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EXECUTIVE SUMMARY

A s th e  m ajor co m p o n en t b e tw e e n  th e  carbody and th e  
tr a c k , th e  fr e ig h t  car  tru ck  perform s the e s s e n t ia l  
fu n ctio n s  o f  g u id a n ce , su p p ort, and v ib ration  ab sorp tion  
for  th e  fr e ig h t  ca r . In p erfo rm in g  th e s e  fu n c tio n s  in  a 
dynam ic en v iro n m en t, th e  standard  th r e e -p ie c e  truck  
h as p erfo rm ed  rem ark ab ly  w e ll s in c e  its  in tro d u ctio n  in 
th e  ea r ly  194 0 's . H o w ev er , in crea s in g  dem ands on th e  
ra il tra n sp o r ta tio n  s y s te m , in  th e  form - o f  h ea v ier  car  
w eig h t, h igh er c e n te r  o f  g r a v ity , and in crea sin g  sp eed , 
co u p led  w ith  d e te r io r a tin g  m a in ten a n ce  o f  eq u ip m en t  
and tra ck , h a v e  brought in to  fo cu s  th e  need  for  design  
im p ro v em en ts  in  fr e ig h t  car  su sp en sion  sy s te m s .

In resp on se  to  th e  railroad  industry's req u irem en t for  
im proved  su sp en sion  sy s te m s , the supply industry  has 
d ev e lo p ed  a  v a r ie ty  o f  add-on d ev ice s  and r e tr o f it  
p a ck a g es for  th e  T ype I tru ck s, as w e ll as c o m p le te ly  
new  su sp en sio n  sy s te m s  in co rp o ra tin g  in n o v a tiv e  d esign  
fe a tu r e s  in  th e  form  o f  T ype II tru ck s. H ow ever, th ere  
h a v e b een  no s y s te m a t ic  s tu d ie s  or cr ite r ia  a llo w in g  a 
c o r r e la tio n  o f  th e  c o s ts  and b e n e fits  a sso c ia te d  w ith  
th e se  new  d esign  T ype II tru ck s. The F ed era l R ailroad  
A d m in istra tio n -sp o n so red  Truck D esig n  O p tim iza tio n  
P ro jec t (TD O P) P h a se  II is a im ed  a t provid ing a  fr a m e 
work for such  an ev a lu a tio n  through w hich fr e ig h t car  
trucks can  be stu d ied  and th e  re la tion sh ip  b e tw e e n  
p er fo rm a n ce  im p ro v em en ts  and in crea sed  c o s ts  can  be  
a n a ly zed . The p ro jec t's  m ain  purpose is to c h a r a c te r iz e  
th e  b eh av ior o f  e x is t in g  trucks and to  g e n e r a te  p erfo r
m an ce and t e s t  s p e c if ic a t io n s  for new truck d esig n s. 
U sin g  q u a n tita t iv e  p erfo rm a n ce  in d ices d efin ed  on the  
b asis o f  o p e r a tio n a l and ec o n o m ic  co n sid era tio n s , th e s e  
s p e c if ic a t io n s  w ill not on ly  provide the te c h n ic a l b ase  
for  an ev a lu a tio n  o f  d esign  in n ovation s, but a lso  w ill 
f a c i l i t a t e  a co r r e la tio n  w ith  the c o s t  o f  such design  
im p ro v em en ts .

T he stan d ard , th r e e -p ie c e  fr e ig h t car truck , or its  
m o d ified  v ersio n s w ith  b a s ic a lly  s im ilar  co n fig u ra tio n s , 
is  d e fin ed  in  TDO P as th e  "Type I" truck . The T ype II 
(prem ium ) tru ck  is  d e fin ed  as a truck w hich u t i l iz e s  
cu rren t w h e e lse t  and journal b earin g  a sse m b lie s , is 
co m p a tib le  w ith  e x is t in g  a ir brake sy s te m s, and p re
s e r v e s  car co u p ler  h e ig h t , w h ile  in corp oratin g  en g in e e r 
ing  in n o v a tio n s in th e  d esign  o f  th e  susp en sion  sy s te m s .

Southern  P a c if ic  T ra n sp o rta tio n  C om pany w as th e  con 
tra cto r  for TDO P P h ase I. T w o standard , th r e e -p ie c e  
trucks (th e  A m erica n  S te e l  Foundries' R ide C on tro l 
truck  and th e  Standard  Car Truck Com pany's Barber  
S-2  truck) w ere  te s te d  under 7 0 - and 1 0 0 -to n  ca rb o d ies . 
The d ata  from  P h ase I c o n s t itu te  th e  m ain b asis for  
c h a r a c te r iz in g  th e  p erfo rm a n ce  o f  the T ype I tru ck .

P h ase II o f  th e  TDO P p r o je c t .w ith  W yle L ab oratories as  
th e  prim e c o n tr a c to r  and th e  U nion P a c if ic  R ailroad  as  
th e  p rin cip a l su b c o n tr a c to r , had th e  o b je c t iv e s  o f:

« D e fin it io n  o f  th e  p erform an ce  o f  both  Type  
I and T ype II trucks in  q u a n tita tiv e  term s, 
re p r e se n te d  by p erfo rm a n ce  in d ices.

e  E sta b lish m en t o f  a  plan for c o lle c t in g  e c o 
n o m ic  d a ta  on th e  c o s t  o f  acqu iring, o p e r a t
ing, and m a in ta in in g  the standard , T ype I 
tru ck .

• .Determination of a quantitative basis for
evaluating the economic benefits to be de
rived from T ype II trucks.

e D e v e lo p m e n t o f  p erfo rm a n ce  ch a r a c te r is 
t i c s  for  T yp e I tru ck s and p erfo rm a n ce  sp e
c if ic a t io n s  fo r  T yp e II tru ck s.

e Development of guideline test specifications
for freight ear trucks.

e  C o s t /b e n e f it  a n a ly s is  o f  T ype II trucks r e la 
t iv e  to  T ype I tru ck s.

T h ese  o b je c t iv e s  had b een  m et through se v e r a l 
a p p roach es including:

o R oad te s t in g  se v e r a l T ype I and T ype II 
tru ck s.

e M a th e m a tic a l m o d e lin g  o f  fr e ig h t car tru ck s  
to  a u g m en t and c o m p lem en t th e  com parison  
o f  t e s t  r e su lts .

® D e te r m in a tio n  o f  w ear o f  T y p ed  and T ype II 
trucks in  u n it tra in  s e r v ic e  o v er  an ex ten d ed  
period  o f  t im e .

« C o lle c t io n  o f  e c o n o m ic  data on tru ck  m ain
ten a n c e  and o p era tio n , and co rre la tio n  o f  
such  d a ta  w ith  in fo rm a tio n  on tru ck  p erfor
m a n ce .

® E n gin eer in g  in te r p r e ta tio n  in clu d in g  e f f e c t  
on p er fo rm a n ce  o f  ev en tu a l w ear and 
d e te r io r a tio n  o f  tru ck  co m p o n en ts .

« C o rre la tio n  o f  the c o s ts  and b e n e fits  a sso 
c ia te d  w ith  in c r e m e n ta l ch an ges in th e  
le v e ls  o f  p er fo rm a n ce  as o b ta in ed  from  the  
resu lts  o f  th e  en g in eer in g  ev a lu a tio n  o f  th e  
tru ck s.

B ased  on the te c h n o lo g ic a l and ec o n o m ic  s tu d ie s  con
d ucted  during TDO P P h a se  II for  a sse ss in g  fr e ig h t  car 
truck  p erfo rm a n ce  and d esig n , th e  fo llo w in g  co n c lu s io n s  
m ay b e  s ta te d :

o The im p roved  d esig n  fe a tu r e s  in th e  T ype II 
tru ck s a c h ie v e  a d e g r e e  o f  q u a lified  su c c e s s  
in a tta in in g  im p roved  p erfo rm a n ce  from  
fr e ig h t car tru ck s. T h ese  su c c e s se s , how
e v e r , a re  lim ite d  to  so m e  o f  th e  dom ains o f  
th e  p e r fo r m a n c e  rather than co m p reh en s iv e , 
a ll-arou n d  im p ro v em en t in a ll a sp e c ts .

o P er fo rm a n ce  ev a lu a tio n  o f  fr e ig h t car  
trucks n eed s to  b e  u ndertaken  under w eU - 
d efin ed  s e t s  o f  co n d itio n s re la t in g  to  the  
s t a te  o f  w ear and d e ter io ra tio n  o f  v e h ic le  
and .track s tr u c tu r e  i n  order to  address fu lly  
a ll a s p e c t s  o f  p e r fo r m a n c e . For ex a m p le , 
w h e e l and ra il c o n ta c t  g e o m e tr y , to  w hich  
v e h ic le  p e r fo r m a n c e  is e x tr e m e ly  s e n s it iv e  
n eed s to. be th orou gh ly  d o cu m en ted  through  
th e  bulk o f  th e  w h e e l and r a il l i f e  c y c le  and 
th e ir  r e p r e se n ta t iv e  co n d itio n s used  in any  
co m p reh en s iv e  e v a lu a tio n  program .

i l l



On th e  b asis o f  th e  a n a ly s is  o f  a v a ila b le  ca r  
m a in ten a n ce  d a ta , c o s ts  a sso c ia te d  w ith  ca r  
m a in ten a n ce  a lo n e  do n o t  w arrant or ju s tify  
th e  le v e ls  o f,, in c r e a se d  c a p ita l in v e s tm e n t  
dem anded  by th e  T ype II tru ck s. On the  
o th er  hand, im p roved  ro llin g  and curving  
r e s is ta n c e , and c o n seq u en t red u ctio n  in  fu e l 
con su m p tion , se e m  to  b e  very  prom ising  
a r e a s , in d ic a tin g  th a t  th e  a d d itio n a l in v e s t 
m en ts  w arran ted  by th e  T ype II tru ck s co u ld  
be a d v a n ta g eo u s . S p e c if ic  co n sid era tio n s , 
su ch  a s  an  in term o d a l sc e n a r io , a lso  p o in t to  
an a d v a n ta g eo u s o u tlo o k  w ith  r e sp e c t  to  
in v e s tm e n t in  T yp e II tru ck s w ith  r ig id ized  
fra m e-p r im a ry  su sp en sio n  fe a tu r e s .

S ig n ific a n t e c o n o m ic  b e n e f its  from  th e  u ti
l iz a t io n  o f  T yp e II tru ck s se e m  to  a ccru e  
m o re  in  th e  a rea  o f  th e  tr a c k  s tr u c tu r e , in  
g e n e r a l, and th e  ra il, in  p a rticu la r . R ed u ced  
r a il w ear a s  w e ll a s  r e ta rd a tio n  in  ra il and  
tra ck  str u c tu r e  d e te r io r a tio n  are in d ica ted  
a s a  r e su lt  o f  im proved  truck  p erfo rm a n ce . 
T hese, e c o n o m ic  im p lic a tio n s , i f  p rop erly  
a c c o u n te d  for  through a sy s te m a t ic  ra il 
w ear and tr a c k  d e te r io r a tio n  s tu d y , co u ld  b e  
s ig n if ic a n t .
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SECTION 1 -  INTRODUCTION

O b je c tiv e s  o f  th e  T ruck D esig n  O p tim iza tio n  P ro jec t  
(T D O P) P h ase  II are to  q u a n tify  fr e ig h t  car truck  
p er fo rm a n ce  and to  esta b lish  a fo rm a l m eth o d o lo g y  to  
e v a lu a te  th e  re la tio n sh ip  b e tw e e n  p erfo rm a n ce  and 
ec o n o m ic  im p lica tio n s  in term s o f  c o s ts  and b e n e fits  
for fr e ig h t  car tru ck s. The prim ary p ro jec t o b je c t iv e s  
have b een  addressed  through p a ra lle l en g in eer in g  and 
e c o n o m ic  s tu d ie s . The en g in eer in g  e f f o r t  c o n s is ted  o f  
f ie ld  te s t in g  o f  fr e ig h t  car tru ck s under reven u e se r v ic e  
co n d it io n s  to  g e n e r a te  b oth  p erfo rm a n ce  and endurance  
te s t  data; an a ly sis  and in te r p r e ta tio n  o f  th e  data; and 
th e  e s ta b lish m e n t o f  q u a n tita t iv e  p erfo rm a n ce  and a 
s e t  o f  standard  te s t  s p e c if ic a t io n s  for fr e ig h t car 
tru ck s . U nder the ec o n o m ic  s tu d ie s , m a in ten a n ce  data  
w ere ob ta in ed  from  o p era tin g  ra ilroad s and an alyzed ; a 
m eth o d o lo g y  w as d ev e lo p ed  for  ev a lu a tin g  truck  p erfor
m a n ce  and d eterm in in g  th e  a ss o c ia te d  eco n o m ic  im pli
c a tio n s; and a  c o s t /b e n e f i t  an a ly s is  w as perform ed  on 
prem ium  fr e ig h t  car  tru ck s.

T he o v e r a ll p er fo rm a n ce  o f  fr e ig h t car tru ck s has been  
co m p a r tm e n ta liz e d  in to  four d is t in c t  and non
o v er la p p in g  p erfo rm a n ce  r e g im e s . T h ese  p erform an ce  
reg im es are la te r a l s ta b ility , tr a c k a b ility , s tea d y  s t a te  
cu rv e  n e g o tia t io n , and ride q u a lity . Each o f th ese  
r e g im e s  is  p rim arily  d efin ed  a s a s e t  o f  co n d itio n s w ith  
p red om in an t fe a tu r e s  w hich  d istin g u ish  one from  
a n o th er  (R e fe r e n c e  1). M easurable q u a n tit ie s  o f  truck  
p e r fo r m a n c e ,'d e f in e d  a s p erfo rm a n ce  in d ice s , are iden
t i f ie d  w ith in  ea ch  r e g im e . The le v e ls  o f  truck p erfo r
m a n ce  are rep resen ted  by a range o f  p erform an ce  
in d ic e s  q u a n tified  in  ea ch  o f  th e  re g im e s , and re la ted  to  
a s e t  o f  sp e c if ie d  o p era tin g  co n d itio n s such  as speed , 
tra ck  q u a lity , and lad ing  co n d itio n s. The p erfo rm a n ce  
r e g im e s  and a sso c ia te d  p erfo rm a n ce  in d ices are g iven  
in T ab le  1 -1 . P er fo rm a n ce  d ata  g en e r a te d  by m eans o f  
f ie ld  t e s t s  during P hase I and P h ase  II o f  TDOP form  
th e  b a sis  for q u a n tif ic a t io n  o f  p erfo rm a n ce  in d ices  
w ith in  e a ch  reg im e .

