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1. INTRODUCTION 

Th is  r e p o r t  descr ibes t he  research conducted i n  Phase I 1  of a  k o -  

phase s tudy o r i g i n a l l y  e n t i t l e d  " A  Study o f  the  Sa fe ty  and Cost Benef i ts  

Der ived from Using Retarders i n  Heavy-Du t y  Commercial Vehic les  . " The 

s tudy has been conducted by t h e  Highway Sa fe ty  Research I n s t i t u t e  (HSRI) 

o f  The U n i v e r s i t y  o f  Michigan f o r  t he  O f f i c e  o f  Heavy-Duty Veh ic le  Research 

w i  t h i  n  the  Na t iona l  Highway T r a f f i c  Sa fe ty  Admini s t r a t i  on (NHTSA) , U.S. 

Department o f  T ranspor ta t ion .  

Phase I cons i s t ed  o f  f i v e  d i s c r e t e  research tasks which, on com- 

p l  e t i  on, were documented i n  a  techni  ca l  r e p o r t  [I], e n t i t l e d  "Retarders 

f o r  Heavy Vehic les : Eva1 ua ti on o f  Performance Charac te r i  s t i  cs and I n -  

Serv ice  Costs. " Thi s  r e p o r t  desc r i  bed t he  p o t e n t i a l  f o r  s a f e t y  enhance- 

ments, c o s t  savings, and p r o d u c t i v i t y  gains i n  t r u c k i n g  t h a t  cou ld  d e r i v e  

f rom the increased use o f  r e t a r d e r s  i n  heavy t r u c k  opera t ion .  Th is  

document inc luded :  

) an ana l ys i s  o f  the  phys i ca l  f a c t o r s  a f f e c t i n g  downh i l l  

speed c o n t r o l  , 

b )  a d i scuss ion  o f  the c h a r a c t e r i s t i c s  o f  c u r r e n t l y  a v a i l a b l e  
r e ta rde rs ,  

c )  an assessment o f  t he  r e t a r d e r  market and i t s  f u t u r e  

p o t e n t i a l  ( w i t h  savings on brake wear be ing i d e n t i f i e d  

as an impo r tan t  f a c t o r ) ,  and 

1)  a s a f e t y  performance ana l ys i s  based on a v a i l a b l e  a c c i -  

dent  i n f o rma t i on .  

The f i n d i n g s  and conc lus ions presented i n  the Phase I r e p o r t  were 

necessar i  l y  based on the  i nformat ion  and da ta  ava i  1  ab le  t o  the research 

team a t  t h a t  p o i n t  i n  t ime. 

Phase I c a l l e d  f o r  t he  development and submission o f  two plans, 

v i  z. , "Supplemental Data Development P l  an" and a "Retarder Performance 

Eva lua t ion  Plan." T h e i r  approval  by NHTSA l e d  t o  HSRI be ing au thor i zed  



t o  conduct the  Phase I1 s tudy  repo r ted  here in .  The o b j e c t i v e s  were 

t o :  

a )  ga ther  i n f o r m a t i o n  from the  f i e l d  t o  p rov ide  a d d i t i o n a l  

c h a r a c t e r i z a t i o n ,  use, and s a f e t y  da ta  r e l a t i v e  t o  

r e t a r d e r s ,  and 

b )  conduct eva lua t ions  o f  the  performance o f  r e t a r d e r -  

equipped veh i c l es  by means of f i e l d  t e s t s  and a n a l y t i c a l  

procedures. 

Sec t ion  2  of t h i s  r e p o r t  addresses the  f i r s t  o b j e c t i v e  by p resen t ing  

the  f i n d i n g s  obta ined d u r i n g  an i n-serv ice  survey o f  heavy t r ucks  

opera ti ng on downgrades i n the v i  c i  n i  ty o f  Cumber1 and, Mary1 and. Sec t i  on 

3  addresses the  second o b j e c t i v e  by p resen t ing  

a )  a  d e s c r i p t i o n  o f  t he  dev i  ce developed t o  t e s t  t r a c t o r s  

equipped w i  t h  r e t a r d e r s ,  

b )  the r e s u l t s  of f i e l d  t e s t s  i n  which t h i s  dev ice  was 

used, and 

c )  a  t r u c k  r e t a r d a t i o n  p r e d i c t i o n  procedure based on f i e l d  

t e s t  f i n d i n g s  and t h e  i n f o r m a t i o n  ob ta i nab le  f rom 

r e t a r d e r  manufacturers. 

Conclusions and recommendations, as de r i ved  f rom t h i s  Phase I1 study, a re  

presented i n  Sec t i on  4 o f  t he  r e p o r t .  

Wi th  t h i s  two-phase s tudy hav ing been completed, i t  i s  found t h a t  

severa l  quest ions remain. These quest ions can be posed as f o l l o w s :  

1 )  What d i r e c t i o n a l  c o n t r o l  problems can occur, if and when 

r e t a r d e r s  a r e  used on road sur faces w i t h  a  low c o e f f i c i e n t  

o f  f r i c t i o n ?  

2 )  How l a r g e  a re  t h e  savings i n  brake wear which accrue from 

the  use o f  r e t a r d e r s ?  

3 )  What types o f  i n s t r u c t i o n s  and t r a i n i n g  a c t i v i t i e s  a re  
needed t o  enhance the  ab i  1 i t i e s  o f  t he  d r i v e r s  o f  heavy 

veh ic les  t o  employ r e t a r d e r s  i n  a  manner t h a t  maximizes 

t h e i r  s a f e t y  and economic b e n e f i t s ?  



I n  o rde r  t o  answer these quest ions,  f u r t h e r  work w i  11 be requ i red .  Never- 

the less,  i t  can be s t a t e d  t h a t  t he  f i n d i n g s  o f  Phase I1  do suppor t  t he  

e a r l i e r  Phase I f i n d i n g s ,  namely, t h a t  heavy veh i c l es  equipped w i t h  

r e ta rde rs  cons ti t u t e  oppor tun i  t i e s  f o r  ach iev ing i ncreased safety  1  eve1 s  

and reduced brake wear. 



2 .  IN-SERVICE SURVEY OF HEAVY TRUCKS ON DOWNGRADES 

The principal goal of this  survey was to  observe and record the 
characteristics of trucks which had descended a long, steep grade. 
The work was carried out over a period of four days a t  three s i t e s  east  
and west of Cumberland, Maryland, on U.S. Routes 40 and 48. During 
this  period, 117 large trucks were weighed and inspected, w i t h  parti-  
cul ar concentration on brake condi tion and temperature. A major purpose 
of the experiment was t o  compare observed brake characteri s t i  cs wi t h  the 
presence or absence of retarders. Certain anci l l iary or related data 

were also collected a t  the s i t e .  

In th is  section of the report, the experimental design and opera- 
tion will be described, and the pertinent resul ts  regarding brakes and 
retarders wi 11 be detailed. Addi tional s t a t i s t i c s  describing the 
observed truck population are  presented i n Appendix E. 

2.1 Background 

As noted in the Introduction, this  report i s  a sequel to an 
earl i e r  report [ I ]  concerning the physical performance characteris t i c s  
and the economic and safety benefits of retarders as used on various 
commerci a1 vehicles. I n  Reference [ I ] ,  analyses of avail able accident 
data identified three factors as being strongly associated with the 
chance of a downhi 11 runaway-improper brake adjustment, high gross 
vehicle weight, and the absence of a retarder.  Tables 1-3 are taken 
from the referenced report and i ndi cate the r e l a t i  onships found there. 

Table 1 i s  based on data obtained by the California Highway 
Patrol a t  Gold R u n  (near Donner Pass), and indicates that 7 2  percent of 
the 25 trucks involved in runaway accidents a t  that  s i t e  had poorly 
adjusted brakes-i .e., the slack adjusters were s e t ,  usual ly for  more 
than one wheel, well beyond the manufacturer's recommended limits.  By 

contrast ,  in roadside observations conducted periodical ly near the same 
s i t e ,  about 40 percent of the t rac tor - t ra i le rs  checked had one or more 
brakes improperly adjusted. 



Table 1 

Estimates of Frequencies of Improper/Proper 
Brake Adjustment in Accident and Exposed Populations 

Table 2 

Proportion of Vehicles in Two Weight Classes 
Runaways versus General Population 

Exposed 
Population 

40% 

60% 

100% 

Brake 
Status 

l mproper 
Adjustment 

Proper 
Ad j us tmen t 

Total 

Accident 
Involvement 

18 (72%) 

7 (28%) 

25 ( 1 00%) 

Table 3 

k 

Weight 
Class 

Greater than 
60,000 lbs. 

60,000 lbs. 
or 1 ess 

Total 

Presence of Retarders in 
Runaway and Exposed Populations 

Runaway 
Vehicles 

7 3% 

2 7% 

100% 

Exposed 
Population 

47.2% 

52.8% 

100% 
li 

Retarder? 
L 

Yes 

N 0 

Total 

Runaway 
Population 

1 4 (45%) 

17 (55%) 

31 (100%) 

Exposed 
Pqpulation 

70% 

30% 

100% 



Table 2 shows a similar distribution based on Colorado runaway 
data which indicate that  73 percent of the runaway vehicles (mostly 
vehicl es whi ch used runaway ramps on Colorado mountai n descents) wei ghed 
more than 60,000 I bs versus only 47.2 percent of the exposed population. 
T h i  s i ndi ca tes a strong re1 a t i  ons hi p between wei g h t  and the probabi 1 i ty 
of a runaway. Table 3 i s  also based on the Colorado data, and indicates 
that  45 percent of the runaways had retarders,  as compared with an es t i -  
mated 70 percent of the exposed population of trucks, indicating that  the 
presence of retarders i s  thus associated with a lower chance of runaway. 

While i t  was concluded that each of these factors--poorly adjusted 
brakes, lack of a retarder on the vehicle, and heavy gross vehicle 
weights--associated with an increased chance of a runaway, i t  was 
generally not possible to observe correlations among these factors.  For 
the runaways with and without retarders observed i n  escape ramp records 
from the State of Colorado, there was 1 i t t l e  detailed brake condition 
information. I t  i s  possible, then, that  the observed reduction in run- 
away frequency fo r  retarder-equipped trucks was ( a t  leas t  in par t)  due to 
the f ac t  that  owners or operators of those trucks also gave more attention 
to  brake condition, keeping brakes of retarder-equipped trucks in better 

adjustment. I t  i s  also possible that the presence of a retarder contri- 
butes t o  the probability that  brakes will be in adjustment since i t s  use 
decreases brake wear. 

While there are other appli cations of retarders,  the major safety 
application was taken to be the prevention of the downhi 1 1  runaway. A 

runaway truck i s  rather simply defined as a truck on which the brakes 
have fai led. Brake fai lures  observed in the previous study (using data 
provided by the California Highway Patrol)  could be placed in one of two 
categori es--a fai  1 ure resulting from overheating of the brake system 
(expansion of the drums, fade),  or a catastrophic fa i lure  (a broken a i r  

l ine,  blown engine, faulty a i r  pump, e t c . ) .  The retarder can serve 
primari ly toward reducing the probabi 1 i ty of the f i r s t  type of fa i lure .  

Without a retarder,  a truck driver who desires t o  descend a steep 
hi1 1 a t  a constant speed must balance the forces of gravity which tend 
to accelerate his vehicle by choosing a gear such that  the engine retard- 
ing horsepower wi 1 1  counterbalance, and/or by applying brakes so that the 
absorbed energy heats the components i n  the brake system. The retarding 
force available from the brake system i s ,  in part ,  a function of the 



s t r o k e  r e q u i r e d  f o r  t he  brake ac tua t i on ,  a t y p i c a l  r e l a t i o n s h i p  f o r  which 

i s  shown i n  F igure  1. The abscissa shows t h e  number o f  inches o f  push- 

r o d  t r a v e l ,  and the  o r d i n a t e  shows t h e  e f f e c t i v e  brake chamber area f o r  

s p e c i f i c  l e v e l s  o f  a i r  pressure ( p s i ) .  

One e f f e c t  o f  a temperature r i s e  a t  t he  brake drum i s  t o  expand 

t he  diameter o f  the  drum, leng then ing  the  pushrod t r a v e l ,  and thus 

reduc ing  t he  brake f o r c e  a v a i l a b l e  f rom t h a t  p a r t i c u l a r  brake. A tem- 

pe ra tu re  r i s e  of 200°C leads t o  an inc rease  i n  pushrod t r a v e l  o f  approx i  - 
mate ly  0.3 inch.  Thus a brake pushrod which had a c o l d  s e t t i n g  o f  two 

inches (capable  o f  deve lop ing 90 percen t  o f  the  maximum f o r c e  a t  100 p s i  

i n  the  example shown) would ( a t  200°C) have a s t r o k e  o f  2.3 inches and 

o n l y  79 percen t  o f  the  maximum fo r ce .  

Al though t h e r e  a r e  a number o f  d i f f e r e n t  k inds o f  r e t a r d e r s ,  a l l  

of them serve the f u n c t i o n  o f  d i s s i p a t i n g  energy by us ing  dev ices o t h e r  

than t h e  founda t ion  brakes. I n  t he  observat ions made i n  t h i s  study, t h e  

most common type o f  r e t a r d e r  was the  engine brake. Three r e t a r d e r s  

based on h y d r a u l i c  p r i n c i p l e s  were seen i n  t h i s  s tudy . Nei t h e r  e l e c t r i c  

r e t a r d e r s  nor  exhaust brakes were observed here. 

Under the same descent cond i t i ons ,  the  expected e f f e c t  o f  t he  

r e t a r d e r  i s  t o  lower  the  temperature r i s e  occu r r i ng  i n  the  brake drums. 

However, t he  d r i v e r  has cons iderab le  cho ice  i n  the  r e l a t i o n s h i p  among 

gear inat io ,  r e t a r d e r  usage, brake a p p l i c a t i o n ,  and speed o f  t r a v e l .  For 

examp'l e, w i  t h  a r e t a r d e r ,  he m igh t  use a h igher  gear, a h i ghe r  t r a v e l  

speed, b u t  the  same b rak i ng  as he would use w i t h o u t  t he  retarder-thus 

develop ing the  same temperature i n  the brakes b u t  t r a v e l i n g  a t  h igher  

speed, A l t e r n a t i v e l y ,  he cou ld  choose t o  operate  a t  the  same speed, 

e s s e n t i a l l y  s u b s t i t u t i n g  t he  r e t a r d e r  f o r  t he  brakes. I n  t he  l a t t e r  case, 

t h e  brake temperature would be lower,  thus sav ing wear, and reduc ing t h e  

chance of fade o r  f a i l u r e .  

2.2 The Experiment 

Two issues, t h a t  were n o t  reso lved  i n  the  p rev ious  s tudy (Phase I ) ,  a re  

t o  be addressed here. The f i r s t  i s  represented by the quest ion,  "How do d r i \ r e r s  

ac tua l  l y  make use o f  the r e t a r d e r  i n  a h i l l  descent-i .e., do they inc rease  

speed and develop the same brake temperature as w i t h o u t  a r e t a r d e r ,  proceed 



Bendix Westinghouse Type 30 Air Chamber 

Figure 1.  Measured characteristics o f  a Type 30 a i r  chamber. 
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a t  the same speed with reduced brake temperature, or something in 
between?" The second i s ,  "Do operators using retarders on trucks also 
have better-adjus ted brakes--ei ther because of lower wear rates or more 
attention t o  maintenance, or both?" I t  had also been observed in the 
ear l ie r  report that  retarders were more 1i kely to be installed on vehicles 
of higher gross weight, and a confirmation of this was sought. 

'The f i r s t  of these questions wi 11 be addressed by examining brake 
temperatures (with considera tion of vehicle weight, brake adjustment, e tc .  ) 
for descent of a particular h i l l  for  vehicles with and without retarders. 
The possible variation of speed on the h i l l s  used in this t e s t  i s  small, 
b u t  i f  brake temperatures for  retarder-equipped trucks are substan t i  a1 ly 
lower, we may conclude that  drivers are using the retarders in a manner 
consis tent  wi t h  greater safety. 

The second of these questions wi 11 be addressed by examining brake 
condition (primarily in terms of pushrod travel ) for  trucks w i t h  and 
wi t h o u  t retarders. If retarder-equi pped trucks have better adjusted 
brakes, then we may infer that the (previously observed) probability of 
runawa,y for retarder-equipped trucks i s ,  a t  least  in part ,  the resul t  of 
better-ad jus ted brakes. A1 ternati vely, i f  brake systems on retarder- 
equipped trucks are in essentially the same (adjustment) condition as 
other trucks, we may conclude that the retarder and brake effects pre- 
vi ousl y observed are independent. 

2.3 The Design and Experimental Layout . 

The plan for this  experiment was based on the memorandum attached 
as Appendix A .  Briefly, i t  was desirable t o  obtain enough observations 
to determine ( 1 )  whether retarder-equipped trucks had significantly better 
brake adjustment and ( 2 )  the magni tude and significance of temperature 
differences between retarder-equi pped and non-retarder-equi pped trucks. 

Arrangements were made with the Maryland Department of State 
Police t o  make the desired observations (of truck brake and other 
characteristics) in connection with a typical portable weighing team 
operation. A survey of possible s i t e s  in mountainous regions of western 
Maryland identified two major hi 11 s and three locations for inspection 



s i t e s  a t  the bottom of (or  part  way down) the h i l l .  For the f i r s t  two 
days of data collection, the inspection s i t e  was a t  an ex i t  ramp jus t  
past the bottom of a 3.6-mile descent on U.S. Route 48 (eastbound) near 
Frostburg, Maryland (called hereafter Frostburg or S i t e  1 ).  Most of the 
trucks traversing this  route had descended the 3.6 miles a f t e r  having 
climbed a long h i l l  ( a t  Big Savage Mountain), and the brake drums can be 
assumed to be a t  ambient temperature a t  the t o p  of the grade. This 
grade has an average slope of 4.5 percent. 

