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ADDENDUM TO FINAL TECHNICAL REPORT 

TRAILER BRAKE PERFORE.1ANCE 

Contract No. DOT-HS-5-01152 

1.  In the "Acknowledgements" the Airstream Representative i s  
Mr. K. Kroll. 

2. The abbreviation "gvw" means "gross vehicle weight". 

3.  On page 59, the second footnote to  Table 3.11 should read "tandem." 

4. In the third paragraph on page 96, the th i rd  sentence should read 
"In th i s  way, calculations can be . . . II 

5. On page 153, the GMC C5500 pickup l i s t ed  i n  Table A.2 i s  an 
error ,  the tow vehicle was a GMC C3500 pickup. 

6. On page 172, in the fourth paragraph of Section B.6.2 Vehicle Loading, 
the text  should read ". , , such that  (1) with the tow vehicle 

I 
i 

and t r a i  1 e r  1 oad and t r a i  1 e r  properly hitched ( i  .e . ,  w i t h  proper 
load equalization) to  i t s  nominal match tow vehicle, the s t a t i c  
t r a i  1 e r  ax1 e 1 oad was equal to  the manufacturer's recommended 
gross axle weight rat ing,  and ( 2 )  with . . ." 

7. In Figure 5..1, page 132, the notations "!Tv" and " j i ~ v "  should read 
'YTY1' and "kCv", respectively. 
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1 .0 INTRODUCTI ON 

T h i s  document c o n s t i t u t e s  a  f i n a l  r e p o r t  on a  research 

s tudy e n t i t l e d  " T r a i l e r  Brake Performance" which was conducted 

by t h e  Highway Sa fe t y  Research I n s t i t u t e  o f  The U n i v e r s i t y  o f  

Mich igan.  The s tudy was supported by t h e  Na t i ona l  Highway T r a f f i c  

Sa fe t y  Admini s t r a t i  on o f  t he  U .S. Department o f  T ranspo r t a t i on  

under Con t rac t  DOT-HS-5-01152. 

The goals  o f  t h e  research were t h r e e f o l d ,  namely 

a )  t o  e l u c i d a t e  t h e  mechanics o f  combinat ion veh i c l e *  ( C V )  

b rak i ng  , 

b )  t o  s t r u c t u r e  a  r a t i o n a l e  f o r  measur ing t r a i l e r  

b r a  k i  ng p r o p e r t i e s  , and 

c )  t o  fo rmu la te  a  s e t  o f  gu i de l i nes  by which tow 

and t r a i l i n g  veh i c l es  can be p r o p e r l y  matched t o  

p rov i de  acceptab le  c m b i n a t i  on veh i  c l  e b rak ing  

performance. 

The n e x t  s e c t i o n  o f  t h i s  r e p o r t  g i ves  an overview o f  t h e  

p r o j e c t ,  p r o v i d i n g  a  r a t i o n a l e  f o r  our  i n t e r e s t  i n  the  b rak i ng  

performance o f  t r a i  1  e r s  taken a1 one. 

Fo l low ing  t h i s  background i n f o rma t i on ,  a  s e c t i o n  concerned 

w i t h  emp i r i ca l  work i s  presented. Th is  s e c t i o n  i s  d i v i d e d  i n t o  

two pa r t s ,  t he  f i r s t  d i s cuss ing  component t e s t i n g  f o r  i tems such 

as t r a i l e r  brakes, t i r e s ,  suspensions, and i n e r t i a l  p r o p e r t i e s  ; 

t h e  second p resen t i ng  t h e  r e s u l t s  o f  t h e  f u l l - s c a l e  v e h i c l e  t e s t s .  

Next, i n  Sect ion 4.0, a  summary o f  the  s imu la t i on  and 

a n a l y s i s  performed i n  suppor t  o f  t h e  t e s t i n g  i s  presented. The 

s i m u l a t i o n  i s  concerned w i t h  p r o v i d i n g  a  d e t a i  1  ed understanding 

*Throughout t h i s  document, the  term "cornbinat ion v e h i c l e "  w i l l  be 
used t o  r e f e r  t o  passenger c a r - t r a i l e r  and p ickup  t r u c k - t r a i l e r  
types i n  which t h e  tow v e h i c l e  i s  comnonly equipped w i t h  an 
h y d r a u l i c  brake systen.  S p e c i f i c a l l y  excluded are t he  l a r g e r  
a r t i c u l a t e d  veh i c l es  i n  which bo th  tow v e h i c l e  and t r a i l e r  commonly 
employ a i  r brake systems. 



o f  the mechanics of the brake performance of the vehicles tes ted  

and the analysis builds on the simulation and  t e s t  r esu l t s  in 

order tha t  a methodology fo r  formulating guidelines f o r  the proper 

matching of tow and t r a i l i ng  vehicles might be obtained. 

HSRI's view of appropriate guidelines fo r  the matching of 

tow a n d  t r a i l i ng  vehicles t o  ensure a minimum level of combination- 

vehicle braking performance i s  presented in Section 5.0 .  

Final ly ,  conclusions and recommendations a re  presented in Section 

6 .0 .  



2.0 BACKGROUND 

2.1 The O b j e c t i v e s  

NHTSA has s t a t e d  two p r i m a r y  o b j e c t i v e s  f o r  t h i s  research  

s tudy,  namely: 

1 )  To determine t h e  c h a r a c t e r i s t i c s  o f  t h e  towed 

and tow ing  v e h i c l e ,  i n c l u d i n g  geometry, b rake 

des ign f e a t u r e s ,  and usage f a c t o r s  wh ich  have a  

ma jo r  i n f l u e n c e  on t h e  brake performance o f  t h e  

v e h i c l e  combinat ion .  

2) To develop and recommend a  s p e c i f i c a t i o n  and t e s t  

r a t i o n a l e  by  which s a t i s f a c t o r y  brake performance 

o f  t h e  combinat ion  can be assured by c o n t r o l l i n g  

t h e  brake performance o f  t h e  towed v e h i c l e  i n  a  

s a f e t y  s tandard .  

In t h e  I n t r o d u c t i o n  t o  t h i s  r e p o r t ,  t hese  two o b j e c t i v e s  were 

r e s t a t e d ,  d i v i d i n g  t h e  second i n t o  two elements,  namely, t h e  

measurement o f  t r a i l e r  b rake performance and a  r a t i o n a l e  f o r  t h e  

match ing o f  combinat ions .  

From t h e  onset ,  i t  was q u i t e  c l e a r  t h a t  t h e  f i r s t  NHTSA 

o b j e c t i v e  c o u l d  be met. The s t a t e  o f  t h e  a r t  o f  v e h i c l e  dynamics 

i s  s u f f i c i e n t l y  advanced such t h a t  t h e  t o o l s  r e q u i r e d  t o  

s a t i s f a c t o r i l y  meet t h i s  goa l  a r e  a v a i l a b l e .  But  i t  was n o t  

obvious,  a  p r i o r i ,  t h a t  NHTSA's second s t a t e d  o b j e c t i v e  would 

y i e l d  t o  s a t i s f a c t o r y  s o l u t i o n .  I n  p a r t i c u l a r ,  t h e  p o s s i b i l i t i e s  

f o r  success i n  meet ing t h i s  second o b j e c t i v e  h inge  on t h e  

f i n d i n g s  assoc ia ted  w i t h  t h e  f i r s t .  

Consider two extreme poss i  b i  1  i t i e s .  F i r s t  , t h a t  many 

c h a r a c t e r i s t i c s  o f  towed and tow ing  v e h i c l e s  m i g h t  be found t o  

have a  ma jo r  i n f l u e n c e  on t h e  b r a k i n g  performance o f  t h e  combina- 

t i o n  v e h i c l e .  I n  t h i s  case, t h e  p o s s i b i l i t y  o f  success i n  meet ing  

t h e  second o b j e c t i v e  would be s e v e r e l y  1 i m i  t e d .  Any proposed 



g u i d e l i n e  w i t h  s u f f i c i e n t  t e c h n i c a l  comp lex i t y  t o  s imu l taneous ly  

deal w i t h  severa l  impor tan t  f a c t o r s  would l i k e l y  prove t o  be 

i m p r a c t i c a l  . Conversely, a guide1 i n e  o f  s u f f i c i e n t  simp1 i c i  t y  

t o  be p r a c t i c a l  would probab ly  be inadequate.  

A t  t h e  o t h e r  extreme, cons ide r  a  f i n d i n g  suggest ing t h a t  

o n l y  one o r  two impor tan t  f a c t o r s  a f f e c t  combinat ion v e h i c l e  

b rak ing  performance. I n  t h i s  case, success i n  t h e  second ob jec-  

t i v e  would be assured s imp ly  by p l a c i n g  adequate bounds on these 

f a c t o r s .  

To be sure, t h e  r e a l  s i t u a t i o n  1  i es between these extremes. 

Bu t  t h e  statement o f  t h e  two extremes serves t o  i l l u s t r a t e  an 

impor tan t ,  i m p l i c i t  element o f  the  f i r s t  o b j e c t i v e - t o  i d e n t i f y  

and remove f rom c o n s i d e r a t i o n  those f a c t o r s  which, due t o  t h e  

phys ics  o f  the process o r  t h e  i n f l u e n c e  o f  comnon p r a c t i c e ,  have 

secondary o r  negl  i g i  b l e  i n f l u e n c e  on combinat ion v e h i c l e  b rak ing .  

Whatever t h e  complex i ty  o f  t h e  b r a k i n g  process, i t  i s  

impor tan t  t o  no te  t h a t  NHTSA's second o b j e c t i v e  has two imp1 i c i t  

requirements.  F i r s t ,  i t  i s  t h e  brake performance o f  t h e  towed 

v e h i c l e  which i s  t o  be c o n t r o l l e d .  Thus, a  methodology f o r  

measuring t h e  i n h e r e n t  b r a k i n g  capab i l  i t y  o f  t h e  t r a i l e r ,  indepen- 

dent  o f  t h e  tow v e h i c l e ,  i s  requ i red .  Second, by r e g u l a t i n g  the  

towed v e h i c l e ' s  performance, the  combinat ion v e h i c l e  performance 

i s  t o  be assured. The i m p l i c a t i o n  here i s  t h a t  t h e  p o t e n t i a l  

degrada t ion  o f  b rak ing  performance acc ru ing  f rom the  a d d i t i o n  o f  

a  t r a i l e r  t o  a  tow v e h i c l e  must be s a t i s f a c t o r i l y  l i m i t e d .  T h i s  

r e p o r t  w i l l  show t h a t  t h i s  can be accomplished through a  p ro -  

cedure whereby t h e  measured c a p a b i l i t i e s  o f  a  g i ven  t r a i l e r  a r e  

employed t o  d e f i n e  an acceptab le  c l a s s  o f  tow v e h i c l e  f o r  t h a t  

t r a i l e r .  



2.2 The Methodology 

Both  a n a l y t i c a l  and e m p i r i c a l  a c t i v i t i e s  were under taken 

t o  address t h e  o b j e c t i v e s  o f  t h e  s tudy .  The work done can be 

c l a s s i f i e d  i n t o  seve ra l  areas,  p r i m a r i l y  a n a l y s i s ,  component t e s t i n g ,  

and f u l l - s c a l e  v e h i c l e  t e s t i n g .  F i g u r e  2.1 i l l u s t r a t e s  t h e  

i n t e r a c t i o n s  between t h e  seve ra l  a c t i v i t i e s  o f  t h e  program. 

The diagram shows t h a t  a n a l y s i s  was t h e  c e n t r a l  e lement 

o f  t h e  program. Th is  a c t i v i t y  began e a r l y  and con t inued  through-  

o u t  t h e  s tudy.  E a r l y  i n  t h e  s tudy,  a  program o f  t r a i l e r  component 

t e s t i n g  was under taken t o  p r o v i d e  t h e  necessary p a r a m e t r i c  d a t a  

f o r  a n a l y s i s .  The a n a l y s i s  l e d  t o  a  f u l l e r  unders tand ing  o f  t h e  

mechanisms o f  CV b r a k i n g ,  and t o  t h e  development o f  t h e  v e h i c l e  

t e s t  methodology. T h i s  methodology was implemented i n  a  v e h i c l e  

t e s t  program whose r e s u l t s  supplemented and v a l  i d a t e d  t h e  

a n a l y t i c a l  r e s u l t s .  As a  f i n a l  s tage  o f  a n a l y s i s ,  g u i d e l i n e s  f o r  

t h e  match ing o f  CV's were developed and t h e i r  v a l i d i t y  t e s t e d  by 

comparison w i t h  t e s t  r e s u l t s .  

T h i s  document w i l l  show t h a t  t h e  s t u d y  was success fu l  i n  

t h e  a t t a i n m e n t  o f  NHTSA's goa ls .  Because o f  a  f o r t u i t o u s  com- 

b i n a t i o n  o f  b a s i c  mechanics, common des ign  p r a c t i c e s ,  and t h e  

i n f l u e n c e  o f  e s t a b l  i s h e d  s a f e t y  s tandards  ( p a r t i  c u l  a r l y  FI.4VSS 

105-75),  i t  i s  p o s s i b l e  t o  recomnend t e s t  procedures and gu ide -  

l i n e s  f o r  match ing tow and t r a i l i n g  v e h i c l e s  t o  ach ieve  accep tab le  

CV b r a k i n g  performance.  

T h i s  r e p o r t ,  then,  w i l l  conc lude by  d e s c r i b i n g  a  two-s tep 

process.  The f i r s t  s t e p  i s  composed o f  a  t e s t  methodology f o r  

t h e  d e t e r m i n a t i o n  o f  t h e  i n h e r e n t  b r a k i n g  p r o p e r t i e s  o f  t r a i l e r s  

taken  alone.  The second s t e p  i s  t h e  use o f  t h i s  " t r a i l e r  a lone"  

i n f o r m a t i o n  t o  determine a  ca tegory  o f  tow v e h i c l e s  f o r  a  g i v e n  

t r a i l e r  wh ich  w i  11 p r o v i d e  reasonab le  assurance o f  accep tab le  

combinat ion  v e h i c l e  b r a k i n g  performance.  





3.0 EMPIRICAL WORK 

This section presents the data which derive from 

measurements niade on f ive tow vehicles a n d  f ive t r a i l e r s  

identified in Table 3.1. The tow vehicles included a  compact, 
an intermediate, and a  full-sized passenger car ,  plus 3/4- and 

one-ton pickup trucks. The t r a i l e r s  included a  small, inter- 
mediate, and a  large conventional hitch travel t r a i l e r ,  a  large 
f i f t h  wheel-type travel t r a i l e r  and  a  f i f t h  wheel-type farm 

t r a i l e r .  Note that the tow vehicles are numbered 1 through 5 

and t r a i l e r s  A through E .  These designations will be used 

throughout th is  text .  Further identification and general data 

for these vehicles appears in Appendix A.  

Data gathered fa1 1 into two general categories, viz. , 
component parameters and full-scale performance data. In the 

following sections, findings concerning components of the vehicles, 

including t r a i l e r  t i r e s ,  brakes, iner t ia l  a n d  suspension proper- 
t i e s ,  e lec t r ic  brake and surge brake actuators, a n d  load 

equalizing hitches, will be discussed. Later, full-scale t e s t  

results from tow-vehicl e-alone test ing,  trailer-alone test ing,  
and combination-vehicle testing w i  11 be reviewed. 

3.1 Component Test i  ng 

A substantial amount of component testing was conducted on 
the f ive t e s t  t r a i l e r s  to  gather parametric data descriptive of 

the t r a i l e r s  as vehicle/t ire systems reacting t o  the braking 
process. There were three classes of measurements, namely, t i  re ,  

brake system, and chassis parameters. These parameter measurement 
ac t iv i t ies  will be discussed in the following subsections. 



Tab le  3.1. T e s t  Veh ic les  

T e s t  V e h i c l e  
Des igna t ion  
-. Manu fac tu re r  Model Type 

T r a i  1  e r s  : 

A S t a r c r a f t  S tarmaster  6 Pop-Up Camper 
Tra  i 1 e r  

B F l  eetwood Prow le r  "H"  2 0 - f t .  T rave l  
T r a i l e r  

C A i  r s  t ream Sovere ign 31 -ft. T r a v e l  
T r a i  l e r  

D Hol i d a y  Rambler 5 t h  E s t a t e  3 2 - f t .  5 t h  
Wheel T r a v e l  
T r a i  l e r  

E Donahue 5 t h  Wheel Farm 
U t i  1  i t y  

Tow Veh ic les  : 

1 Chevrol e t  Nova Compact 

2 AMC Matador I n t e r m e d i a t e  

3 Chevrol e t  I r n ~ a l a  F u l l  S i z e  
Wagon 

K2500 4WD 3 /4 - ton  
P ickup  

5 GMC C3500 1 - t o n  P ickup 



3.1 . I  Tire Testing.  ire tes t s  of the f ive t r a i l e r  t i r e s  

were conducted using the HSRI Mobile Tire Tester (Figure 3.1). 

This work was done a t  the Bendix Automotive Development Center 

a t  New Carlisle,  Indiana. Tire t e s t s  were conducted on the 

same surface as were vehicle t e s t s .  

The five t i r e s  and the vertical load t e s t  conditions for these 

t i r e s  appears in Table 3.2. The t i r e s  associated with the two 

Table 3.2. Tire Test Conditions 

Vertical Ti re Load ( I  b )  
Empty Vehicle Loaded Vehicle 

Trailer Ti re simulation Simulation 

A Mobiliner 5.30~12 720 1000 

C Goodyear 7 . 0 0 ~  1 5  1200 - - 
D Goodyear 8.55~15 STS 1260 - - 
E Sears 12.00x16.5LT 1000 - - 

smaller t r a i l e r s  were tested a t  vertical loads which simulated 

wheel loads under t r a i l e r  loaded and  t r a i l e r  empty conditions. 

For t i r e s  o f  the three larger t r a i l e r s ,  only t r a i l e r  empty loads 

were simulated since the brake torque required t o  produce 

significant longitudinal s l i p  a t  higher loads exceeded the 

capability of the Mobile Tire Tester. 

The peak and s l ide values of normalized brake force attained 

for  each t i r e  tested appear in Figure 3.2. The values shown 

derive from the average of five runs conducted a t  each t e s t  

condition. 

I t  i s  of interest  t o  note t h a t  the peak-to-slide rat ios  

of normalized brake force displayed by th i s  t i r e  sample range 

from 1.19 t o  1.50 and averages 1.38. Such high ratios are more 

typical of truck t i r e s  than  passenger car t i r e s .*  

*As reported in [ I ] ,  the peak-to-sl ide r a t io  of normalized longi- 
tudinal shear forces on dry pavement ranges from 1.2 t o  2.0 for 
truck and bus t i r e s ,  while values of 1.0 to 1 . 2  are more typical 
for passenger car t i r e s .  

9 
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3.1.2 Brake System T e s t i n g  

F r i c t i o n  Brake Tes ts  

The e f f e c t i v e n e s s  o f  t h e  t r a i l e r  b rakes was examined 

th rough  i n e r t i a l  b rake  dynamometer t e s t i n g .  The dynamometer 

t e s t  program was conducted a t  t h e  f a c i l i t i e s  o f  t h e  Green ing 

T e s t i n g  L a b o r a t o r y  o f  D e t r o i t ,  M ich igan .  

Tab le  3.3 i d e n t i f i e s  t h e  brakes f o r  each o f  t h e  t r a i l e r s .  

Four d i f f e r e n t  b rakes a r e  rep resen ted .  Three a r e  e l e c t r i c  b rakes 

and one i s  an h y d r a u l i c  b r a k e  a c t u a t e d  b y  a surge h i t c h .  The 

Kelsey-Hayes 12 x 2 i n c h  e l e c t r i c  b rake  was employed on two o f  

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

T a b l e  3.3. T r a i l e r  Brakes 

T r a i l e r  Brakes 

A Bendix  7 x 1-3/4 H y d r a u l i c  

B F a y e t t e  10 x 2 E l e c t r i c  

C Kelsey-Hayes 12 x 2 E l e c t r i c  

D D e x t e r  12 x 2 E l e c t r i c  

E Kelsey-Hayes 12 x 2 E l e c t r i c  

I n  t h e  dynamometer program, f i v e  sample brakes were t e s t e d .  

Two samples o f  t h e  Kelsey-Hayes b rake  were employed, one w i t h  

a hub and drum assembly f rom t r a i l e r  C and one w i t h  s i m i l a r  

hardware f r o m  t r a i l e r  E. The h y d r a u l i c  b rake  was a c t u a t e d  i n  

t h e  usua l  manner used i n  t h e  dynamometer t e s t i n g  o f  au tomob i le  

h y d r a u l i c  brakes.  However, i t  was necessary  t o  c o n s t r u c t  s p e c i a l  

equipment f o r  t h e  a c t u a t i o n  o f  t h e  e l e c t r i c  brakes.  As shown i n  

t h e  schemat ic  d iagram o f  F i g u r e  3.3, t h e  h y d r a u l i c  p r e s s u r e  s i g n a l  

produced by t h e  s t a n d a r d  dynamometer a c t u a t i o n  system was con- 

v e r t e d  t o  a h i g h  c u r r e n t  e l e c t r i c a l  s i g n a l  wh ich  a c t u a t e d  t h e  

e l e c t r i c  b rakes.  
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Figure 3 . 3 .  Electric brake ac tua t ion  system. 

Each of the five brakes was tested for .  pre-burnish and 

post-burnish effectiveness. Iner t ia l  loading was equivalent t o  
the s t a t i c  gvw wheel load of the,  t r a i l e r  on which the brake was 

used. 

Each effectiveness t e s t  consisted of six stops from an 
equivalent dynamometer speed of 60 mph.* The highest level stop 

was conducted a t  an actuation level yielding a brake torque equi- 

valent t o  a 1 . 2  g deceleration (based on s t a t i c  fully loaded 

wheel loads and the rolling radius of the t r a i l e r  t i r e )  or a t  the 

maximum brake torque available, whichever was less.  (In any case, 

e lec t r ic  brakes were limited t o  12 volts actuation.) The remaining 

stops were conducted a t  actuation levels of 116, 113, 1/2, 213, 

and 516 of th is  maximum. In i t ia l  brake temperatures for each stop 

were between 150°F and 200°F. 

rake 

*The brake from t r a i l e r  A was an exception. The 
combination of dynamometer t o p  speed a n d  the small 
roll ing radius o f  the t r a i l e r  t i r e  1 imited maximum speed t o  
48 mph. 



The b u r n i s h  procedure c o n s i s t e d  o f  200 s tops f r o m  an 

e q u i v a l e n t  dynamometer speed o f  40 mph a t  an a c t u a t i o n  l e v e l  

p roduc ing an average decel  e r a t i  on o f  12 fpsps.  * Brake tempera- 

t u r e s  a t  t h e  i n i t i a t i o n  o f  each b u r n i s h  s t e p  were h e l d  between 

230°F t o  270°F. 

The r e s u l t s  o f  t h e  dynamometer e f f e c t i v e n e s s  t e s t s  appear 

i n  F igu res  3.4 th rough  3.7. Note t h a t  on each graph a  r e f e r e n c e  

to rque  l e v e l ,  e q u i v a l e n t  t o  a  d e c e l e r a t i o n  o f  e i t h e r  5 o r  10 

f t / s e c 2  , has been i n d i c a t e d  t o  f a c i  1 i t a t e  i n t e r p r e t a t i  on o f  t h e  

data.  A t  t h i s  to rque  l e v e l ,  t h e  wheels-unlocked brake f o r c e  

would be s u f f i c i e n t  t o  dece le ra te ,  a t  t h e  i n d i c a t e d  l e v e l ,  a  

v e h i c l e  whose we igh t  equaled t h e  s imu la ted  s t a t i c  wheel l oads .  

F i g u r e  3.4 shows t h e  r e s u l t s  f o r  t h e  t r a i l e r s  C and E 

e l e c t r i c  brakes tes ted .  S ince  these  were two separa te  samples 

o f  t h e  same model brake,  t h e  va r iance  i n  t h e  r e s u l t s  i s  s ' u rp r i s -  

i n g ,  even i n  v iew o f  t h e  f a c t  t h a t  d i f f e r e n t  hub and drum hardware 

(as  used on t r a i l e r s  C and E )  were employed, as we11 as d i f f e r e n t  

i n e r t i a l  l oad ings  a p p r o p r i a t e  f o r  t h e  two t r a i  l e r s  . A1 though we 

have no evidence t o  i m p l i c a t e  t h e  source o f  va r iance  between t h e  

two s e t s  o f  t e s t  r e s u l t s ,  p o s s i b l e  cand idates  i n c l u d e  t e s t  p r o -  

cedure, hub and drum d i f f e r e n c e s ,  i n e r t i a l  l o a d  d i f f e r e n c e s ,  and 

i n h e r e n t  va r iance  between brake samples. However, i n  v iew o f  t h e  

f a c t  t h a t  b rake torques s u b s t a n t i a l l y  d i f f e r e n t  f rom any o f  these 

dynamometer va lues were a p p a r e n t l y  measured d u r i n g  v e h i c l e  t e s t i n g ,  

va r iance  between samples seems t o  be a  reasonab le  e x p l a n a t i o n .  