T he bulk o f  the f ie ld  te s t  d a ta  on T ype I (standard) 
fr e ig h t  car tru ck s ca m e from  data  g en era ted  during 
P h a se  I o f  T D O P. T h ese  data  w ere su p p lem en ted  w ith  
data  ob ta in ed  from  s e le c te d  a d d itio n a l fie ld  te s t s  on 
th e  T ype 1 truck  co n d u cted  during P hase II o f  TDO P. 
T he r e su lts  from  th e  a n a ly sis  and in terp re ta tio n  o f  th e  
d a ta  on T ype I trucks form ed  th e  b a se lin e  a g a in st which  
T ype II (prem ium ) truck p er fo rm a n ce  was su b je c te d  to a 
co m p a r a tiv e  e v a lu a tio n . The a n a ly s is ,o f  f ie ld  te s t  data  
on T ype I trucks was en h an ced  through th e  u se  o f  
s im u la te d  d a ta  from  m a th e m a tic a l m od els. The m odel 
s im u la te d  d a ta  w ere used  prim arily  in an in te r p r e ta tiv e  
m ode in  q u a n tify in g  truck  p erfo rm a n ce . The resu lts  on 
T ype I tru ck s have been  published in an en g in eer in g  
d o cu m en t e n t it le d  " P erfo rm a n ce  C h a ra c ter iza tio n  o f  
T ype I F re ig h t Car Trucks" (R e fe r e n c e  2).

From  am on g th e  p op u la tion  o f  c o m m e r c ia lly  av a ila b le  
T ype II fr e ig h t  car tru ck s, se v e n  ca n d id a tes were  
s e le c t e d  (R e fe r e n c e  3) and f ie ld  te s te d  in TDOP P hase  
II. U sin g  a s e t  o f  standard  in stru m en ta tio n  including  
w h e e l/r a il fo r c e  and a n g le -o f-a t ta c k  m ea su rem en t  
tra n sd u cers e sp e c ia lly  d ev e lo p ed  during the p roject 
(R e fe r e n c e s  4 and 5 ), one T ype I and se v e n  Type II

tru ck s w ere  f ie ld  t e s te d  under' rev en u e  s e r v ic e  con d i
tion s on th e  U n ion  P a c if ic 's  track  near Las V egas, 
N evad a  (R e fe r e n c e s  6 and 7). T he te s t  d a ta  w ere  
su b seq u en tly  r e v ie w e d  and., a n a ly zed . The re su lts  from  
th e  a n a ly s is  o f  th e  t e s t  d a ta  led  to  th e  q u a n tif ic a t io n  o f  
p er fo rm a n ce  o f  th e  T ype II tru ck s. A c o m p a ra tiv e  
stu d y  o f  th e  p er fo rm a n ce  o f  T ype II and T ype I trucks  
th en  led  to  th e  s p e c if ic a t io n  o f  p er fo rm a n ce  for th e  
T ype II tru ck s (R e fe r e n c e  8).

TABLE 1 - 1 .  TD O P T R U C K  PE R FO R M A N C E  
C LASSIFICATIO N

PERFORMANCE REGIME PERFORMANCE INDEX

Lateral Stability Critical Speed

Peak Lateral Acceleration 
(Zero-to-Peak)

Ride Quality Transmissibility 
(Vertical, Lateral, Roll)

RMS Accelerations (Vertical, 
Lateral, Roll) -  0-20 Hz

Steady State 
Curve Negotiation

Average Lateral Force 
On Leading Outer Wheel

Average L/V Ratio On 
Leading Outer Wheel

Average Angle-of-Attack 
Of Leading Axle

Trackability

Harmonic Roll

Critical Speed

Peak Roll Angle 
(Zero-to-Peak)

Bounce

Critical Speed

Peak Vertical Acceleration 
(Zero-to-Peak)

Track Twist Wheel Unloading Index* 
(95th Percentile)

Curve Entry/Exit Wheel Unloading Index 
(95th Percentile)

* Wheel Unloading Index W'UI = 1 -  W'^/(W"^/3), 

where,

is the vertical force on 
most lightly loaded wheel

VVjj ie the sum of vertical forces 
on the three most heavily 
loaded wheels

A s e t  o f  s ta n d a rd ized  f ie ld  and la b o ra to ry  t e s t  s p e c i f i 
ca tio n s  has a lso  b een  d ev e lo p ed  so  th a t  te s t  program s  
can  be d esig n ed  to  g e n e r a te  p er fo rm a n ce  t e s t  d a ta  
w hich can  be e v a lu a te d  a g a in s t th e  reco m m en d ed  le v e ls  
o f  p er fo rm a n ce  d e v e lo p e d  during the P h ase  II e f fo r t  
(R e fe r e n c e  9).

In th e  e c o n o m ic  s tu d ie s , car  m a in ten a n ce  d ata  from  
tw o  m ajor U .S . ra ilro a d s w ere  s y s te m a t ic a lly  a n a ly zed  
to  provide id e n t if ic a t io n  o f  a rea s  o f  s ig n if ic a n t

N o te : R e fe r e n c e s  can  be found a t the end o f each
s e c t io n .
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in f lu e n c e  on o p era tio n a l e c o n o m ic s . S e c tio n  5 o f  th is  
rep o rt in c lu d es  th e  d e ta ils  and r e su lts  from  th is  a n a ly 
s is . F o llo w in g  th e  in s ig h t ga in ed  from  th is  a n a ly s is , 
e f f o r t s  w ere  fo cu sed  on fu e l con su m p tion  as a  m ajor  
area  o f  eco n o m ic  s ig n if ic a n c e . R o llin g  r e s is ta n c e /fu e l  
con su m p tion  t e s t  d a ta  ob ta in ed  from  P h ase  II f ie ld  t e s t s  
w ere th en  a n a lyzed  and u sed  in  d eterm in in g  r e la t iv e  
im p ro v em en ts  in fu e l con su m p tion  a ttr ib u ta b le  to  T ype  
II tru ck s as com pared  to  T ype I tru ck s. The o th er  
s ig n if ic a n t  a sp e c t  o f  th e  ec o n o m ic  stu d y  w as a  
c o s t /b e n e f i t  an a lysis on T ype II tru ck s. T his e f f o r t  
d e lin e a te d  th e  c o sts  a sso c ia te d  w ith  im proved  d esign s  
in co rp o ra ted  in  th e  T ype II tru ck s and th e  b e n e f it  
a ccru in g  from  th em . T his a n a ly sis  a t te m p ts  to  sp e ll ou t  
th e  eco n o m ic  fe a s ib il ity  o f  th e  en g in eer in g  o p tio n s  
p resen ted  to  th e  railroad  industry  through th e  im proved  
d esign  T ype II trucks.

An ad ju n ct study on th e  endurance o f  th e  fr e ig h t  car  
tru ck s is com p rised  in th e  "Wear D a ta  C o lle c t io n  
Program ." In th is program , th e  tru ck s h a v e  b een  
d ep lo y ed  in unit c o a l tra in  s e r v ic e  and w ear d ata  on
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SECTION 2 -  FIELD TEST PROGRAM TABLE 2-1. PERCENT OF TEST RUNS BY BODY, 
TRUCK, AND WHEEL TYPE

2.1 INTRODUCTION

One of the objectives of the Truck Design Optimization 
Project (TDOP) Phase II was to characterize the Type I 
and Type II trucks. The characterizations of Type I 
trucks was to be based on test data obtained from 
TDOP Phase I (Reference 1) and augmented by a TDOP 
Phase II field test program of the Type I trucks 
(References 2 through 5). An evaluation of the test 
data from TDOP Phase I showed that certain omissions 
in the test matrix and inadequate measurement 
techniques would require conducting a limited number 
of tests to complete the Type I truck characterization 
(References 6 and 7).

The primary objective of the Type I truck test program 
conducted in TDOP Phase II was to provide adequate 
lateral and vertical wheel/rail force and wheel/rail 
angle of attack data during curving. Other objectives 
were to provide data on truck load equalization perfor
mance, on truck rolling resistance for fuel consumption 
studies, and on wheel/rail forces during hunting.

The TDOP Phase II field test program on Type II trucks 
was conducted to obtain performance data on several 
selected Type II freight car trucks in the four perfor
mance regimes of lateral stability, trackability, curve 
negotiation, and ride quality (References 8 through 11). 
Tests were also conducted to obtain rolling resistance 
data as part of the fuel consumption study. Data on the 
longitudinal coupler forces were used to compare the 
relative ability of various trucks to reduce rolling 
resistance and flanging forces, thus improving fuel 
consumption.

Seven Type II trucks were selected for testing 
(Reference 12). The testing was conducted in four 
series: Series 1, Dresser DR-1 and National Swing
Motion; Series 2, Barber-Scheffel and MTS Maxiride 
100; Series 3, Devine-Scales and ACF Fabricated; and 
Series 4, Alusuisse. Details of each test series are 
documented in the Type II Truck Test Events Reports, 
Series 1 through 4 (Reference 10).

The remainder of this section contains an evaluation of 
the Phase I data (Section 2.2); a description of the 
instrumentation used (Section 2.3); a description of the 
test area, track profiles, track geometry 
measurements, etc. (Section 2.4); the Type I truck 
testing (Section 2.5), and the Type II truck testing 
(Section 2.6).

2.2 PHASE I DATA EVALUATION

A brief summary of the equipment tested during 
TDOP/Phase I is given in Appendix A. A complete 
description can be found in the TDOP Phase I Final 
Report (Reference 1).

To determine the usefulness of the Phase I data, the 
quantity and scope of the data was first evaluated 
(Reference 7). A data sorting routine revealed that the 
preponderance of the 273 Type I truck test runs were 
made with a refrigerator car on ASF 70-ton Ride 
Control trucks with new wheels (see Table 2-1). This 
emphasis made the data more difficult to use since the 
refrigerator car is not a typical freight car because of 
its uneven weight distribution and very large empty 
weight.

CAR PERCENT.
Refrigerator Car 86%
70-ton Box Car 3%
100-ton Box Car 4.5%
89—ft. Flat Car 3.5%
100-ton Hopper Car 3%

TRUCK PERCENT
ASF 70-ton Ride Control 82%
ASF 100-ton Ride Control 2%
Barber 70-ton . 7%
Barber 100-ton 5%
ASF 70-ton Low Level 4%

WHEEL PERCENT
1/20 (new) 72%
1/40 (new) 4%
Cylindrical 12%
Half Worn 2%
Worn 10%

The data sorting routine revealed these other signifi
cant omissions:

a. No curving tests were run on 100-ton box 
cars and hopper cars with the ASF Ride 
Control truck.

b. No curving tests were run with worn wheels 
on any car except the refrigeratbr car.

e. The lateral wheel force at the wheel/rail 
interface was improperly measured.

d. No high-speed CWR tests were run with the 
100-ton box car on an ASF truck, or the 
100-ton hopper car with the Barber truck.

e. No tangent track tests were run with worn 
wheels except for the refrigerator car, and 
the empty 89-foot flat car.

f. There were no medium-speed jointed rail 
test runs with a 100-ton box car on an ASF 
truck, or the 100-ton hopper car with the 
Barber truck. Since jointed rail exercises 
the friction snubber, this omission makes it 
difficult to compare the two types of snub
bing systems.

g. Shimmed track tests with other than cylin
drical wheels were run only with the refrig
erator car.

The next step in the data evaluation process was to 
determine which measurements taken during Phase I 
provided useful and accurate representations of the 
quantity measured. The conclusion was that the mea
surements were satisfactory except in two areas: the 
measurement of lateral wheel force at the wheel/rail 
interface and in the detection of Automatic Location 
Detector (ALD) targets. The first deficiency is of 
major significance. The lack of lateral forces at the 
wheel/rail interface was of critical importance to 
TDOP Phase II. Without it, little could be done in 
validating curving models or assessing the curve negoti-
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TABLE 2-2. TEST DATA REQUIRED FOR PHASE II ANALYSIS -

Performance
Regime

. Performance Index NeeessaryTest Datrf . • Availability o f Test Data from Phase I

Lateral Stability 6 C ritica l Speed Lateral Acceleration o f one or more 
representative points on the truck 
measured as a function of speed.and 
such variables as: wheel/fail contour, 
rail surface conditions,.car bodies 
(truck spacing, stiffness), and lading 
(empty, full, ..0

Lateral acceleration available on axle and par body. 
Data are taken at constant. speeds o f 40, 50, 60; 70, 
and 79 mph. Varying speeds exist between these con
stant speeds; Variables such as wheel profile, rail 
surface conditions, car body parameters, and lading 
is noted.in the test header. No ra il contour data are. 
available. Tests were not run for a full.matrix of variables.

e Magnitude of
Lateral. Acceleration

Magnitude of lateral acceleration at 
or near the hunting speed, for the same 
set o f variables mentioned above.

Lateral acceleration data on axles.

Curve Negotiation •  Lateral force on leading 
outer wheel per. lOOd 
pounds axle load, per de
gree o f curve under,, at 
and .over balance speed.

Lateral force on leading outer wheel No measurements made o f la teral force.
as a function o f iading, degree.of 
curvature at, under, and above balance 
speed.

a Wear Index Angle o f attack as a function o f lading, 
and degree of curvature under,.at, and 
above bblance speed.

No measurements made of angle o f attack.

a Derailment.Potential L/V ratio as a function of speed, lading, 
wheet/rail contour.

No measurements made from which to calculate L/V.

Trackabiiity •  Wheel. Unloading Index Simultaneous loads under the wheels as 
a function of track twist in degrees as 
a function of lading.