On the third day of observation, the inspection s i t e  was on west- 
bound U.S. 40 east  of Cumberland a t  the bottom of Martin's Mountain. This 
was a 3.0-mile descent w i t h  an average grade of 6 percent. I t  will be 
referred t o  hereafter as Martin's Mountain or Si te  2. 

On the fourth day of observation, the inspection s i t e  was further 
down the grade of the h i 1  1 of S i te  1 (called hereafter S i te  3 ) ,  on the 
eastbound side of Route 48 near Vocke Road-a distance of 9 .2  mi 1 es , wi t h  

an average slope of 3.7 percent. 

The posted speed l imit  for  eastbound trucks on this  section of 
U. S. 48 was 45 mph, and observations of the speed of travel confirmed 
that  the actual travel speed fo r  the trucks observed was somewhat higher 
than th is ,  b u t  usually less than 55 mph. Figure 2 i s  a map of the por- 
tion of Allegany County, Maryland, near the City of Cumberland. The three 
s i t e s  are indicated on the map. 

Weather during the week of observation was generally clear or 
cloudy and cool. Temperature varied, b u t  was generally in the range of 
40" to 50°F (4" to 10°C), and there was essentially no precipitation 
up  until  the end of data-taking on the fourth day. 

A t  each of the f i r s t  two s i t e s  (Frostburg and Martin's Mountain), 
the inspection arrangement was similar.  The setup for  Frostburg i s  
shown i n  Figure 3.  A Maryland State Police cadet was stationed several 
hundred yards ahead of the weighing s tat ion on the ex i t  ramp, and he 
directed trucks into this  area. A t  the weighing s ta t ion ,  Maryland State 
Police officers guided the vehicle over the scales,  recorded the weight 
and length violations,  i f  any, and instructed the driver t o  proceed to 
the next station. A t  th is  station the vehicle wheels were checked, and 
two measurement processes began--one, the di f f  erence i n pus hrod pos i ti on 







a t  each brake between zero and 100 p s i  o f  app l i ed  a i r  pressure, and two, 

t he  measurement o f  brake drum temperature (by app ly ing  a thermocouple 

probe t o  the ou ts ide  sur face  o f  the drum). A t  t h i s  same s t a t i o n ,  the 

opera t o r  was i n t e r v i  ewed w i  t h  regard t o  d r i  v i  ng experience, horsepower, 

cargo, weight, e t c .  The form used f o r  record ing  these data i s  i nc l uded  

i n  Appendix B as Form 1. Brake pushrod t r a v e l  measurements were 

recorded on Form 2, a long w i t h  i d e n t i f i c a t i o n  o f  the chamber s i z e  and 

manufacturer.  Temperature measurements were recorded on Form 3, as were 

ti r e  c h a r a c t e r i s t i c s  ( t r e a d  type, carcass type, and s i  ze) . 
The var ious data elements a re  r e l a t e d  i n  one way o r  another t o  the 

energy d i s s i p a t i o n  d i s t r i b u t i o n  i n  the  downhi 11 run. Radia l  t i r e s ,  f o r  

example, e x h i b i t  lower r o l l i n g  res is tance ,  and would r e q u i r e  t h a t  a 

l a r g e r  share o f  t he  r e t a r d a t i o n  would have t o  be taken up by the brake 

system. The presence o r  absence o f  an aerodynamic s h i e l d  would have a 

s i m i l a r  e f f e c t .  

2.4 Data Processing 

During the  f i e l d  work, data were c o l l e c t e d  on t h ree  separate forms 

by d i  f f e r e n t  persons. Each form contained enough i d e n t i f y i n g  i nforma- 

t i on t o  pe rm i t  matching a t  the end o f  the day, and the  m a t e r i a l  f o r  each 

case was assembled a t  t h a t  t ime. 

While many recorded i tems were precoded on the forms, c e r t a i n  

i n fo rma t i on  such as t i r e  s i ze ,  t ransmiss ion type, e tc . ,  were a1 lowed 

f r e e  responses. These were subsequently coded, where poss ib le ,  f o r  

i n c l u s i o n  i n  a computer f i l e .  The s t r u c t u r e  o f  the computer f i l e  i s  

shown i n  Appendix D. 

Two computer f i l e s  were generated, the f i r s t  con ta in i ng  a1 1 117 

cases observed, and the second r e s t r i c t e d  t o  f i ve -ax1  e t r a c t o r -  t r a i  l e r s  . 
The l a t t e r  f i l e  i s  t he  bas is  f o r  most o f  the ana lys is  i n  t h i s  r e p o r t .  

2 . 5  Cornparati ve Eva1 u a t i  ons of t he  Temperature Observations 

A f t e r  each t r u c k  passed the  scales,  i t  was ha1 t e d  i n  o rder  t h a t  

the  d r i v e r  i n t e r v i e w  and brake temperature observat ions could be made. 

The t o t a l  elapsed t ime be fo re  temperature measurements began va r i ed  f rom 



about one minu te  t o  as much as f i f t e e n  minutes, w i t h  an average of about 

f i v e  minutes. Temperature measurements were begun w i t h  the  r i g h t - f r o n t  

d r i v e  wheel, and proceeded c lockwise around the  v e h i c l e  t o  the r i g h t -  

f r o n t  s t e e r i n g  wheel. The t y p i c a l  measurement t ime was about t h ree  

minutes. 

W i  t h  few except ions, the drum temperature was measured by i n s e r t i  ng 

an Omega Model 68103K thermocouple probe on the drum e x t e r i o r  through a 

s l o t  i n  the  o u t s i d e  o f  the wheel. I n  r a r e  instances,  i t  was necessary t o  

make t h i s  measurement f rom the  i n s i d e  o f  the  wheel. Both the t ime delay 

i n  measurement and t he  observa t ion  a t  t he  o u t s i d e  o f  the  drum r e s u l t  i n  

a measured va lue  somewhat lower  than the  l i n i n g  temperature. Ambient 

temperature a t  t he  s i t e  v a r i e d  f rom near O°C t o  15"C, and a t ime correc-  

t i o n  has been made t o  a l l  temperatures assuming a 10°C ambient and a 

cons tan t  de lay  o f  s i x  minutes (0.1 hour ) .  Th is  adjustment adds about 

25°C when t he  measured temperature was near 200°C, 12' a t  10O0C, and 0" 

f o r  temperatures c l  ose t o  ambi ent .  

The NHTSA inst rumented t r u c k  which p a r t i c i p a t e d  i n  the exper iment 

had thermocouples b u r i e d  i n  the  brake l i n i n g s ,  and was a b l e  t o  r eco rd  

temperatures con t inuous ly  . I n  genera l ,  the  brake 1 i n i n g  temperatures 

recorded were about 10 percen t  h i ghe r  than the  e x t e r n a l l y  measured drum 

temperatures, b u t  no adjustment has been made f o r  t h a t  d i f f e r e n c e  i n  

t h i s  p resen ta t ion .  

The NHTSA t e s t  v e h i c l e  was inst rumented w i t h  brake temperature 

reco rd ing  devices f o r  a1 1 wheels except  those on t he  r e a r  t r a i  1 e r  ax le .  

Th is  v e h i c l e  was d r i v e n  down the  grades on which the observat ions of the  

o t h e r  veh i c l es  were made, and prov ides a s e t  o f  re fe rence  temperatures 

which may be compared w i t h  those of o t h e r  veh i c l es  a t  the  same weight.  

The NHTSA v e h i c l e  was loaded t o  80,000 l b s ,  and was equipped w i t h  an 

engine brake. The temperatures recorded f o r  t h i s  v e h i c l e  w i  11 be compared 

w i t h  o t h e r  veh ic les  w i t h  and w i t h o u t  r e ta rde rs .  

Table 4 d i sp lays  the  recorded temperatures f o r  the  f r o n t  e i g h t  

wheels o f  t h ree  80,000- 1 b veh i c l es  observed du r i ng  the  exper imental  

program and the two cond i t i ons  of the  NHTSA t e s t  veh i c l e .  As t he  NHTSA 

v e h i c l e  d i d  n o t  have i ns t rumen ta t i on  on the r e a r  t r a i l e r  wheels, data 





a r e  shown f o r  e i g h t  wheels on ly .  The "exper imenta l "  NHTSA t r u c k  was 

operated i n  e i  t h e r  o f  two modes--wi t h  and w i  thou t the r e t a r d e r  engaged. 

The temperatures a t  t he  bottom of a 3.6-mile descent a re  shown f o r  t he  

app rop r i a te  c o n d i t i o n  i n  t he  second and f o u r t h  da ta  columns. The p a r a l l e l  

column f o r  r e t a r d e r  #1 shows the  temperature readings f o r  an 80,000-1 b 

v e h i c l e  c o n s i s t i n g  o f  a cab-over t r a c t o r  w i t h  a f l a t b e d  t r a i l e r  c a r r y i n g  

tobacco (case #55). And, t he  p a r a l l e l  column f o r  no r e t a r d e r  shows an 

80,000-lb v e h i c l e  hav ing a van t r a i l e r  c a r r y i n g  bak ing  goods (case #87). 

The NHTSA t e s t  v e h i c l e  had made t h e  h i l l  descent a t  a c o n t r o l l e d  speed 

of 45 mph, and no measure o f  speed was a v a i l a b l e  f o r  t h e  o t h e r  veh ic les .  

Thus, some of t h e  v a r i a t i o n  may r e s u l t  f rom d i f f e r e n c e s  i n  t r a v e l  speed. 

The 1 a s t  column o f  Table 4 shows t he  measured temperature d i s t r i -  

b u t i o n  f o r  another  80,000-1 b vehi  cle-this one equipped w i t h  another  

r e t a r d e r .  I n  t h i s  case, t h e  temperature sum was o n l y  100°C, suggest ing 

t h a t  brakes were a lmost  complete ly  unused i n  t he  h i l l  descent. Th i s  

v e h i c l  e cons i s ted  o f  a conven t iona l  t r a c t o r  and a low-boy t r a i l e r  ca r r y -  

i n g  an army personnel c a r r i e r .  

I n d i v i d u a l  brake temperatures depend on t he  a c t u a l  p r o p o r t i o n i n g  

o f  brake pressures t o  t he  var ious  wheels, as w e l l  as on t he  s l a c k  

a d j u s t e r  s e t t i n g s  f o r  each wheel, the  a c t i o n s  o f  t he  d r i v e r  ( i n  app l y i ng  

t r a i l e r  and t r a c t o r  brakes) ,  e t c .  A model has been dev ised t o  es t imate  

wheel-by-wheel temperatures f o r  t he  descent o f  any one of t h e  h i l l s  used 

i n  t h i s  exper iment.  I n  t h e  model *, the  descent speed o f  t he  v e h i c l e  i s  

assumed t o  be cons tan t  a t  45 mph, and such f a c t o r s  as t he  presence of 

aerodynamic s h i e l d s  o r  r a d i a l  t i r e s  a r e  neglected.  The observed s l a c k  

adjustment f o r  each wheel i s  taken i n t o  account, and the t r a c t o r  versus 

t r a i l e r  p r o p o r t i o n i n g  i s  es t imated  from the  d i f f e r e n c e  i n  average tempera- 

t u r e  o f  the  t r a c t o r  and t r a i  1 e r  wheel s. 

The i n d i v i d u a l  wheel d i f f e r e n c e s  noted between est imated and 

a c t u a l  temperature were f r e q u e n t l y  subs t a n t i  a1 , a1 though t he  average d i  f- 

ference observed was near zero. The d i s t r i b u t i o n s  o f  the  d i f f e r e n c e s  f o r  

t h e  four  t r a c t o r  d r i v e  wheels and t he  f o u r  t r a i l e r  wheels a re  shown i n  

F igu re  4. Based on these r e s u l t s ,  i t  i s  concluded t h a t  i n d i v i d u a l  brake 

*See Appendix F. 
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temperatures of ten d i f fe r  from predicted (anticipated) values for 
reasons such as lining f r ic t ion  variations, differences in pushout 
pressures, e t c . ,  which could not be determined in the f i e ld  experiment. 
However, averages of the temperatures of a11 of the brakes installed on 
an ax1 e s e t  correspond t o  expected 1 eve1 s of temperature. 

2.6 Brake Temperature Results 

Figure 5 shows the time-adjusted temperature distributions for a1 1 
five-axle t rac tor - t ra i le rs  observed, A total  of 101 trucks had valid 
data for  these dis t r ibut ions,  a1 though this number was reduced by two 
for two tractors which had 1 i f t  axles ( for  which temperature measure- 
ments were not made). Figure 6 shows the same dis t r ibut ions,  b u t  only 
for trucks which were - not equipped with retarders. Figure 7 presents 
the temperature di s t r i  bu t i  ons for  retarder-equipped trucks. 

Although the number of retarder-equipped trucks was smaller than 
the others, i t  can be seen from the histograms that  high temperatures in 
the retarder groups were rare. A small number of observations on the 
non-retarder trucks exceeded 300°C, i ncludi ng one which was actual l y  on 
f i r e  (burning grease) when the truck was stopped. 

A n  a1 ternative comparison of the brake temperatures i s  shown in 
Table 5. In this chart, t rac tor - t ra i le rs  have been divided into two 
weight classes-less than 50,000 1 bs versus 50,000 1 bs and more. I t  can 
be seen that retarder-equipped trucks have consistently lower temperatures 
for  both weight groups. Indeed, for  the l ighter  weight category, 
retarder-equi pped trucks exhibit temperatures close to ambient, i ndi cat- 
ing that  l i t t l e  or no use of the foundation brakes was required on these 
hi 11s. A 1  though the number of cases i s  small , temperature differences 
between retarder- equi pped trucks and non- retarder-equi pped trucks are  
generally significant a t  the 0.3 percent level or better ( fo r  trucks over 
50,000 l b s ) ,  and s l ight ly significant (about the f ive percent level) for  
the l ighter weight trucks. 
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Figure 7 .  Temperature d i s t r i b u t i o n s  f o r  t r a c t o r  and t r a i l e r  brake drums: 5-axle 
t r a c t o r - t r a i l e r s  observed i n  Maryland equipped wi th  r e t a r d e r s .  
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Because of the small sample s ize for the retarder-equipped trucks 
i n  the 1 ess-than-50,000-1 b category, the observed differences wheel -by- 

wheel are barely significant in a t - tes t .  Aggregating over a l l  tractor 

wheels and a1 1 t r a i l e r  wheels, however, makes these differences quite 
significant. For t ractor- t rai lers  a t  GVW of 50,000 lbs or more, the 
brakes on retarder-equi pped vehicles average about 60°C cooler. 

2.7 Brake Pus hrod Travel Measurements 

One measure sought from th is  experiment was the relations hi p 

between brake condition and the presence of retarders. For a majority 

of the trucks the extent of pushrod travel a t  100 psi of applied a i r  
pressure was recorded for  each brake, and the number of brakes adjusted 
beyond the manufacturer's recommended 1 imi t s  i s  used as a measure of 
condi t i  on. 

Of a total  of 117 observations ( t rucks) ,  101 are categorized as 
five-axle ( i . e . ,  three tractor axles, two t r a i l e r  axles) units. Two of 
these units had a l i f t  axle on the t ractor ,  the remaining 99 wi 11 be 
the basis for this comparison. 

For 69 out of 99 f i  ve-ax1 e tractor-trai  lers  , pushrod measurements 
were made for each of eight wheels (the four tractor drive wheels, and 
the four t r a i l e r  wheels).* For the type 30 brake system, the recommended 
maximum pushrod travel i s  2 inches, w i t h  the brake force fa1 1 i ng to 
about 90 percent of i t s  maximum value a t  this  point. The pushrod measure- 
ments are divided into two groups-;! inches or less versus more than 2 

inches, and th is  dichotomy i s  used t o  indicate the s t a t e  of maintenance 
of the vehicles in question. Table 6 shows the number of vehicles 
observed by presence of a retarder and by the number of brakes with 
pushrod travel greater than 2 inches. 

Table 7 presents the same data in summarized form-i.e., trucks 
being divided simply into those with a t  least  one brake o u t  of specifi- 
cation versus the remainder. While the distributions in Table 6 were 
not significantly different ( in  a Chi-square t e s t ) ,  the presence of 

*Front (steering) axle pushrod travel was measured where possi ble, 
b u t  the number of valid measurements was so limited that s t a t i s t i c s  are 
not presented here. 



Table 6 

D i s t r i b u t i o n  o f  Brake Adjustment f o r  
Retarder-equipped and Non-Retarder Equipped T rac to r  T r a i l e r s  

Table  7 

Number o f  
Brakes Beyond 
S p e c i f i c a t i o n  

None 
One 
Two 
Three 
Four 
F i v e  
S i x  
Seven 
E i g h t  

T o t a l  

Two-by-Two Tabu la t i on  o f  Brake Adjustment 
and Presence o f  Retarders 

Not 
Retarder Cum. 
Equipped % 

17 3 4 
5 4 5 
5 5 5  
8 7 1 
7 86 
5 96 
2 100 
0 - - 0 

4 9 

Chi-Square (w i t h  one degree o f  freedom) = 0.246, s i g .  a t  .6146 

Cum. Retarder 
% Equipped 

25 5 
4 5 4 
5 5 2 
7 0 3 
75 1 
8 o 1 
9 0 2 
9 5 1 

100 1 

2 0 

Tota 1 

22 
32% 

47 
68% - 

69 

To ta l  Cum. 
% 

2 2 3 2 
9 45 
7 55 

1 1  7 1 
8 8 3 
6 9 1 
4 9 7 
1 9 9 
1 100 

6 9 

Retarder  
Equ i pped 

5 
25% 

15 
7 5% 

2 0 

Number of 
Brakes Beyond 
S p e c i f i c a t i o n  

None . . . . . 
Column Percent 

Some . . . . . 
Column Percent  

To ta l  . . . .  