An examinat ion  o f  a l l  t h e  dynamometer data  i n d i c a t e s  t h a t  

t h e  b u r n i s h  process tended t o  reduce t h e  maximum brake t o r q u e  

a v a i l a b l e  f rom t h e  e l e c t r i c  brakes t e s t e d .  T h i s  appeared t o  r e s u l t  

f r o m  e a r l i e r  s a t u r a t i o n  o f  t h e  brake r a t h e r  than  a  change i n  t h e  

brake t o r q u e / v o l  tage g a i n .  The p o s t - b u r n i s h  12-vo l  t va lues f o r  

*It was i n i t i a l l y  p lanned t o  accompl ish t h e  b u r n i s h  i n  a  cons tan t  
t o r q u e  c o n t r o l  mode. However, h y s t e r e s i s  and v a r i a b i l i t y  i n  t h e  
i n p u t / o u t p u t  r e l a t i o n s h i p s ,  p a r t i c u l a r l y  o f  t h e  e l e c t r i c  brakes, 
made t h i s  i m p r a c t i c a l .  
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Figure 3 . 4 .  D namometer t e s t  results:  Trailers C and E brakes, 
13 x 2 e lec t r ic  brakes. 
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A c t u a t i o n  Vo l tage ,  v o l t s  

. . 
F i g u r e  3 .5 .  Dynamometer t e s t  r e s u l t s :  T r a i l e r  D, 12 x 2 e l e c t r i c  b r a k e s .  



A c t u a t i o n .  V o l t a g e ,  v o l t s  

Figure 3.6. Dynamometer t e s t  results: Trailer B 10 x 2 electric brakes. 
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the e lec t r ic  brakes were surprisingly low, reaching a maximum 

o f  800 ft-1bs for  one 1 2  x 2 inch brake (Figure 3.4)  and fa l l ing  
below 400 f t - l b  for  another (Figure 3.5) .  

Results from the hydraulic brake t e s t s  were somewhat 
different from those for e lec t r ic  brakes. As in the case of the 
e lec t r ic  brakes, burnish appeared to  decrease brake effectiveness, 
where, i n  t h i s  case, the decrease was effected by a d is t inc t  
change in the brake torque/line pressure gain. B u t ,  in both pre- 

and post-burnish s tates  the maximum brake torque attained 1000 

Evaluating the results of the hydraulic brake t e s t s  may be 
somewhat more d i f f i cu l t  than i t  i s  in the case of the e lec t r ic  
brakes, because the maximum avail able actuation level i s  n o t  
readily apparent. For e l ec t r i c  brakes, the maximum actuation 
level i s  determined by the tow vehicle e l ec t r i c  system and i s  well 

. represented as 12  volts. Further, the actuation level may be 
considered as an independent variable, control 1 ed directly by the 
driver. For the hydraulic brake system using surge actuation, 
however, the actuation level i s  a dependent variable, affected 
by the weight of tow vehicle and t r a i l e r  as well as the level o f  

tow vehicle brake force. 

The simp1 if ied block diagram of Figure 3.8 i 1 lustrates the 
interrelationship of vehicle parameters and t r a i l e r  brake actua- 
t ion level under the conditions of a constant deceleration, no- 
wheels-locked stop. I n  order t o  examine the maximum t r a i l e r  brake 
actuation 1 eve1 that might be available, consider the t ra i  1 e r  sub- 
system alone and assume a maximum deceleration level of 32.2 
f t /sec2.  This acceleration level imp1 ies a total  t r a i l e r  
retarding force * equal t o  the t r a i l e r  weight. Using th is  retarding 

force, the parameters of the loaded t r a i l e r  A as used in the 
vehicle t e s t  program, and the dynamometer curves of Figure 3 .7 ,  

i t  can be shown that  the maximum l ine pressure would be approxi- 
mately 680 psi using post-burnish effectiveness curves or 520 psi 
using the lower of the two pre-burnish effectiveness curves. 

*That i s ,  brake force plus compressive longitudinal hitch force. 
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Given these pressures, the maximum avai lable brake torque for 

th is  brake system ranges from 700 f t - lb  in the pre-burnish s t a t e  

t o  620 f t - lb  post-burnish. However, these values apply only t o  

the given vehicle/brake/applicator system under the assumed 

conditions expressed above. 

Actuation System Tests 

Brake system parameter testing a1 so included an examination 

of the brake application devices t o  be used in the vehicle t e s t  

program. This included the Bendix "Sur Act 111" surge hitch used 
on Trailer A and a Kelsey-Hayes No. 81740 e lec t r ic  brake con- 

t ro l l e r  which was used t o  apply the t r a i l e r  brakes on the other 

four t r a i l e r s .  Trailer A was delivered with the surge hitch, 

and the Kelsey-Hayes controller was chosen because of i t s  high 

market penetration. 

Figure 3.9 i s  a simplified cut-away drawing of the surge 
hitch. In this  device, compressive longitudinal hitch forces 

are transmitted t o  the master cylinder and are thus used t o  apply 
the t r a i l e r  brakes. The spring and shock absorbers are serial  
elements which enhance dynamic performance by preventing "chugging" 

between tow vehicle and t r a i l e r ,  b u t  they have no effect on 

steady-state performance. The desired gain of the surge hitch 

( K S H ) ,  i . e . ,  the relationship between hitch force and  o u t p u t  f luid 

pressure, i s  therefore determined by master cyl inder area. How- 

ever, Coulomb friction between the sliding torque and the bearing 
pads also affects steady-state performance. 

Parameters measured for the surge hitch were those affecting 

steady-state performance, viz. , master cyl inder area and Coulomb 

fr ic t ion coefficient of the beari ngs. Master cyl inder area was 

determined t o  be one in2. The fr ic t ion coefficient was determined 
by experiment based on the model of Figure 3.10. I n  this  pro- 
cedure, the master cylinder was removed from the hitch such that 
the only resistance t o  motion of the sliding tongue derived from 







the f r i c t i o n  forces ( F f l  and  F f 2 )  A constant FZ force (as 
shown in the f igure)  was applied,  followed by the  application of 

su f f i c ien t  Fx t o  produce motion of the  tongue. Repeat t e s t s  were 

conducted a t  various levels  of FZ commensurate w i t h  the tongue 

load range expected f o r  t r a i l e r  A .  The resu l t s  indicated a n  
apparent f r i c t i o n  coeff ic ient  ( P I  = F,/FZ) of = 0.54, which 

reduces t o  a bearing f r i c t i on  coeff ic ient  ( U  - F f l / F n l  = F f 2 / F n 2 )  

of u = 0.14, according t o  the following analys is .  

Summing the forces in Figure 3.10 in the  ver t ica l  and 

horizontal d i rect ions ,  respectively,  y ie lds  : 

Summing moments about the point of in tersect ion of the 1 ines of 

act ion of Fx and Fnl  y ie lds :  

For impendi ng s  1 i  p ,  

From Equations (3 .1 ) ,  ( 3 . 4 ) ,  ( 3 . 5 ) ,  and (3.6) and from (3 .2 ) ,  

( 3 . 4 ) ,  ( 3 . 5 ) ,  and (3.6) the fo1 lowing expressions obtain: 



Brake L i n e  

F essure 

S u b s t i t u t i n g  (3.7) and (3.8)  i n t o  (3 .3)  and s o l v i n g  f o r  p y i e l d s :  

where t h e  n e g a t i v e  s i g n  corresponds t o  the  d e s i r e d  s o l u t i o n .  

(The p o s i t i v e  s i g n  y i e l d s  a  n e g a t i v e  va lue  f o r  t h e  normal fo rce  

'"2 ) 

The e l e c t r i c  brake c o n t r o l  system i s  i l l u s t r a t e d ,  f u n c t i o n -  

a l l y ,  i n  t h e  schemat ic d iagram o f  F i g u r e  3.11. A parameter 
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F i g u r e  3.11. E l e c t r i c  brake c o n t r o l  system schemat ic.  
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measurement a c t i v i t y  was undertaken t o  e s t a b l i s h  t h e  1 i n e  

p ressure / res i  s  tance re1  a t i o n s h i  p  o f  t he  Kel sey-Hayes c o n t r o l  1  e r  

used f o r  t he  e l e c t r i c  t r a i l e r  brakes throughout  t h i s  p r o j e c t .  

The range o f  r e s u l t s  obta ined over  t h e  f u l l  range o f  onset r a t e  

adjustment i s  shown i n  F igure  3.12. The segmented charac te r  o f  

t h e  measured r e s u l t s  i s  i n d i c a t i v e  o f  t h e  low r e s o l u t i o n  o f  t he  

c o n t r o l l e r .  Note t h a t  segments o f  ve ry  h i gh  s lope  w i l l  l ead  

t o  extremely r a p i d  changes i n  t r a i l e r  b rak ing  w i t h  tow v e h i c l e  

1  i ne pressure,  and h o r i z o n t a l  segments i n d i c a t e  areas o f  1  i ttl e 

o r  no change i n  t r a i l e r  b rak i ng  w i t h  changes i n  tow v e h i c l e  l i n e  

pressure.  

3.1.3 T r a i l e r  Chassis Parameter Test ing.  The f i n a l  

category  o f  parameter measurements were those o f  t he  t r a i l e r  

chassis.  Inc luded  i n  t h i s  category  were geometric measurements 

(wheelbase, e tc .  ) , p i t c h  plane i n e r t i a l  p r o p e r t i e s  ( cen te r  o f  

g r a v i t y  p o s i t i o n ,  weight,  and moment o f  i n e r t i a  i n  t h e  empty 

c o n d i t i o n ) ,  and v e r t i c a l  suspension d e f l e c t i o n  c h a r a c t e r i s t i c s .  

I n e r t i a l  p r o p e r t i e s  were measured us ing t he  HSRI P i t c h  Plane 

I n e r t i a l  P rope r t i es  Measurement Faci 1  i t y  . Th is  dev ice  i s  p i c -  

t u r e d  i n  F i gu re  3.13 w i t h  t e s t i n g  on t r a i l e r  C i n  progress.  The 

r e s u l t s  der i ved  f o r  t he  f i v e  t e s t  t r a i l e r s  appear i n  Table 3.4. 

The probable e r r o r  est imates i n d i c a t e d  i n  t he  t a b l e  d e r i v e  f rom 

an e r r o r  ana l ys i s  o f  the  t e s t  procedure and a re  based on t h e  

expected accuracy o f  t h e  i n s  t rumenta t i  on and o f  var ious geornetri c 

and i n e r t i a l  p r o p e r t i e s  o f  t h e  t e s t  f a c i l i t y .  

I n  measuring suspension p r o p e r t i e s ,  two d i f f e r e n t  setups 

were used. The f i r s t  two t r a i l e r s  ( A  and C) were t e s t e d  us ing  

t empo ra r i l y  cons t ruc ted  equipment as shown i n  F igure  3.14. La te r  

i n  t h e  program, a  permanent suspension t e s t  f a c i l i t y  was completed 

and used f o r  t e s t i n g  o f  t h e  remaining t h ree  t r a i l e r s .  F igure  3.15 

shows t r a i l e r  E be ing t e s t e d  on t h i s  f a c i l i t y .  



R i s i n g  p s i  

-- - - -- F a l l i n g  p s i  

Brake L i n e  Pressure ,  p s i  

F i g u r e  3.12. E l e c t r i c  Brake C o n t r o l  1  e r  P r o p e r t i e s  











Suspension tes t i  ng varied somewhat, depending on the con- 
figuration of the particular t r a i  1 er suspensi on. The differences 

in testing depended on whether the vehicle was equipped with 

single-axle, mu1 t i  pl e-independent-axle, or m u 1  tiple-tandem-ax1 e 

suspensions. The different procedures used are reflected in 

the coordinates used for the  plotting of the resultant d a t a .  
The da t a  are displayed in Figures 3.16 through 3.20. 

Later, in the discussion of the vehicle t e s t s ,  i t  will 

become evident t h a t ,  in some cases, suspension properties had 

a significant effect  on braking performance through the mechanism 

by which they distribute vertical load among the axles of multiple- 

axle t r a i l e r  suspensions. Thus, brief consideration t o  the load 

distribution properties of the mu1 tiple-axle t r a i l e r  suspensions 

used in the program will be given here. 

Trailers B and  D were equipped with four leaf spring 

and walking beam tandem suspensions, respectively. Each of these 

suspension types have geometric properties that  distribute the 

s t a t i c  suspension load nearly equally between the two axles. 

Trailer C was equipped with two independently-suspended 

axles. Thus, the distribution of s t a t i c  suspension load between 

axles i s  dependent on the pitch at t i tude of the vehicle. To 
examine the sensit ivity of load distribution t o  pitch angle for 

t r a i l e r  C ,  the model of Figure 3.21 will be used. I n  the model, 

a total axle spring rate of 1330 lb/in approximates the suspension 

d a t a  shown in Figure 3.18. The t o t a l  axle t i r e  spring rate of 

3570 1 b/in (1785 1 b/in per t i r e )  i s  taken from tests  made on 

the t r a i l e r  C t i r e .  The axle spread i s  shown t o  be 33 inches. 

The model yields a sensit ivity for small angles of 

T h a t  i s ,  for one degree change in pitch angle, 280 I b .  will trans- 

f e r  f rom one axle to the other when total  suspension load i s  

held constant. Using the wheelbase of the t r a i l e r  to convert 

t h i s  sensit ivity to a function of hitch height variation ( A H )  

yields AF/AH = 110 lb/in. 
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Average vertical spindle deflection, inches 

Figure 3.20. Vertical suspension deflection charac te r i s t ics :  t r a i l e r  E,  
I center axle o f  three inceqenaent ax1 es . 
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I 

Suspension Spr ing 

F igu re  3.21. Independent ly suspended two-ax1 e  suspension model . 

A s i m i l a r  ana l ys i s  f o r  t h e  t h ree  independent-axle suspension 

. o f  t r a i l e r  E can be performed. I n  t h i s  case, assuming constant  

suspension load, l oad  i s  t r a n s f e r r e d  f rom the  lead ing  t o  the  

t r a i l i n g  a x l e  ( o r  v ice-versa)  w h i l e  t h e  cen te r  ax1 e  l oad  remains 

constant.  For t h i s  v e h i c l e  t h e  s e n s i t i v i t i e s  ca l cu l a ted  are:  

Suspension loads can a l s o  be a f f e c t e d  du r i ng  b rak ing  both 

by i n t e r a x l e  l oad  t r a n s f e r  r e s u l t i n g  f rom t h e  a p p l i c a t i o n  o f  brake 

torque and by the e f f e c t s  o f  Coulomb f r i c t i o n  i n  t he  suspension. 

The independent suspensions o f  t r a i l e r s  C and E prec lude i n t e r -  

a x l e  l oad  t r a n s f e r  due t o  t h e  a p p l i c a t i o n  o f  brake torque,  w h i l e  

t h e  geometry o f  t he  tandem suspension o f  t r a i l e r s  B and D r e s u l t  

i n  t r a n s f e r  due t o  brake torque. 

For t r a i l e r  B, t he  f o u r  sp r i ng  suspension r e s u l t s  i n  load  

t r a n s f e r  o f f  t he  lead ing  a x l e  onto the  t r a i l i n g  ax le  under the 

ac t i ons  of brake torque [ 2 ] .  The oppos i te  i s  t r u e  o f  t r a i l e r  D, whose 

wa lk ing  beam suspension t r a n s f e r s  load  from t h e  t r a i l i n g  ax l e  t o  

t he  l eadi ng a x l e  dur ing  b r a k i  ng [3 ] .  



Coulomb f r ic t ion ,  as indicated by the suspension data of 

Figures 3.16 through 3.20, i s  fa ir ly  low for four of the t r a i l e r s .  

On a per axle basis, a t  rated load, this parameter ranges from 
about 175 I b .  for t r a i l e r  D t o  300 1 b. for t r a i l e r  B .  However, 

for t r a i l e r  E ,  Coulomb fr ic t ion was found t o  be about 1800 I b .  

per axle a t  rated load. 

3.1.4 Load Equalizing Hitches. Parameter measurements 
were not undertaken directly on load equalization hardware, b u t  

rather, in conjunction with the vehicle t e s t  program, measurements 
were taken of the resultant effect  (on  axle loads) of the use of 

such hitches. I n  practice, this  i s  a  more informative and an 
easier measurement. However, i t  i s  convenient t o  examine the 

purpose and nature of load equalization hardware a t  th is  point. 

The hitch position in a  passenger car / t ra i le r  combination 

vehicle i s  generally f a r  a f t  of the tow vehicle rear axle. Thus, 

the imposi tion of the t r a i l e r ' s  vertical tong'ue load onto the tow 

vehicle a t  the hitch position can cause appreciable unloading of 

the ca r ' s  front axle accompanied by loading of the rear axle. 
The distance from the rear wheels of passenger cars t o  the loca- 

tion of the t r a i l e r  hitch i s  typically about half the wheel base of 

the car. Using this  estimate we can calculate the effect of 
hitch loading on the loads on the car t i r e s .  

Consider Figure 3.22. Summing moments a t  the front wheels 
yields 

3 FZR WB = W A + FZH WB (3.10) 

B u t  the s t a t i c  load on the rear t i r e s  i s  W A/WB, so that 

3 FZR = FZRSta t i c  + 7 FZH 

and the sum of the vertical loads yields 

1 FZF = F Z F S t a t i c  - 7 FZH 



4 A  -)C 

FZH 

r 

Figure 3.22. Schematic diagram, tow vehicle with hitch load. 

In short ,  on th is  typical car,  the front axle load i s  reduced 

by half of the hitch load and one a n d  one-half times the hitch load i s  
added to the rear axle load. Since the relative distribution of 

vertical  load between the front and rear axles i s  a f i rs t -order  
determinant of tow vehicle braking performance, this  red is t r i  butian 
of loads can be a significant problem. 

A more readily apparent problem ( t o  the motorist) regards the 
resulting s t a t i c  trim condition of the car. If the total  rear 
spring rate  i s  KR and the total  front spring rate i s  K F ,  the 
front and rear deflections of the suspensions due to  the hitch 
loads are 

FZH 6F = - 2 KF 

6R = 3 FZH 
- 2  KR 

where the negative sign indicates compression. 



These d e f l e c t i o n s  can be r a t h e r  formidable ,  e a s i l y  on t h e  

o rder  o f  t h r e e  inches r e a r  and one i n c h  f r o n t .  T h i s  leaves t h e  

t y p i c a l  c a r  w i t h  a  cosmetic problem, i n  t h e  form o f  a  r e a d i l y  

n o t i c e a b l e  p i t c h  ang le ,  and a  r i d e  problem i n  t h a t  t h e  r e a r  

suspension i s  1  i k e l y  t o  bot tom o u t  on t h e  compression s tops .  

I t  i s  comnon p r a c t i c e  t o  deal  w i t h  t h i s  s i t u a t i o n  i n  e i t h e r  

o f  two ways, v i z . ,  ( a )  t h e  r e a r  suspension t r i m  p o s i t i o n  can be 

a l t e r e d ,  e.g., w i t h  " a i r  shocks," o r  ( b )  a  " l o a d  e q u a l i z i n g  

h i t c h "  can be used. 

The " a i r  shocks" a l t e r  t h e  t r i m  p o s i t i o n  by "expanding" t h e  

r e a r  suspension and thus r a i s i n g  t h e  r e a r  end o f  t h e  c a r .  T h i s  i s  

accomplished w i t h o u t  change i n  t h e  h i t c h  l o a d  o r  t h e  loads under 

t h e  t i r e s  and i s  thus i n e f f e c t i v e  f o r  d e a l i n g  w i t h  t h e  b r a k i n g  

performance problem. 

The more common methodology i s  t h e  use of . t h e  l o a d  e q u a l i z i n g  

h i t c h ,  which i s  a  s p r i n g  b a r  assembly p e r m i t t i n g  a p p l i c a t i o n  o f  

a  moment through t h e  coup le r .  F i g u r e  3.23 i s  a  photograph o f  t h e  

h i t c h  assembly j u s t  p r i o r  t o  connect ion o f  tow v e h i c l e  and t r a i l e r .  

F igu re  3.24 i 1  l u s t r a t e s  t h e  mechanism by which t h e  " l o a d  equal i- 

z a t i o n  moment" i s  a t t a i n e d .  By a d j u s t i n g  t h e  amount o f  p r e s e t  

f l e x t u r e  o f  t h e  s p r i n g  bar  (by the  cho ice o f  t h e  c h a i n  l i n k  used 

a t  t h e  attachment p o i n t  between c h a i n  and t r a i l e r ) ,  t h e  amount o f  

moment developed by t h e  h i t c h  i s  determined. 

The moment a p p l i e d  by t h e  h i t c h  i s  shown i n  F igu re  3.25.  

Note t h a t  the  h i t c h  l o a d  i s  now r a t h e r  than FZH as i n  

F i g u r e  3.22. The a x l e  loads are  now 

FZR = FZRstatic 3m M + - - -  
2 W B 

1  - M - - FZH + FZF = FZFStatic 2 





The amount o f  load equa l i za t i on  i s  
adjusted by t h e  s e l e c t i o n  o f  chain 
at tachment 1 i n k .  t 

* 

Compression Load 
a t  B a l l  H i t c h  

Resu l t ing  Moment * 
on T r a i l e r  
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Spr ing Bar 
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Figure  3.24. The l oad  equa l i z i ng  t r a i l e r  h i t c h .  
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Figure 3.25. Schematic diagram, tow vehicle with load equal ization. 

Clearly, the moment applied by the load equalizing hitch 

aids in the solution of b o t h  the s t a t i c  trim and brake performance 

problems by unloading the rear axle and loading the front axle. 

A further benefit, a t  least  as f a r  as the reattainment of a 
reasonable trim, i s  t h a t  drops with M .  This can be shown by 

the t r a i l e r  free-body diagram of Figure 3 .26.  

Figure 3 . 2 6 .  Schematic diagram, t r a i l e r  with load equalization. 
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The moment sum a t  the rear wheels yields 

- 
FZH WBT = WT d - M (3.16) 

Since the hitch load with no equalization i s  WT d/WBT = FZH, 

- M FZH = FZH - - WBT 

Use of a load equalizing hitch results in an increase in 

load on the t r a i l e r  wheels, viz., 

FZT = FZTStat ic  M t- 
WBT (3.18) 

In summary, Equations (3.15) , (3.17), and (3.18) i  ndi cate 

t h a t  the load equalizing hitch results in a smaller hitch load, 

added load on the tow vehicle front axle, decreased load on the 

tow vehicle rear axle, and increased load on the t r a i l e r  axle. 

I t  i s  important t o  reemphasize that load equalizing hitches 

and a i r  shocks do n o t  have the same effect on braking performance. 

Air shocks d o  n o t  a1 t e r  the normal load under t he  t i r e s ,  thus 

from Equations (3.11) and (3.12) i t  i s  obvious t h a t  ths hitch load 

can significantly unload the front t i r e s  a n d  load the rear t i r e s .  

A load equalizing hitch, on the other hand, improves braking 

performance of car-trai  l e r  combi nations by increasing the load 

on the front wheels of the car and thus postponing front lockup. 

This i s  n o t  t o  say that extreme load redistribution cannot degrade 

braking performance, b u t  for the car-trail  e r  combinations tested, 

calcul a t i  ons indicate that reasonable use of load equal i  zi ng 

hitches can lead t o  improved wheels-unlocked stopping capability. 



3.2 Veh ic le  Tes t i ng  

A d e t a i l e d  exp lana t i on  o f  t he  t e s t  procedure used i n  t h i s  

s tudy i s  presented i n  Appendix B o f  t h i s  r e p o r t .  However, 

be fo re  proceeding t o  d i scuss ion  o f  t e s t  r e s u l t s ,  a b r i e f  over-  

v iew of t he  t e s t  program and i t s  procedures w i l l  be presented. 