No measurements made of vertical load at wheel. 
Vertical loads measured at bearing adapters, but can
not be correlated to track geometry.

•  Max. Roll Amplitude Max. roll amplitude as a function o f 
excitation (amp. and frequency) for 
different lading conditions.

Roll angle of car body/truck bolster and roll accelera
tion o f car body were measured, however, they cannot 
be correlated to track geometry.

•  Rate o f Energy 
Dissipation

Level of friction force, displacement (i.e., 
spring travel), rate of increase of friction 
level with spring compression, as a function 
of lading.

No friction snubber force measurements were made.

•  Derailment Potential L/V ratio as a function o f speed, lading, 
wheel/rail contour.

No measurements made from which to calculate L/V.

Ride Quality •  Transmissibility Acceleration response, referred to one or 
more specific locations on the car body, 
as a function o f speed, track quality and 
lading within the normal operating range 
of speeds.

Vertical acceleration made on car body. Speed, track- 
ability, and lading were varied, however, a complete 
matrix of these variables was not tested.

Fuel Consumption •  D iffe rentia l 
Force/Grade

Coupler force, Coupler angle, actual 
grade, track curvature .

None

•  D ifferentia l 
Force/Curvature

A-END OF RAILCAR

When Looking Down From Top Of Railcar: 
Rotation Counterclockwise =  +  Angle Rotation 
Rotation Clockwise_______ =  — Angle Rotation

FIGURE 2-1. AAR STANDARD FOR COMPONENT LOCATION
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ation performance indices on the Type I truck. The 
lack of ALD target detection (not being able to corre
late ALD targets with response) limits the usefulness of 
the data for analysis of the trackability regime. The 
lack of ALD correlation hampers the ride quality evalu
ation to a lesser degree.

Finally, the TDOP Phase I data were evaluated for their 
adequacy in the development of Type I truck 
performance characterization. This evaluation is shown 
in Table 2-2 which lists the performance index for each 
of the four regimes and the test data required to 
quantify the performance index. For the lateral 
stability and ride quality regimes, the data appeared to 
be adequate; however, the lack of accurate 
measurements on the lateral forces at the wheel/rail 
interface made it difficult to extract meaningful 
information from the test data in the curve negotiation 
and trackability regimes.

2.3 INSTRUMENTATION

The primary objectives of the new instrumentation 
developed in TDOP Phase II were to obtain measure
ments required to calculate the forces at the wheel/rail 
interface and the wheel/rail angle of attack. In 
addition, transducers were installed to measure truck 
and earbody relative motion, rigid body car motion, and 
coupler forces.

In order to identify, transducers on the earbody and 
trucks, the AAR standard for component location shown 
in Figure 2-1 was used. This enabled the exact location 
of a transducer to be specified. However, the right and 
left-hand side designation were changed because the 13- 
end was always traveling in the forward position; there
fore, the AAR conventional left side becomes the test 
right side. Thus, the right and left side of the test 
vehicle were referred to as shown in Figure 2-1 but the 
AAR standard for component location was used to 
define transducer mounting locations. For example, the 
bearing adapter on the right front axle would be BL-1.

The instrumentation varied from truck to truck de
pending on the data channels required for each truck 
design. For example, trucks with primary suspension 
had displacement across the primary springs measured. 
In particular, the Alusuisse truck had a considerably 
different set of instrumentation from the other trucks 
because its radically different design did not allow the 
deployment of the same instrumentation package used 
with the more conventional trucks.

Table 2-3 contains a description of all measurements 
taken for Type I and Type II trucks. This table gives 
the measurement identification number and a 
description of the type, frequency response, 
measurement range, accuracy, and purpose of each 
measurement.

The following paragraphs describe the measurement 
taken. However, not all measurements were taken on 
every truck because of the different truck designs. For 
this reason, Table 2-4 has been provided to show the 
exact instrumentation by truck.

2.8.1 Wheel/Rail Force Measurements

The forces at the wheel/rail interface provide the key 
parameters in the characterization of truck perfor
mance during curve negotiation. To accomplish the 
objectives of TDOP Phase II, it was required that these 
interface loads be measured with sufficient accuracy to 
adequately characterize truck performance. After an 
extensive review of techniques for measuring these 
forces, the axle-bending technique was chosen 
(Reference 13). To improve accuracy, additional terms 
were included in the equations to calculate the lateral 
and vertical forces. Further, measurements of the 
point of application of the vertical loads was imple
mented. This resulted in a mean rms error of 12.6 
percent, which was considered acceptable. It should be 
noted that this error assumes a calibration accuracy of 
one percent and does not include any errors which may 
be introduced by the measurement of the vertical loads.

Thus, the approach to the measurement of wheel/rail 
vertical and lateral forces consisted of:

a. Instrumentation of the axle with strain 
gauges.

b. Instrumented bearing adapters or displace
ment measurement across primary spring 
group to measure vertical loads.

c. Eddy current displacement transducers to 
measure wheel/rail relative position.

d. Slip rings for the rotating axle transducers.

Strain -  Gauged Axle. Each axle on the B-end truck was 
instrumented with eight, full-bridge strain gauges on 
each side of the axle. The strain gauges were placed 
with one-half the bridge at the top and one-half the 
bridge at the bottom, as shown in Figure 2-2. Thus, 
there were 16 half bridge strain gages at 22 i  degree 
increments around the axle. The half bridges on 
opposite side of the axle (1A to IB, 2A to 2B, etc.) were 
connected in a full bridge arranged for transmission to 
the instrumentation car, Mobile Laboratory Car 210. A 
rotary pulse generator (RPG) was placed on each axle 
to define the strain gage position as a function of 
rotation angle.

In addition to measuring the axle bending moments, the 
torque in each axle was measured using two strain gage 
measurements at the middle of the axle. This measure
ment can be used to estimate longitudinal creep forces.

Instrumented Bearing Adapter. One of the prime 
contributors to the measurement o f lateral and vertical 
forces at the wheel/rail is the vertical forces at the 
bearing adapter and the line o f action of these forces. 
In previous testing, the vertical force at the bearing 
adapter was measured using a strain-gauged bearing 
adapter instrumented with one strain gauge bridge at the 
center. This approach suffered from two deficiencies. 
The first was that gage sensitivity changed as the load 
point changed; the second was that the adapter could 
not measure the line of action o f the vertical force.
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. TABLE 2-3. INSTRUMENTATION LIST

.ME AS. ' . MEAS. FREQUENCY MEAS.
ID . T.YPE ‘ RESPONSE RANGE ACCURACY PURPOSE

SI Speed • 1 Hz 0-120 +.5 mph Speed from distance counter
mph to time base unit

S2 ALD 256 sam- 6-12" +6" Location o f track test areas.
ples/in. Mounted under Car 210

S3 Brake Cylinder. 10 Hz 0-100 1% Brake.line pressures
Pressure psid (to insure inadvertent braking 

from being mixed with data)

S4 Throttle Setting 1-8 Correlation with 
draw bar forces in 
fuel consumption study

Cl "B" End 20 Hz 25000 lb 5%* Longitudinal draw bar force and
Coupler
Force

correlation to fuel consumption

C2 "B" Coupler 20 Hz +10° + .i° Coupler angle from longi-
Angle tudinal centerline of car

C3 "A" End 20 Hz 25000 lb 5%» Longitudinal draw bar force and
Coupler
Force

correlation to fuel consumption

C4 "A" Coupler 20 Hz +10° +0.1° Measure coupler angle from longi-
Angle tudinal centerline of car

D1 Rt. Spring 20 Hz +2" 1% Right spring group disp. side frame
Group Vert. 
Disp. Front

-4" pitch

D2 Rt. Spring 20 Hz +2” 1% Right spring group disp. side frame
Group Vert. 
Disp. Rear

-4" pitch

D3 Left Spring 20 Hz +2” 1% Left spring group disp. side frame
Group Vert. 
Disp. Front

-4" pitch

D4 Left Spring 20 Hz +2" 1% Left spring group disp. side
Group Vert. 
Disp. Rear

_4-. frame pitch

D5 Truck Bolster 50 Hz +0.8" 1% Side frame relative disp. truck
to Side Frame 
Lat. Disp.
Rt. Fr. Side

tram

D6 Truck Bolster 50 Hz +0.8" 1% Side frame relative disp. truck
to Side Frame 
Lat. Disp.
Rt. Rear Side

tram

D7 Truck Bolster 50 Hz +0.8" 1% Used with D5 & D6 to measure
to Side Frame 
Right Bottom

side frame roll

D8 Truck Bolster 50 Hz +0.8" 1% Side frame relative disp. truck
to Side frame 
Lat. Disp.
Lf. Fr. Side

tram

D9 Truck Bolster 50 Hz +0.8" 1% Side frame relative disp. truck
to Side Frame 
Lat. Disp.
Lf. Rear Side

tram

DIO Truck Bolster 50 Hz +0.8" 1% Used with D8 & D9 to measure
to Side Frame 
Lat. Disp.
Lf. Rr. Bot.

side frame roll

D ll Carbody to 
Truck Bolster

20 Hz +1.5" 1% Carbody/truck roll angle

Rel. Disp. 
Rt. Side

•NOTE: Units have hysteresis of +200 lb but are 1% when either in tension or compression.

2-4



TABLE 2-3. INSTRUMENTATION LIST (CONT'D)

MEAS.
ID

MEAS. ■ 
TYPE

FREQUENCY
RESPONSE

MEAS-. . 
RANGE ACCURACY PURPOSE

D12 Carbody to 
Truck .Bolster 
Rel. Disp. 
Left Bide

20 Hz +1.5" 1% Carbody/truck roll angle'

D13 Carbody to 
Truck Lat. Disp. 
Forward

100 Hz +10° 0.1% Truck/carbody swivel, center 
plate lateral slip

D14 Carbody to 
Truck Lat. Disp. 
Rear

100 Hz +10° 0.1% Truck/carbody swivel, center 
plate lateral slip

D15 Primary Spring 
Disp. Rt.
Fr. Axle

. 20 Hz +2"
-4"

1% Side frame/axle relative 
motion

D16 Primary Spring 
Disp. Rt.
Rear Axle

20 Hz +2"
-4"

1% Side frame/axle relative 
motion

D17 Primary Spring 
Disp. Lf.
Fr. Axle

20 Hz +2"
-4"

1% Side frame/axle relative 
motion

D18 Primary Spring 
Disp. Lf.
Rear Axle

20 Hz +2”
-4"

1% Side frame/axle relative 
motion

D19 Axle to 
Side Frame 
Long. Disp. 
Rt. Fr.

20 Hz +0.8" 1% Side frame/axle relative 
motion

D20 Axle to 
Side Frame 
Long. Disp. 
Rt. Rear

20 Hz +0.8" 1% Side frame/axle relative 
motion

D21 Axle to 
Side Frame 
Long. Disp. 
Lf. Front

20 Hz +0.8" 1% Side frame/axle relative 
motion

D22 Axle to 
Side Frame 
Long. Disp. 
Lf. Rear

20 Hz +0.8" 1% Side frame/axle. relative 
motion

D23 Steering Arm 
Disp. Rt. Side

20 Hz +2" 1% Right Side Steering Arm Displacement

D24 Steering Arm 
Disp. Lf. Side

20 Hz +2" 1% Left Side Steering Arm Displacement

D25 Spread o f 
Side Frame 
Legs, Rt. Side

20 Hz +2" 1% Right Side Frame Leg Spread

D26 Spread of 
Side Frame 
Legs, Lf. Side

20 Hz +2" 1% Left Side Frame Leg Spread

R1 Bolster/Side 
Frame Twist 
Angle, Front

20 Hz +2" 1% Front Bolster/Side Frame Twist Angle

R2 Bolster/Side 
Frame Twist 
Angle, Rear

20 Hz +2" 1% Rear Bolster/Side Frame Twist Angle

A1 Carbody 
Vertical 
A ccel. B-End 
Center

20 Hz + 5 G 1% . Carbody pitch, bounce fie roll 
accel. over center plate

A2 . Carbody 
Vertical 
Accel. A-End 
Right

20 Hz + 5 G 1% Carbody pitch, bounce fic roll 
accel. over center plate
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TABLE 2-3. INSTRUMENTATION LIST (CONT'D)

MEAS. MEAS. FREQUENCY MEAS. ACCURACY
ID TYPE RESPONSE RANGE DESIRED PURPOSE

A3 Carbody 
Vertical 
Accel. B- 
End Right

20 Hz. + 5 G .1 % Carbody pitch, bounce 5c roll 
accel. on bolster centerline

A4 Carbody 
Vertical 
Accel. A- 
End Right

20 Hz + 5 G 1% Carbody pitch, bounce 5c roll 
accel. on bolster centerline

A5 Carbody
Lateral
Accel.
B-End

20 Hz + 5 G 1% Carbody lateral 5c yaw accel. 
on bolster centerline

A6 Carbody
Lateral
Accel.
A-End

20 Hz + 5 G 1% Carbody lateral & yaw accel. 
on bolster centerline

A7 Carbody 
Vertical 
Accel. B- 
End Left

20 Hz + 5 G 1% Carbody center o f rotation 
on bolster centerline

A8 Carbody 
Long. Accel. 
B-end 
Center

20 Hz + 5 G 1% Carbody longitu
dinal accel. to correlate 
with braking

A9 Fore Axle 
Brg. Pocket 
Vert. Accel. 
B-end Right

20 Hz + 5 G 1% Axle vertical 5c pitch accel. 
to correlate with profile

A10 Fore Axle 
Bearing Pocket 
Lat. Accel. 
B-end Right

20 Hz + 5 G 1% Axle lateral accel. to define 
hunting and to correlate 
with alignment

AH Rear Axle 
Bearing Pocket 
Lat. Accel. 
B-end Right

20 Hz + 5 G 1% Axle lateral accel. to define 
hunting and to correlate 
with alignment

A12 Fore Axle 
Bearing Pocket 
Vert. Accel. 
B-end Left

20 Hz + 5 G 1% Axle vertical 5c pitch accel. 
and to correlate with 
profile

A13 Fore Axle 
Bearing Pocket 
Lat. Accel. 
A-end Right

20 Hz + 5 G 1% Axle lateral accel. to 
define hunting

A14 Rear Axle 
Bearing Pocket 
Lat. Accel. 
A-end Right

20 Hz + 5 G 1% Axle lateral accel. to 
define hunting

A15 Carbody Lateral 20 Hz 
Accel. B-End 
Center Roof Level

+ 5% 1% Carbody flexible torsional 
modes

A16 Carbody Lateral 20 Hz 
Accel. A-End 
Center Roof Level

+ 5% 1% Carbody flexible torsional 
modes

A17 Carbody Lateral 
Accel. Center of 
Car at Truck 
Level

20 Hz + 5% 1% Carbody flexible torsional 
modes

F1 BL-1 Bearing 
Adapter 
Vert. Force

50 Hz 20,000 lb 1% Net vertical force.
Used in L/V calculation
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TABLE 2-3. INSTRUMENTATION LIST (CONT'D)