Not 
Retarder 
Equ i pped 

17 
35% 

3 2 
65% 

49 



empty c e l l s  suggests t h a t  aggregated data (Table 7 )  m igh t  be more appro- 

p r i a t e  f o r  t e s t i n g .  I n  the  l a t t e r  case, we conclude t h a t  r e t a r d e r -  

equipped t r ucks  have n o t  been proven t o  have s i g n i f i c a n t l y  " b e t t e r "  

brake adjustment. I n  f a c t ,  the  column percentages suggest the  opposi te ,  

a1 though t he  number o f  cases i s  n o t  l a r g e  enough t o  p rov ide  s t a t i s t i c a l  

s i g n i f i c a n c e  t o  such a conclusion. The f i r m e s t  conc lus ion t h a t  can be 

drawn i s  t h a t  the  brakes of re tarder-equipped t r ucks  i n  t h i s  popu la t ion  

a r e  r a t h e r  c e r t a i n l y  n o t  tw i ce  as good as those o f  non- re ta rder  t rucks .  

I n  the p resen t  data, 35 percen t  o f  the  non-retarder  t r ucks  had a1 1 brakes 

w i t h i n  s p e c i f i c a t i o n .  I f  as many as 60 percen t  o f  the  re tarder-equipped 

t r ucks  had presented the  same cond i t i on ,  we cou ld  have concluded t h a t  

they were more l i k e l y  t o  be "wel l -mainta ined,"  I n  f a c t ,  on ly  25 percent  

of t he  re tarder-equipped t r ucks  were i n t h i s  cond i t i on .  

Genera l ly ,  t he  drums were coo le r  a t  the  t ime o f  the  pushrod 

measurements than they were when the  temperature was determined, s ince 

t he  pus hrod observat ions came 1 a t e r  i n  the  i n s p e c t i o n  process. Observa- 

t i o n s  made by t he  DOT [ 5 ]  i n d i c a t e  a r e l a t i v e l y  l i n e a r  r e l a t i o n s h i p  

between pushrod t r a v e l  measurements and the  d i f f e r e n c e  between drum 

temperature and ambient temperature, w i  t h  an addi  t i o n a l  pushrod t r a v e l  

of about 0.3 inches f o r  200°C o f  temperature r i s e .  Pushrod t r a v e l  was 

repo r ted  t o  the  nearest  e i g h t h  o f  an inch ,  and subsequently t r a n s l a t e d  

i n t o  decimal values f o r  computation. I t  i s  poss ib l e  t o  a d j u s t  t h e  push- 

r o d  measurements by assuming a 1 i n e a r  r e l a t i o n s h i p  w i t h  temperature based 

on the  numbers g iven  here, and t h a t  w i l l  have a s l i g h t  e f f e c t  on the  

"above and be1 ow two-inch" f igu res  used f o r  comparison, 

The e f f e c t  o f  t h i s  adjustment should be t o  lower s l i g h t l y  the pro- 

p o r t i o n  o f  veh ic les  considered o u t  o f  adjustment, s ince,  f o r  example, 

a pushrod t r a v e l  of 2-118 inches and a temperature e l e v a t i o n  o f  100°C 

would a c t u a l l y  represen t  a c o l d  t r a v e l  o f  s l i g h t l y  l e s s  than two inches. 

F igure  8 shows para1 l e l  h istograms o f  t he  ad jus ted  and unadjusted pushrod 

t r a v e l  d i s t r i b u t i o n s  , and i n d i c a t e s  t h a t  the  d i f f e r e n c e  i n  t he  number 

beyond the  two-inch mark i s  q u i t e  smal l .  Fewer than 10 percent  o f  the  

over- two-inch values would change t o  two inches o r  l ess .  





The two p r i n c i p a l  quest ions addressed were (1  ) Do re ta rder -equ i  pped 

t rucks  have be t te r -ma in ta ined  brakes? and (2 )  I s  t he  e f f e c t  o f  r e ta rde rs  

a  reduc t i on  i n  temperature, an increase i n  descent speed, o r  some o f  

each? 

The q u a n t i t y  o f  da ta  a v a i l a b l e  f rom the  observat ions was inadequate 

t o  g i v e  a  very  s o l  i d  answer t o  quest ion number 1. Based on the smal l  

sample, t he re  was some i n d i c a t i o n  t h a t  re tarder-equipped t r ucks  a c t u a l l y  

had brakes i n  poorer  cond i t i on .  However, t he re  i s  l i t t l e  s t a t i s t i c a l  

confidence i n  t h i s  f i n d i n g .  There i s  c e r t a i n l y  no s t rong  evidence, 

however, t h a t  the  re tarder-equipped t r ucks  had much b e t t e r  brakes, and a t  

l e a s t  a  h i n t  t h a t  they migh t  be poorer.  

With the slopes p resen t  i n  t h i s  p a r t  o f  Maryland, the  e f f e c t  o f  

the re ta rde rs  was t o  reduce brake usage w h i l e  ma in ta i n i ng  the  same speed 

as non-retarder-equipped t rucks .  Trucks w i t h  a  gross v e h i c l e  we igh t  l ess  

than Ei0,OOO 1  bs and a  r e t a r d e r  e v i d e n t l y  descended these h i 1  1s w i t h  

a lmost  no brake a p p l i c a t i o n .  For heav ier  t r ucks  (more than 50,000 I bs 

GVW) , there  was some brake usage, b u t  drum temperatures averaged about 

60°C c:ooler ( i  .e., 60°C compared w i t h  120°C) than on t rucks  w i t h o u t  

r e ta rde rs .  

Near ly  30 percen t  o f  the  117 t r ucks  observed were equipped w i t h  

r e ta rde rs .  On these Maryland roads, r e ta rde rs  were more 1 i k e l y  t o  be 

assoc ia ted w i t h  p r i v a t e  c a r r i e r s ,  w i t h  s h o r t  range ( <  200 m i l e s )  t r i p s ,  

w i  t h  convent ional  t r a c t o r s ,  and w i  t h  heavy ( p a r t i c u l a r l y  bu l  k )  cargos. 

C lea r l y ,  t he  r e s u l t s  obta ined r e f  1  e c t  the  i n f  1  uences o f  the cha rac te r i  s  ti cs 

o f  the  types of s e r v i c e  and veh ic les  encountered i n  Western Maryland. 

(See Appendix E. ) 



3. EXPERIMENTAL MEASUREMENTS AND ANALYTICAL PREDICTIONS 
OF TRUCK RETARDATION 

A method f o r  p r e d i c t i n g  t h e  performance o f  r e t a r d e r s  i n  c o n t r o l  1  i n g  

the speed o f  heavy veh i c l es  ope ra t i ng  on steep downgrades i s  presented i n  

t h i s  sec t i on .  I n  a d d i t i o n  t o  o b t a i n i n g  i n - s e r v i c e  data p e r t a i n i n g  t o  

t h e  use of r e t a r d e r s  (see Sec t ion  2 ) ,  t h e  development o f  a  proposed 

recommended p r a c t i c e  f o r  p r e d i c t i n g  t r u c k  r e t a r d a t i o n  was a  pr imary 

o b j e c t i v e  o f  t he  Phase I 1  work. 

3.1 Operat ing P r i n c i p l e s  o f  an Over- the-Road Dynamometer f o r  T e s t i  ng 
T rac to r s  Equipped w i  t h  Retarders 

A mob i le  dynamometer ( t h e  "MRD") [ 2 ]  has been cons t ruc ted  and 

employed i n  t h i s  s tudy of t he  r e t a r d a t i o n  p r o p e r t i e s  o f  heavy veh i c l es .  

The reasons f o r  develop ing a  mob i le  dev ice  a r e  ( a )  t he  c o n s t r u c t i o n  c o s t  

i s  smal l  compared t o  the  c o s t  o f  a  l a b o r a t o r y  dynamometer, ( b )  the 

r e t a r d e r  i s  t e s t e d  i n  a  t y p i c a l  ope ra t i ng  environment, and ( c )  the  dev ice  

can be used t o  measure n a t u r a l  r e t a r d a t i o n  ( r o l l i n g  res i s tance  and aero- 

dynamic d rag)  and engine drag i n  a d d i t i o n  t o  r e t a r d e r  performance. For 

t h i s  p r o j e c t ,  the  a b i l i t y  t o  examine t h e  performance o f  a  v e h i c l e  operat -  

i n g  on a  highway was the  p r imary  f a c t o r  suppo r t i ng  t he  cho ice  t o  use a  

mob i le  dynamometer. 

Using a  mob i le  dynamometer i s  n o t  t he  o n l y  s u i t a b l e  method 

of c h a r a c t e r i  z i  ng r e t a r d e r  performance. Laboratory  dynamometers 
hav ing we1 l - c o n t r o l  l e d  t e s t  cond i t i ons  can p rov ide  accurate da ta  desc r i b i ng  

r e t a r d e r  performance. Retarder  and engine manufacturers u s u a l l y  employ 

l a b o r a t o r y  dynamometers i n  e v a l u a t i  ng t h e i  r products .  The c a l c u l a t i o n  

procedures presented i n  Sec t i on  3.3 r e q u i r e  in forma ti on on r e t a r d e r  horse- 

power as a  f unc t i on  o f  t he  r o t a t i o n a l  speed of t he  r e t a r d e r .  I n  these 

c a l c u l a t i o n s ,  any accura te  method of measuring r e t a r d e r  horsepower as a  

f unc t i on  o f  r e t a r d e r  speed i s  s u i t a b l e  f o r  p r e d i c t i n g  v e h i c l e  r e t a r d a t i o n .  

The MRD, shown i n  F igure  9, cons i s t s  o f  a  45-foot f l a t - b e d  semi- 

t r a i l e r  equipped w i t h  ( a )  a  l oad  c e l l  f o r  measuring l o n g i t u d i n a l  f o r c e  

a t  the  f i f t h  wheel connect ion between t h e  t r a c t o r  and t he  semi t r a i l e r  

and ( b )  a  c losed- loop system f o r  c o n t r o l l i n g  v e l o c i t y  by app ly ing  





retardi ng torque to the semi t r a i  l e r ' s  wheels. When coupled t o  a t ractor  
and operated on a suff ic ient ly  severe downgrade, this  semi t r a i  1 e r  can 
be used to measure the horsepower absorbed by the retarder,  the engine, 
and/or the natural retardation present in the tractor.  

Speed control i s  obtained by the action of two electr ical  retarders 
mounted on the drive shaft  of a tandem axle s e t  that  has been mounted on 
the semi t r a i l e r .  These retarders are actuated by a velocity control 
system in order to maintain a constant vehicle speed d u r i n g  tes t s  on 
downgrade sections of highway. (The velocity control system i s  described 
i n Reference [2]. ) 

The basic theory of operation of the mobile dynamometer may be 
understood by examining the free-body diagrams and associated symbols 
i l lus t ra ted  and defined in Figures 10 and 11).  A t  constant velocity, the 
equilibrium forces in the x-direction for  the en t i re  vehicle (see the 
free-body diagram in Figure 10) may be used to obtain the following 
expression for  the drag from the retarders installed on the semitrailer.  

The quantity DRT ( the drag from the semi t r a i l e r ' s  re tarders)  cannot be 
negative nor can i t  exceed the capability of the semi t ra i le r ' s  retarders. 
Hence, the grade ( q )  of the h i 1  1 used for  testing must meet the following 
requirements : 

a )  4 must be large enough so that  DRT 2 - 0 ,  that i s ,  the 
right s ide of (1)  i s  greater than zero. (This implies 
that  the semi t r a i l e r  should be heavily loaded a lso . )  

b )  4 must be small enough so that  the r ight  side of ( 1 )  

does not exceed the capabi 1 i ty of the semi t ra i le r ' s  
retarders. ( I n  the M R D ,  the semi t r a i  l e r ' s  retarders 
have capabi 1 i t i e s  of 1500 horsepower when they are cool 
and 400 horsepower when they are very hot.) 

Within these l imits ,  4 may vary during a t e s t .  An accelerometer i s  used 
to  measure + throughout a t e s t  r u n - a  feature which i s  needed to assure a 



DA i s  aerodynamic drag on the t ractor  

DT i s  total  t i r e  roll ing resistance drag on the tractor 

DD i s  the drive t rain drag (exclusive of retarder) on 
the t ractor  

DR i s  the drag from the t ractor  retarder ( the " t e s t  
specimen" ) 

W1 i s  the weight of the tractor 

OAT i s  aerodynamic drag on the t r a i l e r  

D~~ i s  total  t i r e  resistance drag on the t r a i l e r  

D~~ i s  the drag from the "drive" axles and the control 
retarders on the t ra i  1 e r  

W 2  i s  the weight of the t r a i l e r  

Q i s  the angle of downhill incline 

Figure 10. Free-body diagram: S teady-s t a t e  grade descent of tractor- 
semi t r a i l e r  vehicle [?]. 





viable t e s t  method on typical downgrade sections of highway with varying 
slope along the length of the h i l l .  

Now consider the free-body diagram of the tractor alone (see Fig. 

11).  The equilibrium equation for the forces acting in the x-direction 
may be expressed as follows. 

W1 s in 4 + FT 

The quantities on the l e f t  side of ( 2 )  are a l l  functions of velocity. A t  
a selected speed, V ,  they are a l l  constants, depending upon V .  To 
formalize this observation and to aid in explaining how D R ( V )  i s  obtained, 
l e t  

Now consider the following method for obtaining DR: 

1 )  Perform an i n i t i a l  t e s t  down the h i l l  a t  a selected 
vel oci ty , V, w i  t h  the t rac tor ' s  retarder turned off 
( D R  = 0) to determine DV from measured values of m 
and FT and knowledge of the weight of the t ractor ,  
that i s ,  

D,, = W1 sin 4 t F, 

where FT i s  measured by the longitudinal force trans- 
ducer. (See Reference [Z] for  a description of the 
device used for  measuring FT+ ) 

2 )  Perform a second t e s t  down the h i l l  a t  speed V with 
the t rac tor ' s  retarder turned on. I n  this  case, 

D R ( V )  = W1 s in 4 t FT - Dv 
where Dv was determined in the in i t i a l  t e s t  run and 
FT i s  measured on this t r i p  down the hi 11 . 



3) Repeat steps ( 1 )  and ( 2 )  above for various velocities 
over the range of speeds applicable to a1 1 transmission 
gear selections of interest .  

To obtain data in the form desired for  the recommended prediction 
procedure (Section 3.3) ,  i t  i s  necessary t o  measure (or determine) the 
rotational speed of the retarder also. 

Note that  this  same type of "two-step" procedure can be used to  
obtain engine drag by operating w i t h  the retarder off-first with the 
transmission in neutral ( the  clutch disengaged) and then in  gear w i t h  

the clutch engaged. Natural retardation from rol ling resistance combined 
with aerodynamic drag i s  obtained when operating in neutral. ( I t  i s  not 
easy or necessary to separate the influences of roll ing resistance and 
aerodynamic drag, so these quantit ies are  simply combined in the measure- 
ment of natural retardation. ) 

3.2 Retardation Resul t s  from Over- the-Road Tests 

The M R D ,  discussed in Section 3.1, was used to measure a11 of the 
retardation mechanisms in e f fec t  on the two tractors described by the 
specifications presented in Tables 8 and 9 .  These tractors were tested 
on a downgrade, westbound section of US 48 east  of Morgantown, West 
Virginia near Cheat Lake. This downgrade i s  approximately 4.5 miles long 
with an average slope of approximately 0.045. For a t e s t  vehicle weighing 
approximately 76,000 1 bs, th i s  grade i s  suff ic ient  to require 500 horsepower 
to maintain 55 mph. Assuming no more than 300 horsepower of retardation 
from rol l  ing resistance, aerodynamic drag, and engine drag a t  55 mph, the 
MRD can be used on this  hi1 1 to measure the performance of tractor-instal  led 
retarders wi t h  horsepower capabi 1 i t i e s  of a t  leas t  200 horsepower over 
and above the power due to  normal engine drag and natural retardation.* 

*In testing large retarders,  i t  i s  possible that  the t e s t  retarder 
alone may be capable of decelerating the vehicle i f  the t e s t  s i t e  does not 
provide a suff ic ient  grade. Since the velocity control system of the MRD 
cannot provide drive thrust ,  steady-state testing i s  not attainable i n  
this  si tuation. I t  remains possi bl e to  determine retarder horsepower, 
however, by including the longitudinal deceleration in the data 
analysis. For th i s  purpose, the instrumentation system of the MRD a1 lows 
for  measurement of longitudinal deceleration through the differentiation 
of the vehicle velocity signal. (The accelerometer signal used t o  provide 
a measure of roadway slope must be appropriately corrected for  the effects  
of deceleration [Z]. ) 3 4 



Table  8 

T r a c t o r  #1 6 x 4  Weight 15,820 l b s  

F r e i g h t l i n e r  Model No. WFT 10464 

Engi ne: Cummi ns Model NTC-350 

Cab: Cab-Over- Engi ne 
Transmi ssi on: Ful l  er RTO-9513 

Gear - 
L L 

1 L 

2 L 

3 L 
4L 

1 D 

10 

2D 

2 0 

3 D 

3 0 

4 D 

40 

Drive Axle - Rockwell 

R a t i o  3 .7  

Ra t io  - 
12.51 

8.35 

6.12 

4.56 

3.38 

2.47 

2.14 

1.81 

1 .57 

1 .35 

1 .17 

1 ,oo 
.87 

Accessory Power a t  2100 RPM 3 hp 
10x20 Radial  T i r e s  

No Aerodynamic Aids 



Table 9 

T r a c t o r  #2 6 x 4 Weight 16,720 I b s  

1973 F r e i  gh tl i ner  I .  D. #73826 

Engine: Cummins Model NTC 350 

Cab : Cab-Over- Engi ne 

Transmission - F u l l e r  RT-12509 

Gear - 
1 

2 

3 

4 

5 

6 

7 

8 

9 

D r i v e  Ax le  

R a t i o  4.11 

R a t i o  

10x22 Bias T i r e s  

No Aerodynamic Aids 



Tractor number 1 was equipped with two different types of exhaust 
brakes, Separate tes ts  were made for  each of these retarders. The total  

retardation acting on the tractor was measured a t  several speeds between 
20 and 50 mph. In addition, retardati-on measurements were made with ( a )  
the retarders off and ( b )  the transmission in neutral in order to assess 
engine drag and natural retardation. The raw data, shown in Figure 12, 
have been f i t t e d  with polynomial functions in the form 

where Y i s  the vehicle velocity in mph. (These resul ts  are superimposed 
on Figure 12. ) Note that for exhaust brake number 2 ,  the form of Equation 
( 6 )  does not f i t  the data well. An additional l ine ( the dashed line in 
Figure 12) of the form 

has been used t o  characterize the performance of this device [2]. 