The v e h i c l e  t e s t i n g  p o r t i o n  o f  t h i s  s tudy was conducted a t  

t h e  Bendix Automot ive Development Center (BADC) , New Car l  i s l e  , 
Ind iana.  The program was s t r u c t u r e d  t o  examine bas ic  quest ions 

address ing combinat ion v e h i c l e  b rak i ng  performance, v i z . ,  

1 )  What i s  t h e  b rak i ng  c a p a b i l i t y  o f  t h e  tow 

veh i c l  e a1 one? 

2 )  What i s  t h e  i n h e r e n t  b rak i ng  c a p a b i l i t y  o f  

t he  t r a i l e r  a1 one? 

3 )  What pena l t y  o r  burden i n  s topping-  capab i l  i ty' 

de r i ves  f rom u n i t i n g  t h e  towing and t r a i l i n g  

veh i c l es  i n t o  a combinat ion v e h i c l e ?  

Three d i s t i n c t  t e s t  sequences were employed t o  probe these 

quest ions.  These were: 

1 )  Tow v e h i c l e  a lone e f f e c t i v e n e s s  t e s t s  

2 )  T r a i l e r  a lone e f f e c t i v e n e s s  t e s t s  

3 )  Combination v e h i c l e  e f f ec t i veness  t e s t s  

A d d i t i o n a l  t e s t i n g  was conducted t o  examine t h e  fade p r o p e r t i e s  

o f  t r a i l e r  brakes. 

The f i v e  tow veh i c l es  and f i v e  t r a i l e r s  i d e n t i f i e d  i n  

Table 3.1 were t es ted .  Wi th  these t en  u n i t  veh i c l es ,  f i v e  

"nominal match" combinat ion veh i c l es ,  i .e. , 1-A, 2-B, 3-C, 4-D, 

and 5-E, were de f ined .  These f i v e  combinat ions a l l  conform w i t h  

manufacturers '  recommendations f o r  towing combinat ions except  5-E  

which v i o l a t e s  t h e  p ickup  manufac tu re r ' s  recommendation f o r  gross 

combinat ion v e h i c l e  we igh t  (gcvw) . Where l o a d  1 eve1 i ng h i t ches  



were a p p r o p r i a t e  f o r  use, t h e i r  ad jus tmen t  was a c c o r d i n g  t o  

manu fac tu re rs '  recomnendations,* excep t  i n  a  s p e c i f i c  case 

i n v o l v i n g  t r a i l e r  A equipped w i t h  surge brakes.  I n  t h e  t e s t  

program, each u n i t  v e h i c l e  was s u b j e c t e d  t o  t h e  a p p r o p r i a t e  

" v e h i c l e  a1 one" e f f e c t i v e n e s s  t e s t .  A1 so, comb ina t ion  v e h i c l e  

t e s t s  were conducted on e i g h t  combinat ions ,  t h e  f i v e  "nominal  

match" p l u s  t h r e e  mismatch combinat ions  (1-A w i t h  no t r a i l e r  

b rakes,  1-B and 2-C). 

Most o f  t h e  e f f e c t i v e n e s s  t e s t s  were conducted 

f rom an i n i t i a l  v e l o c i t y  o f  40 mph. T h i s  was done t o  p r o v i d e  

accep tab le  t e s t  s a f e t y  i n  t h e  comb ina t ion  v e h i c l e  t e s t s ,  p a r t i -  

c u l a r l y  t h o s e  o f  t h e  "mismatch" combinat ions ,  and t o  enhance t h e  

comparat ive  a n a l y s i s  o f  t h e  r e s u l t s  o f  t h e  t h r e e  t e s t  s e r i e s .  (A 
l i m i t e d  number o f  t e s t s  were conducted a t  60 mph t o  examine h i g h e r  

v e l o c i t y  e f f e c t s .  ) 

Except f o r  t h e  i n i t i a l  v e l o c i t y ,  tow v e h i c l e  a lone  e f f e c t i v e -  

ness t e s t s  were conducted e s s e n t i a l l y  as p r e s c r i b e d  by FMVSS 

105-75 w i t h  t h e  t e s t  v t h i c l e  loaded t o  gvw. T r a i l e r  a l o n e  

e f f e c t i v e n e s s  t e s t s  c o n s i s t e d  o f  snubs i n  which t h e  comb ina t ion  

v e h i c l e  was d e c e l e r a t e d  th rough  t h e  a p p l i c a t i o n  o f  t r a i l e r  b rakes 

o n l y .  The f i n a l  v e l o c i t y  o f  these snubs was determined 

i n d i v i d u a l l y  f o r  each v e h i c l e  such t h a t  t h e  t r a i l e r  brakes were 

s u b j e c t e d  t o  an energy a b s o r p t i o n  l e v e l  equal  t o  t h a t  wh ich  they  

wou ld  exper ience  i n  a  f u l l  s t o p  o f  t h e  mass e q u i v a l e n t  o f  t h e  

t r a i l e r  a x l e  s t a t i c  l o a d .  I n  these t e s t s ,  t h e  t r a i l e r  was f u l l y  

loaded and t h e  tow v e h i c l e  l i g h t l y  loaded.  A p p l i c a t i o n  o f  t r a i l e r  

brakes was accompl ished by  s p e c i a l l y  designed equipment capab le  

o f  p r e c i s e  app l  i c a t i o n  1  eve1 c o n t r o l .  

Combinat ion e f f e c t i v e n e s s  t e s t s  were conducted based on t h e  

s p e c i f i c a t i o n s  o f  FMVSS 105-75 s u b j e c t  t o  t h e  a l t e r e d  i n i t i a l  

v e l o c i t y .  The r e s u l t s  o f  t h e s e  t e s t s  were i n t e n d e d  t o  i n d i c a t e  

t h e  performance o f  t h e  comb ina t ion  v e h i c l e  system i n  normal use. 

Thus, s tandard  consumer-avai l a b l e  t r a i l e r  b rake  a p p l i c a t i o n  

dev i ces  were employed. 

*Loaded CV 3-C r e q u i r e d  f u l l  a p p l i c a t i o n  o f  e q u a l i z e r  p l u s  a i r  
shock a s s i s t  t o  o b t a i n  good t r i m .  



In a1 1 effectiveness t e s t s ,  the appropriate brake 1 i ne pressure or 

e lec t r ic  t r a i l e r  brake voltage was held steady during the t e s t s ,  

and the t e s t  resul t  was characterized by the deceleration of the 

t e s t  vehicle. This methodology was preferred to measuring 

stopping distance because wheel s-unl ocked stopping distance 

measures are a sensitive function of pressure apply ra te ,  and 

because the trailer-alone tes t s  required a snub rather than a 

stop. There are drawbacks t o  the deceleration measure, however. 

Consider Figure 3.27 which displays measured data from one 

run of the combination vehicle 5-E testing. The l ine pressure 

and t r a i l e r  brake voltage are obviously holding constant, yet the 

deceleration increases significantly during the run because of a 

general increase in brake effectiveness. The drop in the com- 

pressive loading across the hitch during the l a t t e r  stages 

of the run indicates that  the t r a i l e r  brskes are increasing in 

effectiveness relative t o  the tow vehicle brakes. These changes 

perhaps are a result  of decreasing spin rate and changes in thermal 

loading. 

A single deceleration characterization of this  t e s t  
requires careful considerati on.  The procedure fol lowed in 

reducing the data was t o  read an "average" val ue, ignoring the 

r i se  time and any low speed transients. Figure 3.27 indicates 
the value used t o  characterize the example t e s t .  

The following subsections will review the results of the 
vehicle t e s t  program. 

3.2.1 Tow Vehicle Alone Tests. The five tow vehicles 

were tested to  determine their  maximum wheels-unlocked decelera- 

tion on the dry asphalt surface a t  B A D C .  

The primary purpose of this  t e s t  was to define the maximum 

wheels-unlocked stopping abil i ty of the tow vehicle. This 
base1 ine performance wi 11 be used as a reference in analyzing 

the "burden" imposed by the t r a i l e r  in CV braking. Thus, the 
vehicle was tested in the loaded condition since this  condition 
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was considered as r ep resen ta t i ve  o f  loads comnonly c a r r i e d  by 

CV's on t h e  highway. F o r t y  mph was chosen as t h e  i n i t i a l  v e l o c i t y  

t o  f a c i l i t a t e  comparison w i t h  CV e f f ec t i veness  t e s t  r e s u l t s .  

Se lected t e s t s  were repeated a t  s i x t y  mph i n  an a t tempt  t o  

i n v e s t i g a t e  h i ghe r  speed e f f e c t s .  

The t e s t  procedure was as f o l l o w s :  

1 )  New l i n i n g s  were i n s t a l l e d  and t he  brakes were 

ad justed.  

2 )  A 200-stop bu rn i sh  was performed as p e r  

FMVSS 105-75. 

3) The brakes were re -ad jus ted .  

4) I t e r a t i v e  s tops were conducted t o  e s t a b l i s h  t h e  

brake l i n e  pressure,  Po, a t  which maximum 

wheels-unlocked d e c e l e r a t i o n  occurs.  

5 )  An e f f ec t i veness  curve was es tab l i shed  by 

conduct ing a d d i t i o n a l  s tops a t  .8 Po, .6 Po, 

.4 Po, and . 2  Po. 

A summary o f  t h e  r e s u l t s  i s  presented i n  Tables 3.5 

through 3.9. I n  each case, e f f ec t i veness  i s  l i s t e d  f o r  t h e  t e s t s  

f rom an i n i t i a l  v e l o c i t y  o f  40 mph. I n  a d d i t i o n ,  r e s u l t s  a re  

presented f o r  t h e  60-mph i n i t i a l  v e l o c i t y  o f  tow veh i c l es  1 and 

2. 

Several  f a c e t s  o f  these r e s u l t s  a re  o f  spec ia l  i n t e r e s t .  

1 )  Four o f  t h e  t e s t  veh i c l es  e x h i b i t e d  remarkable 

b rak i ng  performance, surpass ing the  average 

d e c e l e r a t i o n  l e v e l s  now requ i r ed  t o  meet 

FMVSS 105-75. 

2 )  The o t h e r  veh i c l e ,  t he  l i g h t e r  of t h e  two p i c k u p  
t r ucks ,  e x h i b i t e d  poor wheel s-unl  ocked b rak i ng  

performance r e s u l t i n g  f rom premature rear-wheel 

lockup. A subs tan t i  a1 a c t i v i t y  was undertaken 



Table 3.5. Tow Veh i c l e  Alone E f f ec t i veness  
Tes t  Resul ts :  Veh ic le  1  

Brake L i n e  Dece le ra t ion ,  f / s2  

Pressure 40 mph t e s t  60 rnph t e s t  
p s i  Run #I Run #2 Run #1 Run #2 

- - - 

* L e f t  f r o n t  wheel l o c k  



Table 3.6. Tow Veh ic le  Alone E f fec t i veness  
Tes t  Resul ts :  Vehic le  2 

Brake L ine  Decelerat ion,  f / s 2  
Pressure 40 mph 60 mph 

p s i  Run #1 Run #2 

* L e f t  f r o n t  wheel l o c k  



Table 3.7. Tow Veh i c l e  Alone E f f ec t i veness  
T e s t  Resul ts :  Veh ic le  3 

Brake L i n e  Dece le ra t i on  f / s 2  

Pressure 40 mph 
p s i  Run #1 Run #2 

*Rear wheels l o c k  



Table 3.8. Tow Vehicle Alone Effectiveness 
Test Results: Vehicle 4 

Brake Line Deceleration f / s2  

Pressure 40 rnph 
psi Run #1 Run #2 

*Right rear wheel lock 



Table 3.9. Tow Vehicle Alone Effectiveness 
Test Results: Vehicle 5 

Brake Line Deceleration, f / s2  

Pressure 40 mph 
psi Run #1 Run #2 

*Left rear wheel lock' 



to  determine the cause of th is  behavior, b u t  a 

satisfactory answer was not found. I t  should 

be noted that some time following the comple- 

tion of th is  study's t e s t  program, a brief t e s t  

ser ies  was conducted with this  vehicle in which 

i t  also surpassed FMVSS 105-75 requi red decel era- 

t i  on performance. 

3 )  The high decelerations indicate that  a substantial 

amount of braking i s  being done by the front 

brakes. (In fac t ,  tow vehicles 1 and 2 exhibited 

i n i t i a l  front wheel lockup a t  over two-thirds g . )  

This factor i s  of c r i t i ca l  importance in the 

consideration of passenger car C V  performances 

which were invariably limited by front wheel 

lockup. 

3 . 2 . 2  Trailer Alone Tests. The term " t r a i l e r  alone" ( T A )  

as used in this  report implies t r a i l e r  -- brakes alone. Of course, 

these tes t s  were conducted with the t r a i l e r  coupled t o  a tow 

vehicle. Each of the f ive t r a i l e r s  was tested in this  fashion 

on the dry asphalt surface a t  BADC. 

The purpose of the TA effectiveness tes t s  was t o  determine 
the t r a i l e r ' s  inherent braking capabi 1 i t y  in i t s  burnished and 

unburnished conditions. I n  both pre- and post-burnish effective- 

ness tes t s  the fol 1 owing procedure was fol 1 owed: 

1 )  Voltage ( for  the e lec t r ic  brakes) or l ine 

pressure (for  the surge brakes) were applied 

to  the t r a i l e r  brakes by an HSRI controller 

developed for the TA tes t s .  Incrementally in- 

creasing vol tage (pressure) 1 eve1 s were appl ied 

until wheel lock occurred.* 

- - -- 

*For multiple-axle t r a i l e r s ,  i t  was originally planned t o  allow 
one axle of a tandem se t  to  lock and continue until the next 
axle locked. I n  practice, this  proved untenable due to  rapid 
t i r e  wear on the locked axle. 



2 )  The t e s t s  were repeated,  a g a i n  s t a r t i n g  a t  t h e  

l o w e s t  v o l t a g e  (p ressu re )  l e v e l s  and work ing  up 

t o  wheel l o c k .  

Most t e s t s  were r u n  f rom an i n i t i a l  v e l o c i t y  o f  40 mph. (Se lec ted  

t e s t s  were repea ted  a t  60 mph.) The' f i n a l  v e l o c i t y  was 

where WCv i s  t h e  w e i g h t  o f  t h e  comb ina t ion  v e h i c l e  and WTA i s  

t h e  s t a t i c  w e i g h t  on t h e  t r a i l e r  a x l e s .  Snubs o f  t h e  combinat ion  

v e h i c l e  f rom 40 mph t o  V f ,  u s i n g  t h e  t r a i l e r  brakes o n l y ,  r e -  

s u l t e d  i n  t h e  t r a i l e r  b rakes absorb ing energy e q u i v a l e n t  t o  a  

s t o p  o f  a  v e h i c l e  o f  w e i g h t  WTA f r om 40 mph. I n  these  t e s t s  t h e  

t r a i l e r  was f u l l y  loaded and t h e  tow v e h i c l e  l i g h t l y  loaded.  

The t r a i l e r  b u r n i s h  procedure  was modeled around t h e  b u r n i s h  

p r e s c r i b e d  by  FMVSS 105-75. The. b u r n i s h  c o n s i s t e d  o f  200 snub 

s tops  from an i n i t i a l  v e l o c i t y  o f  40 mph t o  a  f i n a l  v e l o c i t y  o f  

V f  as p r e s c r i b e d  by Equa t ion  (3 .19 )  and a t  a  d e c e l e r a t i o n  l e v e l  

o f :  

As i n  t h e  case o f  t h e  e f f e c t i v e n e s s  t e s t s ,  V f  was e s t a b l i s h e d  

t o  p r o v i d e  an a p p r o p r i a t e  energy a b s o r p t i o n  l e v e l .  The d e c e l e r a t i o n  

p r e s c r i b e d  by Equa t ion  (3.20) p r o v i d e d  f o r  a  t r a i l e r  b rake  t o r q u e  

which  would d e c e l e r a t e  a  v e h i c l e  o f  w e i g h t  WTA a t  12 f / s 2 .  

F u r t h e r  d e t a i l s  o f  t h e  t e s t  procedures appear i n  Appendix B.  

The p r e - b u r n i s h  and p o s t - b u r n i s h  t r a i  l e r - a l o n e  t e s t  r e s u l t s  

a r e  summarized i n  Tables 3.10 th rough  3.14. I n  each case t h e  

t e s t  r e s u l t s  i n c l u d e  t h e  d e c e l e r a t i o n  o f  each C V  as a  f u n c t i o n  

o f  t h e  v o l t a g e  ( o r  p ressu re )  appl  i ed by t h e  H S R I  c o n t r o l  1 e r .  



Ta.ble 3.10. T r a i l e r  Alone E f f ec t i veness  Test  
Resul ts :  T r a i l e r  A, 40 & 60 mph. 

Ca l cu l a ted  
T r a i l e r  Brake Ca lcu la ted  To ta l  Brake 
L i n e  Pressure Dece le ra t i on  To ta l  Brake Force f rom 

p s i  f / s 2  Force, l b  Dyn. Tests ,  l b  

40 mph 240 4.0 830 
Pre- 
Burn ish  2  60 

300/300 

420 5.0* 1040 

40 mph 180 1.2 250 
Post-  
Burn i  sh 200 1.5 31 0  

2601260 1.912.5 4001520 380 

60 mph 18011 80 
Post-  
Burn ish  260 

3 40 

360 

440 

5201520 

*Right  Wheel Lock 

**Both Wheels Lock 



Table 3.11. Trailer Alone Effectiveness Test 
Results: Trailer B, 40 & 60 mph. 

Calculated Calculated Total 
Trailer Brake Deceleration Total Brake Brake Force from 
Voltage f/s2 Force, 1b Dyno. Test, 1b 

40 mph 2.4/2.4 5.712.9. 17401880 
Pre- 
Burnish 4.814.8 8.5/7.1 2590121 60 

7.217.2 9.9*/8.5* 301 0/2590 

9.6/9.6 10.7**/9.2* 3260/2800 

12.0/12.0 11 .0**/9.9* 33501301 0 

40 mph 2.412.4 4.212.1 
Post- 
Burnish 4.814.8 5.7/5.0 

7.217.2 7.816.4 

60 mph 2.4 4.3 
Post- 
Burnish 4.8 7.1 

7.2 8.5 

*Both lead tandem wheels lock 

**Both lead tendem wheels and left rear tandem wheels lock 



Table 3.12. Trai ler  Alone Effectiveness Test 
Results: Trai ler  C ,  40 mph 

Calculated Cal cul ated Total 
Trai ler  Brake Deceleration Total Brake Brake Force from 

Vo1 tage f / s2  Force, I b  Dyno. Test ,  I b  

Pre- 3.8 1.4 570 
Burni sh 3.9 1.4 570 

- - -- 

Post- 3.913.9 2.812.1 1 1301850 462 
Burnish 5.8 4.3 1740 980 

*Left lead tandem wheel lock 



Table 3.13. ' T r a i l e r  Alone Ef fec t iveness  T e s t  
Resu l t s :  T r a i l e r  D ,  40 mph 

Calcula ted Calcula ted Total 
T r a i l e r  Brake Decelera t ion Total  Brake Brake Force from 

Voltage f / s 2  F o r c e , l b  D y n o . T e s t s , l b  

Pre- 2.812.8 3.112.5 139011 120 

Burnish 4.214.2 5.6/5.9 2520/2650 

5.6/5.6 7.4*/7.4 333013330 

6.5 8.7** 391 0 

7.0 8.7** 391 0 

Post-  2 .8  0 .9  400 190 
Burnish 4.2 1.7 760 500 

5.6 2.2 990 680 

7.017.0 2.5/2.8 1120/1260 1030 

8 .4/8 .4  2.812.5 1260/1120 1160 

9 .8/9 .8  3.113.3 1390/1480 1220 

*Right r e a r  tandem wheel lock 

**Right lead tandem and both r e a r  tandem wheels lock 



Table 3.14. T r a i l e r  Alone Effect iveness Test 
Resul ts :  T r a i l e r  E ,  40 mph:" 

Calculated Calculated Total 
T r a i l e r  Brake Deceleration Total Brake Brake Force from 

Vol tage f / s 2  F o r c e , I b  D y n o . T e s t s , l b  

Pre- 4.5 1.9 1510 
Burnish 5.0 2.5 1990 

- 

Post. 3.213.2 1.211.2 960/960 770 
Burnish 4.814.8 3.113.1 247012470 960 

6.416.4 5.014.3 399013430 1680 

7.0 4.3 3430 1920 

8.018.0 5.915.0 4700/3990 2350 

8.5 6.9* 5500 2740 

*Left r e a r  wheel lock 



Note t h a t  f o r  t h e  e l e c t r i c  b rakes,  t h e  t a b l e  g i v e s  v o l t a g e  across  

t h e  t r a i l e r  brakes,  and f o r  t h e  surge-braked v e h i c l e ,  l i n e  

p r e s s u r e  a t  t h e  t r a i l e r  mas te r  c y l i n d e r  i s  g i v e n .  I n  a d d i t i o n  

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

b rake  f o r c e  necessary t o  d e c e l e r a t e  t h e  t o t a l  C V  mass a t  t h e  

i n d i c a t e d  l e v e l .  For  t h e  p o s t - b u r n i s h  c o n d i t i o n ,  t h i s  f i g u r e  i s  

compared t o  t h e  t o t a l  b rake f o r c e  t h a t  t h e  r e s u l t s  o f  t h e  dyna- 

mometer t e s t  would p r e d i c t  a t  s i m i l a r  i n p u t  l e v e l s .  

Severa l  f e a t u r e s  o f  t h e  t a b l e s  a r e  w o r t h  n o t i n g .  

1 )  The h y d r a u l i c  brakes o f  t r a i l e r  A were shown by  t h e  

dynamometer t e s t s  t o  be as e f f e c t i v e  as t h e  l a r g e r  

e l e c t r i c  t r a i l e r  brakes.  The r e l a t i v e l y  l o w e r  

maximum va lues g i v e n  i n  t h e  t a b l e  f o r  t h e  surge 

brakes i n d i c a t e  wheel l o c k u p  l i m i t s ,  n o t  t o r q u e  

1  i m i  t s .  

2 )  The 12" x 2 "  e l e c t r i c  b rakes o f  t r a i l e r s  C and E 

i n c r e a s e d  e f f e c t i v e n e s s  s l  i g h t l y  w i t h  b u r n i s h .  

T h i s  t r e n d  i n  t h e  r e s u l t s  agrees w i t h  t h e  

dynamometer t e s t s  f o r  t r a i l e r  E b rakes,  b u t  n o t  

t hose  f o r  t r a i l e r  C. 

3 )  The 10" x  2 "  e l e c t r i c  b rakes o f  t r a i l e r  B decreased 

e f f e c t i v e n e s s  s l i g h t l y  w i t h  b u r n i s h .  T h i s  r e s u l t  

i s  g e n e r a l l y  i n  agreement w i t h  dynamometer t e s t  

r e s u l t s  f o r  t h i s  brake.  

4 )  The 12" x  2" e l e c t r i c  b rakes o f  t r a i l e r  D decreased 

d r a s t i c a l l y  w i t h  b u r n i s h . *  T h i s  t r e n d  was a l s o  

apparen t  i n  t h e  dynamometer curves.  

5) The e a r l y  l ockup  o f  t h e  a x l e  o f  t r a i l e r  B i n  a  p r e -  

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

o f f  t h e  f r o n t  tandem o n t o  t h e  r e a r .  The t r a i l e r  D 

p r e - b u r n i s h  l ockup  data  i n d i c a t e  l o a d  t r a n s f e r  f r o m  

t h e  t r a i l i n g  tandem o n t o  t h e  l e a d i n g  tandem. 
-- - - -- - 

*Note t h a t  t h e  maximum b rake  v o l t a g e  i n d i c a t e d  f o r  p o s t - b u r n i s h  
e f f e c t i v e n e s s  t e s t s  i s  9.8v, even though wheel l o c k  has n o t  
occu r red .  T h i s  v o l t a g e  was measured a t  t h e  i n p u t  t o  t h e  b rake  
i t s e l f  w h i l e  app rox ima te l y  12v was a p p l i e d  a t  t h e  i n p u t  t o  t h e  
t r a i l e r  w i r i n g  harness i n d i c a t i n g  a  v o l t a g e  d r o p  i n  t h e  t r a i l e r  
w i r i n g .  63 



In  each case, these interaxle load transfers are 

of the polarity t o  be expected, given the geometry 

of the particular suspension. Note t h a t  in the 

post-burnish t e s t s ,  lockup did n o t  occur because 

the torque values were n o t  high enough. 