MEAS.
ID

MEAS.
TYPE

FREQUENCY
RESPONSE

MEAS.
RANGE ACCURACY PURPOSE

F2 BR-1 Bearing 
Adapter 
Vert. Force

50 Hz 20,000 lb 1% Net vertical force. 
Used in L/V calculation

F3 BL-2 Bearing 
Adapter 
Vert. Force

50 Hz 20,000 lb 1% Net vertical force. 
Used in L/V calculation

F4 BR-2 Bearing 
Adapter 
Vert. Force

50 Hz 20,000 lb 1% Net vertical force. 
Used in L/V calculation

Fl-1 , BL-1 Bearing 
Adapter 
Outer Strain 
Gage

50 Hz 5 mV • 1% Line o f action 
o f vertical load

Fl-2 BL-1 Bearing 
Adapter 
Inner Strain 
Gage

50 Hz 5 mV 1% Line o f action 
of vertical load

F2-1 BR-l Bearing 
Adapter 
Outer Strain 
Gage

50 Hz 5 mV 1% Line o f action 
o f vertical load

F2-2 BR-1 Bearing 
Adapter 
Inner Strain 
Gage

50 Hz 5 mV 1% Line o f action 
o f vertical load

F3-1 BL-2 Bearing 
Adapter 
Outer Strain 
Gage

50 Hz 5 mV 1% Line o f action 
,of vertical load

F3-2 BL-2 Bearing 
Adapter 
Inner Strain 
Gage

50 Hz 5 mV 1% Line o f action 
o f vertical load

F4-1 BR-2 Bearing 
Adapter 
Outer Strain 
Gage

50 Hz 5 mV 1% Line o f action 
o f vertical load

F4-2 BR-2 Bearing 
Adapter 
Inner Strain 
Gage

50 Hz 5 mV 1% Line o f action 
of vertical load

G1 BL-1 Rotary 
Pulse 
Generator 
#1

40 kHz 0-5 V 1/2000 rev. Rotation o f axle # 1, used to 
specify strain gage 
position

G2 BL-2 Rotary
Pulse
Generator
#2

40 kHz 0-5 V 1/2000 rev. Rotation o f axle #2, used to 
specify strain gage 
position

G101
to
G116

Axle 1 Bending 
Measurements, 
16 Strain Gages

500 Hz 1,150,000 in-lb i% Measure axle bending for 
L/V calculation

G201
to
G216

Axle 2 Bending 
Measurements, 
16 Strain Gages

500 Hz 1,150,000 in-lb i% Measure axle bending for 
L/V calculation

B1 Steering Arm 
Strain Gage

50 Hz i% Dresser truck steering arm forces

B2 Steering Arm 
Strain Gage

50 Hz 1% Dresser truck steering arm forces
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TABLE 2-3. INSTRUMENTATION LIST (CONT'D)

MEAS.
ID

MEAS.
TYPE

FREQUENCY
RESPONSE

MEAS.
RANGE

ACCURACY
DESIRED PURPOSE

p i BL-1A Wheel/ 
Side Frame 
Position 
Transducer 
"A"

50 Hz 2" 1% Wheel/rail angle o f 
attack

P2 BL-1B Rail/ 
Side Frame 
Position 
Transducer 
•»B"

50 Hz 2" 1% Wheel/rail angle of 
attack

P3 BL-1C Wheel/ 
Side Frame 
Position 
Transducer
"C"

50 Hz 2" 1% Wheel/rail angle of 
attack

P4 BL-1D Rail/ 
Side Frame 
Position 
Transducer 
"D"

50 Hz 2" 1% Wheel/rail angle of 
attack *

P5 BL-2A Wheel/ 
Side Frame 
Position 
Transducer 
"A"

50 Hz 2" 1% Wheel/rail angle of 
attack

P6 BL-2B Rail/ 
Side Frame 
Position 
Transducer 
"B"

50 Hz 2" 1% Wheel/rail angle of 
attack

P7 BL-2C Wheel/ 
Side Frame 
Position 
Transducer 
"C"

50 Hz 2" 1% Wheel/rail angle of 
attack

P8 BL-2D Rail/ 
Side Frame 
Position 
Transducer 
”Dtr

50 Hz 2" 1% Wheel/rail angle of 
attack

T1 B -l Axle 
Torque (Gage 1A)

50 Hz +30,000
in/lb

1% Torque on axle due to wheel 
slip, long, creep forces

T2 B-l Axle 
Torque (Gage IB)

50 Hz +30,000
in/lb

1% Backup for T1

T3 B-2 Axle 
Torque (Gage 1A)

50 Hz +30,000
in/lb

1% Torque on axle due to wheel 
slip, long, creep forces

T4 B-2 Axle 
Torque (Gage IB)

50 Hz +30,000
in/lb

1% Backup for T3

GR Filtered
Longitudinal
Acceleration

1 Hz +5 g Measurement A8 low pass 
filtered to provide grade 
information
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TABLE 2-4. INSTRUMENTATION BY TRUCK
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TABLE 2-4. INSTRUMENTATION BY TRUCK (CONTD)
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General Description

A9 0 0 0 9 9 ■ 9 9 0 .
A10 0 0 0 0 9 0 Q 0
A ll 0 0 0 9 0 0 9 . 0
A12 0 0 9 0 0 0 ■ 0 0 Axle accelerations
A13 0 . 0 0 9 . . 0 0 ■ . .0  . . 9-
A14 0 9 . 0 0 0 0 9 0

A15 0 ' 9 9 9 0 0 0
A 16 0 9 . 0 . « 0 . 0 0 Carbody flexible
A 17 0 9 0 - 9 0 .0  . 0 torsional modes

FI 0 0 9 0 0
F2 0 0 9 0 0
F3 ® 0 0 ® 9 Bearing adapter
F4 0  ’ 0 9 0 0

Fl-1 « 0 9 0
Fl-2 0 9 9 0
F2-1 0 0 0 ■ 0
F2-2 0 0 ' 9 9 Line of action of
F3-1 0 9 9 0 bearing, adapter
F3-2 0. 0 9 0-. . vertical force
F4-1 0 0 . 9 9,
F4-2 0 0 9 O.

G1 0 0 9 0 0 . 0 Axle position
G2 0 © 9 9 0 •
G3 0 9 9. 9 9 .
G4 9 0 9 ® 9 . RPG reset pulse

G101 0 0 0 9 . 9 0
t * * *

G116 0 9 0 - 9 . . ®
■ Axle bending

G201 0 9 9 9 © 0 moments
t * * *

G216 0 9 9 9 9 ■ 0

PI 0 9 0 9 9 0 0
P2 0 . 9 9 9 © 0 0
P3 © 9 9 0 0 0 O Angle of attack of
P4 0 0 9 0 9 0 9 wheel relative
P5 0 0 9 • 9 9 O to rail on right side
P6 0 0 0 ' 9 0  ' 0 0 .
P7 0 0 0 0 9 9 9
P8 0 9 0 © 9 9 9

T1 0 0 9 9 9 9
T2 0 9 0 ' '0
T3 0 0 0 0 0 9 Axle torsion
T4 0 0 9 0

GR 0 9 0 - 9 0 9 - 0 - . 0 Measure grade
B1 0 0 Strain measurement
B2 © 0 on steering arms

. * Channels G104, G108, G110, G114, G206, G207, G211 
and G215 not used on this truck
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FIGURE 2-2. WHEEL/RAIL MEASUREMENT 
INSTRUMENTATION

In Phase n testing, the vertical forces at the 
bearing adapter were measured by means of a modi
fied strain gaged roller bearing adapter. The 
modified bearing adapter made use of three sets of 
strain gages. One full bridge strain gage was 
applied at the center. . The other two strain gages 
(half bridges) were applied on the outside and 
inside edge of the bearing adapter as shown in 
Figure 2-3. A complete calibration was performed 
on each adapter recording all the three gages. 
From these data, it was possible to obtain a good 
estimate of the vertical force and the line of 
action of that vertical force.

For two of the secondary suspension trucks 
(Barber-Scheffel and National Swing Motion), the 
instrumented bearing adapter from the Type I truck 
test program was used. The bearing adapter on the 
Dresser DR-1 truck was modified and strain-gaged 
in a manner similar to the Type I bearing adapter. 
Both bearing adapters for Type I and Dresser DR-1 
trucks were calibrated at the Transportation Test 
'en te r (Reference 5 and 11).

2.3.2 Wheel/Rail Position Measurements

Four eddy current transducers were used at one end 
of each axle of the leading truck to measure the 
relative position and angle of attack of the wheel 
relative to the rail. This concept is shown sche
matically in Figure 2-4. The transducers were
mounted on bracketry which was attached to the 
side frame. Two of the transducers measured the 
side frame position relative to the rail and two 
of the transducers measured the side frame posi
tion relative to the wheel (see Figure 2-5). The
difference between the corresponding two trans
ducers gives the relative angle; the difference 
between the side frame to wheel and the side frame 
to rail angles results in the angle of attack.

D -  DUMMY STRAIN GAGES * 
A -  ACTIVE STRAIN GAGES

•Used for thermal compensation and bridge balancing

FIGURE 2-3. FORCE TRANSDUCER-BEARING 
ADAPTER

2.3.3 Truck Measurements

Displacement and acceleration measurements were 
made on the truck to measure relative motion be
tween truck components and acceleration on the 
axles. Figures 2-6 shows the accelerometer loca
tion on the B-end truck. . The instrumentation con
sists of lateral accelerometers on each axle and 
vertical accelerometers at each end of the leading 
axle. The A-end o f the truck had only lateral 
accelerometers on both axles. The displacement 
measurements are shown in Figures 2-7.

2.3.4 Truck to Carbody Measurements

Relative motions were measured between the truck 
bolster and carbody as shown in Figure 2-8. Two 
of the measurements (D ll and D12) were used to 
measure carbody rocking and the other two (D13 and 
D14) to measure truck swivel.

2.3.5 Carbody Measurements

The carbody was instrumented with accelerometers at 
the sill level and roof level to measure the longitudinal, 
vertical and lateral accelerations at different locations 
on the carbody. Figure 2-9 illustrates typical locations 
of these accelerometers.

2.3.6 Instrumented Coupler and Coupler Angle

A pair o f instrumented couplers to measure longitudinal 
draw bar forces, developed and used on the AERO- 
TOFC II program, were modified at the Transportation 
Test Center. The modifications were to change 
measurement transducers■ to a 25,000-pound precision 
load cell and recalibration of the coupler. Details of 
the coupler construction are shown in Figure 2-10.
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FIGURE 2-4. WHEEL/RAIL DISPLACEMENT MEASUREMENT FIXTURE

-& =  RAIL TO  SiDEFRAME <  =  — ■ RADIANS = (57.3) DEGREES

0 = WHEEL TO  SIDEFRAME 4  S  RADIANS = ~  (57.3) DEGREES

-fL =  WHEEL TO RAIL .4  = ■ &  -  <J>

R = SIDEFRAME TO  RAIL DISTANCE = ~ J ~

W = SIDEFRAME TO  WHEEL DISTANCE = £15
2

R/W = RAIL WHEEL POSITION = H-W

FIGURE 2-5. WHEEL/RAIL POSITION MEASUREMENT (BL-1 AXLE)
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FIGURE 2-7. SPRING DISPLACEMENT, SECONDARY SUSPENSION TRUCKS



FIGURE 2-8. TRUCK/CARBODY RELATIVE MOTION INSTRUMENTATION

*B* (BRAKEWHEEL) 
END OF CAR

FIGURE 2-9. CARBODY INSTRUMENTATION

FIGURE 2-10. INSTRUMENTED COUPLER SCHEMATIC
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The couplers consist o f a pair o f concentric cylinders 
connected by a load cell and belleville springs in series. 
The concentric cylinders allow the coupler to take 
torsional or bending loads without affecting the load 
cell, thus only measuring longitudinal force. Overload 
stops in the coupler allow it to take transient loads 
which exceed the capability of the load cells. For this 
application, the overload stops were set experimentally 
at 125% of load or approximately 31,000 lbs.

The calibration of the couplers involved standing them 
in a fixture and applying an incrementally increasing 
load from 0 to 37,000 lbs. A complete set o f calibra
tion curves for the instrumented couplers is contained 
in the Type I Truck Test Results Report (Reference 5). 
After completion of the calibration, the couplers were 
shipped to Las Vegas and installed, one on the leading 
buffer car and one on the trailing buffer car. Installing 
them on the buffer cars allows the test car to be 
switched from empty to loaded without moving instru
mented couplers.

In addition to measuring coupler force with the instru
mented couplers, bending beams were used to measure 
coupler angle relative to the carbody longitudinal axis. 
Two bending beams were placed on a bracket and 
mounted on the carbody at each coupler. The dif

ference in motion between the two bending beams 
divided by the distance between them gives the sine of 
the coupler angle. This technique eliminates any error 
due to coupler longitudinal motion or roll motion.