The results of the regression analyses for the coefficients in 
these polynomials are given in Table 10. 

Given the rat io  of retarder (engine) RPM t o  vehicle velocity for 
the transmission gear used, the retardation horsepowers of the retarders 
and the engine may be presented as functions of their  rotational speeds 
(see Fig. 13). 

The t e s t  data obtained for tractor number 2 are shown in Figure 14. 
This tractor was tested with an engine brake operating on ei ther  four or 
six cylinders of the engine. The results obtained by processing these 
data are summarized in Tab1 e 11 and Figure 15.  As expected, even though 
a different type of engine speed retarder was tested in this case, this 
tractolr' s retardation due to rol l  i ng resistance, aerodynamic drag, and 

engine drag i s  roughly the same as that of the f i r s t  tractor.  This engine 
brake has a greater horsepower capacity than either of the exhaust brakes 
tested on the f i r s t  tractor.  Nevertheless, these results do not cause 
doubts concerning the basic noti on of expressing retarder performance as 
a function of i t s  rotational speed. 



TRACTOR NO. I 

VELOCITY, MPH 

Figure  12. Tes t  da ta  p o i n t s  and f i t t e d  curves f o r  T r a c t o r  No. 1 [2] .  



Table  10. Regress ion Analysis  Constants  f o r  Equation 6 o r  7 ,  
T r a c t o r  No. 1 . 

TRACTOR NO. I 

Data S e t  Constants  

Enqine with Exhaust 
Broke No. 2 
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F igure  13. MRD t e s t  r e s u l t s ,  T r a c t o r  No. 1 [2]. 
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TRACTOR NO. 2 

VELOCITY, MPH 

Figure 14. Test data points and f i t t ed  curves for Tractor No. 2 [2]. 



Table 11. Regression Analysis Constants, Tractor No. 2 .  

Data Set 

3rd High  / (Engine) 

Gear Sel ected 
Neutral 

2nd High I (Engine) 

Retarder 
None 

3rd High 

3rd High 

Engine Brake 
(A1 1 Cyl i nders 
Actuated) 
Engine Brake 
( 4  of 6 Cylin- 
ders Actuated) 

TRACTOR NO. 2 
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Equation 

Engine with Engine Brake 
,:.% of 6 Cylinders -- 
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a l  I a2  7 I I a3 I 
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Figure 15. A R D  t e s t  resul ts ,  Tractor No. 2 [2] .  



The da ta  presented here a re  r e 1  a ted  t o  r e t a r d a t i o n  mechanisms t h a t  

do n o t  e x h i b i t  a  s i g n i f i c a n t  s e n s i t i v i t y  t o  t he  temperature of  the  r e t a r d e r .  

However, e l e c t r i c a l  and some hydrau l  i c  r e t a r d e r s  a re  s e n s i t i v e  t o  tempera- 

t u r e  changes t a k i n g  p l ace  when they  a re  used. Hence, t he  temperature, 

which r e l a t e s  t o  t he  energy absorbed by the  r e t a r d e r ,  i s  an impo r tan t  

cons i d e r a t i  on i n  a d d i t i o n  t o  t he  r o t a t i o n a l  speed o f  part-i c u l  a r  devices. 

The amount o f  hea t i ng  t h a t  can take  p lace  du r i ng  a  t e s t  u s i n g  t he  MRD i s  

c l e a r l y  l i m i t e d  by the  l eng th ,  as w e l l  as t h e  s lope,  o f  the  h i l l  used f o r  

t e s t i n g .  Thus, t h e  u t i l i t y  o f  t he  MRD f o r  t e s t i n g  d r i v e l i n e  re ta rde rs ,  

t h a t  a r e  h i g h  powered and temperature s e n s i t i v e ,  i s  l i m i t e d  by bo th  the  

s l ope  and t he  l e n g t h  o f  t h e  h i  11 ava i  1  able.  

Un fo r t una te l y ,  r e s u l t s  f o r  a  d r i v e l i n e  r e t a r d e r  were n o t  ob ta ined  

i n  t h i s  t e s t  program. Nonetheless, t he  performance o f  these devices i s  

known f rom manufac tu re r ' s  t e s t s  and spec i  f i c a t i o n s  . The computat ional  

procedures descr ibed  i n  t he  n e x t  s e c t i o n  a re  arranged t o  employ manu- 

f a c t u r e r ' s  da ta  a t  the  temperature cond i t i ons  a p p l i c a b l e  t o  t he  measured 

data.  Separate c a l c u l a t i o n s  can be made t o  p r e d i c t  t r u c k  r e t a r d a t i o n  when 

t he  r e t a r d e r  i s  e i t h e r  h o t  o r  co ld .  

3.3 A Truck Retarda ti on P r e d i c t i o n  Procedure 

Th is  s e c t i o n  presents  a  p r e l i m i n a r y  f o rma t  f o r  a  "Truck Retarda- 

ti on Predi  c t i  on Procedure. " I t  i s  a n t i c i p a t e d  t h a t  p ro fess iona l  

o rgan i za t i ons  and t r a d e  assoc ia t i ons  may cons ider  adop t ing  a  procedure 

of t h i s  t ype  as a  recommended p r a c t i c e .  

Many o f  t he  q u a n t i t i e s  needed t o  p r e d i c t  r e t a r d a t i o n  have rece i ved  

much a t t e n t i o n  i n  r ecen t  years.  For example, r o l l i n g  r e s i s t a n c e  and 

aerodynamic drag have been examined i n  connect ion w i t h  f u e l  economy 

s tud ies  . Simi 1  a r l y  , engi ne drag and t ransmiss ion  e f f i c i e n c i e s  a r e  

ma t te r s  o f  c u r r e n t  concern. So-cal l e d  " t r u c k  ab i  1 i t y "  c a l c u l a t i o n s  [3] 

e n t a i l  i tems such as r o l l i n g  res i s tance ,  aerodynamic drag, and t r ans -  

m iss i on  e f f i c i e n c i e s .  These i terns p e r t a i n  t o  downhi 11 speed c o n t r o l  and 

d e c e l e r a t i o n  as we1 1  as t o  a c c e l e r a t i o n  and gradeabi 1  i ty. Engine manu- 

f ac tu re r s  have developed computer r o u t i n e s  f o r  p e r f o m i  ng "Veh i c l e  

M iss ion  S imu la t ions"  [4]. These a c t i v i t i e s  d e a l i n g  w i t h  f u e l  economy and 

grade-c l  imbing ab i  1 i t y  have c o n t r i b u t e d  g r e a t l y  t o  t he  development of t h i s  



truck retardation prediction procedure in that  parametric data in a 
usable form are generally available and reasonably well understood. The 

data formats for  the procedure recommended here for predicting retarda- 
tion are modeled a f t e r  the data formats used in gradeability calculations. 

However, the precision required for  fuel economy studies i s  not 
be1 ieved to be necessary for  retarder eval uation. Hence, simp1 if ied 
equations are employed t o  es timate natural retardation. 

3.3.1 Overview of the Calculation Procedure. The calculation pro- 
cedure i s  based on predicting a power balance between the available 
retardl ng power and ei ther  the power demand associated with travel i ng 

down a grade a t  constant velocity, or the instantaneous power associated 
with decelerating the vehicle on a level road. The available retarding 
power may come from three sources : natural retardati  on ( ro l l  ing 
resistance and aerodynamic drag) , engine drag, and retarders. 

The roll  i ng resistance force and aerodynamic drag are treated as 
functions of vehicle weight and velocity, respectively, using analytical 
expressions based on physical reasoning and empirical evidence. The 
power due to these sources of natural retardation i s  obtained by mu1 tiply- 
i ng the force by the velocity of the vehicle, thereby resulting in a 
polynomial of the following form: 

where PN i s the natural retarda t i  on 

and V i s  the vehicle veloci ty 

Note that  the p~lynomials for  natural retardation as derived from experi- 
mental measurements (see Tables 10 and 11) agree w i t h  Equation (8)  in 
that  the values of the "a2V2" terms in the measured expressions are very 
small compared t o  the values of the "alV1' and "a3V3" terms. Since the 
coefficients,  al and a3, in (8)  can be estimated from either vehicle pro- 
perties or t e s t  resul t s  wi t h  sui tab1 e accuracy, the calculation procedure 
employs Equation (8) w i t h  parameters depending upon t i r e  and road surface 
properties, the vehicle weight, i t s  cross-sectional area (height and 
width), and the presence or absence of aerodynamic devices for  lowering 
drag. 



The retarding powers due to  engine drag and retarder performance 
are specified as functions of their  rotational speeds. These functions 
a re  supplied as i n p u t  information to the calculation procedure. I t  i s  
i ntended that these functi ons be obtained from experimental measurements 
performed on the engines and retarders to  be included in the calculations . 
These functions are  expected to be specified in tabular form, thereby 
precluding the need fo r  processing data t o  obtain analytical expressions 
describing the resul ts  in terms of common functions. 

Clearly, the power balance computations are based on very simp1 e 
equations once the sources of retarding power are determined. The only 
complexity of the calculation procedure relates  to keeping track of the 
resul ts  f o r  several speeds for  each transmission gear. The detai ls  of the 
recommended prediction procedure are believed to be evident from the 
description of the preliminary format presented in the next section. 

3 . 3 . 2  A Preliminary Format for a Proposed Recommended Practice. This 
subsection contains a formal statement of the recommended predi ction 
procedure. 

Truck Retardation Prediction Procedure 

This procedure has been developed to provide a practical method for 
the prediction of retarder performance in a specified vehicle instal lation, 
usi ng measured data describing retarder horsepower characteristics. I t  is 
designed to help anyone concerned with the problem of retarder selection. 

1 .  Purpose. This recommended practice provides a uniform method 
for calculatf ng  the control speeds mai ntainable by either engine, drive- 
line, or trai ler-axle retarders employed on heavy vehicles operating on 
downgrades. I t  also provides predictions of vehicle deceleration resulting 
from retarder use on level roadways. 

2 .  Scope. This procedure covers the estimation of the total 
retardation capability available to  a specified vehicle from the iollow- 
ing sources: 

-natural retardation (roll ing resistance, aerodynamic 
drag, etc.) 

-engine drag 
-engine, drivel i ne, or trai 1 er-axle retarders 



( I t  does not cover the use of the foundation brakes for maintaining speed 
on long mountain descents. ) 

Retardation is rated in t e n s  of the maximum grades a t  which stable 
control speeds can be mintained for each gear over the range of highway 
speeds appropriate to that gear. 

For each qear, the calculation procedure determines maximum grades 
for four values of control speed rangi ng from the vehi cl e vel oci ty ( V ,  ) 

corresponding t o  rated engine RPM to the vehicle velocity ( V q i  j corres- 
ponding to the engine RPM a t  maximum torque. 

I n  addition, the calculation procedure provides information on  
(a )  the total retarding power available and (b) the vehicle deceleration 
capability on a level road using the retarder. This information is also 
presented for V l i  through Vqi for each gear. 

(The deceleration capability i s  important for use in estimating the 
brake savings that may be obtained for vehicles such as buses or delivery 
trucks that make frequent stops. Also, the deceleration capabi 1 i t y  serves 
as a n  indicator of situations where retarder use could lead to directional 
control difficulties on very slippery roads. ) > 

3 .  Symbols and Definitions 

\lei sht Factors 

I*I total vehicle weight i n  lbs 
GVWIGCW same as W 

Vehicle Oimensi ons 

w vehicle width i n  f t  

h vehicle height in f t  

R~ number of t i re  revolutions per mile of 
travel (es tab 1 i shes the roll i ng radius 
of the t i res)  



Dimensionless Coef f ic ients  

C~ a i r  resistance c o e f f i c i e n t  (used i n  
determining aerodynamic drag) 

'e equivalent weight c o e f f i c i e n t  (used i n  
determining the in f luence o f  decelerat ing 
the r o t a t i n g  components o f  the vehic le)  

C~ road surface c o e f f i c i e n t  (used i n  determi n- 
i ng the in f luence o f  road sur f  ace proper t ies 
on r o l l i n g  resistance) 

r o l l i n g  resistance c o e f f i c i e n t  (used i n  
determining the in f luence o f  t i r e  proper t ies 
and other factors on r o l l i n g  resistance) 

i subscr ip t  used t o  denote each gear w i t h  
i = l  corresponding t o  the highest gear r a t i o  
( i  .e. , the lowest gear) 

Veloc i t ies 

engine speed i n  revolut ions per minute 
(rpm) 

'er ra ted engine speed (rpm) 

'ep 
engine speed a t  peak torque (rpm) 

V vehic le  v e l o c i t y  i n  miles per hour (mph) 

vl i vehic le  ve loc i  t y  correspondi ng t o  rated 
engine speed w i  t h  the transmission i n  
gear i (mph) 

"4i  vehic le  ve loc i t y  corresponding t o  the engine 
speed a t  maximum engine torque w i th  the 
transmission i n  gear i (mph) 

v2 i  an intermediate ve loc i t y  between and 

V4iy  VZi = Vqi + 2/3(Vli-Vqi I h p h )  

an intermediate v e l o c i t y  between \Ili and 

Vqi Vji = Vqi + 1/3(Vli-Vqi) (mph) 

vd d r i v e l i n e  speed (rpmi 

'It t r a i  l e r  re tarder  speed (rpm) 

Vc contro l  speed (equi 1 ibr ium speed on a 
downgrade (mph) 



Gear Ratios 

Gi transmission gear ratio for the i th gear 

*R . drive axle gear ratio 

A~~ t ra i ler  axle ratio (gear ratio determining 
the rotational speed of a retarder installed 
on  a trailer axle) 

Efficiencies 

n~ drive axle efficiency 

' T t ra i ler  axle efficiency 

n ~ j  
overall drive system efficiency for the 
i t h  gear 

Power - 
P~ natural retardation in horsepower ( h p )  

E engine retarding power ( h p )  

'RE retarder power from an engi ne-speed 
retarder ( h p )  

'RD retarder power from a driveline-speed 
retarder ( h p )  

P~~ retarder power from a trai 1er ax1 e 
retarder ( h p )  

Ps total retarding power available ( h p )  

P~ grade power demand ( h p )  

Retardation Numerics 

D deceleration capability in g units 

G grade of the h i  1 l used in determining PG 

GM maximum grade allowable for a given set 
of values for PS, W, and V C  



4. Inout Data and Information, The recommended form for entering 
the input data i s  listed below in Table 12. This l i s t  is arranged as i t  
might appear i f  the calculation procedure were t o  be implemented in an 
interactive computer program. (Even i f  the calculation procedure is not 
implemented on a computer, the following format for documenting the input 
information i s  recorranended to provide a uniform pattern for communicating 
the results of applying the calculation procedure.) 

The user is expected to reply to the computer after each colon ( : )  

appearing i n  the l i s t .  Some of the information t o  be entered i s  descrip- 
tive i n  nature. For example, after the statement "Vehicle Code:" i s  
printed a t  the computer terminal, the user of the program i s  expected to 
type a statement describing the vehicle. The content of this statement 
does not have to be "6x4-25" as shown in the example l i s t .  I t  can be any 
short description that is meaningful to the program user. 

In the f i r s t  section of input data (entitled "Vehicle Description") 
the calculation procedure on ly  employs the number 1 isted after "GVW/GCW 

(lbs) ," "Equivalent Weight Coefficient," "Width ( f t )  ," "Height ( f t )  ," 
and "Air Resistance Coefficient." These numbers pertain to the parameters 
W, Ce, w, h, and AR as defined i n  Part 3. The remainder of the entered 
information is for documentation purposes. However, a knowledgeable person 
should be able to use this descriptive information to judge the reason- 
ableness of the parametric data provided to the calculation procedure. 

Under the heading "TIRES," the f i r s t  entry (after "TIRE TYPE") is 
a general description of the nature of the tires to be considered. The 
following entries are equated t o  R M ,  C R ,  and CT, respectively, i n  the 
calculation procedure. (The manner in which these parameters, and all  
other parameters, are to be used i s  determined by the equations given in 
Part S of this procedure.) 

The value of the coefficient CR describes the influence of road 
surface characteristics on rolling resistance. The value 0.312 represents 
a very smooth concrete highway. Other types of roads are exoected to 
correspond to larger values of CR for truck tires. 

The value of 0.7 for CT, as shown i n  the example, i s  characteristic 
of a radial-ply truck tire.  For a bias-ply truck t i re ,  CT is  approximately 
1 .o. 



Table 12. Example Inpu t  Data. 