6) The occurrence of lock on the l e f t  wheel of the lead axle 

of t r a i l e r  C i s  believed t o  be a resul t  of higher 

torque generated by th is  brake. The two axles of 

t r a i l e r  C are independent, thus precluding inter- 

axle load transfer.  The measured s t a t i c  t i r e  loads 

of th is  t r a i l e r  were quite evenly distributed and 

the dynamic reactions during deceleration would tend 

t o  pitch the t r a i l e r  forward, thus s l ight ly 

increasing the l o a d  on the lead axle. 

7 )  The occurrence of lockup a t  the rear axle o f  t r a i l e r  

E i s  i n i t i a l l y  quite surprising considering t h a t  the 

total  t r a i l e r  brake force was approximately 6000 l b ,  

whi le  the total  t r a i l e r  axle 1 oad was approximately 

18,000 lb. Two factors probably contribute t o  this  

premature l o c k u p .  F i r s t ,  th i s  t r a i l e r  was plagued 

by er ra t ic  brake behavior during i t s  burnish indi- 

cating wide variance in the effectiveness of 

individual brakes. With substantial e f for t ,  th i s  

problem was greatly reduced and  burnish success- 

ful ly  completed. However, the presence of some brake 
imbalance certainly i s  indicated. Second, the three 

axles of th i s  t r a i l e r  suspension are independent, 

and,  in laboratory testing , the suspension was found 

t o  have high values of s t i f fness  and  Coulomb f r ic t ion .  

A1 t h o u g h  care was taken t o  provide load and  trim 

conditions resulting in we1 1 distributed s t a t i c  wheel 

loads, these suspension properties combine t o  provide 

potential for substantial dynamic load transfer '  during 

testing. Thus, i t  i s  expected that a t  the time of 

lockup the wheels in question were comparatively 

l ight ly loaded and experiencing somewhat higher than 

average brake torque. 



8) The l e v e l  o f  agreement between b rake  f o r c e  

c a l c u l a t e d  f r o m  road  t e s t  r e s u l t s  and dynamometer 

t e s t  r e s u l t s  v a r i e s  c o n s i d e r a b l y .  ( O f  course,  

t h i s  comparison i s  i n v a l i d  whenever wheel l o c k  

occurs  i n  t h e  road  t e s t . )  Data f o r  t r a i l e r s  A 

and D compare q u i t e  we1 1, whi l e  t h e  comparisons 

g e t  p r o g r e s s i v e l y  worse f o r  t h e  da ta  f r o m  t r a i l e r s  

B y  C, and E. * 

3.2.3 Combination V e h i c l e  Tes ts .  E i g h t  comb ina t ion  

v e h i c l e  e f f e c t i v e n e s s  t e s t s  s e r i e s  were conducted.  The s u b j e c t s  

o f  these t e s t s  were t h e  f i v e  "nominal match" comb ina t ion  v e h i c l e s  

(1-A, 2-B, 3-C, 4-D, 5-E) and t h r e e  "mismatch" v e h i c l e s  (1-A w i t h  

no t r a i l e r  brakes,  1-By and 2-C). 

The procedure used i n  conduc t ing  t h e  combinat ion v e h i c l e  

e f f e c t i v e n e s s  t e s t s  was: 

1 )  Stops were conducted a t  l ow  v e h i c l e  b r a k i n g  l e v e l s  

o f  .2 Po, . 4  Po, .6 Po, e t c . ,  where P was 
0 

e s t a b l i s h e d  f r o m  t h e  tow v e h i c i e  a l o n e  t e s t s .  

2 )  T h i s  sequence was con t inued  u n t i  1 wheel l ockup  

occur red  on t h e  tow v e h i c l e ,  o r  an a x l e  l o c k e d  on 

t h e  t r a i l e r .  I t  was o r i g i n a l l y  p lanned t o  proceed 

p a s t  one a x l e  l o c k u p  on a mu1 t i - a x l e  t r a i l e r ,  b u t  

t h i s  proved t o  be l a r g e l y  un tenab le  i n  p r a c t i c e  due 

t o  r a p i d  t i r e  wear. 

3 )  I t e r a t i o n s  were per formed t o  determine t h e  l i n e  

p ressure  f o r  l o c k u p  w i t h i n  50 p s i .  

4 )  The e n t i r e  sequence was repeated.  

Tests  were conducted w i t h  t h e  t r a i l e r s  i n  b o t h  loaded and 

empty c o n d i t i o n s ,  b o t h  w i t h  t h e  tow v e h i c l e  loaded. G e n e r a l l y ,  t e s t s  

were conducted f rom an i n i t i a l  v e l o c i t y  o f  40 mph, a l t h o u g h  a 

1 i r n i  t e d  number coninierlced frorn 60 ~i iph i n  o r d e r  t o  examirlc higher 

* V a r i a b i l i t y  i n  t h e  performance o f  i n d i v i d u a l  b rakes i s  d i scussed  
f u r t h e r  i n  t h e  f o l l o w i n g  t e c h n i c a l  s e c t i o n s  and i n  t h e  "Conclu- 
s i o n s  and Recommendations" s e c t i o n  o f  t h i s  report. 



v e l o c i t y  e f f e c t s .  I n  genera l ,  t e s t  c o n d i t i o n s  (b rake  temperature ,  

e t c . )  were c o n t r o l l e d  as p e r  FMVSS 105-75. F u r t h e r  d e t a i l s  

appear i n  Appendix B. 

Tables 3.15 through 3.30 summarize t h e  r e s u l t s  o f  t h e  CV 

t e s t s  . 
The goal  o f  these t e s t s  was t o  determine t h e  maximum b r a k i n g  

performance o f  these combinat ions under normal o p e r a t i n g  condi  t i o n s .  

Thus, i n  conduc t ing  these t e s t s ,  s tandard  consumer-avai l a b l e  

hardware was used, i n c l u d i n g  t r a i l e r  brake a c t u a t i o n  dev ices.  

Whenever p o s s i b l e  and reasonable,  a1 1  manufacturers  ' usage 

recomnendations were f o l l  owed. O f  most s i g n i f i c a n c e  here a r e  

those recomnendations r e g a r d i n g  when and how t o  employ l o a d  

e q u a l i z i n g  h i t c h  equipment and those r e g a r d i n g  brake a p p l i c a t i o n  

dev i ces . 
For t h e  passenger ca rs  used i n  t h i s  program, and indeed, 

i n  genera l ,  t h e  manufacturers  recommend t h a t  l o a d  e q u a l i z i n g  

h i t c h e s  be employed whenever a  t r a i l e r  weiah ing more than 2000 l b  

i s  towed. T h i s  recommendation thus a p p l i e d  t o  a l l  t r a i l e r s  i n v e s t i -  

gated i n  t h i s  s tudy.  The manufacturer  o f  t h e  l o a d  e q u a l i z i n g  h i t c h e s  

used i n  t h i s  program recommends ad justment  o f  t h e  h i t c h  such t h a t  

t h e  p i t c h  a t t i t u d e  o f  t h e  tow v e h i c l e  b e f o r e  and a f t e r  a t t a c h i n g  

t h e  t r a i l e r  i s  the  same. (Load e q u a l i z i n g  h i t c h e s  and t h e i r  

o p e r a t i o n  were covered i n  some d e t a i l  i n  S e c t i o n  3 . 1 . 4 . )  

T r a i l e r  A, as employed i n  t h i s  s tudy,  was equipped w i t h  

h y d r a u l i c  brakes ac tua ted  by t h e  surge h i t c h  mechanism d iscussed 

i n  S e c t i o n  3.1.2. L a r g e l y  as a  r e s u l t  o f  t h e  Coulomb f r i c t i o n  

mechanisms d iscussed i n  t h a t  Sec t ion ,  t h e  surge h i t c h  used i n  t h i s  

s t u d y  i s  n o t  compat ib le  w i t h  l o a d  e q u a l i z i n g  hardware, and t h e  

manufacturer  recomnends t h a t  l o a d  e q u a l i z i n g  hardware n o t  be used 

w i t h  t h i s  a c t u a t o r .  Th is  f n c o m p a t i b i l i t y  i s  n o t  a t y p i c a l  as 

wi tnessed by s  i m i  1  a r  f i n d i n g s  r e p o r t e d  i n  141. 



Table  3.15. Combination V e h i c l e  E f f e c t i v e n e s s  Tes t  
Resu l t s :  CV 1 -A ,  Loaded, 40 mph. 

T o w v e h i c l e  T r a i l e r  
Brake L i n e  Brake L i n e  
Pressure Pressure . D e c e l e r a t i  on 

p s i  p s i  f /s i  

W i thou t  16011 60 010 3.113.6 
Load 
Equal i z i n g  320/320 

Wi th  160 0 
Load 
Equal i z i  ng 320 0 

440 120 

*Tow v e h i c l e  l e f t  f r o n t  wheel l o c k .  



Table 3.16. Combination Vehicle Effectiveness Test 
Results: C V  1 - A ,  Trailer Empty, 40 mph, 
W i t h o u t  Load E q u a l i z i n g  

Tow Vehicle Trailer 
Brake Line Brake Line 
Pressure Pressure Deceleration 

DS i DS i f / s 2  

*Tow vehicle l e f t  front wheel lock 



Table  3.17. Combinat ion V e h i c l e  E f f e c t i v e n e s s  Tes t  
Resu l t s :  CV 1-A, Loaded, 60 mph, 
W i t h o u t  Load E q u a l i z i n g .  

Tow V e h i c l e  T r a i  1  e r  
Brake L i n e  Brake L i n e  
Pressure Pressure D e c e l e r a t i o n  

p s i  ps i f / s 2  

*Tow v e h i c l e  l e f t  f r o n t  wheel l o c k .  

Tab le  3.18. Combinat ion V e h i c l e  E f f e c t i v e n e s s  Tes t  
Resu l t s :  Mismatch C V  1 - A  (No T r a i l e r  Brakes) ,  
Loaded, 40 mph , Wi th  Load E q g a l i z i n g .  

Tow Ve h  i c l  e  
Brake L i n e  
Pressure D e c e l e r a t i o n  

p s i  f / s 2  

16011 60 2.813.6 

3201320 7.8/7.8 

440/480 10.7/12.1 

600/600 14.2/14.2 

7201720 15.6*/14.2* 
- - 

*Tow v e h i c l e  l e f t  f r o n t  wheel l o c k  



Table 3.19. Combination Vehicle Effectiveness Test 
Results: CV 2-B, Loaded, 40 m p h ,  

Tow Vehicle 
Brake L ine  
Pressure Trai l e r  Brake Deceleration 

psi Voltage f / s2  

140/120 1.811.9 3.612.8 

*Tow vehicle l e f t  front wheel lock 



Table 3.20. Combination Vehicle Effectiveness Test 
Resu l ts :  CV 2-B, Trailer Empty, 40 mph. 

Tow Ve hi cl e 
Brake Line 
Pressure Trailer Brake Deceleration 

psi Voltage f / s2  

*Trai 1 er 1 ead tandem wheel s 1 ock 

**Tow vehicle front and t r a i l e r  lead tandem wheels lock 



Table 3.21. Combination Vehicle Effectiveness Test 
Resul t s :  CV 2-8, Loaded, 60 mph. 

Tow Vehicle 
Brake Line 
Pressure Trai 1 e r  Brake Deceleration 

psi Voltage f / s 2  

120 1.3 2.1 

*Trailer l e f t  lead tandem wheel lock 

**Trailer right lead tandem wheel lock 

***Trailer l e a d  tandem wheels 1 ock 



Table 3.22. Combination . v e h i c l e  E f f ec t i veness  Test  
Results: Mismatch CV 1-B, Loaded, 40 mph. 

Tow Veh ic le  
Brake L i n e  
Pressure T r a i l e r  Brake Dece le ra t i on  

p s i  Vo l tage f / s 2  

*Tow v e h i c l e  f r o n t  wheels l o c k  



Table 3.23. Combination Veh ic le  E f f ec t i veness  Tes t  
Resu l t s :  Mismatch CV 1-B, T r a i l e r  
Empty, 40 mph . 

Tow Veh ic le  
Brake L i ne  
Pressure T r a i l e r  Brake Dece le ra t ion  

p s i  Vo l tage f / s '  

*Tow v e h i c l e  f r o n t  wheels lock 



Table 3.24. Combination Vehicle Effectiveness Test 
Results: CV 3-C, Loaded, 40 mph 

Tow Vehicle 
Brake Line 
Pressure Trai le r  Brake Deceleration 

psi Voltage f / s 2  

120/120 1.4/1.4 

*Trailer l e f t  lead tandem wheel lock 

**Tow vehicle front wheels and  t r a i l e r  l e f t  lead tandem 
wheels lock 



Table 3.25. Combination Vehicle Effectiveness Test 
Results: CV 3-C, Trailer Empty, 40 mph 

Tow Vehicle 
Brake Line 
Pressure Trailer Brake Deceleration 

psi Voltage f / s2  

"Trailer l e f t  lead tandem wheel lock 

**Tow vehicle front wheels and t r a i l e r  l e f t  lead tandem 
wheel lock 



Table 3.26. Combination Vehicle Effectiveness Test 
Results: Mismatch CV 2-C,  Loaded, 
40 mph. 

Tow Vehicle 
Brake Line 
Pressure Trai l e r  Brake Deceleration 

psi Voltage f / s2  

"Trailer l e f t  lead tandem wheel lock 

**Tow vehicle right front wheel lock 

***Tow vehicle front wheels lock 



Tab le  3.27. Combinat ion  V e h i c l e  E f f e c t i v e n e s s  T e s t  
R e s u l t s :  Mismatch, CV 2-C, T r a i l e r  
Empty, 40 mph. 

Tow V e h i c l e  
Brake L i n e  
P ressu re  T r a i  1  e r  Brake D e c e l e r a t i  on 

p s i  Vo l tage  f / s 2  

14011 60 1.9/1.9 1.812 .O 

l T r a i l e r  r e a r  tandem wheels l o c k  

2 T r a i l e r  l e f t  l e a d  tandem wheel l o c k  

3 T r a i l e r  l e f t  r e a r  tandem wheel l o c k  

'Tow v e h i c l e  f r o n t  wheels l o c k  



Tab le  3. 28. Combinat ion  V e h i c l e  E f f e c t i v e n e s s  T e s t  
R e s u l t s :  C V  4-D, Loaded, 40 mph . 

Tow V e h i c l e  
Brake L i n e  
P ressu re  T r a i l e r  Brake D e c e l e r a t i o n  

p s i  Vo l tage  f / s "  

*Tow v e h i c l e  r i g h t  r e a r  wheel  lcck 



Tab le  3.29. Combinat ion  V e h i c l e  E f f e c t i v e n e s s  T e s t  
R e s u l t s :  CV 4-0, T r a i l e r  Empty, 40 mph. 

Tow V e h i c l e  
Brake t i n e  
P ressu re  T r a i  l e r  Brake D e c e l e r a t i o n  

p s i  Vo l tage  f / s 2  

*Tow v e h i c l e  r i g h t  r e a r  wheel l o c k  



Table 3.30. Combination Vehicle Effectiveness Test 
Results: CV 5-E, Loaded, 40 mph. 

Tow Vehicle 
Brake Line 
Pressure Trailer Brake Decel erati  on 

psi Voltage f / s 2  

*Tow vehicle right rear wheel lock  



Table 3.31. Combination Vehicle Effectiveness Test 
Results: CV 5-E, Trailer Empty, 40 mph.  

Tow Vehicle 
Brake L i n e  
Pressure Trai 1 er Brake Deceleration 

psi Voltage f / s 2  

"Trailer right recr wheel lock 



The n a t u r e  o f  t h e  problem i s  i l l u s t r a t e d  i n  F i g u r e  3.28. 

When surge h i t c h  and equal i zer  hardware a re  combined, t h e  moment- 

produc ing mechanism o f  t h e  e q u a l i z i n g  equipment g r e a t l y  i nc reases  

t h e  v e r t i c a l  l o a d  a c t i n g  a t  t h ~  b a l l  o f  t h e  h i t c h ,  f o r ,  as the  

f i g u r e  shows, one f o r c e  o f  t h e  coup le  which produces t h e  moment 

i s  a  v e r t i c a l ,  compressive l o a d  a t  t h e  b a l l .  R e l a t i n g  t h i s  t o  

t h e  e a r l i e r  a n a l y s i s  o f  t h e  surge h i t c h ,  t h e  f o r c e ,  FZ, as shown 

e a r l i e r  i n  F i g u r e  3.10, i s  g r e a t l y  i nc reased  r e l a t i v e  t o  i t s  va lue  

i f  l o a d  e q u a l i z a t i o n  i s  n o t  used. Thus t h e  ove r - runn ing  f o r c e  

( s i m i l a r  t o  Fx o f  F i g u r e  3.10) r e q u i r e d  t o  overcome Coulomb 

f r i c t i o n  f o r c e s  w i t h i n  t h e  h i t c h  can be equal t o  a  v e r y  l a r g e  

f r a c t i o n  o f  t h e  t r a i l e r ' s  we igh t ,  and t h e  rema in ing  p o r t i o n  o f  

t h e  over - runn ing f o r c e  a v a i l a b l e  as an a c t u a t i o n  f o r c e  f o r  t h e  

t r a i l e r  brake sys tern may be q u i t e  sma l l ,  o r ,  indeed, ze ro .  

H o r i z o n t a l  components o f  t h e  t e n s i l e  c h a i n  f o r c e  can a l s o  

a f f e c t  surge h i t c h  performance, b u t  g e n e r a l l y  t o  a  s m a l l e r  degree. 

Assuming t h a t  o r i g i n a l  c h a i n  o r i e n t a t i o n  i s  v e r t i c a l ,  i f  t h e  

i n t e r n a l  f r i c t i o n  o f  t h e  surge h i t c h  i s  overcome, mot ion  of t h e  

s l i d i n g  tongue occurs r e s u l t i n g  i n  an i n c l i n a t i o n  ang le  o f  t h e  

cha in .  T h i s  n o n - v e r t i c a l  o r i e n t a t i o n  r e s u l t s  i n  t h e  c h a i n  t e n s i l e  

f o r c e  hav ing a  h o r i z o n t a l  component which serves t o  p a r t i a l l y  

r e a c t  the  over - runn ing f o r c e s ,  f u r t h e r  l essen ing  t h e  l e v e l  o f  brake 

sys tem a c t u a t i o n  f o r c e .  

For ou r  t e s t  purposes, t h i s  s i t u a t i o n  meant t h a t  f o r  C V  

1 - A ,  a1 1  manu fac tu re rs '  recomnendations c o u l d  n o t  be met s imul  tan -  

eous ly  . Thus, t e s t s  were conducted u s i n g  recommended equal i z a t i o n  

and no equal i z a t i o n .  

Tab le  3.15 presents  data  f o r  t h i s  combinat ion v e h i c l e  

(1-A) under s i m i l a r  l o a d  and v e l o c i t y  c o n d i t i o n s ,  b u t  w i t h  and 

w i t h o u t  l o a d  e q u a l i z i n g .  The h i g h  l e v e l  o f  t r a i l e r  b r a k i n g ,  as 

i n d i c a t e d  by h i g h  t r a i l e r  brake l i n e  pressure,  r e s u l t s  i n  improved 

b r a k i n g  e f f e c t i v e n e s s  f o r  t h e  combinat ion v e h i c l e  w i t h o u t  1 oad 

e q u a l i z i n g .  Load e q u a l i z a t i o n  has t h e  l a r g e l y  coun te r -ba lanc ing  e f f e c t ,  
i n  t h i s  case, o f  d e l a y i n g  f r o n t  w h ~ e l  l ock  of t h e  t o w  v e h i c l r ,  

a l l o w i n q  t h i s  u n i t  o f  t he  C V  t o  ach ieve h i o h e r  b r a k i n g  e f f o r t  than 

i s  p o s s i b l e  w i t h o u t  e q u a l i z a t i o n .  





The basic incompatibility of load equalization and surge 

hitch hardware can present the user with a d i f f i cu l t  problem. I t  

, would appear that  he should, in f a c t ,  e l ec t  not t o  use an equalizing 
h i  tch, t o  use a i r  shocks t o  cure any ride problems d u e  t o  rear 

suspension compression, and t o  then carry on as best he can with 

the rear  and front  axle loads biased by the "unequal ized" hitch 

load. This s i tuat ion can, however, be unacceptable i f  the hitch 

loads are high. 

Another major concern in C V  test ing was the proper adjust- 

ment of the e l e c t r i c  brake application system. This system was 

described in some detai l  e a r l i e r  in Section 3.1.2. The equipment 

supplied by the manufacturer provides for  several possible values 

fo r  the external gain res is tor .  The "proper" resistance may be 

selected through reference t o  a table based on to ta l  t r a i l e r  weight 

and the number of t r a i l e r  brakes and axles,  with the added advice 

t o  change the se t t ing t o  obtain "firm braking action just  short of 

skidding on dry pavements" with the  controller  fu l ly  on. Further, 

i t  i s  recomnended that  the onset r a te  adjustment "be made t o  pro- 

vide for a s l igh t  lead of t r a i l e r  brakes over tow vehicle brakes." 

In general, these recomendations were followed in th i s  

program. However, unless the g a i n  resistance indicated by the table 

resulted in an obviously poor adjustment, th i s  se t t ing was not 

a l tered.  This procedure resul ts  from a judgment as t o  what  probably 

represents the normal in-use s i tuat ion.  F i r s t ,  i t  was judged that  

the average user was l ikely t o  depend heavily on the table because 

of a general lack of understanding of the mechanisms of the braking 

process, and because of 1 imitations e i the r  in his willingness to 

perform t e s t s ,  or in roadway f a c i l i t i e s  available on which t o  per- 

form t e s t s  necessary to  make further adjustments. Second, 

i f  the user were to perforill the irripl ied t e s t s ,  the resultant 

se t t ing could larqely denend u p o n  the chance occurrence o f  the 

f r i c t ion  j ) r o j l ( > \ " c i ~ ~  o f  t h ~  c h r ) ~ ~ n  t p ~ t  ~ t i r f d r c .  

For t r a i l e r s  B and C ,  t h i s  procedure resulted in rather 
good conlbi nation vehicle braking performdnce. Consider 



Tables 3 . 2 4  through 3;27, presenting data for  3-C and 2-C combina- 

t ions.  Ignoring the premature lockup of the l e f t  wheel of the lead 
tandem ax1 e of the t r a i l e r ,  these combinations achieved deceleration 

levels of nearly 20 f t / s 2  or be t ter  in both t r a i l e r  loaded a n d  

empty conditions. Tables 3.19 through 3.23 indicate tha t  t r a i l e r  

B performed nearly as well in combination with tow vehicles 1 and  

2 .  In the unloaded condition, however, th i s  vehicle suffered from 

interaxle load transfer  as evidenced by lead axle locking shown 

in Table 3.20. 

Tables 3.28 through 3.31 indicate t h a t  CV's 4-D a n d  5-E 

did not achieve such good braking performance. Vehicles 4 arid D had 
both demonstrated relat ively low performance in the i r  respective ef fec t -  

iveness t e s t s .  Thus the results  of th i s  combination's effectiveness 
t e s t s  are consistent with e a r l i e r  results  .*  

Combination 5-E suffered from the limitations of the 

standard e lec t r i c  brake application device combined with the pre- 

viously discussed (Section 3.2.2) problem 3 f  interaxle l o a d  d i s t r i -  

bution for  t h i s  t r a i l e r .  I n  the loaded t r a i l e r  condition and with 

no external gain res is tor  used in the t r a i l e r  brake application 

system, t r a i l e r  wheel lockup was experienced a t  low levels of 

brake application. Thus, for  these t e s t s ,  the lowest available 

external gain res is tor  was used in the brake application system. 

However, because of the nature of the t r a i l e r  brake system, th i s  

proved in practice to  be a very coarse adjustment. Trai ler  E was 

equipped with s ix  brakes, thus drawing approximately 50% more 

current than a four-brake system a t  a given application level .  

This higher current draw resul ts  in a similarly higher voltage 

drop across the external gain res is tor .  This resulted in a ~ o l t a y e  d r o p  

a t  the brakes of approximately s ix  and one-half volts .  Thus, the 

t r a i l e r  brakes probably were not being used to  fu l l  advantage 

during these t e s t s .  