2.4 TEST DESCRIPTION

2.4.1 Test Zones

The test sites used for testing freight car trucks 
consisted of mainline, branch, and yard track of Union 
Pacific's south central district and California division, 
(see Figures 2-11 to 2-16). Most test zones were within 
20 miles of Las Vegas, Nevada. The five test zones are 
described in Table 2-5. Test zone 1 consisted of 
mainline track with curves of 1 to 6 degrees. Test zone 
2 provided a section of tangent track, made o f bolted 
jointed rail (BJR) over which high speed (up to 79 mph) 
tests were conducted. Test zone 3 was a section of 
yard track over which load equalization (track twist) 
tests were conducted. Test zone 4 was the Blue 
Diamond Spur, a section of class 2 branch track con
taining both tangent and curved track used to conduct 
harmonic roll tests. Test zone 5 was a section of 
continuously welded rail (CWR) and was used for lateral 
stability testing and for comparison with jointed rail 
tests.

FIGURE 2-11. TEST ZONE LOCATIONS
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CALIFORNIA DIVISION MAIN LINE

FIGURE 2-12. TRACK PROFILE -  TEST ZONE 1
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FIGURE 2-13. TRACK PROFILE -  TEST ZONE 2
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ALIGNMENT li PROFILE CORRECTEO FOR jMJU.Aflr.JjJ97J

FIGURE 2-15. TRACK PROFILE - TEST ZONE 4
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CALIFORNIA DIVISION MAIN LINE
►CONSTRUCTED 1 9 0 4  S . P . L . A . I *  S . L “

> — YARD LIMIT 
DRAG.EQPT.DET. _a . 
HOT BOX DET. 0  

TOPOGRAPHY

ELEV. TOP OF RAIL 
AT STATION H.P. 
STATION NAMES 

HlL£S FROM INITIAL H.P.

FACILITIES 
MAX. GRADE PERCENT 

(SUB GRADE)

EL. ABOVE SEA LEVEL

SLIDE EARNING---
C . T . C . --------
A.B.S.________
SPEED ALLOWANCE

AUTH.SUPER ELEV.

TOTAL ANGLE 

ALIGNMENT

DEGREE OF CURVE 

RAIL

SURFACING 1 LINING 

TIE GANG

TE S T ZONE 5

EL.1031

CRUCERO
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IN CN
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J lI
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BALCH
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P.

*71— l7tl

1976

1971
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RAIL. SURFACING fc LINING AND TIE GANG CORRECTED FOR ^ANUAJ^Y_J_,J_976__ 

ALIGNMENT k PROFILE CORRECTED FOR JANUARY 1.1970

FIGURE 2-16. TRACK PROFILE - TEST ZONE 5
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2.4.2 ALD Placement

An ALD system was developed so that test results 
obtained from a specific truck could be correlated 
with measured input track geometry and with test 
data from other trucks. The ALD system uses mag
nets imbedded in ties at the center of the track 
and a detector system on the railcar which senses 
the magnet as the car passes over it.

2.4.3 Track Geometry Measurements

To be able to correlate response measurements made 
on test vehicles with a known track input, the 
track geometry was measured twice during the pro
gram. The first set of measurements was taken 
during the first week in November 1978, and the 
second set was taken during December 1979. Both 
tests utilized the T-6 Track Geometry Survey Car 
(References 14 and 15). The ALD system was 
utilized during both track surveys.

The survey was conducted over the five test zones. 
Measurements of each test zone was taken at six- 
inch sample intervals as the survey car passed 
through the zone, normally once in each direction.

The track parameters which were reported are: 
right and left alignment, gauge, right and left 
profile, cross level, and curvature (degrees per

iOO ft.). A digital tape of these parameters (in
cluding speed and ALD) had been supplied by the 
FRA to Wyle Laboratories in the form of both space 
curve and mid-chord offset. The track properties and 
the statistical analysis of the geometry parameters are 
given in Table 2-6. Typical power spectral densities are 
shown in Figures 2-17 through 2-32.

2.4.4 Test Train Consist

A standard test train consisting of a locomotive, 
instrumentation car, buffer car, test car, buffer car, 
and a caboose was established for all test runs and 
maintained throughout the test program. The buffers 
were open hopper cars. Prior to the start of testing, 
each buffer car was loaded with gravel. To provide for 
easier interchange of test cars, the instrumented 
coupler was placed on the test car end of each buffer 
car.

2.4.5 Union Pacific Mobile Laboratory Car 210

The Union Pacific Mobile Laboratory Car 210 was used 
as the instrumentation car for testing on all trucks. 
The hardware on the car was modified prior to the start 
of testing to include additional signal conditioning, 
magnetic tape, patch panel, and associated wiring to 
bring the system up to 96-channel capability.

TABLE 2-5. TEST ZONES

Site Number Site Designation/Description

1 Location . Arden to Sloan, NV
Mileposts - 321.5 to 314
Track Type “ Class 4 -  Curved
Rail Type - 133-pound Jointed
Speed Limit 40 mph

2 Location _ Boulder Junction to Arden, NV
Mileposts - 326.5 to 321.5
Track Type - Class 4 -  Tangent
Rail Type - 133-pound Jointed
Speed Limit - 79 mph

3 Location - Las Vegas, NV
Mileposts - Las Vegas, Yard
Track Type - Curved, 16 Degrees
Rail Type - Unknown
Speed Limit -  - 10 mph
Distance - 0.22 miles

4 Location - Blue Diamond Spur, NV
Mileposts - 1.5 to 8
Track Type Class 2 -  Curved and Tangent
Rail Type “ 131-pound Jointed
Speed Limit - 20 mph

5 Location - Balch to Crucero, CA
Mileposts - 210.5 to 204.5
Track Type - Class 4 -  Tangent
Rail Type - 133-pound CWR
Speed Limit - 79 mph
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TABLE 2-6. TRACK PROPERTIES AND STANDARD DEVIATIONS OF TRACK ALIGNMENT, GAUGE, PROFILE, AND CROSS-LEVEL

Test
Zone

Section Milepost Distance
Procesed
foot

Rail
Length
foot

Alignment
Gauge
inch

Profile Cross
Level
inch

Left
inch

Right
inch

Average
inch

Left - 
inch

Right
inch

Average
inch

1 Sloan to Arden 314 to 
321.5

39,424 39 0.144 - 0.145 0.136 0.23 0.115 0.126 0.114

Arden to Sloan 321.5 to 
314

39,424 39 0.145 0.147 0.137 0.23 0.106 0.124 0.109

2 Arden to Boulder 
Junction

321.5 to
326.5

26,112 39 0.084 0.083 0.069 0.142 0.114 0.i06 0.101 0.172

Boulder Junction 
to Arden

326.5 to
321.5

26,112 39 0.09 0.086 0.077 0.134 0.092 0.126 0.100 0.175

3 Las Vegas yard 
(East Bound)

- 1,536 39 0.936 0.926 0.922 0.414 1.236 1.150 1.183

■ Las Vegas Yard 
(West Bound)

- 1,536 39 0.907 0.907 0.900 0.322 1.162 1.249 1.196 -

4 Blue Diamond Spur 
(East Bound)

1.5 to 
8

34,304 33 & 39 0.182 0.179 0.173 0.183 0.132 0.153 0.129

Blue Diamond Spur 
(West Bound)

8 to 
1.5

33,792 33 & 39 0.141 0.144 0.134 0.181 0.127 0.151 0.126

5 Crucero to Balch 204.5 to
210.5

31,232 Welded .084 0.083 0.070 0.136 0.090 : 0.084 0.082 0.285

Balch to Crucero 210.5 to
204.5

31,744 Welded 0.077 0.088 0.072 ■ 0.133 0.083 . 0.102 0.088 0.285
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FIGURE 2-17. POWER SPECTRAL DENSITY -  ZONE 2, LEFT ALIGNMENT

0.01 0.02 0 . 0 5  0 . 1 0  0 , 2 0

FREQUENCY, CY/FT
0 , 5 0  1 . 0 0

FIGURE 2-18. POWER SPECTRAL DENSITY -  ZONE 2, RIGHT ALIGNMENT
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FIGURE 2-19. POWER SPECTRAL DENSITY -  ZONE 2, AVERAGE ALIGNMENT

FREQUENCY, CY/FT

FIGURE 2-20. POWER SPECTRAL DENSITY -  ZONE 2, GAUGE
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FIGURE 2-21. POWER SPECTRAL DENSITY ZONE 2, LEFT PROFILE

1.0

0.1

ZONE 2 EASTBOUND, MILEPOST 321.5 TO 326.5

V.

0.001 }------------1---------1---------1—
0.01 0.02 0.00 0,10 0.20

FREQUENCY. CY/FT

-1—  
0 , 5 0 1.00

FIGURE 2-22. POWER SPECTRAL DENSITY -  ZONE 2, RIGHT PROFILE
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FIGURE 2-23. POWER SPECTRAL DENSITY -  ZONE 2, AVERAGE PROFILE

FIGURE 2-24. POWER SPECTRAL DENSITY -  ZONE 2, CROSSLEVEL
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1,0 ZONE 5 WESTBOUND, MILEPOST 210.5 TO 204.5
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1.001

A , - ,  •
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'H
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FIGURE 2-25. POWER SPECTRAL DENSITY -  ZONE 5, LEFT ALIGNMENT

v

FIGURE 2-26. POWER SPECTRAL DENSITY -  ZONE 5, RIGHT ALIGNMENT
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1 .0 -p ZONE 5 WESTBOUND, MILEPOST 210.5 TO 204.5

3OQ.

0 . 0 0 1  -I------------------ 1------------------------- 1-------------------1------------------- 1----------- :------------ H------------------ 1

0 . 0 1  0 . 0 2  . 0 . 0 0  0 , 1 0  0 , 2 0  , 0 . 5 0  1 . 0 0

FREQUENCY, CY/FT

FIGURE 2-27. POWER SPECTRAL DENSITY -  ZONE 5, AVERAGE ALIGNMENT

1.0 ZONE 5 WESTBOUND, MILEPOST 210.5 TO 204.5

"A.
t

/

0.001 -1-------- h-
0,01 0.02 0 . 0 5  0 . 1 0  0 . 20-

FREQUENCY, CY/FT

------ 1
0 . 5 0  1 . 0 0

FIGURE 2-28. POWER SPECTRAL DENSITY -  ZONE 5, GAUGE
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FIGURE 2-29. POWER SPECTRAL DENSITY - ZONE 5, LEFT PROFILE
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FIGURE 2-30. POWER SPECTRAL DENSITY -  ZONE 5, RIGHT PROFILE
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ZONE 5 WESTBOUND, MILEPOST 210.5 TO 204.5

1.001.
0 . 0 1  0 . 0 2  0 . 0 5  0 . 1 0
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0. 20 0 . 5 0 1,00

FIGURE 2-31. POWER SPECTRAL DENSITY -  ZONE 5, AVERAGE PROFILE
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0.001- ----- 1—
0.01 0.02

— I----- :---1---------1--
0 . 0 5  0 . 1 0  0 . 2 0

FREQUENCY, CY/FT

— F-------- 1
0 . 5 0  1 . 0 0

FIGURE 2-32. POWER SPECTRAL DENSITY -  ZONE 5, CROSSLEVEL
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Testing on the Type I truck was conducted on two 100- 
ton ASF Ride Control trucks using AAR Standard 1:20 
taper, new wheel profiles. Prior to the start of Type I 
truck testing, the trucks were in revenue service as 
part of the TDOP Phase n Wear Data Collection 
Program. At the completion of testing, the trucks were 
returned to that program. Before the instrumentation 
was installed, all bearing seals of the two ASF Ride 
Control trucks were examined to verify that they were 
the same on all wheels. The characteristics of the ASF 
Ride Control truck is given in Table 2-7.

The carbody type used for this test program was the 
100-ton open hopper car. The 100-ton hopper car was 
chosen because it is representative of the higher capa
city cars being placed into service today. Two car- 
bodies from the same series were instrumented,, one 
empty , and one loaded. Table 2-8 gives the carbody 
characteristics.

Instrumentation for the test program consisted of 92 
data channels. Fifty of the channels were used to 
obtain data for the computation of lateral and vertical 
forces (L/V) at the wheel/rail interface. The basic 
approach taken to measuring L/V was the axle-bending 
technique. The vertical forces at the bearing adapter 

. were measured using strain-gaged bearing adapters. 
Forty-two of the 92 channels of data listed in Table ' 
2-4 provided measurements of rigid body car motions, 
longitudinal coupler forces, truck/carbody relative dis
placements, and angle of attack. All 92 channels of 
data were recorded on all test runs in each regime 
tested.

Most of the testing was conducted over curved track on 
Union Pacific's main line south of Las Vegas, Nevada. 
Detailed profile of the curving zone is given in Figure 
2-33. However, some high speed runs were made over 
main line tangent jointed track. In addition, low speed 
runs were made over the Blue Diamond Spur and on 
yard track in Las Vegas.

As discussed earlier, the primary objective of the Type 
I test program was to measure truck performance for 
the curve negotiation regime. This was. accomplished 
by testing the truck through a series of mainline curves 
and measuring the response characteristics. The tests 
were conducted near equilibrium speed in both an uphill 
and downhill direction. The uphill tests were also 
conducted at below and above equilibrium speed. ,

2.5 TYPE I TRPCK TESTING

Secondary objectives were to acquire hunting, rolling 
resistance, and load equalization (track twist) data. 
The hunting data were acquired from high speed sweep 
and dwell runs on an empty carbody. The rolling 
resistance data were obtained by running at several 
constant speeds in both the uphill and downhill 
directions and measuring coupler forces, speed, and 
throttle settings. These test runs were conducted on 
the fully loaded car only. Load equalization data were 
acquired by conducting low speed test runs over a 
section of yard track. For these tests, the locomotive 
pulled the car through the test zone and then pushed it 
back through the zone. The test program was run in a 
sequence of two test series: the first series dealt with 
the unloaded carbody; the second with the loaded 
carbody.

The purpose of the Type II truck test program was to 
obtain performance data on several Type II (premium) 
freight car trucks in order to characterize their opera
tional behavior. A set of clearly defined criteria for 
the selection of Type II trucks for testing was decided 
upon in consultation with the TDOP Phase II con
sultants, a group of representatives from the operating 
railroads and equipment suppliers (Reference 12). A 
systematic selection process was undertaken to ensure 
that the trucks selected would be.representative of the 
state-of-the-art in truck design. Of the seven trucks 
selected for testing, the Dresser DR-1, National Swing 
Motion, Devine-Scales, and Barber Scheffel were taken 
from the TDOP Phase n Wear Data Collection Program. 
The other three, the MTS ; Maxiride 100, ACF 
Fabricated, and Alusuisse, were purchased new for 
performance testing. The new trucks acquired 
approximately 100 miles of wear during checkout and 
travel to the test zones. The four trucks acquired from 
the Wear Data Collection Program had from 59,000 to 
90,000 miles of service in unit coal train service.