Vehicle Descr ip t ion 

Vehicle Code: 6x4-25 
Cab Type: Highway T i  1 t Cab-Over-Engine 
T r a i l e r  Body: Flatbed 
GVW/GCW (Lbs ) : 75880 
Equivalent Weight Coef f ic ient :  0.05 
Width ( F t ) :  8.0 
Height ( F t ) :  10.5 
Length ( F t ) :  55.0 
Aeroaids : None 
A i r  Resistance Coef f ic ient :  1.0 

T i  res - 
T i r e  Type: 10.00~20, Radial 
No. o f  Rev. Per Mile: 498 
Road Surface Coef f i c ien t :  0.012 
Ro l l i ng  Resistance Coef f i c ien t :  0.7 

Engine 

Engine Type: 

A t  Rated Engine Speed (RPM) : 2100 
(HP): 350 

(Ft -Lb) :  875 

A t  Peak Torque Speed (RPM) : 1300 
(HP): 277 

(Ft-Lb): 1120 

Accessory Power a t  Rated Speed (HP) : 3.2 

Dr ive Tra in 

Dr ive Axle Type: 
Dr ive Axle Ratio: 3.7 
Drive Axle E f f i c iency :  .97 

Transmission Data 

Transmission Type: 
Number o f  Gears : 13 

Gear 1 Ratio and Overal l  E f f i c iency :  12.51, .909 
t 1 2 " " "  II : 8.35,.908 
1 1 3 " " "  I1 

" 4 " " "  
: 6.12, .906 

I1 : 4.56,.904 
' 1 5 " " "  I1 : 3.38, .919 
" 6 " " "  It 

" 7 " " "  
: 2.47, .915 

I1 : 2.14, .893 
" 8 " " "  11 : 1.81, .908 
" 9 " " "  II : 1.57, .885 



Gear 10 Rat io  and Overa l l  E f f i c iency :  1.35, .a99 
n 1 1 u u ~  It : 1,17, -876 
" 1 2 " " "  11 : 1.00, .907 
" 1 3 " " "  11 : 0.87, .879 

T r a i l e r  Axle 

T r a i l e r  Axle Ratio: 4.0 
T r a i l e r  Axle Ef f ic iency:  1.0 

Engine Drag Power 
Closed Thro t t l e ,  Retarder O f f  
7 Inc lud ing Accessory Power) 

No. o f  Data Points: 4 

Engine Speed (RPM) and Power (HP) : 832. , 16.9 
1 ( 8  " " " " : 1248.. 30.8 

Retarder Power 

1s t Location: Engine Speed Retarder 
No. o f  Oata Points: 4 

Engine Speed (RPM) and Retarder Power (HP) :  832., 6.9 
11 I1 11 I1 11 " " : 1248., 23.6 
I1 11 81 I t  I1 

11 11 11 11 (1 " " : 2100.,87.3 
" " : 1663., 52.2 

2nd Location: No a r i v e l  i ne Speed Retarder 
No. o f  Oata Points: 0 

3rd Location: No T r a i l e r  Axle Retarder 
No. o f  Data Points: 0 

Addi ti onal example o f  

Retarder Power 

1 s t  Location: No Engine Speed Retarder 
No. o f  Da taPo in ts :  0 

2nd Location: D r i v e l  i n e  Retarder 
No. o f  Oata Points : 4 

D r i v e l i n e  RPM and Retarder Power (HP) : 200. , 80. 
11 11 o 11 " " : 600.,220. 
11 II II II " " : 1200.,420. 
( 8  14 11 11 " " : 2800.,700. 

3rd Location: T r a i l e r  Axle Zetarder 
No. o f  Data Points: 2 

Retarder RPM and Retarder Power (HP): O., 0. 
11 11 II il " " : 3000.,500. 



The product o f  CT w i th  CR determines the leve l  o f  r o l l i n g  resistance 

for  a vehic le  o f  given weight t rave l ing  a t  a known speed. (See Equation 

( D )  i n  Par t  5 o f  t h i s  procedure.) 

Information on the engine i s  given i n  two places. F i r s t ,  ra ted 

speed (Ver) and peak torque speed ( V  ) are speci f ied f o r  use i n  establ ish- 
eP 

i n g  the ve loc i t y  range f o r  eacn gear. Other items entered a f t e r  the 

prompting phrases, "Engine Type," " (HP) ," " (Ft-Lb) ," and "Accessory Power 

a t  Rated Speed (HP),"  are not  used i n  the calculat ions, bu t  i f  they are 

entered, they can be used t o  evaluate the reasonableness o f  the second set  

o f  engine data given a f t e r  the heading "Engine Drag Power." 

Gear r a t i o s  and e f f i c ienc ies  are entered i n  a s t ra ight forward manner 

f o r  the d r i ve  axle and the transmission. For vehicles w i t h  retarders 

connected t o  the t r a i l e r  axles, the gear r a t i o  and e f f i c i e n c y  o f  t h i s  

connection are entered. I f  a t r a i l e r - a x l e  retarder  i s  no t  present on the 

vehicle, the ent r ies a f t e r  the prompting statements per ta in ing t o  the 

t r a i l e r  axle w i l l  be ignored once the program recognizes tha t  there are no 
data points f o r  re tarder  power a t  the "3rd Location." 

Under the heading "Retarder Power" the prompting remarks, "1s t  

Location," "2nd Location," and "3rd Location," are used t o  separate tabular 

funct ions per ta in ing t o  engine speed, d r i v e l i n e  speed, and t r a i l e r  ax le  

retarders. An entry o f  "0" a f t e r  the prompting statement "No. o f  Data 

Points" ind icates tha t  there i s  no t  a re tarder  a t  t h a t  locat ion. See the 

example specifying only an engine speed retarder .  

To ca lcu late retardat ion due t o  natura l  re ta rda t ion  plus engine 

drag, wi thout  any retarder  i n  use, simply enter 0 f o r  the number o f  data 

points  f o r  a l l  three locat ions, o r  i f  more than one retarder  i s  t o  be used, 

inc lude the appropriate tabular funct ions as i l l u s t r a t e d  i n  the addi t ional  

exam0 1 e. 

The tabular funct ions f o r  engine drag power and retarder  power should 

ref1 ec t  appropriate consideration o f  the ef f ic ienc ies o f  the gears involved. 

That i s ,  the t o t a l  power absorbed by ro ta t ing  these devices i s  increased 

over and above the tabulated values according to  the e f f i c ienc ies  o f  the 



gears involved (see Equation ( I )  in Part 5 ) .  Hence, the data entered i n  

these tabular functions are intended to represent the performance of the 
device alone and are not intended to include the influences of the 
efficiencies of any gearing arrangements used i n  testing engines or 
retarders. 

5 .  Basic Variables and Equations. The following equations define 
the computations to be made i n  this calculation procedure. 

Vehicle Speeds : 

For each gear (denoted by the subscript i )  

V I i  = Vehicle velocity corresponding to rated engine 
speed = Ver60/RMARGi 

Vqi = Vehicle velocity corresponding to the engine RPM 

a t  maximum torque = Vep60/R#RGi 

Vzi  = Anintermediate vehicle velocity between V l i  and V q i  , 
'specifically, V Z i  = 'Iqi + 2/3(Vli - '4i ) 

V3i = Same as 'Izi except 
v3i = vqi  + 1/3(Vli - 

The calculations are done at each of these speeds, b u t  the basic 
equations are the same regardless o f  the speed used. Hence, the 
symbol V i s  used to represent vehicle velocity in the following 
equations. 

Rotational Speeds: 

a)  Ve = engine speed i n  RPM 

where 
V = vehicle velocity in mph 

RM = t i r e  revolutions per mile 

A R  = rear (drive) axle ratio 
G i  = ratio for the ith gear 



b )  Vd = driveline speed in RPM 

R F P R  Vd = - 60 

c)  \it = t ra i ler  retarder speed in RPM 

R d ' ~ ~  
Vt = 60 

where ART = t ra i ler  axle ratio 

Retardation Variables: 

a )  PN = natural retardation in horsepower 

# C R C T V  ~(h-0 .75)0 .002CAV3 
P~ = -375+ 375 

where 

W = GVW/GCW in Ibs 

CR road surface coefficient 
CT = t i r e  rolling resistance coefficient 

V = vehicle velocity in mph 

w = vehicle width in f t  
h = vehicle height in f t  

CA = ai r  resistance coefficient 

b )  PE = engine retarding power in horsepower 

PE = f E ( V e )  

where 

fE(Ve) i s  a tabular function 

c) PRE = retarder power from an engine speed retarder 

PRE = f R E ( V e )  

where 

fRE(Ve) i s  a tabular function 



d )  PRO = retarder power for a driveline retarder (horsepower) 

where 
fRD(Vd) is a tabular function 

e )  PRT = retarder power from a t rai ler  axle retarder (horsepower) 

PRT f R T ( V t )  

where 
fRT(Vt) is a tabular function 

f )  PS = total retarding power available 

where 
= overall drive system efficiency for the gear 

"1 applicable to the calculation 

P , ~  = rear (drive) axle efficiency 

nT = t ra i ler  axle efficiency 

Deceleration Capabi l i  t y :  

D = deceleration in g units 
Ps 375 

where 
We = W + CJJ 

with Ce equal to the coefficient determining the 
i nfl uence of decelerating the rotating components 
of the vehicle. ( C e  i s  the "equivalent weight 
coefficient.") 



Grade vs. Control Speed: 

PG f grade power demand 

W G V  
P~ = 377 

where G i s  the grade (G i s  the sine o f  the angle o f  the h i l l )  

By equating PG and PS and solving f o r  the maximum grade, GM, 

a t  which V i s  the control  speed, one obtains: 

where Vc i s  the selected contro l  speed. 

Note: The program calculates GM fo r  the speeds Vli through Vqi 

f o r  each gear. These speeds are contro l  speeds f o r  the 
grades determined by Equation (t  ) . (Clear1 y Equation 
(L) i s  s i m i l a r  t o  Equation (J) except We i s  used i n  
( J ) . )  

6. Output Tables and Graphs. For each transmission gear, tables 

showing t o t a l  re tard ing power, PS, decelerat ion capabi 1 i t y  , 0, and maximum 

grade allowable, GM, versus vehic le  ve loc i t i es  (Vli, V 2 f ,  V J f ,  and V4i) 

are t o  be constructed using the equations given i n  Par t  5 and the parameters 

described i n  Par t  4. For example, the fo l lowing tables show resu l t s  a t  

Vqi and Vli f o r  a vehic le  described by the parametric values given i n  Par t  

4 (using an engine brake only) .  

Graphical presentation o f  the calculated information i s  desirable. 

A graph o f  the form shown i n  Figure 16 may be used t o  display GM (o r  D) versus 

contro l  speeds appl icable t o  each transmission gear. 

Another in te res t ing  graph (Figure 17 ) displays PS versus ve loc i t y  

w i th  l ines o f  constant grade, G, o r  deceleration, 0, superimposed. 

(Polar coordinate paper i s  convenient f o r  reading information from t h i s  

type o f  graph. ) 



Table 13 

Gear - 
i = l  

2 
3 

4 
5 
6 
7 

8 

9 
10 
11 
12 

13 

Gear - 
i =l 

MPH a t  
M i  nimum 
Speed, Vqi 

3.38 

5.07 
6.92 

9.28 
12.52 
17.14 
19.78 

23.39 
26.96 
31 -36 

36.18 
42.33 

48.66 

Rated Speed, Vli 
(mph ) 

HP a t  
Minimum 
Speed, PS 

74.49 
77.47 

80.85 
85.22 

90.08 
99.50 

106.80 
113.87 
124.57 

135.61 

152.51 
172.38 

201.69 

Tab le  14 

HP at 
Rated 
Speed, PS 

206.16 
211.16 

217.02 
224.78 
232.49 

251.39 
268.21 

283.66 
310.54 
339.15 
386.61 

446.48 
539.11 

Decel . 
Capacity, 3 
(g. un i t s  ) 

0.1036 
0,0719 
0.0550 
0.0432 

0.0339 
0.0273 

0.0254 
0.0229 
0.0217 

0.0204 
0.0198 
0.0192 
0.0195 

Decel . 
Capacity, D 

(q  uni t s  ) 

0.1775 

0.1214 
0.0914 
0.0705 
0.0541 

0.0427 
0.0395 

0.0353 
0.0336 
0.0315 
0.0311 

0.0307 
0.0323 

Max. Grade 

G~ 

0.109 
0.076 

0.058 
0.045 
0.036 
0.029 

0.027 
0.024 
0.023 

0.021 

0.021 
0.020 

0.020 

Max. Grade 
GM 



Figure 16. Maximum grades over the range of control speeds 
app l  i cab1 e t o  each gear. 

Vehicle uclqkt = 7603 ib 
PG = qp 

VELOCITY (mph) 

Figure 17. Retarding power, Ps, versus velocity with 1 i nes of constant 
grade or deceleration capabi 1 i t y  superimposed. 



3.3.3 Example Calculations Using the Prediction Procedure. As a 
f i r s t  example, consider the vehicle described in Table 8 equipped with 
exhaust brake No. 2 wi t h  performance characteristics as shown in Figure 12  

(see Section 3.1 ) . Furthermore, the engine, transmission, and drive axle 
information given i n  Part 4 of the prediction procedure (as  defined in 
Section 3.3.2) apply to  th is  vehicle. Hence, many of the example values 

given i n  Part 4 describe this  vehicle. 

However, parametric entries differing from some of the example values 
will be made here t o  i l l u s t r a t e  more ful ly  the use of t e s t  data for  
natural retardation, engine drag, and retarder power as obtained from the 
MRD. 

The values of the coefficients CA,  CT, and C R  can be selected t o  
match the t e s t  resul ts  for  natural retardation. For example, examination 

of the resul ts  obtained during tes t s  in neutral ( l i ne  1 ,  Table 10 ,) indicate 
tha t ,  since la2V2 1 i s  very much less than alV t a3V3 for 0 < V - < 70 mph, 

where 

P N  i s  the natural retardation in horsepower 

and V i s  the vehicle velocity in mph 

By comparing Equation ( 9 ) with Equation ( D )  in Part 4 ,  the following 
equalit ies resul t :  

However, (10 ) only applies t o  the t ractor  wheels, that  i s ,  the ro l l  ing 
resistances of the t r a i l e r  wheels are  not included in the resul t given 

by ( 9 ) .  Estimating the additional influence of the t r a i l e r  wheels yields 
the following resu l t  fo r  the CRCT product. 



where 33,500 l b s  a re  c a r r i e d  on the t r a i l e r  wheels and the  t o t a l  v e h i c l e  

weighs 75,880 l b s .  

Assuming t h a t  CT i s  s e t  a t  0.7 t o  represen t  r a d i a l  t i r e s ,  CR then equals 

0.019 t o  y i e l d  a p roduc t  o f  0.013. (S ince the p roduc t  o f  CR w i t h  CT i s  

the  impo r tan t  f a c t o r ,  the breakdown between CR and CT i s  n o t  impor tan t  

numeri ca l  1y , b u t  these c o e f f i c i e n t s  have been t r e a t e d  separa te ly  i n  

t r a d i t i o n a l  analyses o f  v e h i c l e  performance i n  o rder  t o  separate t h e  

in f luences  of d i f f e r e n t  types o f  roads from the  in f luences  o f  d i f f e r e n t  

types o f  ti res  . ) 
So lv ing  Equat ion (11)  f o r  CA, us ing  h = 10.5 f t  and w = 8 ft, 

i n d i c a t e s  t h a t  CA = 1.04. Again i t  should be noted t h a t  t h i s  i s  the drag 

on the  t r a c t o r  w i t h o u t  i n c l u d i n g  the  i n f l u e n c e  o f  t he  t r a i l e r .  However, 

i n  t h i s  case t he  i n f l u e n c e  o f  the  t r a i l e r  may be very  smal l ,  depending 

upon t he  d e t a i l s  o f  the  aerodynamic s i t u a t i o n .  As a f i r s t  approximately,  

CA i s  se lec ted  t o  be equal t o  1.0 f o r  the  e n t i r e  veh i c l e .  

C lea r l y ,  t he  va lue  of CA can be mod i f i ed  t o  account f o r  an improved 

understanding o f  the  aerodynamics of t he  veh ic le .  Nevertheless, f o r  

veh i c l es  w i t h  no aerodynamic a ids ,  1.0 i s  a reasonable choice f o r  the  va lue 

of CA, w h i l e  CA m igh t  range f rom 0.9 t o  0.75 f o r  veh ic les  w i t h  var ious  

improvements f o r  reduc i  ng drag. 

Now cons ider  engine drag. Examination o f  F igure  13 y i e l d s  the  

f o l l o w i n g  values o f  engine drag as a f u n c t i o n  o f  engine speed. 



These values include the inf 1 uences of the drive system's efficiencies . 
"Third d i rec t  (high)" as indicated in Figure 13, corresponds to the 10th 
gear. This gear has an efficiency of 0.899. Removing the efficiency of 
th is  gear from the raw data yields the following table for  engine drag 
power. (These values contain the influence of accessory power, b u t  i f  
they d i d  not, the accessory power could be added in. ) 

Simi la r ly ,  the measured retarder power characteristics need to be 
adjusted for  the efficiency of the drive system; viz., for  exhaust brake 
No. 2 ,  

'e Raw Data R 
( RPM 0 ( H P  
1300 77 6 9 

To shorten the calculations for  th is  example, i t  i s  assumed that  
resul ts  for gears corresponding to a minimum speed (peak torque speed) 
greater than 30 mph are desired. In th is  case, results for  gears 10 

through 13 are calculated using the basic equations given in Part 5 of 
the prediction procedure. The following levels of retardation capabi 1 i ty 
are predicted for  speeds V l i  through Vqi for  i-10 through 13. 



Gear - 
1 0 

1 '1 
12 

1.3 

Gear - 
10 

11 

12 

13 

Gear - 
10 

11 

12 

13 



The resul ts  shown i n  Figure 18 indicate tha t ,  as speed increases, 
a maximum grade of about 0.043 i s  predicted regard1 ess of the gear 
selected, The influence of changing gears i s  t o  allow higher speeds o n  
the maximum grade. I n  this  example, for  this  type of retarder,  the 
addi t i  onal retarding power capabi 1 i t y  avai 1 able due to speed increases 
i s  of fse t  by the increase with speed of the power demand of the h i l l .  
According to these predictions , th i s  vehicle can maintain speeds u p  t o  
78 mph using this  retarder as long as the grades d o  not exceed 0.043. A t  

55 mph in 11th gear, the equilibrium grade i s  0.041. 

