0 .0007  0 .0005  0 .0454  -75 .7  0 .0003  0.0154 18.27 -0 .0010 -0 .0246  - 2 . 8 6  
-0 .0001  0 . 0 1  18 -0.0073 0 . 0 5 8 9  -438 .6  0 .0038 0 .0285  118.42 -0 .0043 -0 .0223  -8  1  .24 
0 .0000  -0 .0027 0.0067 -0 .3237 3 0 . 5  -0 .0001  -0 .1172 -41.55 -0 .0010  0 . 0 6 6 0  44.94 

-0 .0002 - 0 . 0 2 1 0  -0 .0040  0 .0774  507 .0  -0 .0041  0 .0485  -153 .18  0.0044 -0 .0052 201.47 
0 .0000  -0 .0016 -0 .0008 0.1042 6 6 . 1  -0 .0002 -0 .0027 -15 .85  -0 .0006 -0 .0085  21 .43  

-0 .0001 -0 .0216 0 .0009  -0 .4155 822 .6  -0 .0055  -0.1468 -194.52 0.0057 0 . 1 4 7 1  225.06 
-0 .0001 -0 .0667 -0 .0039 -0 .3088 2652.0 -0 .0222  -0 .0969 -559.33 0 .0227  0.1316 573 .19  
-0 .0001 -0 .0438 0 . 0 0 3 0  0 . 7 1 4 1  2166.2 -0 .0184 0 . 1 5 8 0  -299.06 0 .0198  -0. 1578 314.08 
-0 .0001  0 .0009  -0.0024 -0 .2227 1380.3 -0 .0092  -0 .1268 33 .33  0.0103 0 . 0 7 2 1  -24 .38  
-0 .0003 -0 .0751  -0 .0023 - 0 . 7  119 4026 .0  -0 .0312  -0 .2242 -581.01 0.0353 0 .3542  628 .45  
0 . 0 0 0 0  -0 .0633 0 .0029  1.2432 3964.0 -0 .0336 0.2414 -382.55 0 .0370  -0 .2075  399.36 

-0.0000 0 .0173  0 . 0 0 2 1  -0 .1074 2016.5 -0 .0140 -0.1047 221.75 0 .0155  0 . 1 5 5 7  -223 .70  
-0.0004 -0 .0908 -0 .0059 -1 .0269  5497 .9  -0 .0428  -0 .3212 -673.37 0.0484 0.4555 725.18 
0.0004 -0 .0745 0.0073 1.6320 5537.4 -0 .0466 0.2742 -425.37 0.0522 -0 .3081 415.52 

-0.0006 0 .0287  0.0074 0.0 162 2159.1 -0 .0121  -0 .0854 417.18 0 .0190  0 . 0 2 6 1  -347 .08  
0.0002 -0 .0986 -0.0099 -1 .3421 6273 .1  -0 .0490  -0 .4822 -762.15 0.0532 0 . 5 9  19 737.93 

-0 .0002 -0 .0925  0 . 0 1  16 1.9959 6803.4 -0 .0562 0 .2905  -494.56 0.0664 -0 .3586  4 9 3 . 5 0  
-0 .0003 0 .0397  -0 .0008 0 .2296  1558.2 -0 .0075 0 .1166  525.24 0.0122 -0 .0835  -479 .81  
-0 .0000 -0 .0972 -0 .0110  -1 .6044 6029.9 -0 .0451  -0 .6298 -739 .97  0.0498 0 . 8 7 8 0  741 .35  
0.0000 -0.1148 0.0174 2.1933 7746.5 -0 .0631 0 . 2 7 7 5  -599 .01  0.0773 -0 .3762  577.26 

-0.0005 0 . 0 4 1 2  -0 .0015 0 .3936  1146.5 -0 .0022  0 .2542  585 .23  0 .0112  -0 .2276  -507.08 
0 .0005  -0 .0938 -0 .0153 -1 .6722  5447.4 -0 .0395 -0 .6657  -709 .12  0.0440 0.3429 677 .28  

-0 .0006 -0 .1182 0.0294 2.0727 7188.2 -0 .0568 0 . 1 9 7 8  -548.92 0 .0803  -0 .5976 591.23 
0.000 1 0 . 0 5  17 -0 .0092  0 .7572  -167 .5  0 .0025  0 .4916  608.76 -0 .0073 -0 .1828  -649 .69  

-0 .0001 -0 .0705 -0 .0015 -2 .0457 3574 .0  -0 .0232  -0 .9270  -554.26 0 . 0 2 5 3  0 .9139  551.38 
-0 .0001  -0 .1509 0 . 0 0 9 2  0 .7033  8847.1 -0 .0732  0 .2748  -921.54 0.0857 -0 .4124 899.64 
-0.0004 0 . 0 3 9 0  -0 .0068  0 . 9 6 5 6  1655.0 -0 .0115 0 .9047  524.12 0.0159 -0 .6308  -473.32 
0 . 0 0 0 0  -0 .0273 -0 .0013 -2.3656 2334.4 -0 .0100  -0 .7992 -219.09 0 .0177  0 .5838  219 .00  
0 .0001  -0 .1475 -0 .0016  -0 .1387 9099.3 -0 .0773  0 .1005  -1102.53 0 .0854  -0 .1725 1088.35 

-0 .0003 0.0185 -0 .0145  1.3949 3282.1 -0 .0275 0 . 8 4 8 4  377.42 0.0324 -0 .7081  -311 .12  
-0 .0001 0.0007 0 . 0 0 8 7  -2 .4621 2378.2 -0 .0112 -0 .4016 -34 .78  0.0196 0 . 4 6 0 6  22 .17  
0 .0001  -0 .1457 0 . 0 0 1 6  -0 .3343  9442 .0  -0 .0797 -0 .0189 -1121.15 0.0883 0 .2983  1111.35 

-0 .0003 -0 .0012 -0 .0067 1.7505 4563 .9  -0 .0400 0 .9225  239.66 0 .0457  -0 .9102  -181.41 
0 .0001  0 .0472  -0 .0004 -1 .6582  1103.0 -0 .0038 -0 .3467 272.87 0.0054 0 .3064-  -240.34 

-0 .0003 -0 .1349 0 .0009  -0 .7483 8887 .8  -0 .0690 -0 .5544 -1038.35 0 .0863  0 . 7 1 5 9  1108.69 
0 . 0 0 0 3  -0 .0525  -0 .0039 2 .3160  7120 .1  -0 .0631  0 . 6 9 3 1  -231.72 . 0.0709 -0 .8452  176.62 

-0 .0005 0.0664 -0 .0078  0 . 2 4 0 2  - 8 9 . 8  0 .0103  -0 .1683 669 .33  0 .0018  -0 .0156  -584 .40  
-0.0004 -0 .0926 -0 .002  1 - 1 .4884 5375.9 -0 .0369 -0 .9184 -742.09 0 .0501  0 .7596  812 .65  
0.0002 -0 .1213 0 . 0 0 6 9  1.6132 8046.4 -0.0704 0 .2933  -796.07 0.0772 -0 .2475  693 .06  

-0 .0007 0 .0416  0.0104 0 .6129  1833.2 -0 .0086 0.6677 545 .15  0 .0229  - 0 . 4  10 1 -400.86 

UO. t .  17.2  