* I t  should be noted again, as was done in reportinq the results  of 
t r a i l e r  alone ctfectivrness t e s t s  Tot. t r , i l l ~ r -  D, t h d t  IIIP 
maximum t r a i l e r  brake voltage indicated in the table was measured 
a t  the input t o  the brake while approximately 1 2  volts were 
input to the t r a i l e r  wiring harness. 



W i t h  t r a i l e r  E i n  t h e  empty c o n d i t i o n ,  s i m i l a r  ad jus tmen t  

o f  t h e  e x t e r n a l  g a i n  r e s i s t o r  was made. I n  t h i s  case, however, 

a s e t t i n g  c o u l d  be ach ieved which  p reven ted  t r a i l e r  wheel l o c k  

u n t i  1  r e l a t i v e l y  h i g h  a p p l i c a t i o n  l e v e l s .  

3.2.4 T r a i l e r  Fade Tes ts .  The t r a i l e r  f a d e  t e s t  p rocedure  

was p a t t e r n e d  a f t e r  t h e  f i r s t  fade and recove ry  t e s t  o f  FMVSS 

105-75 f o r  v e h i c l e s  i n  excess o f  10,000 l b .  gvw. Tha t  i s ,  t hey  

c o n s i s t e d  o f  base1 i n e ,  fade,  and recove ry  snubs conducted f r o m  

i n i t i a l  v e l o c i t i e s  o f  40 mph and s u b j e c t  t o  temperature ,  t ime ,  and 

d i s t a n c e  c o n s t r a i n t s  as p e r  FMVSS 105-75. M o d i f i c a t i o n s  were 

made t o  t h e  f i n a l  v e l o c i t y  o f  t h e  snubs and t o  d e c e l e r a t i o n  r a t e s ,  

however. I n  p a r t i c u l a r ,  t h e  f i n a l  v e l o c i t y  and d e c e l e r a t i o n  r a t e s  

were p r e s c r i b e d ,  r e s p e c t i v e l y ,  as 

'TA 
Vf 

= $02 - - (402 - 202)  rnph ' cv 

where 

WTA i s  t h e  t o t a l  s t a t i c  t r a i l e r ,  a x l e  l o a d  

W C V  i s  t h e  comb ina t ion  v e h i c l e  w e i g h t  

Snubs from 40 rnph t o  Vf a t  d e c e l e r a t i o n ,  a,  u s i n g  t r a i l e r  b rakes 

on ly ,  r e s u l t  ( 1 )  i n  t h e  t r a i l e r  b rakes abso rb ing  t h e  energy of a 40- 

t o  20-mph snub o f  a  v e h i c l e  equal  i n  w e i g h t  t o  t h e  t r a i l e r  a x l e  

s t a t i c  load,  and ( 2 )  i n  t h e  t r a i l e r  b rakes o p e r a t i n g  a t  a  t o r q u e  l e v e l  

wh ich  wou ld  d e c e l e r a t e  t h e  same v e h i c l e  a t  10 fpsi. 

A d d i t i o n a l l y ,  t r a i l e r  A was s u b j e c t e d  t o  a  s i m i l a r  program 

u s i n g  an i n i t i a l  v e l o c i t y  o f  60 mph ( r e q u i r i n g  t h a t  "60" be s u b s t i -  

t u t e d  f o r  "40" i n  Equat ion  ( 3 . 2 1 a ) ) .  

I n  a l l  o t  the fdde t e s t s ,  t v d i  ~ c v s  were i r i  ttlci,. ~ o d c ~ l l ~  

c o n d i t i o n  and tow v e h i c l e s  were empty. The cornbi n a t i o n s  employed 

were: 1-A, 1-B, 2 - C ,  4-0, and 5-k .  I n  t h e  t e s t s ,  i t  wds i n t e n d e d  



t h a t  the driver would maintain .the prescribed constant deceleration 

through modulation of the t r a i l e r  brakes only while observing a 
U-tube decel erometer. 

Tables 3.32 through 3.37 summarize the resul ts  of the t e s t s .  

Two points are noteworthy. F i r s t ,  the sustained vehicle declera- 

tions* attained by the driver often varied by s ignif icant  percentages 

from the desired deceleration level .  At leas t  two factors are 

contributory t o  th i s  er ror .  The desired deceleration levels  are 

generally small, thus taxing the useful resolution of the U-tube. 

This problem would be relieved somewhat by conducting such t e s t s  

with as l igh t  a  tow vehicle as ~ o s s i b l e ,  thus increasing desired 

deceleration 1 evels. A more confounding complication derives from 

the hysteret ic and high gain character is t ics  of t r a i l e r  brakes, 

part icularly the e l e c t r i c  brakes, which make the constant torque 

mode of operation very d i f f i c u l t  t o  achieve,** This i s  i l lus t ra ted  

in the extreme of Figure 3 . 2 9  which presents data gathered in one 

t e s t  run. The figure indicates that  once the brake has been 

applied t o  a re la t ively  h i g h  l eve l ,  hysteresis in the voltage// 

torque relat ionship apparently prevents the brake from reacting 

t o  large reductions in input voltage. This n o t  only makes the 

conduct of a fade t e s t  d i f f i c u l t ,  b u t  a lso complicates data 

reduction. In Tables 3.32 through 3.37 sustained brake application 

levels are  indicated. 

A second point of in te res t  in these t e s t s  concerns the in ter-  

r e l a t i  on between aerodynamic and other drags and deceleration. 

A1 t h o u g h  the lower deceleration rates experienced in test ing 

do not a l t e r  the kinetic energy los t  by the vehicle during a 

snub, they can lower that  portion of the energy absorbed due 

to  the braking process w h i  l e  extending the time period of 

absorption s l igh t ly .  The remaining portion of the energy 

*Deceleration levels indicated in the tables derive fro111 the 
electronic dcceleror~~c~tcr- r:1r?l!nted c n 3 i t % , L i  1 i :o,f p ?  r7 t f ~ r ,  , ~ r i l l  
not from U-tube readings. 

**This was also seen in dynamometer tes t inq (Section 3.1.2)  wherein 
servo-control1 ed const~r i t  torque tcs t i  n q  w ~ l s  riot act1 i e v a ! ~  l e .  



Table 3 .32.  T r a i l e r  Fade ~ e s t  Resu l t s :  T r a i l e r  A ,  40 mph.  

Drag Decelerat ion:  0.6 f / s 2  
Target  Dece le ra t ion :  3.15 f / s 2  

Tra i  1 er Brake Average Brake 
Line Pressure  Decelerat ion Ternpera t~~re  

R u n  No. psi  f / s 2  " F 

Basel ine  1 260 2.5 166 

Base1 i n e  3 270 2.8  188 

Fade 1 270 2 . 5  125 

Fade 10 270 2.5 305 

Recovery 1 270 2.5 2 7 1 

Recovery 5 270 2.5 222 

Table 3.33.  T r a i l e r  Fade Test  Resu l t s :  T r a i l e r  B,  60 mph 

Drag Dece le ra t ion :  0 .6  f / s 2  
Target  Decelerat ion:  3.15 f / s 2  

Trai  1 e r  Brake Average Brake 
Line Pressure  Decelerat i  on Temperature 

Run  No. p s i  f / s 2  F 

Base1 i ne  1 260 2 .5  159 

Basel ine  3 260 2.5  186 

Fade 1 260 2 .3  142 

Fade 10 260 2.1 484 

Recovery 1 260 1 . 9  425 

Recovery 5 260 2.5 325 



Table 3.34. Tra i l e r  Fade Test Results: Tra i l e r  B.  

Drag Deceleration: 2.1 f / s 2  
Target Deceleration: 5.0 f / s 2  

Average Brake 
Trai 1 e r  Brake Deceleration Temperature 

Run No. Voltage f / s 2  " F 

Base1 i ne 1 3 .O 5.0 187 

Base1 i ne 3 3.0 5.0 193 

Fade 1 3.0 5.0 157 

Fade 10 3.0 5.0 248 

Recovery 1 3.0 5.0 228 

Recovery 5 3.7 5 .O 185 

Table 3.35. Trai ler  Fade Test Results: Tra i l e r  C .  

Drag Deceleration: 0.6 f / s 2  
Target Deceleration: 5.17 f / s 2  

Average Brake 
Trai ler  Brake Deceleration Temperature 

Run No. Voltage f / s 2  O F 

Baseline 1 2.7 

Baseline 3 3.4 

Fade 1 3.0 

Fade 10 6.2 

Recovery 1 6.1 

Recovery 5 4.1 



Table 3.36. T r a i l e r  Fade Test  Resul ts :  T r a i l e r  D 

Drag Deceleration: 0.6 f / s 2  
Target Deceleration: 5.0 f / s 2  

Average Brake 
T r a i l e r  Brake Deceleration Temperature 

Run No. Voltage f / s 2  O F 

Base1 ine 1 9.0 

Baseline 3 9.0 

Fade 1 9.0 

Fade 10 9.7 

Recovery 1 9.7 

Recovery 5 9.7 5.6 257 

Table 3.37. T r a i l e r  Fade Test  Results:  T r a i l e r  E 

Drag Deceleration: -0 
Target Deceleration: 4.0 f / s 2  

Average Brake 
Trai l e r  Brake Decelerati  on Temperature 

Run No. Voltage f / s 2  " F 

Base1 ine 1 6.2 

Basel i ne 3 6.2 

Fade 1 6.2 

Fade 10 6.7 

Recovery 1 7.2 

Recovery 5 7.2 



Figure 3.29.  An exemplary time history of a  t r a i l e r  fade snub. 

loss i s  a t t r ibu tab le  to  drag forces which can be s ignif icant  due 

t o  the large frontal  area of these vehicles re la t ive  t o  t he i r  mass. 

If  we assume that  the drag forces are constant for  a  given vehicle 

across the small velocity change of the snubs, i t  can be shown 
that :  

where 

AD i s  the portion of the deceleration a t t r ibu tab le  

to  drag 

AT i s  the to ta l  deceleration 

EB i s  kinetic energy loss due t o  braking forces 

ET i s  to ta l  kinetic energy loss 



Equation ( 3 . 2 2 )  indicates t h a t ,  as total  deceleration decreases 

and  d r a g  deceleration remains constant, the percent of energy 

absorption attributable t o  braking decreases. 

The d a t a  presented in the tables,  then, indicates t h a t  

( a )  fade tests  of t r a i l e r s  B and  C were co,nducted essentially as 

desired, ( b )  the t e s t  of t r a i l e r  E was conducted a t  a lower 

deceleration level t h a n  desired, b u t  th is  probably did n o t  signi- 

ficantly disturb the  results since deceleration d u e  t o  drag forces 

was very small, and  ( c )  tes t s  for t r a i l e r s  A a n d  D were probably 

less severe t h a n  desired because of low acceleration levels. For 

t r a i l e r  A, Equation (3.22) would indicate approximately 80% energy 

absorption due t o  braking at  the proper deceleration level and 

approximately 75% a t  the  actual level. Similarly, for t r a i l e r  D ,  

proper deceleration would result  in a calculated 882 while actual 

deceleration results in approximately 86% inergy absorption due t o  
bra ki ng . 

The t e s t  results further indicate t h a t  for the 40-mph t e s t ,  

t r a i l e r s  A and B exhibited virtually no fade. Trailers C and D 

exhibited some fade and generally good recovery. Trailer E 

suffered the most from fade with the least  complete recovery. 

The general ranking between the performance of the sample of 

t r a i l e r s  i s  largely in l ine with their  ranking based on  average 

wheel load, and hence, the energy absorption requirement per brake. 

In the  60-mph t e s t  of t r a i l e r  A, some fade i s  in evidence, b u t  

recovery i s  good.  





4.0 COMPUTER SIMULATION A N D  ANALYSIS 

An appropriate role of computer simulation i s  to  aid in the 

understanding of vehicle t e s t  r esu l t s  by simulating the t e s t s .  

If the calculations yie ld  resu l t s  largely in agreement with the 

measurements, o r  i f  the discrepancies between t e s t  resul t s  and 

simulated resu l t s  can be re l iably  accounted fo r ,  the indication 

i s  t ha t  the t e s t s  are we1 1 understood. 

Much of the success of t h i s  exercise depends on one's  point 

of view. In f a c t ,  in most simulations of vehicle t e s t s ,  there 

are  enough important pieces of information that  are  u n k n o w n  tha t  

one can f i t  the t e s t  data by choosing the input parameters properly. 

Whether t h i s  process en t a i l s  the science of "fine-tuning" or the 

a r t  of "fudging" often seems t o  depend on the eye of the beholder. 

Simulation of braking t e s t s  i s  a prime example of t h i s  mixture 

of science and a r t .  This occurs because the brake torque, which 

i s  always a key part  of the inpu t ,da ta ,  i s  extremely d i f f i c u l t  t o  

determine accurately without resorting t~ road t e s t s .  Thus, 

a1 though the response of  a vehicle t o  a given brake torque presumably 

may be accurately computed, i t  i s  not reasonable t o  assume, a priori  , 
t h a t  the torque used as input to  the simulation i s  in fac t  a 

reasonable analog for  the torque actually generated by the vehic le ' s  

brakes. To remedy th is  s i tua t ion ,  a few vehicle t e s t s  are  f r e -  

quently thought of as laboratory measurements of brake torque 

designed t o  determine a reasonable torque versus l ine  pressure 

re la t ion ,  and the l ine  pressure i s  used as input t o  the computer 

simulation, as in [ 5 ] .  

This was the procedure used t o  gather the t r a i l e r  brake 

parameters fo r  use in  t h i s  simulation ac t iv i ty .  In pa r t i cu la r ,  the 

t r a i l e r  alone t e s t  resul ts  were reduced t o  find brake forces corresponding 

to  each voltage (pressure fo r  the surge brakes).  



The gathering of data t o  describe the brake torque of the tow 
vehicle i s  potential ly more d i f f i c u l t ,  largely because the f ive  

tow vehicles make use of hydraulic valves which a l t e r  the  front-  

to-rear proportioning of brake torque dis t r ibut ion and the over- 

a l l  system gain as a function of master cylinder pressure. B u t  

since the analytical ac t iv i ty  a t  hand was concerned, in the main, 

with 1 imit braking performance, the master cylinder pressures t o  be 

considered f a l l  within a rather narrow band. T h u s ,  i t  was 

reasonable t o  model the tow vehicle as having fixed proportioning 

and  t o  employ those brake system parameters descript ive of the 

real system performance within the l imi t  range of in te res t .  The 

parameters used were derived from the tow vehicle alone 

effectiveness t e s t  r esu l t s  . 
I t  i s  important t o  note here that  C V  t e s t  resul ts  were n o t  

used t o  garner brake torque values f o r  use in simulating fur ther  

C V  t e s t s .  (In that  case, the calculated resu l t s  would obviously 

closely match the t e s t  r e su l t s . )  Rather, we have used t r a i l e r  alone 

resul ts  and tow vehicle alone resul ts  t o  procure parameters for  C V  

simulation. The discrepancies between computed and measured resu l t s  

are  then indicative of e i t he r  ( a )  the measurement e r ro r s ,  or  

( b )  parametric changes during, and  possibly as a resu l t  o f ,  t e s t i ng ,  

or ( c )  s implif icat ions in the analysis..  

Another role of simulation i s  t o  simulate t e s t s  tha t  were not 

run. ( I t  i s ,  of course, a desirable precondition t h a t  the t e s t s  

that  were run are  well understood.) In t h i s  was, calculat ions can 

be substi tuted fo r  expensive and/or dangerous t e s t s .  

I n i t i a l l y ,  th i s  section will present a short  explanation of 

the quasi -s ta t ic  simulation used t o  perform the calculat ions.  This 

will be followed by calculated resu l t s  fo r  the t e s t s  t ha t  were run 

and calculated extensions of the t e s t  r esu l t s .  



4.1 The Q u a s i - S t a t i c  Simul  a t i o n .  

The q u a s i - s t a t i c  s i m u l a t i o n ,  BRAKES2 [ 6 1 ,  was used th rough-  

o u t  t h i s  research  program t o  i l l u m i n a t e  and ex tend  t h e  t e s t  r e s u l t s .  

The t e r m  q u a s i - s t a t i c  i n d i c a t e s  t h a t  t h e  p i t c h  and bounce and wheel 

s p i n  degrees o f  freedom o f t e n  a s s o c i a t e d  w i t h  b r a k i n g  c a l c u l a t i o n s  

were neglected-the i n p u t  i s  t h e  b rake  f o r c e ,  t h e  c.g.  and a x l e  

p o s i t i o n s ,  and t i r e - r o a d  i n t e r f a c e  da ta ,  and t h e  o u t p u t  i s  t h e  

s t e a d y - s t a t e  d e c e l e r a t i o n  o f  t h e  s i m u l a t e d  v e h i c l e .  

The s t r a i g h t f o r w a r d  n a t u r e  o f  t h e  program a l l o w s  t h e  u s e r  

e x c e p t i o n a l  u t i l i t y  i n  p e r f o r m i n g  c a l c u l  a t i o n s - c a l c u l  a t i o n s  can 

be per formed i n t e r a c t i v e l y  a t  a v e r y  r a p i d  r a t e  and a t  a l o w  c o s t .  

T h i s  u t i l i t y  i s  ga ined a t  t h e  expense o f  s e v e r a l  s i m p l i f y i n g  

assumptions wh ich  a r e  1  i s t e d  below: 

1 )  The b rake  t o r q u e  i ' s  assumed c o n s t a n t  t h r o u g h o u t  

t h e  run .  

2 )  The q u a s i - s t a t i c  n a t u r e  o f  t h e  normal l o a d  

c a l c u l a t i o n s  n e g l e c t s  t h e  t i m e  l a g  r e q u i r e d  t o  

a t t a i n  t h e  quas i  - s t a t i c  l oads .  I n  p r a c t i c e ,  

however, t h e  brakes a r e  a p p l i e d  w h i l e  t h e  a x l e  i s  

s t i l l  loaded t o  a p p r o x i m a t e l y  i t s  s t a t i c  load- 

i . e . ,  b e f o r e  t h e  l o a d  t r a n s f e r  t akes  p l a c e .  

3 )  Tandem a x l e  dynamics a r e  neg lec ted .  Thus t h e  

c a l c u l a t i o n s  t e n d  t o  p r e d i c t  i n i t i a l  l ockup  a t  

h i g h e r  l i n e  p ressu res  than  one would  expec t  t o  

f i n d  i f  suspension k i n e m a t i c s  l e a d  t o  a p p r e c i a b l e  

i n t e r - a x l e  l o a d  t r a n s f e r  d u r i n g  b r a k i n g .  

4 )  Changes i n  t h e  p r o p e r t i e s  o f  t h e  t i r e - r o a d  i n t e r -  

f a c e  w i t h  l o a d  and speed a r e  n e g l e c t e d .  

O f  t hese  f o u r  s i m p l i f i c a t i o n s ,  t h e  f i r s t  t u r n s  o u t  t o  be t h e  

most s i g n i f i c a n t .  I t  i s  e m i n e n t l y  apparent  f rom o u r  t e s t  d a t a  

(and,  t y p i c a l l y ,  f rom any d a t a  i n  wh ich  severe  wheel s -un locked 

b r a k i n g  p l a y s  a  r o l e )  t h a t ,  g i v e n  c o n s t a n t  l i n e  p r e s s u r e  o r  



voltage, the brake torque cannot be expected t o  remain constant 

during the course of a s top.  As f a r  as we k n o w ,  the prediction of 

torque variations during a stop i s  beyond the current s t a t e  of the 

a r t .  

I t  i s  appropriate here to  reconsider the example presented 

i n  Figure 3.27 which displayed measured data from the 5-E combina- 

tion vehicle tes t ing.  The simulati o n ,  of course, cannot predict 

the effectiveness changes so obvious in the t e s t  resul ts  and  thus 

must remain a 1 imi ted,  a1 bei t useful , tool in the understanding of 

the to ta l  system. 

Simulation of Test Vehicle Performance 

The BRAKES2 simulation was used t o  calculate the vehicle t e s t  

r esu l t s .  The comparison between the cal culations and the measured 

data will be presented in  t h i s  section.  These resul ts  will be 

presented in f ive  subsections, with one subsection devoted t o  each 

t r a i l e r .  Further calculations wi 11  be presented l a t e r  which 

extend the t e s t  resul ts .  

4.2.1 Trai ler  C .  Braking data f o r  the 12" x 2 "  e l e c t r i c  

brakes of t r a i l e r  C were gathered from the t r a i l e r  alone t e s t s  as 

shown in Section 3.2.3.  These data are repeated here for  

convenience in Figure 4.1. 

The voltage i s  applied t o  the t r a i l e r  brakes as a function of 

tow vehicle l i ne  pressure as determined by the controller  used in 

the combination vehicle t e s t s .  Figure 4 . 2  presents a b i l inear  f i t  

t o  the measured t r a i l e r  brake voltage versus tow vehicle l ine  

pressure for  the control ler ,  with the gain and l imi ts  as s e t  for  

the CV t e s t s .  Note t h a t  the control ler  does not yield such smooth 

curves in practice.  (See, for  example, Figure 3.12.) However, our 

main in te res t  i s  in the f l a t  l imi t  portion of the curve which i s  

qui te  repeatable. 
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Figure 4 . 2 .  Simulated e l e c t r i c  brake c o n t r o l l e r s .  



Constant brake proportioning values fo r  each of the tow vehicles was 

estimated based on the tow vehicle alone t e s t s ,  and a re  tabulated 

in Table 4.1. Note, we estimated 70-30 for  vehicles 1 and 2 as they locked 
front  wheels f i r s t  a t  very h i g h  decelerations. This perfor~liance i s  sollie- 

w h a t  surpr is ing,  par t icular ly  fo r  vehicle 2 which had no rear  
proportioning valve. * 

Table 4.1. Estimated Constant Proportioning 
fo r  the Tow Vehicle. 

Vehicle Proportioning 

Using the assumed proportioning of Table 4.1 in conjunction 

with the car-alone resu l t s  of Tables 3.5-3.9, we can estimate the 

relat ionship between t r a i l e r  brake force and  the brake force a t  

each axle of the tow vehicle. Tra i l e r  brake force i s  plotted as a 

function of tow vehicle front-wheel brake force in Figure 4.3. 

Most of the data required to simulate t r a i l e r  C i s  presented 

in  Figure 4.4 which presents input/output ( I / O )  for  a computer run of 

the loaded tow vehicle 2 pulling the loaded t r a i l e r  C .  

*Vehicle 2 makes use of "metering" or an i n i t i a l  limiting of the 
f ront  disc brakes for wear reasons, b u t  riot variable pr-oportioning, 
which would l imi t  the rear  l ine  pressure a t  high decelerations. 
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Some interes t ing calculat ions of the t r a i l e r  C performance are  

presented in Figures 4.5 and 4 .6 ,  where maximum wheel s-unl ocked 

deceleration fo r  passenger cars 2 and 3  pull ing t r a i l e r  C a r e  

presented. The calculat ions indicate tha t  the maximum burden o f  

the t r a i l e r  occurs a t  high decelerat ions,  a  d i r ec t  r e su l t  of the 

high gain and  f la t tening of the t r a i l e r  C brake force as a  function 

of the applied voltage. In both these f igures ,  the change in slope 

of the C V  curve a t  about p = .4 indicates the break point in the 

control ler  response curve shown in Figure 4.1. 

The C V  curves in Figures 4.5 and 4.6,  which were based on 
the d a t a  in Figures 4.1 and 4.2, show tha t  the calculated C V  

deceleration was a t  l e a s t  f i f t een  percent lower than the measured 

values. Some insight  in to  t h i s  discrepancy can be gained from the 

hitch transducer measurements. In both the 3 - C  and 2-C combinations 

the maximum measured compressive force a t  the hitch was close t o  
1000 lbs .  The calculat ion in Figure 4.4b, however, shows a  f a r  

higher compressive force. The indication i s  t h a t  during and perhaps 

as a  resu l t  of the t r a i l e r  alone t es t ing  and the C V  t e s t ing ,  the 

t r a i l e r  brakes increased in effectiveness.  

Further calculat ions verif ied the obvi ous--an increase in peak 

t r a i l e r  brake force will increase the deceleration and thus move 

the C V  curves on the f igures up  toward the tow vehicle alone curves. 

The resu l t s  of Figure 4.4b, f o r  example, indicate tha t  the t r a i l e r  

brake force could be s ignif icant ly  increased without causing t r a i l e r  

wheel 1 ockup. 