As a second example, consider the same vehicle with the same engine, 
transmission, rear axle, e tc .  , except w i t h  an electr ical  drivel ine speed 
retarder. In this  case, driveline speed i s  computed for  each vehicle 
veloci ty to a1 low retarder power t o  be determined from characteristics 
measured in the laboratory. Performance data for  a typical e lectr ical  
retarder that  might be employed on vehicles weighing from 35 t o  38 tons 
are presented in Figure 19. Clearly, this  retarder has a much higher 
horsepower capability when i t  i s  cold. A t  2800 rpm, i t  can absorb 700 hp 

when i t  i s  cold, while a f t e r  20 minutes of operation i t  can only absorb 
200 hp a t  2800 rpm. For th i s  example, the lower curve, corresponding t o  
the s i tuat ion af te r  extreme service, will be employed. 

Upon applying the calculation procedure, the resul ts  shown in Figure 
20 are obtained for gears 10 through 13. The main difference between these 
results and the previous resul ts  for  the other retarder ( F i g .  18) ,  i s  
the decrease in speed sensi t ivi ty  a t  each gear. The maximum grade i s  
nearly the same as in the previous case because the maximum retarder horse- 
power i s  nearly the same. The reason fo r  the reduced speed sensi t ivi ty  i s  

that  the power being absorbed by the retarder a t  low speed i e , V q i  ) 

i s  greater in this  case than i t  was in the previous case. 

As a matter of in te res t ,  predicted resul ts  (shown in Figure 21) for  
gears 10 and 13 when the electr ical  retarder i s  cold are similar in form 
to those shown in Figure 20 for  a hot retarder. (Clearly, the grades 
involved in the cold condition are very much larger,  as i s  to be expected.) 



Figure 18. Example predictions of maximum grades for speeds 
above 30 mph. 



RNOtUTlONS PER MINUTE 

F igure  19. Typical perfofiance data for an electrical retarder [6]. 



Gear - 
10 
11 
12  
13 

I Gears 10 to 13 

Figure 20. Example predictions for a "hot" e lec t r i ca l  re tarder .  



Figure 21. Example predictions for  a "co ld"  electrical 
retarder. 



To i 1 lus t r a t e  di fferences between engi ne-speed and drivel ine-speed 
retarders,  consider the performance of the same vehicle again, b u t  in 
this  case the resul ts  are for  gear 5 covering the speed range from 1 2 . 5  

to 20.2 mph. As shown in Figure 22, the exhaust brake can maintain speed 
on steeper grades than the (hot) e lectr ical  retarder even though retarding 
capabi'li t i e s  a t  higher speeds are nearly equal. The trend of higher grade 
capabi 'I i t y  a t  1 ower speeds for  an engi ne-speed retarder i s  due to  the 
retarder speed (and hence power capabi 1i ty)  remaining high while the 
retarding power demand decreases as the vehicle speed decreases. I n  the 
case of the driveline-speed retarder,  the retarder power does not have 
much of an increasing trend i n  grade capability a t  low speeds because the 
speed of the driveline retarder i s  direct ly  dependent upon vehicle velocity 
regardless of the gear selected. 

[ t  should be noted that  the example results given in th is  section 
are significantly influenced by natural retardation. Newer vehicles with 
fuel-effi c ient  engines , aerodynamic aids,  and 1 ow rol ling resistance 
might have as much as 100 h p  less natural retardation a t  high speed than 
the example vehicle examined here [ I ] .  This 100 h p  translates into 
approximately a 0.01 decrease in the maximum grades and deceleration 
capabi '1 i t i  es. Nevertheless, the examples presented do i 1 lus t r a t e  the basic 
nature of the results obtained by applying the calculation procedures t o  
engine and drivel i ne retarders. 
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4. CONCLUSIONS A N D  RECOMMENDATIONS 

1. Based on an in-service survey of 117 trucks operating on 
downgrades near Cumberland, Maryland, i t  appears that retarder-equi pped 
trucks do not have better-maintained brakes than trucks without retarders. 
Hence the hypothesis that better brake maintenance accounts for  part of 
the improvement in reduci ng runaway events for retarder-equi pped trucks 
i s  not: supported by the evidence gathered in this  study. I t  appears 
reasonable to assume that the level of brake maintenance and the pre- 
sence or not of a retarder are independent factors with respect to  
predi c t i  ng runaway events. 

2 .  For vehicles weighing more than 50,000 lbs ,  the drum 
temperatures for  retarder-equi pped vehicles averaged approximately 60°C 
cooler than on trucks without retarders ( tha t  i s ,  60°C versus 120°C) 
a t  the three downgrade s i t e s  involved in the in-service survey. A t  these 
s i t e s ,  most heavy vehicles were traveling a t  approximately 45 mph, the 
speed limit  for  heavy trucks. Assuming that brake temperature i s  a 
suitable surrogate for predicting brake wear, i t  i s  estimated that ,  on 
the average, the retarders used under these conditions on these vehicles 
provide a brake l i f e  extension factor of 2 or greater. Verification of 
this  estimate for vehi cl es opera t i  ng in thi s area woul d provide evidence 
supporti ng the idea of using temperature measurements t o  expedi t i  ous ly 
estimate brake l i f e  extension factors without having to wait long periods 
o f  time for  brakes to wear on retarder-equipped vehicles. In  addition, 
temperature measurements can be obtained for many vehicles (and various 
drivers) in a matter of days, thereby providing the breadth of data needed 
for  averaging o u t  the influences of wide variations in ( a )  the mechanical 
properties and adjustments of brake system components and ( b )  the 
different braking techniques employed by drivers. 

3.  A truck retardati on predi ction procedure has been devel oped. 
This prediction procedure i s  based on a power balance between (1  ) the 
ra te  of change of potential energy occurring during a descent.at constant 
speed on a constant downgrade and ( 2 )  the following sources of retardation, 



vi z . ,  ( a )  natural retardation, ( b )  engine drag, and ( c )  retarders. The 
predi c t i  on procedure i s  recommended for  use i n comparing the performance 
of retarders instal  led on heavy vehicles making mountai n descents. For a 
given vehicle, the performance achieved wi t h  various types and/or sizes of 
retarders can be compared in terms of the s table  control conditions that 
can be maintained on various grades w i t h  the transmission in the appro- 
pr iate  gear for the speed range involved. 

4. A mobi 1 e retardation dynamometer ( M R D )  has been developed and 
employed t o  measure the natural retardation, engine drag, and retarder 
power capabi 1 i ty of highway tractors equi pped wi t h  retarders. The MRD 
consists of a specially instrumented semitrailer whose velocity i s  con- 
trolled through the action of two electr ical  retarders. Although a sub- 
s tant ia l  hi 11 of appropriate length and grade i s  needed to challenge the 
capabi 1 i t i e s  of currently avai 1 able retarders,  the MRD,  nevertheless, 
remains a convenient device t o  use, especially for  measuring engine drag 
and natural retardation. Note, however, that  careful l y  control 1 ed 
laboratory measurements of retarder power characteristics (as functions 
of the retarder 's  rotational speed and  temperature) are expected to 
be a t  leas t  as accurate and as useful as results obtained with the MRD 

with regard to supplying information on  a given retarder as needed for 
the truck retardation predi c t i  on procedure devel oped i n thi s study. 
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APPENDICES 



APPENDIX A 

Design Plan 

The presence o f  a  re ta rde r  on a  l a rge  t ruck  may a f f e c t  the 

probabi 1 i t y  o f  an accident  (e i t he r  i n  the sense o f  a  runaway, or i n  

s i t u a t i o n s  i n  which maximum brak ing  e f fec t i veness  i s  c a l l e d  f o r ,  the 

1 i f e  o f  the components i n  the foundat ion brak ing  system, and/or the 

p r o d u c t i v i t y  o f  the t r u c k i n g  opera t ion  (as r e l a t e d  t o  the a1 lowable 

speed o f  the v e h i c l e ) .  We have po in ted  ou t  i n  the Phase I r e p o r t  t h a t  

these f a c t o r s  a re  l i k e l y  t o  be i n t e r a c t i v e ,  and t h a t  i n d i v i d u a l  

operators w i l l  use the re ta rde rs  i n  such a  way as t o  maximize one f a c t o r  

more than another. 

Data from Colorado, Pennsylvania, and C a l i f o r n i a  were i n te rp re ted  

t o  mean t h a t  there  was considerable sa fe ty  improvement r e s u l t i n g  from 

the  presence and use o f  re ta rders .  With the data ava i lab le ,  however, i t  

could r e a d i l y  be ascer ta ined what p ropo r t i on  o f  the  sa fe ty  ga in  ( i .  e., 

the lower p r o b a b i l i t y  o f  a  runaway) came d i r e c t l y  from the brak ing  

e f f e c t  o f  the re tarders ,  and what p ropo r t i on  came from b e t t e r  foundat ion 

brake cond i t i ons  associated w i t h  the re ta rde r  presence or other f ac to rs .  

Most users o f  re ta rde rs  seem t o  have bought them because o f  t h e i r  

p o t e n t i a l  f o r  safer  operat ion.  Truck d r i v e r s  be l i eve  t h a t  re ta rde rs  

w i l l  reduce the  p r o b a b i l i t y  o f  a  runaway; and t ruck owners i n  such 

mountainous areas as Colorado w i l l  order them r o u t i n e l y  when purchasing 

a  new veh ic le .  There i s  a  r e a l  problem i n  designing an informal 

experiment t o  measure the e f fec t iveness  o f  re ta rders ,  i n  t h a t  t he  t rucks  

w i t h  re ta rde rs  i n s t a l l e d  are  l i k e l y  t o  be those t h a t  need them most 

(because o f  t h e i r  cargo weight, t r i p s  p r i m a r i l y  i nvo l v ing  steep 

descents, e t c . ) .  When t h i s  group i s  compared w i t h  those which chose no t  

t o  i n s t a l l  r e ta rde rs ,  the two groups are  no t  l i k e l y  t o  have operated 

under the  same environmental condi t ions.  

What's Wronq w i t h  Counting Accidents 2 Cont ro l led  Experiment? 

One might consider the i n s t a l l a t i o n  o f  re ta rde rs  i n  a  matched p a i r  

experiment--expecting the t r i p  p r o f i l e s  t o  be exac t l y  the same f o r  the 

retarder-equipped and the non-retarder-equipped environments. 



Ultimately the accident rate of each group could be compared with the 

other, and some conclusion drawn as to the efficacy of the retarder. If 

the experiment could be kept completely clean the two groups could be 

compared at the end of some time period wi th respect to their (downhi 1 1  

runaway) accident rate. From the data provided in Phase I of this 

program we had estimated an average runaway rate of the order of 1 in 

5000 downhill trips, with the presence of a retarder providing about a 

3: 1 reduct ion i n the probabi 1 i ty of a runaway event (i .e., a ramp usage 

or worse). The observations that led to this conclusion are confounded 

to the extent that trucks with retarders might have a better brake 

maintenance program, that drivers with retarders are more (or less) 

careful, that trucks with retarders are typically carrying heavier 

loads, etc. In a controlled experiment it seems likely that the 

probability of a runaway would be lower than for the average (on the 

road) truck. Using an assumption of one runaway in 10,0001 descents 

for non-equipped vs. one in 30,000 for retarder-equipped trucks, and an 

average of 100 hill-descents per year per truck, a matched pair 

experiment with about 5000 trucks would be expected to show a 

significant difference in performance at about the five percent level. 

If the effect of retarders alone is smaller than the 3:l assumed, a much 

larger experiment would be necessary. 

The Alternative Experiment 

An attractive alternative to counting accidents for two such 

different treatments is to count some more frequent events which may 

differ and which can be related to the probability of a runaway or 

accident. There are a number of more or less measurable things which 

may change in a retarder-equipped population which can be indirectly 

related to the chance of an accident. Table 1 lists a number of these, 

along with a comment about the relationship to accident occurrence. 

With appropriate instrumentation it should be possible to observe 

retarder- and non-retarder-equipped trucks in operation to determine the 

l These rates are smaller than the 1/5000 reported earlier because it 
is assumed that such an experiment would be conducted with relatively 
new and well-maintained vehicles. 



direction and magnitude of the kinds of changes listed in the table. It 
b 

seems clear that retarder-equipped trucks will operate more safely 

i . e., w i th a 1 ower probabi 1 i ty of a downh i 1 1 runaway) based on the 

accident and runaway analyses presented in the Phase I report. What 

could not be ascertained in that study, however, was the safety 

improvement occurred. There must be some tradeoff in increased speed, 

lower probability of brake fade, and less brake wear. The proposed 

experiment is intended to get data which will fill the gaps in our 

knowledge about these things. 

Assume that instrumentation and personnel can be provided at a long 

steep hi l l  so that the following sequence can take place: 

(1) Actual travel speed of a vehicle descending the hill can be 
observed and recorded 

( 2 )  An inspection station at the bottom of the hi 1 1  perrni ts 
examination of the air brake pushrod travel, determination of 
brake type, temperature measurement of the drum, examination 
of the tires, and a brief interview with the driver to 
determine retarder presence, engine horsepower, etc. 

Such an observational procedure would necessitate full cooperation 

from at least the state authorities, and probably from BMCS as well. 

The actual number of vehicles to be inspected will ultimately be a 

tradeoff of desired precision of the measurements, time, money, and good 

will. We start with the assumption that we do not wish to delay a 

particular truck for more than ten minutes, that we wish to measure 

something on each wheel (or pair of wheels) , and that we need a 

precision for comparison of about 5% (one-sigma) for a variable in the 

neighborhood of 40 percent--for example a determination that the 

proportion of trucks with more than one adjuster beyond the recommended 

set t i ng at 40% wou 1 d have a one-s i gma range of 35% to 45%. Assum i ng 

that other factors would be the same, a total population of about 100 

trucks in a sample would provide such precision. 

Other factors are not likely to be the same. We can anticipate, 

for example, that trucks with heavier loads are more likely to have 

retarders, and, of course, total weight will affect brake temperatures. 

In analysis of the resulting data it may be necessary to partition the 

data into weight groups, and this would reduce the precision. 



TABLE 1 
Measurable Factors and Their Relationship to Safety 

l tem 

Brake adjustment distribution 
changes (e. g. , 1 ower average 
stroke of actuator) 

Truck goes down hills faster 
(shorter trip time, different 
trip profile) 

Reduced brake wear (per un i t 
t i me) 

Lower average brake 
temperature, and perhaps lower 
peak temperatures 

Different brake proportioning 
when retarder is employed. 

Different fuel consumption 
because of higher downhill 
speeds. 

Different tire wear on axle 
with retarder. 

Different drive train wear-- 
e.g., wear on backside of 
transmission gears. 

Or i ver 1 earn i ng curve when 
first using retarders. 

Frequency of making panic 
stops. Lower frequency of 
locked wheel stops. 

Cooling system changes, less 
cooling on downhill run. 

Effect on Probability of Accident 

Less likelihood of brake fade 
caused by expanding drums, 
shorter stopping distance. 

Probably less heating of 
brakes, better s topp i ng 
performance, better economy. 

Better stopping performance on 
the average. Lower operating 
costs (fewer relinings). 

Better stopping performance, 
less fade, abi 1 i ty to 
negotiate longer descents. 

Changes brak i ng 
characteristics, interacts 
with control labi 1 i ty o f 
vehicle. 

May change braking, handling. 

l ncreased maintenance, 
potential for breakdown on the 
road . 

Performance in panic stop 
(more control 1 able) . 



In order to keep the unwanted variation to a minimum it may be best 

to concentrate on some particular style of truck--e.g., 18-wheelers, and 

perhaps with a limited selection of trailer types. Within the given 

constraints the selection should be random. The selection process 

probably could not identify retarder-equipped trucks in advance, so the 

proportion of those sampled would be determined by the proportion in the 

total population. 

Expected Instrumentation Personnel 

Required instrumentation includes: 

(1 )  Scales to measure weight 

( 2 )  Rulers or cal ipers to measure pushrod travel 

(3) Thermometers to measure drum temperature 

(4) Datarecordingforms 

(5) Speed measurement dev i ces 

( 6 )  Cameras 

(7) Signs, barriers, etc. at inspection site 

Manpower requirements include police assistance to weigh and direct 

trucks into the inspection area, persons to measure brake drum 

temperature and pushrod travel, and an interviewer. 

Data Analysis - 
The analysis of data in the earlier study suggests that driver will 

actually choose to operate on some middle ground, taking advantage of 

the speed-increasing capabilities provided by the retarders but also 

making fewer demands on the foundation brakes. Some variation with 

different drivers may be expected, since it is clear from the Colorado 

data that the presence of retarders does not prevent all runaways. 

The purpose of the experiment described here is to (1 )  obtain 

information which will tell how drivers actually trade off the three 

related factors in a typical downhi 1 1  envi ronment, and (2) provide 



i n s i g h t  as t o  what c h a r a c t e r i s t i c s  o f  re ta rde rs  or  what education/ 

t r a i n i n g  o f  d r i v e r s  might lead t o  an opt imal t radeo f f  o f  these fac tors .  

Primary and secondary ana lys is  a c t i v i t i e s  a r e  discussed below. 

Primary quest ion t o  be addressed include: 

(1) I s  there a  d i f f e r e n c e  i n  brake adjustment between re tarder -  
equipped and non-retarder-equipped t rucks.  

(2) I s  there a  d i f f e r e n c e  i n  downhi l l  t r a v e l  speed (or t ime of 
t r a v e l )  between the  two types o f  t rucks? 

(3) I s  there a  d i f f e r e n c e  i n  the brake drum temperature 
d i s t r i b u t i o n  between the two types o f  t rucks? 