The same 100-ton hopper cars were used with the 100- 
ton Type n trucks as were used in the testing of Type I 
trucks. A 70-ton hopper car was used for the Alusuisse 
truck. Two carbodies from the same series were 
instrumented, one empty and one loaded. See Table 2-8 
for the characteristics of the carbodies. All trucks 
except the Alusuisse were tested fully loaded and 
empty. The Alusuisse was tested with a loaded carbody 
only. The five track types used for testing were 
mainline tangent (both jointed and continuous welded 
rail), mainline curved, class 2 branch . line, and yard 
track (see Table 2-5).

2.6.1 Wheelsets

All Type II trucks tested except the Alusuisse used the 
new Canadian National (CN) wheel profile. This profile 
approximates the flange condition of worn wheels and 
has better steering characteristics than an AAR 1:20 
profile. The position of the TDOP rail industry con
sultants was that the CN wheel would provide the best 
test data for the program. The radial truck manu
facturers aiso felt that the CN wheel profile would 
operate satisfactorily on their trucks. A comparison 
between the AAR and CN profiles is shown in Figure 2- 
34. The heat treated, class J, 36-inch wheelsets were 
strain-gaged and calibrated. These wheelsets were used 
to measure axle bending forces on each truck except 
ACF Fabricated and the Alusuisse trucks. The wheel- 
sets were used under the ACF. truck but axle bending 
measurements were not taken. The 70-ton Alusuisse 
truck had its own wheelsets, with a new 33-inch AAR 
1:20 taper wheel profile.

2.6.2 Trucks Tested

The seven trucks were categorized according to their 
characteristics of suspension, i.e., primary, secondary, 
and others. They were further classified according to 
whether the connection between their side frames and 
bolsters was of rigid or radial construction. The trucks 
were also grouped according to whether they have 
unique, load, supporting devices. A summary of the 
characteristic parameters of each truck is given in 
Table 2-7. The following paragraphs briefly describe 
each truck.

2.6 TYPE II TRUCK TESTING
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TABLE 2-7. TRUCK CHARACTERISTICS

TYPE I TYPE II

ASF
Ride Control

Dresser
DR-*1**

National 
Swing Motion**.

Barber-
S ch effer*

Maxiride* . Devine- 
Scales*

ACF*» Alusuisse***

Wheel Base, in . 70.00 70.00 72.00 75.00 72.44 70.00 70.00 -

Spring Group 
In 8-D5 6-D5 6-D6 7-D5 r

-  ■ -

Out 8-D5 7-D5 6-D7 6-D5 ■ f -  , -

Center Plate 
Diameter,in 16.00 16.00 16.00 16.00 14.00

(spherical)
16.00 16.00 13.625

(spherical)

Side Bearer 
Clearance, in . 0.25 0.625 0.28 - 0.181 None 0.1875 Constant

Contact
Constant
Contact

Snubbing: Constant Load
Dependent

Load
Dependent

Load
Dependent

Load
Dependent 
(non standard)

Load
Dependent

Hydraulic
Dampers

Loud
Dependent 
(Leaf Spring 
Friction)

Weight, lb 10,540 11,810 11,425 il,500 10,428 12,000 10,600 -  ■

Wheel Diameter,ft 3.00 3.00 3.00 3.00 .. . 3.00 : 3:00 3.00 2.75

* Primary suspension trucks
0 * Secondary suspension trucks
* • * Primary + secondary suspension trucks 

t . Vertical Spring rate (per car), lb/in
22.100 (empty)
161.100 (loaded)

TABLE 2-8. CARBODY CHARACTERISTICS

70-Ton Capacity* 
Open Hopper Car

100-Ton Capacity 
Open Hopper Car

Empty (light) weight, lb 44,700 67,300

Loaded weight, lb 167,900 237,300

Capacity, lb 154,000 196,000

Length over pulling face 
of coupler, ft

46.17 53.04

Truck centers, ft 33.67 40.5

Center of Gravity (above rail):

Loaded, ft 5.85 7.1.7

Empty, ft 4.38

*Used only on Alusuisse truck testing.
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Curve
No.

Degree 
of Curve

Direction
Curve

Length
(ft.)

Super 
Elevation 

(in.)
Start
MP

Stop
MP

Equilibrium
Speed'

1 2.5 Left hand 2736 4.09 321.1' 320.6 48.3

2 6.2 Left hand 1080 4.98 319.7 319.5 33.9

3 6.1 Right hand 1386 4.90 319.4 319.1 33.9

4 5.2 Left hand 1136 5.08 318.7 318.5 37.4

5 1.1 Right hand 934 1.41 ' 318.0 . 317.8 42.8

6 3.0 Right hand 3118 3.32 317.1 ' 316.5 39.8

7 5.1. Left hand 961 4.88 316.5 316.3 37.0

8 5.0 Right hand 2070 4.79 316.2 315.8 37.0

9 3.7 Left hand 492 3.72 315.8 315.7 37.9

10 6.2 Right hand 1037 4.94 315.7 315.5 33.7

n 6.1 Left hand 2420 4.92 315.0 314.6 34.1

FIGURE 2-33. CURVE PROFILES -  TEST ZONE 1

FIGURE 2-34. WHEEL PROFILE COMPARISON - 
CN PROFILE VS AAR STANDARD 1:20 PROFILE
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Devine-Scales Truck ACF Fabricated Truck

The Devine-Scales truck consists of a one-piece, fabri
cated H-shaped frame with suspension assemblies 
known as subframes positioned in pockets at the corners 
of the main frame (see Figure 2-35). The subframe can 
move longitudinally on low-friction slides under the 
control of a geometric steering linkage connected to 
the carbody on each side of the truck. On tangent 
track, the rigid frame and steering linkage keep the 
wheelsets locked in a straight ahead position to provide 
lateral stability according to the manufacturer. On 
curves, the geometric steering linkage adjusts the posi
tions of the subframes, moving them apart on the 
outside of the curve and together on the inside.

MTS Maxiride 100 Truck

The MTS Maxiride 100 truck is a one-piece, 100-ton 
capacity fabricated truck derived from a series of 
European trucks (see Figure 2-36). It features a welded 
steel frame and bolster unit construction spring 
suspended roller bearing, journal bearing boxes, frame- 
stiffening end transoms and self-lubricating center 
bowl, and truck-to-carbody locking center pin. The 
manufacturer claims the truck improves high speed 
performance and ride quality, and reduces truck hunting 
and wheel wear.

Rational Swing Motion Truck

The National Swing Motion truck's conventional side 
frames and bolster are held in tram and prevented from 
''parallelogramming" by incorporating a transom con
necting the two side frames through special rocker 
seats (see Figure 2-37). This arrangement permits the 
side frames to swing laterally in unison as pendulums or 
"swing hangers." The control of "rock and roll" is 
accomplished by limiting conventional gibs on truck 
bolster and providing lateral stops between the bolster 
and the transom at the height of the side frame spring 
seat.

Dresser DR-1 Steering Assembly

The Dresser DR-1 Steering Assembly is a retrofit 
package designed to add self steering and curve negoti
ation control features to conventional trucks (see 
Figure 2-38). The steering, ass.embly ties together 
opposite axle boxes, which are, in turn, connected 
through one of the bolster openings. An elastomeric 
pad is provided between the roller bearing adapter and 
the jaw of the side frame pedestal with adequate 
clearance longitudinally to allow the wheelsets to move 
in seeking a radial position. The manufacturer main
tains that a truck retrofitted with this device will 
result in improving curving performance, and reduced 
wheel wear and fuel consumption.

Barber-Scheffel Truck

The Barber-Scheffel truck consists of cast steel side 
frame and bolster arranged in a conventional manner 
(see Figure 2-39). According to the manufacturer, 
diagonally placed steel cross arms constrain the wheel- 
sets to each other for high speed •• wheelset stability 
while, at the same time, allowing the wheelsets to align 
radially on curved track. Radial alignment is accom
plished by using profile wheels having a highly effective 
conicity and providing a low yaw cpnstraint on each 
wheelset.

The ACF Fabricated truck is made up of two side 
frames and a bolster with a secondary spring group in a 
somewhat conventional arrangement (see Figure 2-40). 
However, it has a tie between the side frames and is 
equipped with hydraulic snubbers. There is a flat 
rectangular plate in a horizontal position that ties the 
two side frames together, which is designed to hold the 
truck frame rigid while providing additional equaliza
tion by allowing the side frames to rotate relative to 
each other. The manufacturer claims that holding the 
truck rigidly in tram is designed to materially reduce 
hunting.

Alusuisse Truck

A rather radical departure from conventional European 
or American practice is the truck developed by Swiss 
Aluminum, Ltd. (see Figure 2-41). The Alusuisse truck 
frame consists of four hinged arms extending from the 
bolster to roller bearing "pillow blocks" holding the 
axles. Longitudinal leaf springs below the hinged arms 
are shackled to the arms by multiple turns of steel 
cable. A safety cable is provided to prevent collapse of 
the scissor arrangement in case of a broken spring.

2.6.3 Test Regimes

One carset each of the selected Type II trucks was 
tested to generate the performance test data. Field 
test data on the tested trucks varied in scope in many 
cases from truck to truck within each of the perfor
mance regimes due to the limitations on the deploy
ment of instrumentation imposed by the design features 
of the trucks themselves. Table 2-9 shows the test 
matrix and the data available from the field tests of 
Type II trucks.

Lateral Stability Tests

High speed lateral stability tests were conducted over 
mainline, bolted jointed rail (BJR), test zone 2, on all 
seven trucks. High speed lateral stability tests were 
also conducted over test zone 5 on continuous welded 
rail (CWR) with the Dresser DR-1 and the MTS Maxi
ride 100 trucks. The test cars were run at test speeds 
ranging from 40 to 79 mph with dwells of approximately 
60 seconds duration at 5 mph intervals within the test 
speed range.

Trackability Tests

Harmonic Roll. These tests were conducted over test 
zone 4 which is a class 2 branch line track. Both loaded 
and empty cars were run for an operating speed range 
of 4 mph to 30 mph with dwells approximating 40 
seconds in duration at 2 mph increments; the tests were 
then repeated at 2 mph decrements from 30 mph down 
to 4 mph.

Track Twist. These tests were run over test zone 3, 
which consists of 0.22 miles of yard track with 16 
degree curves. The test consist was pulled through the 
test zone in one direction at 10 mph. After the consist 
had come to a stop, it backed up through the zone at 10 
mph with the engine pushing the consist.

Curve Entry/Exit. These tests were' run over test zone 
1, consisting of mainline jointed track, ranging in 
curvature from 1.1 to 6.2 degrees and ranging in
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FIGURE 2-35. DEVINE-SCALES TRUCK

FIGURE 2-36. MTS MAXIRIDE 100 TRUCK
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FIGURE 2-37. NATIONAL SWING MOTION TRUCK

FIGURE 2-38. DRESSER DR-1 STEERING ASSEMBLY



2-36

FIGURE 2-40. ACF FABRICATED TRUCK
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FIGURE 2-41. ALUSUISSE TRUCK



equilibrium speeds from 34 to 48 mph. These tests 
were the same tests designed to collect data for use in 
the curve negotiation regime .

Curve Negotiation

These tests were run over test zone 1. A layout of the 
curved track through test zone 1 is shown in Figure 2- 
33. Along with the layout is a table giving a detailed 
description of each curve and the equilibrium speed for 
that curve based on the degree of curvature and the 
superelevation. The track data are based on measure
ments taken during the November 1978 and December 
1979 track geometry survey (References 14 and 15).

The test series consisted of four passes over this test 
zone, three in the uphill (milepost 321.48 to 314.5) and 
one in the downhill direction. The first test in the 
uphill direction was run approximately 10 mph below 
equilibrium speed for the curves; the second near 
equilibrium speed; and the third at approximately 7 mph 
over equilibrium. The downhill run was made at a speed 
near equilibrium for the curves. Tests were conducted 
using carbodies in the empty and the loaded conditions 
for all the trucks except Alusuisse which was tested 
with a loaded carbody only.

Ride Quality

The ride quality test runs were the same runs as those 
used for the lateral stability tests. These test runs 
consist of the high speed runs on mainline tangent 
track. Lateral oscillations indicative of unstable 
phenomena were excluded from consideration in the 
ride quality regime.

Fuel Consumption

For the fuel consumption study, the data acquired 
during the test runs over curving test zone 1 were used. 
Besides these collected data on the curving zone, two 
passes were made through test zone 2 with a loaded 
carbody. One of these passes was made in the downhill 
direction and the other in the uphill direction. The 
speed profiles in the test procedure called for a range 
of speeds from 40 mph to 79 mph and down to a stop. 
However, it was found that the engine could not pull 
the test consist in the uphill direction at speeds greater 
than 50 mph, so the test procedure was revised to make 
50 mph the top speed in the uphill direction.