In pract ice ,  however, the voltage level used in  the calcul a- 
t ions was the se t t ing  recomended by the control ler  manufacturer 

fo r  the t r a i l e r  weight. Further, the 7.1-volt se t t ing shown in 

Figure 4 .2  f o r  t r a i l e r  C was suf f i c ien t  t o  cause occasional lockup 

of the l e f t  lead t r a i l e r  tandem, indicating an appropriate se t t ing  

(see Table 3.12).  This leads t o  the conclusion tha t  the ra ther  

rough control l e r  resolution and the varying nature o f  the e l e c t r i c  

brakes leave l i t t l e  opportunity fo r  the consumer t o  fine-tune his 

C V  t o  achieve the potential t r a i l e r  braking which i s  suggested by 

the simulation. 
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Since b o t h  the calculations and tes ts* indicated t h a t  the 

combinations under study were 1 imited by front wheel lockup on the 

tow vehicle, i t  i s  n o t  surprising t h a t  l a t e r  calculations indicate 

t h a t  hitch load a n d  load equalization are of extreme importance and 

t h a t  many other vehicle parameters are no t .  These matters will be 

discussed further in Section 4.3. 

4.2.2 Trailer B .  The braking data for the four 10" x 2 "  

e lec t r ic  brakes of t r a i l e r  B were gathered from the t r a i l e r  alone 

tes t s  shown in Section 3.2.3. These data were repeated for con- 

venience in Figure 4 . 1 .  Measured voltage versus tow vehicle l ine 

pressure was presented in Figure 4.2. The constant proportioning 

assumed for the tow vehicle was presented in Table 4.1. 

Much of the d a t a  required t o  simulate t r a i l e r  B i s  given 

in Figure 4.7, which presents 1/0 for a cwputer run of loaded tow 

vehicle 2 pulling loaded t r a i l e r  B .  

Some interesting calculations of t r a i l e r  B performance are 

presented in Figure 4.8,  where maximum wheels-unlocked deceleration 

of tow vehicles 1 and  2 pulling the loaded t r a i l e r  B are presented. 

As in the case of t r a i l e r  C ,  t h e  calculations indicate t h a t  lockup 

occurs f i r s t  on t he  front wheels of the tow vehicle on a l l  surfaces. 

Again, this  result  i s  explained by the application of the vertical 

component of the hitch load behind the rear wheels. 

4.2.3 Trailer A .  Trailer A i s  the surge-brake-equipped 

t r a i l e r  which, for a l l  the simulation runs, was loaded t o  2222  Ibs. 

The gain of the surge brake system, i  .e.  , t o t a l  t r a i l e r  brake force 

per unit over-running force a t  the hitch, was calculated from t r a i l e r  

geometry and  dynamometer curves t o  be 1.9. Trailer A was coupled 

t o  tow vehicle 1 ,  which was assumed, based on tow vehicle alone 

resul ts ,  t o  have 70-30 proportioning. Much of the data required t o  

simulate the 1 - A  combination i s  presented in Figure 4 . 9 .  

*We are ignoring here the occasional measured left-lead tandern 
lockup, which i s  more indicative of a  "grabby" brake than a bona- 
fide lockup limit .  



Figure 4.7a. Exanp le  i n p u t / o u t p u t  for s i m u l a t i o n  o f  CV 2-8. 
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F igure 4 . 7 b .  Example  i n p u t / o u t p u t  for s i m u l a t i o n  of CV 2-R.  
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The loaded t r uck ,  as s imulated,  performs adequately,  thou?- 

n o t  as w e l l  as t h e  one-ton p ickup whose c a l c u l a t e d  performance 

presented i n  F i gu re  4.11. Th is  f i n d i n g  i s  exq la ined,  i n  p a r t ,  

t h e  h i ghe r  c.g. d e r i v i n g  from t h e  four-wheel d v i v e  geometry c -  1 

v e h i c l e  4. 

As one would expect ~ S t h  t h e  we igh t  o f  t b e  t r a i l e r  be ing 

s i g n i f i c a n t l y  g r e a t e r  than t he  weight  o f  t h e  tow veh i c l e ,  t h e  41 

o f  t r a i l e r  b r a k i n g  i s  an ex t reme ly  impor tan t  i e t e r m i n a n t  o f  C \  

b rak i ng  performance. Throe l e v e l s  o f  brake f o r c e  a r e  shown i n  2 

f i g u r e ,  namely: (a )  no brakes, ( b )  1450 l b s  (as measured i n  t:-- 

t r a i l e r  a lone t e s t s ) ,  and ( c )  an "improved" l e v e l  o f  3115 l b s  c 

brake fo rce .  

The "improvedH t rai ler  b rak ing  r e s u l t s  i n  q u i t e  reasonable 

performance, y i e l d i n g  a b c s t  20 f t / s e c 2  on a .3 sur face.  The 

r a t i o n a l e  behind t h e c h ~ i c e o f  3115 I b s  i s  presented i n S e c t i c  ,9. 

4.3 S e n s i t i v i t y  Study 

A s e n s i t i v i t y  stuay ~ i a s  performed f o r  c c r 3 i n a t i o n s  2-B,  5 -  ~ n d  

4-0 t o  f i n d ,  v i a  computer s imu la t i on ,  t h e  psv-3-eters most irnpc. :t 

i n  CV brak ing performance. Some r e s u l t s  fro.; t he  study are p r  
, - 

sented i n  F igures 4.15 t t r m g h  4.20. I n  eac7 - i gu re ,  t he  ver: 

a x i s  presents t h e  peak f r : c t i o n  c o e f f i c i e n t ,  , , necessary t o  ; - q t  

wheel lockup on t h e  i n d i c z t e d  a x l e  a t  a  veh i : ; ~  dece le ra t i on  ' 

o f  112 g. The v e h i c l e  parameter be ing v a r i e c  i s  p l o t t e d  on th: 

h o r i z o n t a l  ax is .  I n  eacn case, t h e  range o f  sarameter v a r i a i i :  s 

judged t o  be l a r g e  r e l a t i v e  t o  v a r i a t i o n s  w h i i ~  are l i k e l y  t o  c ,r i n  

use. 

F igure 4.15 presents  t h e  s e n s i t i v i t y  t o  r 2a r -ax l e - t o -h i  tl. stance. 

(Th i s  i s  o f  p a r t i c u l a r  i n t e r e s t  here s ince  or: i e h i c l e s  2 and , 2 

h i t c h  was extended about :delve inches i n  thf t  t e s t  program t o  . . mmo- 

da te  the h i t c h  t ransducer-  \ A1 t e r i n g  t h i s  pa%-meter  a f f e c t s  t q  . t a t i c  

d i s t r i b u t i o n  of a x l e  l oad ;  on t h e  tow v e h i c l e .  Thus, f o r  C V ' s  

2-B and 3-C, the  l o a d  e q u a l i z e r  moment was a ' s 3  va r i ed  such th ,  

t h e  f o r e / a f t  d i s t r i b u t i o a  o f  a d d i t i o n a l  (where a d d i t i o n a l  i1np1, 

those r e s u l t i n g  from trailer h i t c h  v e r t i c a l  1c;ld and moment) s: c 

wheel loads on t h e  tow v e h i c l e  remained constdnt .  (Th i s  i s  cor : ten t  

w i t h  recomnended h i tch  a d j r ~ s h e n t  p r a c t i c e . )  Note t h a t  the  CY 
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always l i m i t e d  by f r o n t  wheel l o c k  excep t  f o r  an extreme forwar: 

p o s i t i o n  o f  t h e  f i f t h  wheel o f  CV 4-D, and t h a t  severe changes, 

t h e  o r d e r  o f  twe lve  inches,  r e q u i r e  l e s s  than  .05 change i n  f ro :  

wheel peak f r i c t i o n  c o e f f i c i e n t .  

F i g u r e  4.16 i n d i c a t e s  t h e  s e n s i t i v i t y  t o  t h e  l o n g i t u d i n a l  

l o c a t i o n  o f  t h e  c.g. o f  t h e  t r a i l e r  ( l o a d  e q u a l i z a t i o n  was aga i ,  

v a r i e d  t o  h o l d  cons tan t  f o r e / a f t  d i s t r i b u t i o n  o f  a d d i t i o n a l  s t a -  

l oads  on t h e  tow v e h i c l e  a x l e s ) ,  and F i g u r e  4.17 i n d i c a t e s  sens 

t i v i t y  t o  t r a i l e r  wheelbase ( t h e  t r a i l e r  c.g. l o c a t i o n  was a l s o  e d 

t o  g i v e  c o n s t a n t  d i s t r i b u t i o n  o f  s t a t i c  t r a i l e r  h i t c h  and a x l e  ; > , .  

I n  each case, t h e  system was found i n s e n s i t i v e  t o  l a r g e  changes 

F i g u r e  4.18 i n d i c a t e s  sens i  t j v i t y  t o  t r a i l e r  c.g. h e i g h t .  .- e  

4.19 i n d i c a t e s  t h e  s e n s i t i v i t y  t o  h i t c h  b a l l  h e i g h t .  Again, i n  

each case t h e  combinat ion  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  l a r g e  ch: . ,  

F i g u r e  4.20 p resen ts  t h e  s e n s i t i v i t y  t o  t h e  l e v e l  o f  l o a d  

e q u a l i z a t i o n  as a  f u n c t i o n  o f  t h e  s t a t i c  l o a d  added t o  t h e  f ro?:  

t i r e s  v i a  l o a d  e q u a l i z a t i o n  ( i  .e.,  ze ro  on t h e  h o r i z o n t a l  s c a l e  

i n d i c a t e s  no l o a d  e q u a l i z a t i o n  moment). C l e a r l y ,  these f i n d i n g :  

i n d i c a t e  t h a t  l o a d  e q u a l i z a t i o n  i s  a  most i n f l u e n t i a l  v a r i a b l e .  

CV's shown r e q u i r e  an i n c r e a s e  o f  s u r f a c e  f r i c t i o n  o f  about  . I 5  

l o a d  e q u a l i z a t i o n  i s  decreased f rom t h e  base1 i n e  l e v e l  t o  zer: 

The s e n s i t i v i t y  o f  b r a k i n g  performance t o  l o a d  equal i z a t i  - 

changes i s  o b v i o u s l y  a  d i r e c t  r e s u l t  o f  t h e  r e d i s t r i b u t i o n  o f  : . 

a x l e  l oads .  A1 t e r a t i o n  o f  o t h e r  parameters,  p a r t i c u l a r l y  tow 2 

h i t c h  p o s i t i o n  ( F i g u r e  4.15) and t r a i l e r  c.g. p o s i t i o n  ( F i g u r e  

can a l s o  a l t e r  s t a t i c  l o a d  d i s t r i b u t i o n .  As e x p l a i n e d  e a r l i e r  

however, t h i s  e f f e c t  was 1  a r g e l y  negated th rough  compensating - 

ment o f  t h e  l o a d  e q u a l i z i n g  h i t c h .  Such compensation i s  j u s t i  

i f  i t  i s  assumed t h a t  t h e  u s e r  w i  11 p r o p e r l y  a d j u s t  t h e  l o a d  

equal  i z i n g  h i t c h .  F i g u r e  4.20 i n d i c a t e s  t h e  p o t e n t i a l  changes 

performance i f  t h i s  assumption does n o t  h o l d .  I t  i s  a l s o  impov 

t o  n o t e  t h a t  f o r  C V  4-0, l o a d  e q u a l i z a t i o n  i s  never  used. T h u s ,  

F igu res  4.15 and 4.16, t h e  s e n s i t i v i t i e s  demonstrated do i n c l u o :  

t hose  e f f e c t s  r e s u l t i n g  f rom changes i n  s t a t i c  a x l e  l oads .  





5.0 A PROPOSED RULE FORMAT 

In  the preceding discussion of the simul at ion a c t i v i t y ,  

the re1 a t ive  unimportance of several combi nation vehicle parameters, 

including center of gravity posit ion,  wheel base and hitch posit ion,  

to  maximum CV braking performance was demonstrated. The remaining 

s ignif icant  parameters a re  the weight and brake force capabi l i ty 

of the combination plus the i n-use factor  of load equal i z e r  

adjustment. Further, i t  has been shown t h a t  the maximum wheels- 

unlocked brake force of the tow vehicle remains about the same 

with or without a t r a i l e r ,  given t h a t  the load equalization adjustment 

i s  maintained within reasonable bounds. This finding leads us t o  
propose a simp1 i f ied analysis of combination vehicle braking which wi 11 

r e su l t  i n  a u t i l i t a r i a n  methodology fo r  t r a i l e r  brake performance 

tes t ing in a standards/guidel ines context. 

Consider f i r s t  a combination vehicle using e l e c t r i c  t r a i l e r  

brakes. Let us assume a maximum (high p surface) wheels-unlocked 

brake force capabil i ty of FTv 1 hs fo r  a given tow vehicle,  

weighing WTy lbs .  Similarly,  assume the t r a i l e r  (weight WT l b s )  

has a maximum brake force capabil i ty of FT lbs .  Finally,  we assume 

FTV and FT are  n o t  a l tered by the forming of the  combination. Then 

from the free-body diagrams of Figure 5;1, we find the 

deceleration capabi l i t ies  ( i n  g ' s )  t o  be 

f o r  the tow vehicle alone and the combination vehicle, respec- 

t ively .  Solving Equation (5.1) f o r  FTV and subst i tu t ing in to  

( 5 . 2 )  y ie lds  





Equa t ion  (5 .3)  i n d i c a t e s  t h a t  i n  h i t c h i n g  a  p a r t i c u l a r  

t r a i l e r  and tow v e h i c l e ,  a  " d e c e l e r a t i o n  p e n a l t y , "  P ( i n  g ' s ) ,  

i s  p a i d .  That  i s ,  t h e  comb ina t ion  v e h i c l e  d e c e l e r a t i o n  i s  degraded 

r e l a t i v e  t o  the  tow v e h i c l e  a l o n e  d e c e l e r a t i o n  by 

where 

. . 
Now, s u b s t i t u t i n g  xCV f rom (5 .5 )  i n t o  (5 .4)  and s o l v i n g  f o r  W T y  

y i e l d s  

Equat ion (5.6)  may be used t o  d e f i n e  a  minimum we igh t  tow v e h i c l e  

a p p r o p r i a t e  for use w i t h  t h e  g i ven  t r a i l e r .  Fo r  example, l e t  us 

d e f i n e  t h e  m i r i i m u m  tow v e h i c l e  d e c e l e r a t i o n  as XlO5, i .e., t h a t  

s u s t a i n e d  d e c e l e r a t i o n  g e n e r a l l y  r e q u i r e d  by FMVSS 105-75. F u r t h e r ,  

d e f i n e  t h e  r:axinum accep tab le  d e c e l e r a t i o n  p e n a l t y  t o  be Pm. 

Then 

S u b s t i t u t i n ~  (5 .7)  and (5 .8)  i n t o  (5 .6 )  y i e l d s  

Thus, i f  Equat ion (5 .9 )  i s  s a t i s f i e d ,  and g i v e n  t h e  assumpt ions 

o f  t h e  a n a l y s i s ,  then 



I n  implementing Equation (5 .9) ,  the t r a i l e r  manufacturer 

might perform a t r a i l e r  alone braking t e s t  (using virtually any 

tow vehicle) from which the maximum t r a i l e r  brake force w o u l d  

be obtained. Using this  result  and the t r a i l e r  gvw as WT, the 

manufacturer would calculate WTy and publish this  figure as a 

guideline t o  the consumer, indicating the minimum weight tow 

vehicle acceptable for use with the t r a i l e r .  

For t r a i l e r s  equipped with surge hitch braking systems, the 

actuation level of the brake system i s  a dependent variable 

determined by a closed-loop mechanism (as discussed ear l ie r  in 

Section 3.1.2). Thus, the direct measurement of FT i s  n o t  
reasonable and  the above analysis must be modified t o  be appropriate. 

I t  can be shown t h a t  

where F,, i s  the compressive longitudinal hitch force ( in  1 bs) 

acting on the t r a i l e r .  Solving Equation ( 5 . 1 1 )  for FH and 

substituting into Equation (5.3) yields 

where the notation F,, indicates the value of FH occurring a t  a 

combination vehicle deceleration of xCv g ' s .  Thus, in this  case, 

the deceleration penal ty i s  



If we again specify t h a t  

and 

then from Equations (5 .5) ,  (5.14),  and (5.15) 

Substituting (5.14) into (5.13) and  rearranging yields 

.a 

where xCV i s  limited by Equation (5.16). 

I n  implementing Equation ( 5 . 1 7 ) ,  the t r a i l e r  manufacturer 

might perform a combination vehicle stopping t e s t  a t  a decelera- .. 
tion of xCv = '105 - 'm .* In this  t e s t ,  the vehicle w o u l d  be 

equipped t o  measure FH directly.  The results again would be used 

to  calculate WTv which would be published as a  guidel ine t o  the 

consumer. I n  the t e s t ,  any tow vehicle capable of attaining xCy 

when combined with the subject t r a i l e r  could be used. 

Equations (5.9) and (5 .17)  potentially provide the basic 

format for a  standard or guidel ine. Their implementation, however, 

requires an answer to  the question, "What constitutes maximum 

t r a i  1 e r  brake force?" In previously promulgated Federal Motor 

Vehicle Safety Standards, the answer has been, in e f fec t ,  "That 

*Using the equality portion of Equation (5 .16 )  would result  in 
the lowest attainable value for T,,. 
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only mu1 t i p l e  axle t r a i l e r s ,  presents resb :s based on b o t h  

no-trai ler-wheels-I ocked and  one-axle-whee ' - 1  gck c r i t e r ion  for  

Several f - . - : , ,  .:s of Tdble 5.1 art :?res t :  

1) With  the exception of the 2-C '.-?els-unlocked 

combirxtion, every CV whereir : weight of the 

tow v?";:7a as tested was l c  ?n the calculat  

WTV er ' l ibi ted l ess  t h a n  1/2 g risured decelera- 

t i o n ,  3 : ~  every C V  wherein t; -;cjht of the 

tow vebic?e as tested was g re l - i  - than WTV 

exceeded 3 / 2  g measured decei; :ion. 

Tra i le r  : apparently exhibits  :;mr wheels- 

u n l o c ~ e ~ ~  CV performance i n  tor . ation with the 

4808--: 'cw vehicle ( 2 )  thac - ;he 6216-1 b 

tow vi7;c;e ( 3 ) .  This i l lus :  - = s  two points, 

name: j :  , c )  the low wheels-b; . r3 deceleration 

of co~zir ra t ion 3-C i s  a resu;: + -  premature 
- .  lockup 95 one t r a i l e r  wheel. s problem was 

attec,=:?+: a f t e r  the 3-C tes r  ; L i ty , apparent :_ 
as a r e s u l t  of continued usa; _ ' the t r a i l e r  C 

brakes 4~ intervening t e s t s .  --e t h a t  with the 

wheel I ~ c n u p  allowed, as in :. right-hand 

colurrt~s of Table 5.1, the pel,- I ance of t r a i l e r  

C w i t h  tow vehicle 3 i s  e x c e l , .  :. ( b )  Tow 

vehicie 2 exhibited as high 6- -. f t / sec2  tow 
vehicls :lone deceleration. - f t i s  not sur- 

prisiy t h a t  CV's with tow V F  ' e  2 were able ti 
out-oepiorm the "guideline c? - *a t ionsH which 

assumed only  2/3 g decelerat;: -or the tow 
vehic'-: ?lone. 



3 )  T r a i l e r  B has a  c a l c u l a t e d  WTV o f  z e r o  pounds, 

an i n d i c a t i o n  t h a t  any tow v e h i c l e  i s  adequate 

t o  produce 112 g. T h i s  i s  a  consequence o f  t h e  

f a c t  t h a t  FT f o r  t r a i l e r  B i s  more t h a n  h a l f  

t h e  t r a i l e r  we igh t .  

4) Because o f  low brake f o r c e  c a p a b i l i t y  r e l a t i v e  t o  

t h e i r  we igh t ,  t r a i l e r s  D and E r e q u i r e  ve ry  heavy 

tow v e h i c l e s  acco rd ing  t o  t h e  r u l e .  A c c o r d i n g l y ,  

when combined w i t h  t h e  l i g h t e r  tow v e h i c l e s  used 

i n  t h i s  s tudy ,  t h e y  d i d  n o t  meet t h e  112 g dece le ra -  

t i o n  l e v e l .  I t  shou ld  be no ted  t h a t  i n  t h e  case 

o f  comb ina t ion  4-D, t h i s  f a i l u r e  i s  p a r t l y  due t o  

problems w i t h  tow v e h i c l e  4, d iscussed p r e v i o u s l y  

i n  S e c t i o n  3 .  2.1 . Note, however, t h a t  t h e  t r a i l e r  

b r a k i n g  system c o u l d  be designed t o  ope ra te  wi  t h  

these  tow v e h i c l e s .  For example, F i g u r e s  4.11 

and 4 .13  have i n d i c a t e d  t h a t  t h e  use o f  o n l y  

31 15 1  bs brdke f o r c e  f o r  t r a i  l e r  D and 8430 I bs 

brake f o r c e  f o r  t r a i l e r  E would y i e l d  good b r a k i n g  

performance f o r  t h e  4-D and 5-E combinat ions .  

These l e v e l s  o f  b rake  f o r c e  a r e  t h e  minimum r e q u i r e d  

f o r  4-D and 5-E t o  conform t o  Equa t ion  ( 5 . 9 ) .  

The r e s u l t s  f o r  t r a i l e r  A, t h e  surge-braked t r a i l e r ,  a l s o  

conformed t o  t h e  p r e d i c t i o n s  o f  t h e  r u l e  (Tab le  5 .2 ) .  (S ince  

combinat ion  v e h i c l e  t e s t i n g  w i t h  t h i s  t r a i l e r  was n o t  conducted 

a t  p r e c i s e l y  1/2 g, F,, da ta  was d e r i v e d  f rom i n t e r p o l a t i o n  o f  t e s t  

r e s u l t s .  Fo r  t h e  case i n  which t h i s  t r a i l e r  i s  cons idered w i t h  no 

brakes,  F;( i s  s i m p l y  s p e c i f i e d  a t  112 t h e  v e h i c l e  we ight ,  i . e . ,  

t h e  r e t a r d i n g  f o r c e  r e q u i r e d  t o  d e c e l e r a t e  t h e  t r a i l e r  a t  112 g . )  

Note, however, t h a t  i n  t h e  l a t t e r  two cases f o r  t h i s  t r a i l e r ,  

t h e  a c t u a l  tow v e h i c l e  w e i g h t  i s  s u b s t a n t i a l l y  below t h e  minimum 

we igh t  r e q u i r e d  by t h e  r u l e  w h i l e  t h e  a c t u a l  combinat ion  v e h i c l e  

d e c e l e r a t i o n  i s  n o t  so f a r  below t h e  112 g l e v e l .  T h i s  i s  



indicative of the capability of tow vehicle number 1 .  I n  the 

tow vehicle alone t e s t s ,  t h i s  vehicle achieved nearly 0.8 g 

deceleration without wheel lock. 

I n  review, a scheme has been presented, a n d  validated for 

a number of sample cases, which provides for reasonable assurance 

of a prescribed minimum braking capability of combination vehicles 

based on a simple measurement of the t r a i l e r ' s  inherent braking 

capabi 1 i ty and the assumption of a minimum braking performance of 

the tow vehicle alone (as implied by compliance with FMVSS 105-75 

and  current common design practice).  I t  must be noted, however, 

t h a t  the success of the validation resulted, a t  least  in part ,  

from the fact  t h a t  the combination vehicle braking performance 

da t a  was gathered using procedures which adequately control in- 

use factors,  particularly those regarding the use of l o a d  equalizing 

hardware and t r a i l  er brake appl ication devices. Given the nature 

of canbination vehicle systems, t h a t  i s ,  t h a t  such vehicles are 

n o t  manufactured or marketed as complete systems a n d  t h a t  they do 

n o t  become systems until their  various parts are combined by the 

user, i t  seems clear that the effectiveness of virtually any rule 

could be thwarted through improper adjustment of in-use factors. 

Thus, any rule or guide1 ine should ensure that 

-adequate instruction be provided t o  the user conc2rning 

the proper adjustment of l o a d  equalizing devices 

-an adequate t r a i l e r  brake application device be pro- 

vided as well as adequate instructions for i t s  proper 

use 

*the use of incompatible equipment ( e . g . ,  load 

equalizing equipment a n d  certain surge hitches) is  

el iminated. 