Secondary questions o f  i n t e r e s t  include: 

(1) How i s  brake adjustment d i s t r i b u t e d  across the  var ious  wheels 
on t r a c t o r  t r a i l e r s ?  

(2) How i s  brake temperature d i s t r i b u t e d  across the  var ious  
wheel s? 

(3) I s  brake cond i t i on  s t rong ly  r e l a t e d  t o  some other  f ac to r ,  such 
as c a r r i e r  type, product ca r r i ed ,  f l e e t  s ize ,  e t c?  I s  t h i s  
r e l a t i o n s h i p  so s t rong as t o  mask the e f f e c t  o f  re ta rde rs?  

(4) What i s  the d i s t r i b u t i o n  o f  d i f f e r e n t  k inds o f  re ta rde rs  (and 
does t h i s  r e l a t e  t o  the pr imary v a r i a b l e s ) ?  

(5) I s  there  a  r e l a t i o n s h i p  between d r i v e r  experience, d r i v e r  age, 
c a r r i e r  type, cargo, other  f ac to rs ,  and the t r i p  speed 
p ro f  i 1 e? 

Summary 

B r i e f l y ,  the i n t e n t  o f  the whole experiment i s  t o  acqu i re  some hard 

data on v e h i c l e  cond i t i on  and t r a v e l  p r a c t i c e  f o r  t rucks  w i t h  and 

w i thout  re ta rde rs  i n  order t o  be ab le  t o  est imate the  l i k e l y  sa fe ty  

improvements which w i l l  r e s u l t  from re tarder  i n s t a l l a t i o n  and use. The 

rea l  sa fe t y  improvements, i n  terms o f  fewer runaway events o r  accidents, 

w i l l  no t  be measured d i r e c t l y ,  bu t  w i l l  be est imated on the basis  o f  

measured changes i n  brake cond i t i on  and a  knowledge o f  b rak ing  

c a p a b i l i t i e s  as a f unc t i on  o f  t h a t  cond i t ion .  Informal observat ion o f  

how d r i v e r s  a c t u a l l y  make use of re ta rders  may be expected t o  p rov ide  



i n s i g h t  i n t o  bo th  t he  t r a i n i n g  and l e g i s l a t i v e  requi rements  r e l a t e d  t o  

r e t a r d e r s .  



Data Collection Forms 

Separate field data collection forms were provided for (1)  the 

recording of interview and truck descriptive information, (2) the 

recording of temperature and tire information, and (3) the recording of 

brake information (type, size, pushrod travel, etc.) . Copies of the 

forms are reproduced in this appendix. 



Case No. 

Date / / 

Time / / / 

Company V e l o c i t y  

Make Model Model Year 

C a r r i e r  Type: [ ] P r i v a t e  [ ] Exempt 
[ ] Common [ 1 I n t r a s t a t e  
[ ] Contract  [ ] Other 

Con f igu ra t ion :  T r i p  Length: 

[ ] S t r a i g h t  Truck [ 1 Local 
[ 1 S t r a i g h t  Truck + T r a i l e r  [ ] Less than 200 m i  l es 
[ ] T rac to r  + T r a i l e r  [ 1 More than 200 m i l es  

Cabstyle:  Cargo Body S t y l e :  

[ I COE [ 1 van 
[ ] Short  Convent ional  [ ] Tank 
[ ] Medi urn Convent ional  [ ] F la tbed  
[ ] Long Convent ional  [ 1 Other 
[ 1 Other 

Number o f  Axles: 
Truck/Tractor  T r a i l e r  

Aerodynamic F l a i r :  [ ] Yes [ ] No 

Retarder:  None [ ] 
Type: Eng., Dr. L ine,  Exhaust 

(Jac., Caterp i  l 1 e r  [Brake Saver], Mack [Dynatard] , 
W i  I1 iams, D e t r o i t  D iese l  [ A l  l ison Div . ] ,  Telma) 

Eng i ne: Make Model 

HP Ra t i ng  h P rPm 

Transmission: Make Mode l 

No. Axles Rear Ax le  R a t i o  

Form 1 

8 2 



Rated GVW: Scale Weight 

Cargo Description 

Total Truck Driving Experience 

Mountain Driving Experience: 

[ ] None 

[ ] Less than 1 Year 

Years 

Over this route Times 

Total Brake Loss or Runaway on a Hill 

REMARKS: 
(Weather, Traffic, etc.) 

Form 1 (Cont .) 



Case No, 

Date / / 

Time / / / 

PUSH ROD TRAVEL MEASUREMENTS 
(X o u t  m i s s i n g  wheels,  p e n c i l  i n  e x t r a  wheels.)  

Chamber S ize :  
( 1 )  9 12 16 20 24 

0 ( 2 )  Slack  A d j u s t . :  0 
[ ] Auto  [ 1 Man 

(3) Brand 

0 0 (2 )  Chamber S i t e :  
2  4 3 0 

(3)  

Slack  Ad jus t . :  
(1) [ ] Auto  [ ] Man 

Brand 
0 0 ( 2 )  

0 0 (2) Chamber S ize :  
2 4 3 0 

S lack  A d j u s t . :  
( 1 )  [ 1 Auto [ 1 Man 

Brand 
0 0 ( 2 )  0 0 

VEHICLE CHOCKED 
ALL PARKING BRAKES RELEASED 
APPLIED MEASUREMENTS AT 100 PSI 

Form 2 
84 



Case No. 

Date / / 

Time / / / 

TEMPERATURE MEASUREMENTS 
( X  o u t  m i s s i n g  wheels,  penc i  1 i n  e x t r a  wheels.)  

Temp. 
Meas. 
Sequence 

[ ] 0 Temp. 

W t .  

[ 1 0 0 Temp. 

W t .  

[ 1 0 0 Temp. 

W t .  

[ ] 0 0 Temp. 

W t .  

Temp. 
Meas. 

Sequence 

[ ] 0 0 Temp, 0 0  [ 1 

Wt, 

REMARKS : 

Form 3 



Case No. 

Date 

Time / / / 

TIRE INFORMATION 
(X out missing wheels, pencil in extra wheels.) 

[ ] R i b  [ ] L u g  [ ] R i b  [ ] L u g  

0 [ ] B i a s  []Radial [ ] Bias [ 1 Radial 0 

Size S i ze 

[ ] R i b  [ ] L u g  [ ] R i b  [ ] L u g  

0 0 [ ] Bias [ ] Radial [ ] Bias [ ] Radial 0 0 

Size Size 

[ ] R i b  [ ] L u g  [ 1 Rib [ 1 Lug 

0 0 [ ] Bias [ ] Radial [ ] Bias [ ] Radial 0 0 

Size Size 

[ ] R i b  [ I  Lug [ 1 Rib [ 1 Lug 

0 0 [ ] Bias [ ] Radial [ ] Bias [ ] Radial 0 0 

Size Size 

[ ] R i b  [ ] L u g  [ ] R i b  [ ] L u g  

0 0 [ 1 Bias [ ] Radial [ 1 Bias [ 1 Radial 0 0 

S i ze Size 

REMARKS: 

Form 3 (Cont.)  
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APPENDIX C 

Participants 

Participants in the field effort included a large contingent from 

the Maryland State Police, a representative of the Maryland Department 

of Transportation, persons from several agencies of the Federal 

Department of Transportation, and those from the University of Michigan. 

They are listed in this appendix according to their organizational 

affiliations. 

Maryland State Police 

M. J. Zepp, Captain, Commander of Traffic Enforcement Division 

B, Diehl, Captain, Automotive Safety Enforcement Division 

Wm. Holley, Lieutenant, Weight Enforcement Division 

K. Harry, Sargeant, Weight Enforcement 

D. Goglio, Corporal, Supervisor, Weight Enforcement 

R. Sivic, Trooper First Class, Head of Weigh Team, Western Roving 4 

D. Buckalew, Trooper First Class, Cumberland Barracks 

M. Rote, Trooper First Class, Head of Weigh Team, Western Roving 2 

J. Buell, Cadet 

T, Miller, Cadet 

M. Bowen, Cadet 

Federal Highway Administration 
Bureau of Motor Carrier Safety 

R. Ketenheim l I ,  Agent-i n-Charge (Baltimore) 

J. Heinemann, Highway Safety Management Specialist 

S. Spalla, Highway Safety Management Specialist 



Nat i ona l  Highway T r a f f i c  Safety  Adm in i s t r a t i on  
Veh i c l e  Research Tes t  Center 

R .  Testerman, Mechanical Engineer ing Technic ian,  T ranspo r t a t i on  
Research Center (Oh i o) 

W.  Meddles, i n s t r umen ta t i on  Techn ic ian  

Maryland Department o f  T ranspo r t a t i on  

G .  Small,  Regional T r a f f i c  Engineer 

U n i v e r s i t y  o f  Mich igan 
Highway Safety  Research I n s t i t u t e  

James OIDay, Research S c i e n t i s t  

Paul Fancher, Research S c i e n t i s t  

L e s l i e  P e t t i s ,  Research Ass i s t an t  

Leda R i c c i ,  Research Ass i s t an t  

Don Fos te r ,  Senior  Engineer ing Techn ic ian  

Temperature measurements and d r i v e r  i n t e r v i ews  were done by the  

s t a f f  o f  The U n i v e r s i t y  o f  Michigan. Genera l l y  a  two-person team worked 

t oge the r ,  one t ak i ng  t he  read ing  from the  probe and the  second reco rd i ng  

t h e  data.  I n t e r v i ews  were done a t  t he  same t ime  by a  t h i r d  person. 

Brake pushrod measurements were made by any o f  severa l  persons. 

Capta in  D ieh l  of the  Maryland S t a t e  P o l i c e ,  Reeve Testerman o f  the  NHTSA 

Ohio Tes t  Center, and Robert  Ketenheim o f  t h e  Bureau o f  Motor C a r r i e r  

Sa fe ty  i nspec t i on  team shared t h i s  du ty  a s s i s t e d  as necessary by t h e i r  

suppor t  s t a f f s .  

F i n a l l y ,  t he  Bureau o f  Motor C a r r i e r  Sa fe ty  i nspec t i on  o f f i c e r s  

under the d i r e c t i o n  o f  M r .  Ketenheim performed a  more complete 

i n s p e c t i o n  o f  many o f  t h e  veh i c l es ,  and, on occasion, p laced v e h i c l e s  

o u t - o f - s e r v i c e  f o r  f a i l u r e  t o  pass t he  i nspec t i on .  

A l l  p a r t i c i p a n t s  i n  t h e  e f f o r t  worked t o  g i v e  p r i o r i t y  t o  the  

temperature measurements, and t h i s  c o n t r i b u t e d  much t o  t he  success o f  

t he  venture.  Because o f  t h e  sequence o f  events and t he  i n t e r m i t t e n t  

a r r i v a l  t ime  of  t r u c k s  i n t o  t h e  s i t e s  t h e r e  was some unavoidable  



queueing so t h a t  t he re  was u s u a l l y  some c o o l i n g  o f  the  b rake  components 

be fo re  the  temperature measurement was made. There was no i n d i v i d u a l  

de te rm ina t i on  made o f  the de lay  t ime, b u t  a  general  adjustment o f  

temperatures based on an average de lay  i s  made i n  the  ana l ys i s .  For 

f u t u r e  exped i t i ons  o f  t h i s  s o r t ,  i t  would be app rop r i a t e  e i t h e r  t o  

measure t h i s  time, or  t o  min imize i t  by rear rang ing  t he  inspec t ion  

sequence, or  both.  

The most time-consuming measurement was t h a t  o f  de te rmin ing  the 

pushrod t r a v e l .  Th i s  process invo lved  someone c r a w l i n g  under the t r uck  

(wi t.hout a  do1 l y ,  s i nce  c learances were t i g h t )  , marking the  pushrods 

w i t h  ze ro  a i r  pressure a t  e i g h t  o r  ten  wheels, r epea t i ng  t he  process a t  

100 p s i  app l i ed  pressure w i t h  a  r u l e r ,  and reco rd i ng  t he  readings.  Some 

brakes were d i f f i c u l t  t o  r e a c h - - p a r t i c u l a r l y  those on t he  f r o n t  d r i v e  

ax l e .  There were occasions when the  t r ucks  cou ld  no t  be he ld  long 

enough t o  ge t  these measurements, and the  p r o p o r t i o n  o f  v e h i c l e s  w i t h  

v a l  i d  pushrod t r a v e l  i n f o rma t i on  c o n s t i t u t e s  about 70% o f  the  t o t a l .  

Again, i n  a  f u t u r e  ope ra t i on  o f  t h i s  s o r t ,  i t  would be wor th  the t ime 

and t r o u b l e  t o  develop a  more automated technique f o r  t h i s  process. 





APPEND l X D 

D i c t i o n a r y  o f  Var iab les  i n  Maryland 5-Ax le  F i l e  

V a r i a b l e  1 -25  d e r i v e d  f rom the i n t e r v i e w  form shown i n  Appendix B .  

V A R l  ABLE N MINIMUM MAXIMUM MEAN STD D E V  

1 . C A S E  101 1.0000 116.00 59 356 34.998 

2. DATE 101 1.0000 4.0000 2.1386 ,89476 

3 .MAKE 101 2.0000 89. 000 75 257 28.373 

4.MODYR 94 67.000 81.000 77.532 3 4  1545 

5.CARRTYPE 99 1 ,0000 3.0000 1 -9798 -79514 

6.CONF IG 101 3.0000 3.0000 3.0000 

7 .TR I PLN 98 1 .OOOO 3.0000 2 6939 ,56364 

8 .CABSTYLE 99 1 .OOOO 4.0000 1.6566 .88250 

9.CBDYSTYL 99 1 .OOOO 4.0000 2.1414 1 .2290 

10.TRKAXLE 101 3.0000 3.0000 3.0000 

11,TRLRAXLE 101 2.0000 2.0000 2.0000 

12.FLAIR 100 1.0000 2.0000 1 ,7600 .42923 

13 .RETARDER 99 1 ,0000 4.0000 1 ,4040 9 72730 

14, ENGMAKE 98 1 .OOOO 6.0000 3 6939 1.2633 

15, ENGHP 95 230.00 549.00 336 25 57 .532 

16 ,TRNSMAKE 96 1 ,0000 6.0000 3.3021 9075 1 

17 ,TRNSPD 84  4.0000 15.000 9.7619 3.1302 

I 8. AXRATO 40 270.00 463.00 404.20 36 545 

Ig,,WEIGHT 95 16000. gO000. 60330. 18838. 

20. CARGO 99 1 .OOOO 16.000 8.6465 5 0595 

2 1 ,, EXPNCE 74 2.0000 20.000 10.135 5 3053 

22 .MTNEXP 98 2.0000 4.0000 3.4184 57299 

23 .ROUTE 97 1 .OOOO 4.0000 3.1031 1.1132 



24. RUNWAY 97 1 .OOOO 2,0000 1 .a351 37306 

25. REMRKS 97 1.0000 2,0000 1 .a454 ,36344 

Variables 101-131 derived from the second form of Appendix B and provide 

the brake make, type, and adjustment information for each of up to 16 

wheels. 

102. DATE 100 1.0000 4.0000 2.1300 .89505 

103.CHAMBER 

104 .SLACK 

105. BRAND 

106.WHEELl 

107.WHEEL2 

108. CHAMBER2 

109.SLACK2 

llO.BRAND2 

111.WHEEL3 

112.WHEEL4 

113.WHEEL5 

114.w~EE~6 

115.CHAMBER3 

1 16. SLACK3 

117.BRAND3 

118.WHEEL7 

1 lg.w~EEL8 

120.WHEEL9 

121.WHEEL10 

 CHAMBER^ 

123.SLACK4 



V a r i a b l e s  201-251 d e r i v e d  f rom t h e  t h i r d  fo rm o f  Appendix B and p r o v i d e  

d e t a i  1 s  on t i  r e  t r e a d ,  ca rcass  ( r a d i a l  o r  b i a s )  , and s i z e  f o r  each 

wheel . 
201 . C A S E  101 1.0000 116.00 59 356 34 998 

202. DATE 101 1.0000 4.0000 2.1287 -90 18 1 

203.TREAO 99 1 .OOOO 2.0000 1.1313 33946 

204. CARCASS 100 1 .OOOO 2.0000 1.5000 ,50252 



21 8 .TREAD6 

2 19. CARCASS6 

220. S I ZE6 

221 .TREAD7 

222.CARCASS7 

223 .S I ZE7 

224   TREAD^ 

225.  CARCASS^ 

226.SIZE8 

227 .TREAD9 

228. CARCASS9 

229.S I ZE9 

23O.TREAD10 

23 1 . CARCAS 10 
232.SIZE10 

233.TREADll 

234,CARCASll 

235.SlZEll 

236 .TREAD 12 

237.CARCAS12 

238.SIZE12 

239 .TREAD 13 

240. CARCAS 13 

241 .SIZE13 

242 .TREAD 14 

243.CARCAS14 

244.SlZE14 



246. C A R C A S  15 1 2.0000 2.0000 2.0000 

247.SIZE15 1 11.000 1 1  .OOO 1 1  .OOO 

2 4 8 . T R E ~ ~ 1 6  1 1 .OOOO 1 .OOOO 1 .OOOO 

249. C A R C A S  16 1 2.0000 2.0000 2.0000 

V a r i a b l e s  301-319 p r o v i d e  t h e  measured tempera tu re  f o r  

wheels. 

301 .CASE 

302. DATE 

303 .TEMP 1 

304 .TEMP2 

305 .TEMP3 

306 .TEMP4 

307 .TEMP5 

308 .TEMP6 

309 .TEMP7 

3lO.TEMP8 

31 1 .TEMP9 

312.TEMP10 

313.TEMPll 

314.TEMP12 

315.TEMP13 

316.TE~P14 

317 .TEMP15 

318.TEMP16 

each o f  up t o  16 

34 998 

.go181 

101 -83  

101.77 

118.10 

86.257 

115.56 

82.297 

80.934 

100.10 

120.57 

116.58 

135.51 

135.83 

61 .og5 

62. ogo 

61.891 

61,493 



Var i ab le  3001 presents  the number o f  wheels w i t h  pushrod t r a v e l  g rea te r  

than two inches. 