TABLE 2-9. PHASE II TEST MATRIX

Lateral Stability Trackabilitv Curve
Truck Carbody Wheel

Profile
Lading Rolling

Resis-
& Ride Quality Harmonic

Roll
Track
Twist

Negotiation

tance Class 4 
BJR

Class 5 
CWR

Class 2 
BJR

Yard
BJR

Class 4 
BJR

Dresser 100-Ton Open CN E • • 0 • 9 9

DR-1 Hopper Car L 0 • '-r 9 9 9

Barber-
Scheffel

100-Ton Open 
Hopper Car

CN E, L • • 9 9 9

Devine-
Scales

100-Ton Open 
Hopper Car

CN E, L • • ’ 9 9 9

National 
Swing Motion

100-Ton Open 
Hopper Car

CN E, L © • 9 0 9

100-Ton Open CN E 9 • • 9 9 9

Hopper Car L 9 • r m : * 9 9 9

ACF
Fabricated

100-Ton Open 
Hopper Car

CN E, L 9 o J - W , 9 * 0

Alusuisse 70-Ton Open 
Hopper Car

AAR
1:20 Taper

L 9 9 9 *

E=Empty

L=Loaded

BJR=Bolted Jointed Rail 

CWR=Continuous Welded Rail 

CN=Canadian National Profile

Legend

© Test Data Available

o Curving Data Consisting of Angle o f Attack; 
No L/V Forces

* No Data Available on L/V Forces
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2 .1  DATA ACQUISITION

2.7.1 Data Recording;

Up to 96 data channels were brought from the trans
ducers on the instrumented hopper car through the 
transfer cables to the signal conditioning on Mobile 
Laboratory Car 210. As part of the signal conditioning, 
data were filtered at various filters from 20 to 100 Hz, 
depending on the transducer type. The axle bending 
data were recorded directly from the axle using only 
the 500-Hz filters in the axle-mounted signal condition
ing. Real time monitoring of the recorded axle bending 
signals, via strip chart and oscilloscope, indicated no 
high frequency data on these signals which would re
quire additional filtering.

From the signal conditioning, each data channel was 
patched to the appropriate A/D channel. The A/D 
multiplexer scanned all channels sequentially over a 
2.3-millisecond time frame. These scans were filed 
onto a buffer until 22 scans had been acquired. The 
buffer was then written to magnetic tape as one data 
record. The scanning of the channels was repeated at a 
rate of 200 times per second. The exact data record 
format is on file at the National Technical Information 
Service (NTIS) with the data tapes.

A noise floor analysis on the tape of data acquired 
during Type II truck testing was conducted during the 
analysis of the test data from the Friction Snubber 
Force Measurement field test program. This analysis is 
contained in Reference 16 and is applicable to the Type 
II truck test data.

2.7.2 Real Time Data

Real time data consisted of a strip chart playout of the 
analog signal from six selected channels. The exact 
channels varied from run to run, but always, included 
the automatic location detector to provide a reference 
for the data. This chart was monitored by the instru
mentation engineer during the test run to assure data 
quality. The data strip charts from all the test runs are 
on file. Real time oscilloscope monitoring of the 
analog data as it was multiplexed into the analog to 
digital converter was done during data recording as a 
further quality control measure.

2.7.3 Quick Look Test Data

At the completion of each test run, a five-second 
sample of the data for all channels was played back to 
verify data quality.

2.7.4 Photographic Documentation

The configuration of all instrumentation was docu
mented by means of 35 mm color slides. Closed circuit 
television cameras were used to monitor truck and 
carbody motions, as well as the operation of the angle 
of attack system. For portions of selected runs, a black 
and white video recording was made of the television 
pictures. These video tapes are on file along with the 
color slides.

2.7.5 Data Printouts

The data tape from each test run has a computer 
printout which details significant test data and

summarizes the actual recorded data by track locations 
and record number. These printouts are retained and 
stored with the real time and quick look data.

2.7.6 Data Tapes

Selected. test runs of the best or most representative 
data for each test zone and speed have been submitted 
to NTIS for public availability. The data tape list is 
given in Appendix B.

2.8 DATA REDUCTION

2.8.1 Introduction

Test data reduction was performed using the con
tractor's resident Interdata 8/32 computer system. The 
system includes a 32-bit computer with 256 kilobytes of 
750 nanosecond main memory and includes a high 
performance single and double precision floating point 
processor to speed calculations.

Data reduction was accomplished principally with three 
computer programs. . The first, called PHIIBLD, was 
used to generate a data base on the disc for each test 
run using the header information and test data from the 
test tape. Following generation of a disc data based for 
a particular test run, it was copied to magnetic tape for 
long-term storage. The second program, called ADARS 
was used to perform the actual data reduction using the 
disc data base and command files generated by the 
analyst. The ADARS computer program is a general- 
purpose data analysis and reduction software package, 
which provides the capability to- perform a variety of 
analytical calculations., The third program, called 
TABLER, was used to generate summary tables and 
plots of statistical data calculated by ADARS and 
stored on disc. A typical table or plot would be the 
average lateral wheel/rail force of the leading outer 
wheel as a function of curvature for all of the curves in 
the curving test zone. The following sections describe 
the data reduction that was performed for the four 
performance regimes of lateral stability, ride quality, 
steady state curve negotiation, and trackability.

2.8.2 Lateral Stability and Ride Quality

Data reduction for the lateral stability and ride quality 
regimes included determining carbody and truck accele
rations and truck angles. These calculations were 
performed for tests on the high speed, bolted jointed 
rail (BJR), and the continuous welded rail (CWR) for 
each truck. The equations used for the analysis and 
reduction of the lateral stability and ride quality data 
are contained in Appendix C.

Output for each run consisted of time history plots of 
raw accelerometer data, calculated body motions (such 
as roll, pitch, and lateral), truck and carbody angles, 
and speed. Additionally, power spectral density (PSD) 
plots of some of the above quantities were generated. 
Printouts of statistics included maximum, minimum, 
average, and standard deviation; probability densities 
and exceedances; narrow band RMS calculated about 
the peak in the PSD occurring below 5 Hz; and wide 
band rms for some of the quantities. Summary tables 
and plots were also generated.
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2.8.3 Steady State Curve Negotiation

Data reduction for the steady state curve negotiation 
regime included determining wheel/rail forces, angle of 
attack, and truck swivel and tram angles.

Wheel/Rail Forces. Because of differences in truck, 
design and instrumentation, the equations used to 
determine wheel/rail forces were not.the same for each 
truck. The equations used for the Type I and Type II 
trucks are included in Appendix C.

Lateral and vertical forces at the wheel/rail inter
face and L/V ratio were calculated for each wheel of 
the B-end truck using bending strain gage data for the 
leading and trailing axles and data from either the 
strain-gaged bearing adapters or the primary spring 
displacements. In addition, the wheel unloading index 
was calculated for the B-end truck and the net lateral 
and vertical forces were calculated for each axle of the 
B-end truck.

The output of the data reduction included time history 
plots, printouts of statistics (maximum, minimum, 
average, and standard deviation), summary tables of 
statistics, and summary plots. Data reduced from the 
curving tests were generated as time history plots for 
the steady state portion of the curves for the following 
measurements (B-end only):

vertical axle bending moment for each of 
four locations

vertical load at the bearing adapters

bending moment due to the vertical load at 
each bearing adapter

vertical wheel/rail force at each of four 
wheels

lateral wheel/rail force at each of four 
wheels

L/V ratio for each of four wheels

net lateral wheel/rail force for each of two 
axles

net vertical wheel/rail force for each of two 
axles

wheel unloading index 

speed.

Statistics and summary tables were printed for all of 
these except the axle bending moments and the bearing 
adapter forces and moments. Summary plots of 
average lateral wheel/rail force and L/V ratio as a 
function of speed for each curve were generated using 
results from the under, near, and over equilibrium 
speeds.

Axle Bending Moments. Strain gage data were acquired 
for eight strain gage pairs at each of four locations 
(two on each axle). Originally it was planned to 
multiplex the eight signals at each location prior to 
data acquisition and acquire only two signals per loca

tion: vertical bending moment and longitudinal bending 
moment. However, problems with the multiplexer 
hardware resulted in a maximum of 32 signals being 
acquired. (In some cases less than 32 strain gage 
channels were acquired because of constraints in the 
data acquisition system.)

Prior to using the axle-bending strain gage data, two 
operations were performed to improve the quality of 
the data: bias removal and normalization. The data 
from one gage pair resemble a sine wave with the 
positive peak occurring when one gage of the pair is at 
the point of maximum strain and the negative peak 
occurring when the other gage is at that point. It was 
reasoned that over a significant time period the 
negative and positive peaks should, on the average, be 
the same and that the signal should have an average of 
zero. Any offset in the signal can be attributed to 
instrumentation bias. Therefore, the bias was removed 
from the data before they were used. It was also 
reasoned that the eight gage pairs at one location all 
measured the same quantity, only with a phase differ
ence, and that the rms for the eight signals should be 
the same over a significant period of time. The eight 
signals at each location were therefore normalized to 
the average rms for that location. This process 
corrected any scale factor differences which may have 
occurred in the signal conditioning.

Two techniques were investigated for determining axle 
bending moments from the strain gage data. The first 
method, multiplexing, was a software version of the 
hardware multiplexer. The Rotary Pulse Generator 
(RPG) signal was used to determine the rotational 
position of the axle, and the gage pair nearest the 
vertical plane was selected for the vertical bending 
moment. A multiplier of +1 or -1 was used depending 
on which gage of the pair was up. The second method, 
referred to as the quadrature method, used the RPG 
signal to determine the rotational position of the axle 
and two orthogonal pairs of gages to determine the 
vertical bending moment. This method assumes that 
the signal from a gage pair will be sinusoidal if the 
bending in the axle is constant. By only requiring two 
gage pairs; this method allows four independent cal
culations (if all eight signals are good), which can be 
averaged to provide a better result.

The two methods were compared, and the quadrature 
method was found to give better results, especially 
when less than eight gages were functioning. It should 
be mentioned that it was found that the longitudinal 
bending of the axle was insignificant when compared to 
the vertical bending.

Bearing Adapter Forces and Moments. Each strain- 
gaged bearing adapter has strain gages in three 
locations. The bearing adapters were calibrated by the 
Transportation Test Center. From the calibration data, 
tables were developed for each bearing adapter with 
the magnitude and location of the vertical force vector, 
given the sum and difference of the two outer gages. 
During the data reduction, the sum and difference were 
determined and then a table look-up was performed to 
determine the desired vertical force and location. On 
the Devine-Scales truck, data for the outer gages were 
not acquired and the data from the center gages were 
used to determine the vertical force, which was 
assumed to be at the center of the bearing adapter. 
The equations used to calculate the wheel/rail forces 
are given in Appendix C.
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Primary Spring Forces. On the Maxiride truck, no data 
were available for the bearing adapters, and the 
primary spring displacements were used to determine 
the vertical forces which were assumed to be at the 
center of the spring group. A nonlinear spring constant 
obtained from the truck manufacturer was used for this 
purpose.

Lateral and Vertical Forces. Following the determina
tion of vertical axle bending moments and the location 
and magnitude of the vertical bearing adapter forces, 
the lateral and vertical forces at the wheel/rail inter
face were calculated using the equations in Appendix C.

Angle of Attack. Wheel/rail. angles of attack for the 
leading and trailing axles of the leading truck were 
determined from data acquired from eight proximity 
sensors. The angle of the Wheel relative to the side 
frame and the angle of the rail relative to the side 
frame were determined by taking the difference of two 
measurements, dividing by the distance between them, 
and multiplying by a constant. The wheel/rail angle 
was determined by subtracting the rail/side frame angle 
from the wheel/side frame angle. Appendix C shows 
the angle of attack calculations. In order to eliminate 
instrumentation biases, the bias was removed from the 
angle of attack sensors on tangent track.

Output from the angle of attack data reduction 
included time history plots, printouts of statistics, 
summary tables of statistics, and summary plots for the 
steady state portion of each curve in the curving test 
zone. Time history plots, statistics, and summary 
tables were generated for each of two axles for the 
following measurements:

Rail/side frame displacement

Wheel/side frame displacement

Wheel/rail displacement

Rail/side frame angle

Wheel/side frame angle

Wheel/rail angle

Truck Angles. Truck swivel and truck tram were 
calculated from displacement measurements. The 
equations used are contained in Appendix C. The bias 
was removed from the displacement data on tangent 
track. An output was generated from these angles 
similar to that generated for angle of attack. On rigid 
trucks which do not allow training, the tram calculation 
was omitted.

2.8.4 Traekability

The traekability regime includes harmonic roll, track 
twist, curve entry and exit. The data reduction for 
these are described below.

Harmonic Roll. Harmonic roll data reduction was 
performed on loaded and empty vehicle tests conducted 
on the class 2 Blue Diamond spur. It consisted of 
determining vehicle roll angles and accelerations at the 
leading and trailing ends of the vehicle, and vertical 
accelerations. Outputs similar to those for the lateral 
stability regime were generated.

Track Twist. Track twist calculations were performed 
on data from the yard tests. These calculations 
included wheel/rail forces and the wheel unloading 
index (see paragraph 2.8.3).

Curve Entry and Exit. The data reduction for the entry 
and exit portion of each curve was similar to that for 
the steady state portion. The only significant 
difference is that the summary plots concentrated on 
peak values rather than on average values. See para
graph 2.8.3 for a description of the. data reduction for 
steady state curve negotiation.

2.9 REMARKS

The TDOP Phase II test program provided, by and large, 
the performance data required for the engineering and 
economic analysis of the Type I and Type II trucks. 
However, it is recommended, that future noncontaefing 
measurement fixtures (as were used in the angle-of- 
attack instrumentation) be mounted with larger 
clearances above the rail head. In addition, the fixtures 
should have sufficient dynamic range to be mounted 
from the sprung portions of the truck or carbody. Use 
of the Ectron signal conditioners should be restricted 
and rework of the amplifiers is recommended before 
use on other long-term test programs.

High vibration levels causing mounting and transducer 
problems on the unsprung portions of the truck may be 
anticipated on future test programs including primary 
suspension trucks such as the MTS Maxiride 100. The 
axle-mounted air gap transformer/power supply proved 
to be very reliable and rugged. Proven measurement 
techniques provided data of consistently good quality 
with a minimum of instrumentation problems. Large 
volumes of valuable data are contained in the TDOP 
Phase II data tapes, which can be used to address 
specific issues related to truck performance.

In addition to those tapes of truck dynamic testing, 
there are six tapes containing the results of a special 
test of the friction snubbers of both ASF Ride Control 
,and Barber S-2 70-ton trucks. This test was conducted 
in various load conditions over sections of the same test 
tracks near Las Vegas during November and December 
of 1978. The results are presented in Reference 16.
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SECTION 3 -  ANALYSIS ANALYSIS PLAN OVERVIEW

The objectives of the analytical studies conducted dur
ing TDOP Phase II were (a) to assess the available 
computer models for applications in fulfilling project 
objectives; (b) to develop criteria for validating the 
models, (e) to validate the models; and (d) to apply the 
models in extending and interpreting the results from 
field test programs.