A final area of concern which rule-making procedures might 

deal with involves the consistency o f  pcrformance o f  t h ~  t ra i  l ~ r  

foundation brake. Electrically-actuated t r a i l e r  foundation brakes 



have c e r t a i n  p r o p e r t i e s  wh ich  make them q u i t e  d e s i r a b l e  f o r  use 

on t r a i l e r s  towed by v e h i c l e s  w i t h  h y d r a u l i c  b rake  systems. 

Nonetheless,  e l e c t r i c  b rakes have been found h i s t o r i c a l l y ,  as w e l l  

as i n  t h i s  s tudy,  t o  have a  p r o p e n s i t y  f o r  e r r a t i c  behav io r . *  

T h i s  property i s  demonstrated bo th  i n  tt.i.3~ o f  te;?;pordl var- iance 

i n  t h e  e f f e c t i v e n e s s  o f  a  s i n g l e  b rake  sample, as w e l l  as v a r i a n c e  

i n  t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  samples o f  t h e  same model o f  

b rake.  C l e a r l y ,  t h i s  p r o p e r t y  c o u l d  hamper t h e  e f f e c t i v e n e s s  o f  

any r u l e ,  s i n c e  t h e  r e p r e s e n t a t i v e n e s s  o f  measured t r a i l e r  b rake 

performance t o  i n -use  performance i s  i n  q u e s t i o n .  

* I t  i s  n o t  o u r  purpose t o  d e t a i l  he re  t h e  work ings o f  t h e  e l e c t r i c  
brake.  S u f f i c e  i t  t o  say, t h e  sources o f  t h i s  v a r i a b i l i t y  a r e  
n o t  comp le te l y  unknown. The b a s i c  h i g h  q a i n  o f  t h e  dev i ce ,  as 
w e l l  as t h e  use o f  two f r i c t i o n  su r faces  (magnet ic - to -drum i r i  

a d d i t i o n  t o  1 i n i n q - t o - d r u m )  , a r e  two p r i m a r y  sources n f  t h ~  
p r o  b  1 elil. 



6 . 0  CONCLUSIONS AND RECOMMENDATIONS 

Th is  s tudy h d s  endcdvored  t o  app ly  t h e  p r i n c i p l e s  o f  

v e h i c l e  mechanics t o  t h e  b r a k i n g  process o f  combinat ion 

v e h i c l e s  on d r y  su r faces  i n  o r d e r  t h a t  a  thorough unders tand ing 

o f  t h e  process m i g h t  r e s u l t  and t h a t  those v e h i c l e  c h a r a c t e r i s t i c s  

which have a  ma jo r  i n f l u e n c e  on t h e  process m i g h t  be i d e n t i f i e d .  

The s tudy  was conducted w i t h i n  a  c o n t e x t  d e f i n e d  by  c u r r e n t  

passenger c a r  and l i g h t  t r u c k  brake system des ign  p r a c t i c e .  

( S p e c i f i c a l l y ,  s u b j e c t  tow v e h i c l e s ,  bo th  exper imenta l  and sirnu- 

l a t e d ,  were l i m i t e d  t o  l a t e  models whose l i m i t  b r a k i n g  performance 

was g e n e r a l l y  i n  compl iance w i t h  FMVSS 105-75. ) The f i n d i n g  o f  

p r imary  importance i s  t h a t ,  w i t h i n  t h i s  c o n t e x t ,  t h e  p roper  

h i t c h i n g  o f  t r a i l e r  t o  t h e  tow v e h i c l e  does n o t  l e a d  t o  gross 

a l t e r a t i o n  o f  t h e  brake f o r c e  c a p a b i l i t y  o f  t h e  tow v e h i c l e  as 

compared t o  i t s  c a p a b i l i t y  as a  u n i t  v e h i c l e .  As a  consequence o f  

t h i s  f i n d i n g ,  and as conf i rmed by sample v e h i c l e  t e s t  r e s u l t s ,  i t  

has been concluded t h a t  a  p r a c t i c a l  " r u l e "  can be presented through 

which t h e  minimum b r a k i n g  performance o f  combinat ion v e h i c l e s  can 

be reasonably assured. The r u l e  would combine a  s imp le  t e s t  p ro -  

cedure f o r  de te rm in ing  t h e  i n h e r e n t  b r a k i n g  c a p a b i l i t y  o f  t r a i l e r s  

and a  g u i d e l i n e  f o r  de te rm in ing  acceptab le  tow v e h i c l e s  based on 

t h e  measurement. I n  a d d i t i o n ,  the  r u l e  must deal  w i t h  severa l  

p e r i p h e r a l  p o i n t s  l a r g e l y  concerned w i t h  i n-use f a c t o r s .  

A number o f  s p e c i f i c  f i n d i n g s  d e r i v e  f rom t h e  s tudy  i n  

suppor t  o f  t h e  above. These f i n d i n g s  a r e  summarized below. 

6.1 F ind ings  Regarding t h e  Mechanics o f  Combination Veh ic le  
Brak ing on Dry Surfaces 

1  The passenger c a r s  t e s t e d  i n  t h i s  progrdln were found 

t o  be capab le  o f  very h i g h  deceler-dtiori; on d r y  surt~ces i l l  11:;: 

l o a d i n g  c o n d i t i o n s ,  an i n d i c a t i o n  t h a t  bo th  f r o n t  and r e a r  wheels 

were braked t o  a p o i n t  near t h e  1 i r r ~ i  t o t  cldhesion. (TWO o f  t t i t?  



c a r s  were 1  i m i  t e d  by f r o n t  l o c k . )  When combined w i t h  t r a i l e r s  

and making p r o p e r  use o f  l o a d  e q u a l i z i n g  h i t c h e s ,  a1 1  passenger 

c a r - t r a i  1  e r  comb ina t ions  t e s t e d  were tow v e h i c l e  f r o n t - 1  ock 

l i m i t e d ,  and a t  t h e  l i m i t  t h e  tow v e h i c l e s  s u p p l i e d  abou t  t h e  

same l e v e l  o f  b rake  f o r c e  as they  had when r u n n i n g  a lone .  

2 )  The p i c k u p  t r u c k - f i f t h  w h e e l - t r a i l e r s  t e s t e d  a r e  i n  

c o n t r a s t  w i t h  t h e  passenger c a r - t r a i l e r  comb ina t ions  i n  t h a t  

t h e  v e r t i c a l  h i t c h  l o a d  i s  a p p l i e d  s l i g h t l y  ahead o f  t h e  r e a r  a x l e  

r a t h e r  than  s i g n i f i c a n t l y  a f t  o f  t h e  r e a r  a x l e .  S ince  t h e  h i  t c i i  

l oads  ( v e r t i c a l  and l o n g i t u d i n a l  ) a r e  a p p l i e d  i n  t h e  nominal  l o a d  

a rea  o f  t h e  t r u c k ,  t h e  b rake  f o r c e  c a p a b i l i t y  o f  t h e  tow v e h i c l e  

when i n  comb ina t ion  i s  a g a i n  comparable t o  i t s  c a p a b i l i t y  when 

o p e r a t i n g  a1 one ( i n  t h e  loaded c o n d i t i o n ) .  

3 )  Mu1 t i - a x l e  t r a i  1  e r  suspens ion sys tems p l a y  an impor-  

t a n t  r o l e  i n  t r a i l e r  b r a k i n g  c a p a b i l i t y .  T h e i r  a b i l i t y  t o  

d i s t r i b u t e  v e r t i c a l  l o a d  e q u a l l y  among t r a i l e r  wheels de te rm ines ,  

i n  p a r t ,  what p o r t i o n  o f  p o t e n t i a l  b rake t o r q u e  can, i n  f a c t ,  be 

u t i l i z e d  i n  p roduc ing  t r a i  1 e r  b rake  f o r c e .  

4 )  The i n h e r e n t  b r a k i n g  c a p a b i l i t y  o f  a  g i ven  t r a i l e r  may 

be determined by comb ina t ion  v e h i c l e  t e s t s  employina t r a i  l e r  

b rakes o n l y .  

5 )  The h y d r a u l i c  brakes used on t h e  surge-brake-equ ipped 

t r a i l e r  t e s t e d  i n  t h i s  s t u d y  were more capab le  and c o n s i s t e n t  

g e n e r a t o r s  o f  b rake  t o r q u e  than  t h e  e l e c t r i c  b rakes t e s t e d  i n  

t h i s  p r o j e c t .  

6 )  The i n h e r e n t  v a r i a b i l  i t y  o f  t r a i l e r  f ounda t  i o n  brakes,  

p a r t i c u l a r l y  e l e c t r i c  b rakes,  p u t s  i n  q u e s t i o n  t h e  a b i l i t y  o f  a  

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

7 )  Dynarnon.rtcr t p s t s  o f  t r 2 i l e r  h r ; l k n ~  ~{IVP 1 i 1 : i i f ~ d  

use fu lness  i n  d e t e r n i i r ~ i n g  a c t u a l  t r a i l e r  b r a k i n g  c d p a b i l i  ty due 

t o  suspension e f f e c t s  and b rake  v a r i  a b i  1  i t y  . 



8) A n c i l l a r y .  equipment can have an i m p o r t a n t  e f f e c t  on 

comb ina t ion  v e h i c l e  performance.  As i m p l  i e d  i n  ( 1  ) above, l o a d  

e q u a l i z i n g  h i t c h  ad jus tmen t  i s  i m p o r t a n t  t o  tow v e h i c l e  p e r f o r -  

mance when i n  comb ina t ion  w i t h  a  t r a i l e r .  E l e c t r i c  t r a i l e r  b rake  

c o n t r o l l e r  ad jus tmen t  a f f e c t s  t r a i l e r  per formance i n  t i l e  comb ina t ion  

v e h i c l e .  The coarse r e s o l u t i o n  o f  t h e  ad jus tmen t  p l u s  t h e  

t e s t i n g  a c t i v i t y  r e q u i r e d  o f  t h e  u s e r  can hamper good ad jus tmen t .  

Fo r  surge b rake  systems, no ad jus tmen t  o f  t h e  a c t u a t o r  i s  r e q u i r e d  

( s i n c e  system g a i n  i s  i n h e r e n t  i n  des ign ) .  However, su rge  brake 

app l  i c a t  i o n  hardware may be i n c o m p a t i b l e  w i t h  1  oad equa l  i z a t i o n  

hardware.  

6.2 Conc lus ions Regard ing t h e  P rospec ts  f o r  a  "Ru le"  

1 )  A p r a c t i c a l  r u l e  wh ich  p r o v i d e s  reasonab le  assurance 

o f  a  p r e s c r i b e d  minimum b r a k i n g  c a p a b i l i t y  o f  comb ina t ion  v e h i c l e s  

has been presented,  and has been v a l i d a t e d  f o r  a  number o f  sample 

cases.  The r u l e  i s  based on a  s imp le  measurement o f  t h e  t r a i l e r ' s  

i n h e r e n t  b r a k i n g  c a p a b i l i t y  and t h e  assumpt ion  o f  a  minimum 

b r a k i n g  performance o f  t h e  tow v e h i c l e  a lone  (as  imp l  i e d  b y  

compl iance w i t h  FMVSS 105-75 and c u r r e n t  d e s i g n  p r a c t i c e ) .  The 

r u l e  p r e s c r i b e s  a  minimum w e i g h t  f o r  t h e  tow v e h i c l e  based on t h e  

t r a i l e r  b r a k i n g  measurement. 

2 )  The i m p l e m e n t a t i o n  o f  t h e  r u l e  r e q u i r e s  an answer t o  

t h e  q u e s t i o n  "What c o n s t i t u t e s  maximum t r a i l e r  b rake  f o r c e ? "  

That  i s ,  what c o n d i t i o n s  o f  t r a i l e r  wheel l o c k  shou ld .  

be p e r m i s s i b l e  i n  t h e  conduct  o f  t r a i l e r  b rake  performance 

t e s t  i ng? 

3)  To be s u c c e s s f u l ,  t h e  r u l e  must dea l  w i t h  s e v e r a l  

i n - u s e  f a c t o r s .  I t  s h o u l d  ensure  t h a t  

*adequate i n s t r u c t i o n  be p r o v i d e d  t o  t h e  u s e r  concern ing  

t h e  p r o p e r  ad jus  t r r~ent  o f  l o a d  equa l  i z i n g  dev ices  

.an adequate t r a i l e r  b rake  a p p l i c a t i o n  device be pro -  

v i d e d  as we1 1 as adequate i n s t r u c t i o n  f o r  i t s  p r o p e r  

use 



. the use of incompatible equipment (e .g . ,  load 

equalizing equipment and certain surge hitches)  

i s  el  imi nated. 

4) The most :i yr l i  f i : c ~ n t  :-eservst':,r~ r.c:,:srding t h i l  

effectiveness of the proposed rule i nvol ves the consistency of 

performance of t r a i l e r  foundation brakes. As noted in Conclusion 

( 7 )  of Section 6.1, t e s t  data may n o t  accurately represent the 

performance of a model 1 i ne of t r a  i 1 e rs .  

6.3 Conclusions Regarding the Range of Braking Performance 
of Test Vehicles 

1 )  A wide range of inherent braking capabil i ty of t e s t  

t r a i l e r s  was measured. The r a t i o  of maximum brake force t o  loaded 

t r a i l e r  weight ranged from 0.16 t o  0 .52.  

2 )  Measured combination vehicle performance demonstrated 

a similarly broad range. When t e s t  t r a i l e r s  were combined with 

tow vehicles demonstratf ng a brak.i ng capabi 1 i ty corripati ble with 

FMVSS 105-75, maximum combination vehicle decelerat ion r zqged  

from 1 2  f / s2  t o  21 f / s 2 .  

3 )  In view of the variance in performance of the t r a i l e r  

brakes t es ted ,  the findings of th i s  stud;, s h o u l d  be v i e v e d  7nl.i 

as indicative of the performance of the individual t e s t  t r a i l e r  

sampl es used. 

6 .4  Recomnenda t i ons 

In large measure, Section 5.0, "A Proposed Rule Format," 

const i tu tes  the recomnendations deriving from th i s  study. I n  

addition t o  the content of t h i s  section,  the following reconmiendations 

are  made: 



1) The problems a s s o c i a t e d  w i t h  v a r i o u s  hardware elements,  as 

p o i n t e d  up i n  t h e  c o n c l u s i o n s ,  shou ld  n o t  be c o n s t r u e d  as genera l  i n d i c t -  

ments o f  any t ype  o f  t r a i l e r  b rake  system. Wh i le  t h e  v a r i a b i l i t y  
problems of e l e c t r i c  b rakes a r e  r e a l ,  e l e c t r i c  b rake  systems have 

o t h e r  d e s i r a b l e  f e a t u r e s ,  i n c l u d i n g  low c o s t  and a  t r a i  l e r - t o - t o w -  

v e h i c l e  coup1 i n g  wh ich  i s  conven ien t  and r e l a t i v e l y  secure  a g a i n s t  

c o n t a m i n a t i o n .  F u r t h e r ,  whi l e  some s p e c i f i c  su rge  h i  t c h  hardware 

i s  i n c o m p a t i b l e  w i t h  l o a d  e q u a l i z i n g  h i t c h e s  and shou ld  t h e r e f o r e  

be r e s t r i c t e d  t o  l i g h t e r  t r a i l e r s ,  d e s i g n  m o d i f i c a t i o n s  i n  e i t h e r  

component m i g h t  l e a d  t o  u s e f u l  systems f o r  h e a v i e r  t r a i l e r s .  

Surge systems do have t h e  advantages o f  r e l i e v i n g  t h e  u s e r  o f  

t h e  b r a k e  ad jus tmen t  t a s k s  and a l l o w i n g  t h e  use o f  h y d r a u l i c  

brakes on t h e  t r a i l e r .  The r u l  e-making procedure  shou ld  deal  wi t n  

such problems by p romot ing  advances i n  des ign  r a t h e r  than  r e s t r i c t i n g  

d e s i g n  cho ice .  

2 )  The " r u l e "  wh ich  has been recommended i n  S e c t i o n  5.0 

i s  q u i t e  s i m p l i s t i c .  The p r i c e  o f  t h i s  s i m p l i c i t y  i s  recogn ized  

t o  be something l e s s  t h a n  comple te  assurance t h a t  a l l  comb ina t ion  

v e h i c l e s  w i l l  be capab le  o f  t h e  i n t e n d e d  minimum d e c e i e r a t i o n  

c a p a b i l i t y .  However, t h e  r u l e  c o u l d  assu re  t h a t  v e r y  poor  p e r -  

formers would be e l i m i n a t e d .  F u r t h e r ,  s i n c e  i t  i s  i n  t h e  u s e r ' s  

hands t o  pe r fo rm t h e  f i n 2 1  combin ing o f  t r a i l e r s  a n d  tow v e h i z l ?  

i n t o  a  t o t a l  v e h i c l e  system, i t  would seem t h a t  v i r t s a l l y  any rule ,  

no m a t t e r  how complex, wou ld  y i e l d  something l e s s  than f u l l  

assurance o f  t h e  d e s i r e d  minimum performance.  I n  t h i s  1  i g h t ,  

and i n  c o n s i d e r a t i o n  o f  t h e  n a t u r e  o f  t h e  t r a i l e r  i n d u s t r y  ( t h a t  

i s ,  t h e  reduced l e v e l  o f  economic and t e c h n i c a l  s t r e n g t h  o f  many 

t r a i l e r  manufac turers  r e l a t i v e  t o  t h e  au tomob i le  m a n u f a c t u r e r ) ,  

a  reco rnenda t  i o n  i s  r~iade t h a t  t h e  pover.nl;lent s t p i  ve  f o r  si111b1 i c i f , ; ~  

i n  any r u l e  t o  be proniu lgated i n  t h e  f u t u r e .  





7.0 REFERENCES 

1. E r v i n ,  R . D . ,  e t  a l . ,  Effects of Tire Properties on Truck 
and Bus Handling. Hiahwav Safetv Research In s t i t u t e .  
. - .- - . . . .. - - - - - . .- - -- I gp 1 LJ,) j > q e r , s i  cy ,-r ' "  ' ' , - - .  . ., * 

U J  : i Lii:;icifi, r l r \ ~ !  i : ~ ~ j ( j ~ ' t  t,0 ?ik, lL;\, 

Contract No. DOT-HS-4-00943, June 1976. 

2 .  Winkler, C.B., "Analysis and Computer Simulation of the Four 
El 1 ip t i ca l  Leaf Spring Tandem Suspension. " SAE Paper 
No. 740136, February 25-March 1 ,  1974. 

3 ,  Mur~hv. R . W . .  Bernard. J . E . .  and Winkler. C . B . .  A Corn~uter 
6 * ,  

Based  ath he ma tical ~ e t h o d  fo r  predicting the ~ r a k l  n g  - 
Performance of Trucks and Tractor-Tra i 1 e rs  . Phase I -- 
Report: Motor Truck Eraking and Gandling Study, Highway 
Safety Res. Inst :, The ~ n i v .  of ~ i c h i g a n ,  ~eptember 15, 
1972. 

4. Johnston, D . E . ,  Zellner, J.W., and Ashkenas, I .  L., Handling 
Test Procedures for  Passenaer Cars Pull in9 Tra i l e r s .  '101. 11, --- -- 
Systems Technology, Inc. , F i  nal Report t o  I jHTSA,  
Contract No. DOT-HS-4-00900, January 1976. 

5. Fancher, P .S .  and MacAdam, C.C., "Computer Anaiysis o f  
An t i  lock System Performance i n  t t l e  Erakin? of  Coi;:;i~rciai 
Vehicles." Presented a t  a Meeting of The Ins t i tu t ion  of 
Flechani cal Engineers , ;!arcn 1 9 7 6 .  

6. Moncarz, H.T. and Bernard, J . E . ,  An Interactive Computer 
Program for  the Prediction of Commercial Vehicle - -- -- B r a k i n g  -. -- 
Performance. Hiqhwav Safetv Res. I n s t . ,  The Univ. of --.- u w 

Michigan, Report :do. L ~ : - R S R I - P C - ~ ~  ,:-+, ' ,Apri 1 575 .  





APPENDIX A 

THE TEST VEHICLES 

The t e s t  v e h i c l e s  used i n  t h i s  program were chosen t o  

cove r  a  b road  range o f  v e h i c l e  t ypes  and s i z e s .  I n  choos ing  

t r a i l e r s ,  a t t e n t i o n  was p a i d  t o  o b t a i n i n g  v e h i c l e s  w i t h  a  broad 

a r r a y  o f  t h e  f o l l o w i n g  p r o p e r t i e s :  

* S i z e :  geometry and w e i g h t  

*Brakes:  number, s i z e ,  manu fac tu re r ,  and 

a c t u a t i o n  mechanism 

*Suspension:  number o f  a x l e s  and tandem 

suspension t ypes  

Tab le  A.1 d e s c r i b e s  t h e  t r a i l e r s  wh ich  were chosen. 

The tow v e h i c l e s  used i n c l u d e d  compact, i n t e r m e d i a t e ,  

and f u l l - s i z e  passenger c a r s  p l u s  3 / 4 - t o n  and one- ton p i c k u p  

t r u c k s .  These v e h i c l e s  a r e  d e s c r i b e d  i n  Tab le  ;,.2. 

The t e n  t e s t  v e h i c l e s  a r e  p i c t u r e d  i n  F i g u r e s  A . l  t h r o u g h  

A.5. 
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APPENDIX B 

VEHICLE TEST PROGRAM 
TRAILER BRAKING PERFORMANCE 

B. 1 I n t r o d u c t i o n  

The v e h i c l e  t e s t i n g  p o r t i o n  o f  t h e  " T r a i l e r  B rak ing  Per-  

formance" p r o j e c t  was conducted a t  t h e  Bendix Automot ive Develop- 

ment Center  (BADC). The program was s t r u c t u r e d  t o  examine b a s i c  

ques t i ons  address ing combinat ion  v e h i c l e  (CV) b r a k i n g  performance,  

v i z . ,  

1  ) What i s  t h e  s t o p p i n g  performance c a p a b i l  i t y  

o f  t h e  tow v e h i c l e  (TV)? 

2 )  What i s  t h e  i n h e r e n t  b r a k i n g  c a p a b i l i t y  o f  

t h e  t r a i l e r ?  

3 )  What p e n a l t y  o r  burden i n  s t o p p i n g  c a p a b i l i t y  

d e r i v e s  f rom u n i t i n g  t h e  tow ing  and t r a i l i n g  

v e h i c l e s  i n t o  a  C V ?  

Four d i s t i n c t  t e s t  sequences were designed t o  probe these 

ques t ions ,  v i z . ,  

1 )  TV e f f e c t i v e n e s s  t e s t s  

2)  T r a i l e r  a lone  (TA) e f f e c t i v e n e s s  t e s t s  

3 )  CV e f f e c t i v e n e s s  t e s t s  

4)  T r a i l e r  fade t e s t s  

The f i v e  tow v e h i c l e s  and f i v e  t r a i l e r s  summarized i n  Tab le  B.1 

were t h e  s u b j e c t s  o f  t h e  t e s t i n g  program. Note t h a t  t h e  tow 

v e h i c l e s  a r e  numbered 1  th rough  5 ,  and t h e  t r a i l e r s  a r e  l e t t e r s  

A th rough E. (These d e s i g n a t i o n s  w i l l  be used throughout  t h i s  

document.) Wi th  these t e n  u n i t  v e h i c l e s ,  f i v e  "nominal match" 

combinat ions  v e h i c l e s ,  i . e . ,  1-A, 2-B, 3-C,  4-D, and 5-E,  can be 

e s t a b l i s h e d .  These f i v e  combinat ions  a1 1 conform w i t h  manufac turers  ' 
recommendations f o r  t ow ing  combinat ions excep t  5-E. Th i s  l a s t  



Table B.1 Test  Vehic les 

1. Chevrol e t  Nova 

2. AMC Matador 

3. Chevro le t  Impala Wagon 

4. GMC 7500-lb GVW Pickup 

5. GMC 10,000-lb GVW Pickup 

A. S t a r c r a f t  Starmaster 6 

B. Fleetwood Prowler H 

C. A i rs t ream 31 ft. Land Cru ise r  

D. Ho l iday Rambler 32 ft. 5 t h  Esta te  

E. Donahue 20,000-1 b  GVW Farm U t i  1  i t y  

combination exceeds the pickup manufacturer 's  recomnendation f o r  

gross combination v e h i c l e  weight  [gcvw). 