3001.OVER200 46 1 .OOOO 8.0000 3 3043 1.7872 

400 1 . F AXTEMP 76 6.0000 1776.0 73 697 204.62 

Var i ab le  4004 i s  the average f r o n t  ( s t ee r i ng )  a x l e  drum temperature. 

V a r i a b l e  4005 i s  the  average t r a c t o r  d r i v e  a x l e  drum temperature. 

4005.DAXAVTEM 99 4.5000 666.00 82.439 86.023 

Var i ab le  4006 i s  the  average t r a i  l e r  axle drum temperature. 

' Var iab les  5001-5010 a r e  the  temperatures f o r  t e n  wheels computed from 

t h e  energy model. 

5001.V5001 51 1.0000 159.00 20 353 25.981 

5002.V5002 51 1.0000 159.00 20 353 25.981 

5003.V5003 51 10.000 272.00 85 * 529 62.873 

5004.V5004 51 10.000 272 .OO 86.725 60.624 





APPENDIX E 

D e s c r i p t i v e  S t a t i s t i c s  o f  the Trucks Observed 

The popu la t i on  o f  t r ucks  which were expected t o  be weighed and 

o therw ise  observed were a l l  heavy t r ucks  (genera l l y  w i t h  a  gross v e h i c l e  

weight  of 26,000 l b s .  o r  more) t r a v e l  i ng  on the  roads under s tudy d u r i n g  

the  t e s t  hours o f  observa t ion .  S ince a  major purpose o f  the  exper iment 

was t o  observe brake temperature and c o n d i t i o n  d i f f e r e n c e s  among t r ucks  

w i t h  and w i t h o u t  r e t a r d e r s ,  t h e r e  was no s p e c i f i c  emphasis on sampling 

t o  represent  t h e  t r u e  popu la t i on  o f  t r ucks  on the  road. However, s i nce  

t r uck  t r a f f i c  was r e l a t i v e l y  l i g h t  on these roads, e s s e n t i a l l y  a l l  l a r g e  

t r ucks  i n  t h e  t r a f f i c  stream d i d  pass over the  scales,  and most o f  these 

were f u r t h e r  observed w i t h  regard  t o  b rak i ng  system components. 

Dur ing t h e  f o u r  days o f  ope ra t i on  da ta  were recorded f o r  117 

t r ucks ,  and s i nce  these c o n s t i t u t e  about 90% o f  the  t r ucks  pass ing some 

s t a t i s t i c s  w i l l  be presented rega rd i ng  the  c h a r a c t e r i s t i c s  o f  l a r g e  

t r ucks  on t h i s  r ou te .  Whether these same s t a t i s t i c s  would r e s u l t  

w i t h o u t  t he  presence o f  t h e  p o l i c e  weigh team i s  unce r t a i n .  On t he  

f i r s t  day a  number o f  coal  t r ucks  e v i d e n t l y  delayed coming through the  

check area u n t i l  i t  was ev i den t  t h a t  the  weighing ope ra t i on  was 

c los ing- -sugges t ing  t h a t  t he  p r o p o r t i o n  o f  ve r y  heavy t r ucks  m igh t  have 

been less  than on a  normal day. I t  was f u r t h e r  understood t h a t  

knowledge o f  t h e  weigh ing ope ra t i on  was a v a i l a b l e  100 m i l es  o r  more t o  

t he  west o f  Cumberland, so t h a t  some t r u c k s  may have d i v e r t e d  a t  t h a t  

p o i n t  t o  a  d i f f e r e n t  rou te .  I n  t he  l i g h t  o f  t h i s  d iscuss ion,  the  reader 

w i l l  have t o  judge how w e l l  t he  observed veh i c l es  represent  the  usual  

popu la t i on  o f  t r u c k s  i n  t h i s  area. Wi th  these cau t ions  some s t a t i s t i c s  

o f  t he  observed p o p u l a t i o n  a re  presented. 

C ross - t abu la t i on  o f  t r u c k  make and model year i s  shown i n  Table  1 .  

Seven v e h i c l e s  w i t h  m iss ing  model year o r  make da ta  have been de le ted  

from t h i s  t a b l e .  I t  can be seen t h a t  t h e  most common t r uck  make was 

Mack w i t h  n e a r l y  one-quarter o f  the  t o t a l ,  f o l l owed  by I n t e r n a t i o n a l  

Harvester ,  White, and Ford. The l a r g e s t  group f o r  a  s i n g l e  p roduc t i on  

year a re  from 1979. 





Table 2 shows t h e  r e l a t i o n s h i p  between t he  type  (make) o f  r e t a r d e r  

and c a r r i e r  type. About o n e - t h i r d  o f  t h e  p r i v a t e  c a r r i e r s  were equipped 

w i t h  some k i n d  o f  r e t a r d e r ,  b u t  a  s u b s t a n t i a l  l y  smal l e r  p r o p o r t i o n  (22%) 

o f  common and c o n t r a c t  ( i n t e r s t a t e )  c a r r i e r s  were so equipped. 

Table 2 

Type o f  C a r r i e r  and Type o f  Retarder  
Trucks observed i n  Maryland, 1981 

Table  3 shows the  r e l a t i o n s h i p  between t r u c k  c o n f i g u r a t i o n  and 

r e t a r d e r  type. Al though t he  number o f  s t r a i g h t  t r u c k s  was q u i t e  sma l l ,  

they were more l i k e l y  t o  have r e t a r d e r s  than  t h e  combinat ion v e h i c l e s  i n  

t he  observed group. 

Table  4 i n d i c a t e s  t h a t  r e t a r d e r s  were more l i k e l y  t o  be p resen t  on 

v e h i c l e s  w i t h  a t r i p l e n g t h  under 200 m i l e s .  The area i n  Maryland i n  

which these obse rva t i ons  were made i s  coa l  coun t ry ,  and, w h i l e  t h e  

s p e c i f i c  cargo was n o t  recorded, i t  was observed t h a t  a  number o f  these 

v e h i c l e s  were c a r r y i n g  coa l  on s h o r t  t r i p s .  

1 

Table 5 i n d i c a t e s  t h a t  medium and long  nose/hood conven t iona l  

t r u c k s  and t r a c t o r s  were more l i k e l y  t o  be re ta rder -equ ipped  than were 

C a r r i e r  
Type 

P r i v a t e  

Common 

Con t rac t  

I n t r a s t a t e  

Other 

To ta  1 

T o t a l  

4 1 

39 

3 3 

1 

3 

117 

Percent  
w i t h  

Retarder  

4 1 

18 

28 

100 

3 3 

3 0 

Retarder  Type 

M iss i ng  
Data 

0  

1 

1 

0  

0  

2  

None 

24 

3 1 

2 3 

0  

2  

80 

Mack 
Dynatard 

2 

2 

0 

0 

0 

4 

Jake 
Brake 

14 

5 

7 

1 

1 

28 

Cater-  
p i l l a r  

1 

o 

2 

0  

0 

3 



Table 3 

Truck Con f i gu ra t i on  and Type o f  Retarder 
Trucks Observed i n  Maryland, 1981 

Table 4 

T r i p l e n g t h  and Type o f  Retarder 
Trucks observed i n  Maryland, 1981 

Percent 
w i t h  

Retarder 

5 0 

100 

2 9 

3 0 

Con f i gu ra t i on  

S t r a i g h t  
Truck 

Truck 
T r a i  l e r  

T rac to r  
T r a i  l e r  

Tota 1 

T r i p l e n g t h  

Loca 1 

Less than 
2 0 0 m i l e s  

More than 
200 m i l e s  

Miss ing 
Data 

To ta l  

To ta l  

6 

1 

110 

117 

Retarder Type 

Miss ing  
Data 

0 

0 

2 

2 

Retarder Type 

Jake 
Brake 

3 

1 

24 

28 

None 

3 

0 

77 

80 

T o t a l  

9 

2 8 

7 7 

3 

117 

Miss ing 
Data 

0 

0 

1 

1 

2 

I 

Percent 
w i t h  

Retarder 

4 4 

50 

20 

- 

3 0 

Cater-  
p i l l a r  

0 

0 

3 

3 

None 

5 

14 

6 1 

0 

80 

Mack 
Dynatard 

0 

0 

4 

4 

Jake 
Brake 

3 

1 1  

12 

2 

2 8  

Cater-  
p i l l a r  

1 

1 

1 

0 

3 

Mack 
Dynatard 

0 

2 

2 

0 

4 



the cabovers o r  s h o r t  conven t iona ls .  More than h a l f  o f  the  former were 

so equipped. 

Tab le  5 

Cabsty le  and Type o f  Retarder 
Trucks observed i n  Maryland, 1981 

Table 6 r e l a t e s  cargo body s t y l e  and r e t a r d e r s ,  and i n d i c a t e s  t h a t  

f l a t b e d s  and "other"  (many o f  which were dump o r  open-top coa l  t r ucks )  

were more l i k e l y  t o  have r e t a r d e r s .  

CabType 

Cabover 

Shor t  
Convent ional  

Med i um 
Convent ional  

Long 
Convent i ona 1 

M i ss i ng  
Data 

T o t a l  

Tab le  7 i n d i c a t e s  t h a t  r e t a r d e r s  were most common f o r  " s o l i d s  i n  

bu lk "  cargoes, b u t  a l s o  common f o r  heavy machinery and metal  products .  

They were g e n e r a l l y  no t  p resen t  f o r  l i g h t e r - w e i g h t  cargoes--household 

goods, general  f r e i g h t ,  e t c .  

Drawing general  in fe rences  from the  t ab les  presented i n  t h i s  

appendix should be done w i t h  g r e a t  cau t ion ,  o f  course, Wh i le  da ta  were 

ob ta ined  f o r  a l a rge  p r o p o r t i o n  o f  t he  t r u c k s  u s i n g  these roads d u r i n g  

the exper imenta l  per iod,  t he  p o p u l a t i o n  observed i s  n o t  l i k e l y  t o  

Retarder  Type 

To ta l  

6 6 

2 6 

20 

3 

2 

1 1 7  

M iss ing  
Data 

1 

0 

o 

0 

1 

2 

Percent  
w i t h  

Retarder  

2 3 

2 3 

6 o 

6 6 

- 

3 0 

None 

50 

2 0 

8 

I 

1 

80 

Jake 
Brake 

13 

5 

9 

1 

0 

28 

Cater-  
p i l l a r  

2 

0 

o 

1 

0 

3 

Mack 
Dynatard 

0 

1 

3 

0 

0 

4 



Table 6 

Cargo Body S t y l e  and Type o f  Retarder 
Trucks observed i n  Maryland, 1981 

represent  o the r  reg ions o f  the  coun t ry ,  and perhaps no t  even t h i s  r eg ion  

on o ther  days. Tables 1 through 7, then, p rov ide  some d e s c r i p t i v e  

s t a t i s t i c s  f o r  the  popu la t i on  observed, and l i t t l e  more. 

Percent 
w i t h  

Retarder 

13 

20 

4 3 

5 8 

- 

3 0 

Cargo 
Body 
Type 

Van 

Tank 

F la tbed  

Other 

M i ss i ng  
Data 

To ta  1 

To ta l  

55 

10 

2 3 

2 7 

2 

117 

Retarder Type 

Miss ing 
Data 

0  

0 

0  

1 

1 

2  

None 

48 

8 

13 

1 1  

0 

80 

Jake 
Brake 

5 

1 

9 

12 

1 

28 

Cater- 
p i l l a r  

2 

0 

0 

1 

0  

3 

Mack 
Dynatard 

0 

1 

1 

2  

0  

4 



Table 7 

Cargo Type and Type o f  Retarder 
Trucks observed in Maryland, 1981 

Cargo 

Genera 1 
Freight 

Househo 1 d 
Goods 

Metal 
Products 

Machinery 

Gases in 
Bulk 

Sol ids in 
Bulk 

Liquids in 
Bulk 

Explosives 

Logs 

Empty 

Refrigerated 
Food 

Other 

Missing 
Data 

Tota 1 

Missing 
Data 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

1 

2 

Total 

10 

4 

11 

12 

2 

20 

8 

1 

6 

17 

3 

2 1 

2 

117 

Percent 
with 

Retarder 

0 

0 

36 

45 

5 0 

7 5 

25 

0 

3 3 

18 

0 

10 

- 

3 0 

None 

10 

4 

7 

6 

1 

5 

6 

1 

4 

14 

3 

19 

0 

80 

Retarder 

Jake 
Brake 

0 

0 

4 

4 

0 

13 

2 

0 

2 

2 

0 

0 

1 

28 

Type 

Cater- 
pillar 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

2 

0 

3 

Mack 
Dynatard 

0 

0 

0 

1 

1 

1 

0 

0 

0 

1 

0 

0 

0 

4 



APPENDIX F 

A MODEL FOR ESTIMATING TEMPERATURES AT EACH BRAKE 

The purpose of this  model i s  t o  provide an analytical means for  
estimating the reasonableness of the temperature measurements and the 
extent to which individual temperature variations between brakes can be 
accounted for  by differences in stroke. In the model, the power absorbed 
by each brake i s  calculated f i r s t .  Then the temperature of the brake 
i s  computed. These calculations are made for  each of the three survey 
s i tes .  

The following equation i s  used t o  estimate the natural retardation, 
HPN , of each vehicle: 

where 
GVW i s  the gross vehicle weight 
HPE i s  the rated horsepower of the engine 

The vehicles were a l l  traveling a t  approximately 45 mph.  The aero- 
dynamic drag was se t  a t  48 hp  as a f i r s t  approximation for a l l  the 
vehicles. 

For the three survey s i t e s ,  their  average slopes were used t o  express 
the horsepower requirement of each h i l l ,  HPK, a t  45 mph for  each vehicle; 
viz., the HPKts for  K = 1,2,3 are evaluated as follows: 

HP1 = (0.0054)(GVW) ( f i r s t  s i t e )  

HP2 = (0.00768) ( G V W )  (second s i t e )  

HP3 = (0.00444) ( G V W )  ( third s i  t e )  

If the vehicle has a retarder,  150 hp i s  subtracted from the net 
horsepower absorbed by the brakes. The horsepower absorbed by the brakes, 
HPBK (where K indexes the survey s i t e s ) ,  i s  given by 



where 

150 hp  with retarder 

0 h p  no retarder 

The horsepower absorbed by a1 1 the brakes i s  distributed amongst 

the individual brakes using the fol lowi ng equations and logical decisions. 

These expressions take into account the stroke of each brake and the 

proportioning of the braking system. The subscript i indicates the 

individual brakes using the fol lowing numbering sys tem: 

A factor ,  S i ,  i s  used t o  indicate the s t a t e  of brake adjustment. 

If the vehicle has front brakes, S1 = S2 = 1.0. If the vehicle has no 
f ront  brakes, S, = S 2  = 0.0. For i 2 - 3 ,  the stroke measurement in inches, 

I i  , i s  used t o  determine S i .  Specifically, 

Si = 1.0 for I i  5 - 1.5 

Si  = -0.26 + 1.681i - 0.561; for I i  > 1 .5  

Since the proportioning of the braking system i s  no t  known, the 

estimation of individual brake temperatures requires some scheme for 

estimating the quantities P f ,  PD, a n d  PT corresponding t o  the percentages 

of the braking ef for t  taking place a t  the t rac tor ' s  front axle, the 



d r i v e  ax les,  and the  t r a i l e r  ax les,  r e s p e c t i v e l y .  The scheme used 

here  f o r  es t ima t i ng  p r o p o r t i o n i n g  i s  based on t he  temperatures measured. 

That i s ,  f o r  veh i c l es  w i t h  no f r o n t  brakes 

I T D  - 40 
Pf  = 0 ,  - P~ - ZT - 80 ' 

ZTT - 40 
and PT = ZT - 80 

where ZTD i s  the sum o f  the  d r i v e  a x l e  temperatures 

1TT i s  the sum of the t r a i l e r  a x l e  temperatures 

and CT = 1TD c zTT 

The cons tan t  f a c t o r s  correspond t o  an ambient temperature of 10°C a t  

each brake. I f  the  v e h i c l e  has f r o n t  brakes, 

The gai  n of each brake, Gi , i s  determi ned by combining the s t r o k e  and 

p r o p o r t i o n i n g  f a c t o r s  as f o l l  ows : 

G1 = P f  S1/2 

G* = Pf  S2/2 

G3 = PD S3/4 

G4 = PD S4/4 

G5 = PD s5/4 

G6 = PD s6/4 

G, = PD S7/4 

G8 = PD s8/4 

Gg = PD S9/4 

Glo= P S /4  D 10 



10 
The quantity GT = z Gi i s  used in computing the fract ion,  Fi  , of the 

i =1 
total  power assigned to each brake, i . e . ,  Fi = G i / G T y  and, for  the K t h  

s i t e  

where HPi i s  the power absorbed by the kih brake w h i  1 e the 
vehicle i s  operating on the K grade ( s i t e ) .  

The temperature a t  each brake i s  then computed from the H P i K  using 
the brake temperature model developed i n [ 7 ] ,  Specifical l y ,  for  
i = 3 to 10 on grades 1 ,  2 ,  or 3,  the temperatures, T i K ,  are  evaluated 
as follows: 

Grades, K Temperatures, Ti 

1 Til = H P i l ( S . O )  -I- 10 O C  

2 Ti2 = HPi2(4.0) + 10 O C  

3 T i 3  = HPi3(ll.0) t 10 o c  

The different  equations for  the three s i t e s  r e f l ec t  differences in the 
lengths of the hi 11s a t  the three s i t e s .  