F igu re  B . l  presents t h e  general t e s t  m a t r i x .  The f o l l o w i n g  

sec t ions  present d e t a i l s  o f  t h e  p a r t i c u l a r  t e s t s .  Sect ion 8 . 6  

deals w i t h  general t e s t  cond i t i ons ,  i n c l u d i n g  v e h i c l e  c o n d i t i o n  

and ins t rumenta t ion .  





8 .2  Tow Vehicle Alone Tests 

The f ive  tow vehicles were delivered t o  BADC with t he i r  

brake systems in "as new" condition. Thus a 200-stop burnish, 

per FMVSS 105-75, was conducted on each vehicle prior to  any 

other ac t iv i ty  concerning t h a t  vehicle. The brakes were adjusted 

following burnish. 

With the brakes burnished, effectiveness t e s t s  were con- 

ducted on each vehicle. These t e s t s  were conducted on vehicles 

loaded t o  gvwr (see Section 0.6) on a dry asphalt surface, and 

from an i n i t i a l  velocity of 40 mph. Vehicles 1 and 2 were also 

tested from an i n i t i a l  velocity of 60 mph.  

Stops were conducted in order t o :  

1 )  Establ ish the maximum wheel s-dn-locked stopping 

performance. I t e r a t i  ve stops were conducted 

t o  establish the brake l i n e  pressure (within 

a t  most 50 p s i ) ,  P o ,  a t  which t h i s  performance 

occurs. 

2 )  Determine an effectiveness curve for  the vehicle 

by conducting additional stops a t  .8 Po, .6 Po, 

.4 P o ,  and . 2  Po.  

This t e s t  was repeated t o  examine repeatabil i ty of 

resul t s  . 

B.3 Tra i l e rAloneTes t s  

The term " t r a i l e r  alone" as used in t h i s  document implies 

t r a i l e r  brakes alone. Of course, these t e s t s  were conducted 

w i t h  the t r a i l e r  coupled t o  a tow vehicle, b u t  only t r a i l e r  brakes 

were used. The purpose of these t e s t s  was t o  establish the 

inherent braking capabi 1 i  ty of the t r a i l e r .  



The t p - , ' s r  alone tes t s  i~c luded:  

1 )  F e z  -2urnish effectiveness 

2 )  F', ,f.-li sh 

3 )  ?: :-burnish ef fec t i~eness  

These - :s were conduct;: on a dry aspha' . rface,  with 

the tow vehi 2mpty and the t r s i l e r  in the lo? ;mdi t i  on ,* 
andf romin ; '  veloci t iesof  L : m p h .  Additior-' . - ; t s  of 

t ra i le rs  A c. % were conducted 2rom 60 mph. 

8.3.1 .? i le r  Effectiverqss Tests. The r. %;e of the 

effectiveness ; t s  was t o  deter---ine the t rai ler . ' :  - aerent 

braking capa: ~ y i n i t s  burnis->edandunburnis. -1ndition. 

These TA effc .:eness tes t s  wer 2 designed very - l ike the tow 

vehicle effer wess t e s t .  For each t e s t ,  pre- : . ~ost-burnish,  

stops were a 10: 

1 )  E. 3lish the  maxim^^: deceleration w r  : s 
c :inable using t rzZ:er  brakes o n l j  7 n 

', - condition that w-;eel lock i s  a l l  ; on 

or- , ,  one t r a i l e r  ax:; for multiple-a,& . 

:, ' l e r s ,  and no whcc' lock i s  allov*; - for  

s f .  Ie-axle t r a i l e r s .  I terative sni~: - -2m 

- - o h  t o  a speed d2~:gnated by Equa :  I B . 1 )  

: - . ' : : i  were conducte.', :o define the 5 .  : 

d.-J?tion level,  Lo, ;~hich results i- , : s  

- . i l u m  performance. [ L o  i s   define^ :.erms 

:' ioltage for the e iec t r ic  brake t r c '  +-s and 

7 :- il pressure for tf. J hydraulic brake ". - . i ler.  ) 

2 )  'r ;3slish an effect-  Gness curve for  :- : t r a i l e r  

t. .. /es by conductin: :nubs a t  brake a -  :tion 

4 s  of .8 Lo, 6 , .4 Lo, and .2 - 
u 

These 

5 .  : s  also occur f r c -  a n  in i t ia l  40 F:, .:D a final 

vl ?city defined by Z~uation (B. l ) .  



These t e s t s  were repeated t o  examine repeatabil i ty of 

resul ts .  

The f inal  velocity of the effectiveness t e s t s  snubs 

i s :  

- 
vf  - 40 d- mph 

W C V  i s  the to ta l  weight of the combination vehicle 

W~~ i s  the to ta l  s t a t i c  weight on the t r a i l e r  axles 

Snubs of the CV frcm 40 rnph t o  Vf, using t r a i l e r  brakes only, 

resul t  in the t r a i l e r  brakes absorbing the same amount of kinetic 

energy as they would i f  they were t o  stop a vehicle equal in 

weight t o  the s t a t i c  t r a i l e r  axle loading, from 40 mph.  

B.3.2 Trai ler  Burnish. The t r a i l e r  burnish procedure was 

modeled around the burnish prescribed by FMVSS 105-75. The burnish 

consisted of 200 snub stops from an i n i t i a l  velocity of 40 mph t o  

a f inal  velocity of V f  as prescribed by Equation ( B . 1 )  above, and 

a t  a deceleration level o f :  

As previously explained, by snubbing t o  V f  with t r a i l e r  brakes 

only, the t r a i l e r  brakes will absorb the same amount of energy 

as they would i f  they were t o  stop a vehicle with weight equal t o  
the s t a t i c  t r a i l e r  axle load. 

In the t r a i l e r  brake burnish, matters regarding brake 

temperature, distance between snubs, e t c . ,  were as per FMVSS 

105-75, S7.4.1. 



9.4  Combination V e h i c l e  E f f e c t i v e n e s s  Tes ts  

The purpose o f  t h e  CV e f f e c t i v e n e s s  t e s t s  was t o  determine 

t h e  burden s u f f e r e d  i n  b r a k i n g  performance due t o  combining t h e  

tow v e h i c l e  and t r a i l e r  i n t o  a CV.  These t e s t s  were conducted on 

a  d r y  a s p h a l t  s u r f a c e  f r o m  an i n i t i a l  v e l o c i t y  o f  40 mph, w i t h  

60-mph t e s t s  a l s o  conducted on CV's 1-A and 2 -B .  Tes ts  c o n s i s t e d  

o f  seve ra l  f u l l  s tops  as desc r ibed  below. 

The CV's t e s t e d  were t h e  f i v e  "nominal match" CV's (see 

S e c t i o n  B.1), p l u s  t h r e e  "mismatch" CV's. The mismatch CV's were: 

2-C,  1-B, and 1-A i n  wh ich  A was f u l l y  loaded and i t s  brakes were 

i n o p e r a t i v e . *  (Note t h a t  brakes on t r a i l e r  A a r e  o p t i o n a l  

equipment.) Except f o r  t h e  mismatch v e h i c l e  1-A, a l l  CV's were 

t e s t e d  i n  two l o a d i n g  c o n d i t i o n s ,  v i z . ,  t r a i l e r  and tow v e h i c l e  

loaded and tow v e h i c l e  loaded,  t r a i l e r  empty ( see  S e c t i o n  8 .6 .2 . ) .  

I n  these  t e s t s ,  b rake a p p l i c a t i o n  was accompl ished i n  a 

normal manner, i . e . ,  t h e  h y d r a u l i c  brakes o f  A were a c t u a t e d  by 

t h e  surge h i t c h  mechanism and a l l  e l e c t r i c  brakes by a  commerc ia l ly  

a v a i l  a b l e  e l e c t r i c  b rake appl  i e r .  The e l e c t r i c  b rake appl  i e r s  

were a d j u s t e d  acco rd ing  t o  m a n u f a c t u r e r ' s  recomnendations as 

desc r ibed  i n  S e c t i o n  B.6. 

The e f f e c t i v e n e s s  t e s t s  were performed i n  t h e  f o l  l o w i n g  

manner: 

1)  Stops were conducted a t  tow v e h i c l e  b r a k i n g  l e v e l s  

o f  .2 Po, .4 Po, .6  Po--etc. ,  where Po was 

e s t a b l i s h e d  f o r  each tow v e h i c l e  by t h e  p r e v i o u s  

tow v e h i c l e  e f f e c t i v e n e s s  t e s t s .  

- - - - - - - - - 

* I t  i s  p r i m a r i l y  because o f  t h i s  mismatch C V  t e s t i n g  t h a t  a  
40 mph i n i t i a l  v e l o c i t y  i s  used i n  a l l  t e s t i n g .  Th is  speed 
i s  seen as reasonab le  f o r  combinat ions  w i t h  l a r g e r  t r a i l e r s  
and s m a l l e r  ca rs .  It i s  then used th roughou t  t o  enhance 
a n a l y s i s  o f  r e s u l t s .  



2 )  The above sequence was c o n t i n u e d  u n t i  1  

a )  any wheel l o c k  occu r red  on t h e  tow v e h i c l e ,  

b )  wheel l o c k  on two a x l e s  o f  m u l t i p l e - a x l e d  

t r a i l e r s  occur red,  o r  

c )  any wheel l o c k  occu r red  on a  s i n g l e - a x l e  

t r a i l e r .  

3 )  B r a k i n g  l e v e l  r e q u i r e d  f o r  wheel l o c k  was 

determined w i t h i n  50 p s i  o f  tow v e h i c l e  l i n e  

p ressu re .  

4 )  ( I ) ,  ( 2 ) ,  and ( 3 )  were repeated.  

8.5 T r a i l e r  Fade Tests  

The purpose o f  t h e  t r a i l e r  fade t e s t s  was t o  examine t h e  

fade  q u a l i t y  o f  t h e  brakes w i t h  wh ich  t h e  t r a i l e r  i s  equipped.  

The fade  t e s t  p rocedure  was s t r u c t u r e d  s i m i l a r l y  t o  t h e  f i r s t  fade 

2nd recove ry  t e s t  o f  FMVSS 105-75' f o r  v e h i c l e s  i n  excess o f  10,000 

l b  gvw, i . e . ,  S7.11 o f  FMVSS 105-75. 

The fade t e s t s  were r u n  as " t r a i l e r  a lone"  t e s t s ,  i . e . ,  

o n l y  t r a i l e r  brakes were employed. The i n i t i a l  v e l o c i t y  o f  a l l  

snubs was 40 mph (as  p e r  105-75),  t h e  f i n a l  v e l o c i t y  was 

where 

WTA i s  t h e  t o t a l  s t a t i c  t r a i l e r  a x l e  l o a d  

WCV i s  t h e  t o t a l  comb ina t ion  v e h i c l e  w e i g h t .  

T h i s  f i n a l  v e l o c i t y  produces an energy a b s o r p t i o n  pe r  snub equal  

t o  t h a t  wh ich  wou ld  occu r  i f  t h e  t r a i l e r  brakes were d e c e l e r a t i n g  

a  v e h i c l e  o f  a  w e i g h t  equal  t o  t h e  t o t a l  t r a i l e r  a x l e  s t a t i c  l o a d ,  

f rom 40 t o  20 mph. 



Simil a r ly ,  the accelerations required in the procedures 

were n o t  10 fps2,  b u t  ra ther  

Thus, brake forces were equal t o  those which would be required 

t o  decelerate a vehicle equal in weight t o  the to ta l  t r a i l e r  axle 

s t a t i c  load, a t  10 fps2. 

B.6 General Test Conditions 

General t e s t  conditions which have not been covered 

previously will be detai led i n  t h i s  section.  Topics considered 

wil l  include vehicle equipment, condition, loading, instrumentation, 

and d a t a  col 1 ec t  i on. 

0.6.1 - Test Vehicles: Equipment and Condition. The 

vehicles employed in th i s  t e s t  program were l i s t ed  in Table B . 1 ,  

above. In preparation fo r  t e s t ing ,  a l l  vehicle brake systems were 

p u t  in "as new" condition. The three passenger cars were equipped 

with springs, shocks, a n d  brakes as recommended by t he i r  

manufacturers fo r  t r a i l e r  towing. 

The three passenger cars were equipped with a frame-mounted 

t r a i l e r  hitch capable of using load equalizing hardware. Vehicle 

4 was f i t t e d  with a f i f t h  wheel kingpin hitch in the bed area 

fo r  use w i t h  t r a i l e r  D. Vehicle 5 was f i t t e d  with a ball-type 

hitch in the bed area as required for  t r a i l e r  E .  All of the tow 
vehicles were equipped with comnercial ly available Kel sey-Hayes 

e l ec t r i c  brake actuators. 

All of th i s  " t r a i l e r  equipment" was used according to  

manufacturers' recommendations when possible." Load level ing 

hitches were adjusted such t h a t  
- - - -- -- 

*Necessary exceptions due to  conflicting recommendations from various 
manufacturers were discussed in Section 3 .2 .3 .  



1/2 i n c h  - > A B H ~  - dBHF - > 0 (8.5) 

where 

A B H ~  i s  t h e  change i n  t h e  tow v e h i c l e ' s  r e a r  bumper 

h e i g h t  due t o  h i t c h i n g  t r a i l e r  t o  tow v e h i c l e  

A B H ~  i s  t h e  change i n  t h e  tow v e h i c l e ' s  f r o n t  bumper 

h e i g h t  due t o  h i t c h i n g  t r a i l e r  t o  tow v e h i c l e .  

( I n  b o t h  cases, a  downward d e f l e c t i o n  o f  t h e  bumper due t o  h i t c h i n g  

t r a i l e r  i s  p o s i t i v e . )  

A s i m p l i f i e d  schemat ic o f  t h e  commercial e l e c t r i c  b rake 

c o n t r o l  system i s  shown i n  F i g u r e  B.2. I n  o p e r a t i o n ,  t h e  

F i g u r e  8.2. E l e c t r i c  Brake C o n t r o l  System. 

v a r i a b l e  r e s i s t o r  (R1) o f  t h e  c o n t r o l l e r  i s  " s e t "  by t h e  a c t i o n  

o f  a  smal l  h y d r a u l i c  p i s t o n  a c t i v a t e d  by b rake  l i n e  p ressu re  ( P )  

and work ing  a g a i n s t  a  s p r i n g .  The s p r i n g  i s  a d j u s t a b l e  so t h a t  

t h e  r e l a t i o n s h i p  between P and R1 i s  a d j u s t a b l e .  I n  one c o n t r o l l e r  

t e s t e d  by H S R I  , t h i s  ,ad jus tment  p r o v i d e d  f o r  c o n t r o l  1  e r  s a t u r a t i o n  

(R1 = 0 )  f o r  p ressu re  r a n g i n g  f rom 650 t o  800 p s i .  Thus, t h e  

c o n t r o l  l e r  ad jus tment  can a f f e c t  t h e  d i s t r i b u t i o n  o f  b r a k i n g  

e f f o r t  i n  t h e  C V  a t  l ower  l e v e l s ,  b u t  n o t  a t  h i g h e r  a p p l i c a t i o n  

l e v e l s  where l i n e  p ressu re  exceeds 800 p s i .  A second ad jus tment  



i s  provided by the selective . 'F to r ,  R2. As the figure shows, 

four connection terminals are - ,:ided on R p  so t h a t  various 

resistance levels may be chos? The choice of R2 determines the 

maximum braking effor t  availz: :t the t r a i l e r .  

Manufacturer's recorns : - 2ns call for selecting R2 from 

a table based on total  t r a i l €  :ded weight and the number of 

t r a i l e r  axles a n d  brakes, w i  -+ 5 further stipulation t h a t  the 

choice of resistor be modifir 3btain "firm braking action just 

short of skidding on dry p a k F -  - with full  controller application. 

Further, the controller a d j ~ z -  -: should be made t o  "provide for 

a s l ight  lead of the t r a i l e r  : . 5s over the tow vehicle brakes." 

As per the explanation given - cct ion 3.2.3, table values for R p  

were used unless this   result^ - obviously misadjusted brakes. 
. - 

Inflation pressure of . ~eh ic l e  t i r e s  was maintained 

throughout testing as follows: '-sior t o  tes t ing,  t i r e s  were 

inflated t o  the manufacturers : :,mmended cold inflation pressure 

for the t e s t  loading conditir l i e  vehicle was then driven a t  
40 mph for 15  miles t o  estab-' -;qe "hot" inflation pressure. 

This inflation pressure was r -  - rined for  a l l  tes ts  conducted 

under the given loading cond' - 

In addition t o  mainta> inflation pressures, a l l  t i r e s  

were "broken in" prior to e i -  ,mess testing. For the tow 
vehicles, the burnish proced" LS adequate for this purpose. 

For the t r a i l e r s ,  a t  l eas t  11 , , s equivalent t o  those used for 

the t r a i l e r  burnish procedur; 2 requi red prior t o  effecti  veness 

testing.* 

- .- - 
*The use of braking snubs, r~ t h a n  the tradi t i ona 1 100-mi 1 e 

"run-in" for t i r e  break-in, I l ine with HSRI's findings as 
reported t o  NHTSA in "A Bra; Efficiency Test Technique" 
(DOT-Hs-031-765). In this  5' , i t  was found that two samples 
of t i r e s  showed significant -. tion transients of the f i r s t  10 
t o  15  brake applications, r e?  - - tess  of whether they were "run 
in" or n o t .  



Brake l i n i n g  tempera tu re  c o n d i t i o n s  f o r  a1 1  t e s t i n g  was 

b a s i c a l l y  as p r o v i d e d  f o r  by FMVSS 105-75, v i z . :  

- I n i t i a l  temperatures  f o r  a1 1 e f f e c t i v e n e s s  s tops  

were 150"-  200°F. 

* B u r n i s h  s tops were conducted' a t  one m i l e  i n t e r v a l s  

o r  a t  t h e  t i m e  i n t e r v a l  r e q u i r e d  t o  reduce i n i t i a l  

b rake  temperatures  t o  230"- 270°F. 

- I n i t i a l  temperatures  f o r  t r a i l e r  b rake  f a d e  snubs 

were 130" t o  150" 

B.6.2 V e h i c l e  Loading.  T r a i l e r s  were t e s t e d  i n  two 

l o a d i n g  c o n d i t i o n s ,  empty and loaded;  t h e  tow v e h i c l e s  i n  t h r e e ,  

empty, loaded,  and gvwr. 

The empty c o n d i t i o n s  f o r  t h e  tow v e h i c l e s  were c u r b  w e i g h t  

p l u s  d r i v e r ,  passenger, and i n s t r u m e n t a t i o n .  For t h e  t r a i l e r s  , 
t h e  empty c o n d i t i o n  was t h e  "as d e l  i v e r e d "  c o n d i t i o n .  

The loaded c o n d i t i o n s  were d e f i n e d  as f o l l o w s :  For t h e  

f i f t h  whee l - type t r a i l e r s ,  t h e  t o t a l  loaded t r a i  1  e r  w e i g h t  (WLT) 

was b r o u g h t  t o  t h e  gvwr o f  t h e  t r a i l e r  w i t h  a  d i s t r i b u t i o n  between 

a x l e s  and tongue as recommended by t h e  manu fac tu re rs .  

The loaded  c o n d i t i o n  o f  t h e  t h r e e  s t a n d a r d  b a l l  n i t c h  

t r a i l e r s  was a d j u s t e d  such t h a t  ( 1 )  w i t h  tow v e h i c l e  and t r a i l e r  

l o a d  and t r a i l e r  p r o p e r l y  h i t c h e d  ( i  .e. ,  w i t h  p r o p e r  l o a d  equa l  i- 

z a t i o n )  t o  i t s  nominal  match tow v e h i c l e ,  t h e  s t a t i c  t r a i l e r  a x l e  

l o a d  was equal  t o  t h e  m a n u f a c t u r e r ' s  recommended gvwr, and 

( 2 )  w i t h  t h e  t r a i l e r  u n h i t c h e d ,  t h e  d i s t r i b u t i o n  o f  tongue w e i g h t  

t o  t o t a l  t r a i l e r  w e i g h t  was as p e r  manu fac tu re rs  ' r e c o r n e n d a t i o n s  

(where t h i s  recommendation was n o t  a v a i l a b l e ,  tongue w e i g h t  was 

15% o f  t o t a l  t r a i l e r  w e i g h t ) .  

The loaded  c o n d i t i o n  f o r  t h e  tow v e h i c l e s  was a d j u s t e d  

such t h a t ,  when p r o p e r l y  h i t c h e d  t o  t h e i r  nominal  match t r a i l e r  



( i n  t h e  loaded c o n d i t i o n  desc r ibed  above), t h e i r  a x l e  l oads  were 

equa l  t o  t h e  manu fac tu re rs  ' recomnended maximums. When t e s t e d  

alone,  tow v e h i c l e s  were loaded t o  t h e i r  gvwr. 

When v e h i c l e s  were t e s t e d  i n  "mismatched combinat ions , "  

t h e i r  i n d i v i d u a l  1 oad ing  c o n d i t i o n s  were m a i n t a i n e d  a t  t hose  

determined f o r  nominal  match v e h i c l  es. 

Tab le  B.2 l i s t s  t h e  l o a d i n g  c o n d i t i o n s  used i n  t h e  v a r i o u s  

t e s t s  . 

Tab le  B.2 

1. Tow V e h i c l e  Alone 

B u r n i s h  

E f f e c t i v e n e s s  

2. Tra  i 1 e r  A1 one 

Pre-Burn ish  
E f f e c t i v e n e s s  

B u r n i s h  

Post -Burn ish  

3. Combinat ion V e h i c l e  
E f f e c t i v e n e s s  

"Nominal Match" Combina- 
t i o n s  and Mismatch 
Combinations 2-C and 1-B 

Mismatch Combinat ion 1-A, 
No T r a i l e r  Brakes 

4. Fade Tes ts  

Tow v e h i c l e  loaded t o  gvwr 

Tow v e h i c l e  loaded t o  gvwr 

T r a i l e r  loaded;  Tow 
v e h i c l e  empty 

One t e s t  w i t h  b o t h  u n i t s  
o f  comb ina t ion  v e h i c l e  
loaded,  one t e s t  w i t h  tow 
v e h i c l e  loaded and t r a i l e r  
empty 

Both u n i t s  o f  comb ina t ion  
v e h i c l e  loaded 

T r a i l e r  loaded 

Tow ve h i c l  e empty 



8.6.3 Instrumentation and Data Collection. An instru- 

mentation package was prepared by HSRI. Table B.3 l i s t s  a1 1 

the d a t a  signals which were available. Continuous recording of 

d a t a  was accompl ished with a 14-channel 1 ight beam oscilloscope. 

Si gnal s chosen for recording varied between tes t s  dependent on 

the nature of the tes t .  When appropriate, signals were monitored 

by driver and instrumentation operator. Figures B .  3 through 

B.8 i l lus t ra te  certain features of the instrumentation. 



Table 8.3 

vehicle deceleration, measured by accelerometer 

mounted on s tabi  1 i zed pl atform 

veh i c l e  decel or6 t i o n ,  nieasured by U- tube 

accelerometer 

stopping distance measured by digi ta l  f i f t h  wheel 

brake pedal force,  measured by electronic 

load cell  

longitudinal hitch force, measured by s t r a i n  

gauge load cel l  

a i r  pressure of airlhydraul i c  brake actuator ,  

measured by pressure gauge 

tow vehicle front  and rear  brahe l ine  pressure, 

measured by e lect ronic  pressure transducer 

tow vehicle rear  brake l i ne  pressure, measured 

by pressure gauge 

hydraulic t r a i l e r  brake 1 ine pressure, measure2 

by electronic pressure transducer 

u p  to ten brake shoe temperatures, measured by 

thermocoupl e.  Brakes numbered 1 through 10 

proceeding from l e f t  f r on t ,  r ight  f ron t ,  l e f t  

rear ,  r ight  r ea r ,  e t c . ,  rearward through a l l  

axles of CV 

vehicle velocity,  measured by digi ta l  f i f t h  wheel 

vehicle velocity,  measured by tow vehicle speedometer 

i n i t i a l  braking velocity,  measured by d ig i t a l  

f i f t h  wheel 

e l e c t r i c  t r a i l e r  brake vol t d g c  

u p  t o  ten wheel :peedi, rnedsur'ed by d . ~ .  t a ch  

generator system. Wheels numbered as under T1-TI0. 

Wheel l o c k ,  rdther t h d n  wheel speed, is o f  

primary in teres t  













Figure B.8. Wheel Speed Transducer 