Both field test data and simulation models have been 
used to define and interpret the performance levels of 
Type I (standard) and Type II (premium) freight oar 
truck configurations. The analysis effort and the field 
testing task have been designed to complement each 
other in meeting the project objectives. A plan 
(Reference 1) was developed to define the procedures 
for meeting the three main objectives of:

« Defining model and test data utilization 
in each performance regime.

® Determining the analysis requirements
needed to extend and extrapolate the 
field test data for both Type I and Type II 
trucks.

« Establishing model application require
ments which would provide a framework 
for the model validation criteria.

3.1

An analysis plan (Reference 1) was developed for each 
of the four performance regimes of lateral stability, 
trackability, curve negotiation, and ride quality. In 
each regime, the analysis plan contained a brief review 
of the analysis requirements, and the model and test 
data to be used in performing the analysis.

In the lateral stability regime, the plan recommended 
that field test data and simulation models be used to 
investigate the influence of the environmental factors 
as well as operational conditions of truck hunting. It 
suggested that linear frequency domain modeling tech
niques be used whenever possible to determine prelimi
nary performance sensitivity to parameter variations. 
Detailed nonlinear time domain simulations should also 
be used to calculate motions and forces required for 
performance specification input not provided by the 
field tests data.

For the track twist subregime of the trackability 
regime, the plan recommended that data.for analyzing 
load equalization should be accumulated from field and 
laboratory testing. Field data would be acquired during 
the Type I and Type II truck test program. Laboratory 
data would be obtained from the Vibration Test Unit in 
the U.S. Department of Transportation Test Center's 
Rail Dynamics Laboratory. Simple static and kinematic 
models would be developed from the test data and used 
to evaluate load equalization capability.

A number of analytical tools ranging from simple 
formulae to complex computer simulations were 
reviewed and assessed (Reference 2). This review and 
assessment led to the selection of several analytical 
tools which were applicable to modeling Type I and 
Type II freight car trucks. A set of validation criteria, 
for each performance regime against which the analyti
cal tools could be evaluated, was selected (Reference 
3). The process of selecting a set of validation criteria 
took into consideration:

a. Stated capabilities of the models in terms 
of input requirements, predicted outputs, 
and modeling assumptions.

b. Quality and adequacy of available experi
mental data, which serve as the basis 
against which comparisons could be made.

c. Minimum standards of credibility 
demanded of the models within the con
text of freight car truck performance 
characterization.

The analysis plan noted that the harmonic roll and 
bounce subregime analysis would depend heavily upon 
models rather than field testing because the models 
would permit the safe investigation of the effects of 
extreme dynamics.

For curve negotiation, the plan recommended that two 
types of analytical models be used in predicting the 
curving performance indices for variations in truck 
parameters. Steady state models should be used to 
compare the basic kinematic performance of different 
trucks and for calculations of wheel wear, fuel con
sumption, and rail wear in curves. For derailment 
potential analyses and for rail wear, time domain 
models would be used.

The ride quality performance index of trar.srnissibility 
is largely determined by the suspension characteristics. 
The focus, therefore, would be on the differences 
exhibited between primary and secondary suspension 
trucks. Simple linear models would be used to predict 
the lading vibration environment.

The remainder of this section presents an overview of 
the analysis plan, an assessment of the analytical tools, 
the development of validation criteria, and the results 
of the validation effort.
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8.2 ASSESSMENT OF ANALYTICAL TOOLS

The term "analytical tool" refers to any analytical 
method employed to predict and understand the 
car/truck dynamic behavior. Analytical tools include 
models which are considered here to be the set of 
equations describing the car/truck dynamics and the 
computer program that implements these equations. 
The analytical tools of most interest to TDOP Phase II 
are these models and computer programs which have 
been used in other car/truck modeling research and 
development projects. The criteria established for 
assessing the analytical tools is summarized in 
Table 3-1.

TABLE 3-1. SUMMARY OF ASSESSMENT CRITERIA

9  Is the analytical tool applicable to one or more 
of the TDOP II performance regimes?

• Is the tool useful in studying truck performance 
analyses that meet TDOP II objectives?

© Is the tool capable of performing or supporting 
analyses that meet TDOP II objectives?

© Is the tool compatible with the digital com
puters available to the TDOP Phase II
contractor?

© Is the tool capable of analyzing required
truek/carbody configurations with minor modi
fications?

© Is the tool available in terms of the TDOP II 
schedule?

© What is the validation status of the tool?

® What is the accuracy of the tool?

® What is the precision of the tool?

® Can the tool be verified?

© Is the utility of the tool acceptable?

® Does the tool complement the other tools 
properly?

3.3 VALIDATION CRITERIA

Validation is the process of determining the ability of 
an analytical tool, to reproduce and/or predict ob
servable behavior. Only the simplest models can be 
used with confidence without first being validated by 
comparing results from the model against actual test 
results. It is not sufficient to merely establish that the 
model has been formulated with a one-to-one corres
pondence between the elements of the model and the 
truck. The validation process verifies that the char
acterization of the interactions between model 
elements is sound.

Although there has been a steady growth in the number 
of rail dynamics models in the last decade, there has 
been a lack of activity in comparing the results of those 
models with actual test data. One of the reasons for 
the lack of model validation is that the modeling

activity has tended to take place outside the traditional 
railroad community. Success of model validation ef
forts depends not only on the level of experience 
incorporated within the model, but also on the avail
ability of adequate test data to serve as a basis for 
comparison. With the large amount of data collected in 
TDOP Phase I, the opportunity was seen in TDOP Phase 
II to select a number of models as candidates for 
validation exercises. The models were selected with 
regard to the four performance regimes of lateral 
stability, trackability, curve negotiation, and ride 
quality. The validation criteria which have been 
selected reflect the individual performance indices 
chosen early in TDOP Phase II and the evaluation of 
test results from Phase I and elsewhere. Phase I data 
have provided a means for assessing the range and 
sensitivity of the performance indices. A discussion of 
the validation criteria for the four performance 
regimes is given in subsections 3.3.1 through 3.3.4.

3.3.1 Validation Criteria for Lateral Stability Models

The dynamic behavior of a freight ear in the regime of 
lateral stability is complex and difficult to simulate 
except for highly simplified configurations. This is due 
to the number of factors that affect stability and the 
interactions between them. Thus, when only a finite 
amount of test data is available, as is the case in 
TDOP, an acceptable model validation procedure in
cludes the requirements not only for a close match 
between the results of simulation and tests, but also for 
verification by accepted theory and the results from 
other test programs.

A detailed review of TDOP Phase I test data 
(Reference .4) has shown that the transition from lateral 
stability to fully developed hunting is characterized by 
several discrete stages, the identification of which is 
considered helpful both in the development and in the 
assessment of models. Below critical speed, power 
spectral densities (PSD's) of lateral carbody accelera
tions show the presence of all major body modes at 
their natural frequencies: lateral, yaw, and, in the case 
of box cars, lower center roll. These oscillations are 
presumably excited by track irregularities.

The first evidence of self-excited oscillation is the 
predominance of a single frequency in all degrees of 
freedom of the carbody. However, the mode of oscilla
tion is not a normal mode, but a combination of lateral 
displacement, yaw, and upper center roll in such a way 
that the resulting displacements almost completely 
cancel out at the trailing truck but add up at the 
leading truck, thus producing a motion ealled "nosing." 
(The reverse of this phenomenon, called "fishtailing," 
has also been observed but appears to be less common.)

As the speed increases, there is often an abrupt 
increase in the frequency of oscillation which is close 
to the natural frequency in yaw of the carbody on its 
suspension. This was true for the cars tested both by 
TDOP and the AAR (Reference 5). Since the mass 
moment of inertia of the carbody about the centerplate 
is much higher than that about the center of mass (on 
the order of four times) it is hypothesized, though this 
remains to be demonstrated, that the circulating energy 
for the higher frequency and symmetrical mode in pure 
yaw is lower than that of the system if it were to 
oscillate about one centerplate at the higher frequency. 
It has been observed in hunting tests that violent body

3-2



hunting can co-exist with very small lateral truck 
displacements, which is an indication of the small 
amount of energy required to maintain a limit cycle 
(Reference 6).

These considerations lead to the conclusion that the 
first appearance of a predominant frequency, indicating 
the onset of self-excited oscillation, represents a useful 
criterion for model validation in the hunting regime, 
although successful simulation of lateral acceleration 
through the entire critical speed range is considered as 
valuable evidence supporting model validity.

In setting the validation criteria for prediction of 
critical speed, the wide range of the critical speed has 
been considered. A tolerance of +5 mph has been 
chosen based on +10 percent of the 50 mph critical 
speed range (see Figures 3-1 and 3-2). Although not a 
performance index, another convenient point of com
parison between lateral stability models and test results

SPEED, MPH

FIGURE! S-ll. LATERAL STABILITY PERFORMANCE BOUNDS -  RMS 
LATERAL ACCELERATION VERSUS SPEED (BOX CARS)

is the frequency at which the hunting oscillations occur. 
Figure 3-3 shows the envelope within which Phase I 
data fell. A tolerance of +0.3 Hz based on +10 percent 
of the maximum observed frequency of approximately 
3.0 Hz has been set for comparison of hunting frequen
cies.

3.3.2 Validation Criteria for Trackabillty Models

The trackability regime includes several aspects of 
performance which have in common the ability to 
maintain loads adequate to provide guidance forces on 
each of a truck's four wheels. These performance 
subregimes are harmonic roll and bounce, track twist, 
and curve entry and exit.

Harmonic roll and bounce are forced response 
phenomena due to periodic track excitation. Harmonic 
roll is typically excited by cross level variations arising 
from half-staggered track at speeds from 10 to 20 mph. 
Bounce resonance involving pitch and vertical motions

LATERAL ACCELERATION VERSUS SPEED (FLAT CARS)

FIGURE 3-3. RANGE OF HUNTING FREQUENCIES VERSUS SPEED 
FOR THE STANDARD, THREE-PIECE TRUCKS
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of the vehicle occurs at higher speeds between 40 and 
65 mph staggered or unstaggered track; Harmonic roll 
and bounce have received a great deal of modeling 
interest. For harmonic roll, the maximum roll angle 
has been chosen as a performance index. Load distribu
tion is also an important measure of performance.

Validation of trackability models has been focused on 
harmonic roll since, there are more data available for 
comparison for that subregime. Figure 3-4 shows: 
results for the case- obtained by ' American Steel 
Foundries- (ASF) of a loaded,- lDO-tori. hopper car from 
which a measure, of the data- scatter can be drawn 
especially near resonance. The' validation criteria for 
peak roll angle has been chosen as +1 degree which 
reflects the variation . in test data observed in Figure 
3-4. Figure 3-5 shows the variation in.spring nest force 
for the same tests. The spring nest force, though not a 
performance index, is a relevant point of model com- 
parison. Near resonance the variation is approximately 
+3000 lb or approximately +5 percent of the static 
60,000 lb spring nest force. A five percent tolerance on 
spring nest force has, thus, been chosen for the load 
distribution validation criterion.

A final point of comparison in the validation of har
monic roll and bounce models is the prediction of speed 
at resonance. A tolerance of +1 mph has been selected. 
However, the difficulties in identifying harmonic roll 
resonance speed should be noted. The resonance speed 
has been reported to be dependent on the amplitude of 
excitation as well as the frequency sweep of the 
excitation (i.e., entering the resonance speed from 
above or below).

The track twist/load equalization problem is largely a 
quasi-static phenomenon (with speeds of 10 mph or 
less). The accommodation of track twist within the 
wheel base of the truck is achieved by side frame pitch 
with flexible trucks and by primary suspension com
pliance with rigid trucks. With conventional trucks, the 
problem is aggravated by sticking of the friction snub
bing devices when operating at low speeds. The load 
equalization ability of trucks has not received a great 
deal of modeling interest since it can be measured 
relatively simply.

The basic performance index for the load equalization 
subregime is the wheel unloading index (WUI) which is 
given by the formula:

WU-I = ■ Wh/3 - WL + 0 = 1 - W.L 1
Wh/3 Wh/3

Where:'' 11sT vertical force on the- most lightly
loaded wheel

WH s sum of vertical, forces on the three 
most heavily loaded wheels

■8  ' = - _ angle an degrees , of ■ track twist 
within the wheelbase of the truck.-

Although curve entry and .-exit can lead to loss of 
trackability,. from the modeling standpoint it is 
logically - approached as the dynamic aspect of. the 
overall curving behavior problem. This subregime, 
therefore, will be discussed in context of the curve 
negotiation performance regime.

3.3.3 Validation Criteria for Curve Negotiation Models

Although by definition the curve negotiation perfor
mance regime' consists only of steady state or quasi- 
static conditions encountered during a negotiation of 
constant curvature track, modeling efforts covering the 
transient dynamic response obtained during curve entry 
and exit are also .included for discussion. Steady state 
models are considered in the simulation of performance 
under quasi-s.tatic conditions; time domain curve nego- - 
tiation models may be used to address the dynamic 
response which occurs due to curve entry and exit.

The performance index chosen for constant radius curv
ing is' the lateral force on the leading outer wheel per 
thousand pounds of axle load per degree of curvature at 
balance speed. In theory, the lateral force should be at 
a single value in a constant radius, constant speed 
curve) In practice, however, some variation in the
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FIGURE 3-4. VARIATION IN HARMONIC ROLL TEST DATA FOR 
ROLL ANGLE

FIGURE 3-5. VARIATION IN HARMONIC ROLL TEST DATA FOR 
PEAK SPRING NEST FORCE
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lateral force is inevitable due to track irregularities 
which causes the Coulomb friction elements such as the 
centerplate to take on different "sets." Furthermore, 
in actual tests, constant speed is only achieved within a 
finite margin.

Validation of steady state curve negotiation models is 
among the most difficult to obtain primarily because of 
limitations in the accuracy of measuring wheel/rail 
forces. To date, such measurements have been found to 
be in error by 30 to 50 percent when compared with the 
theoretical force equilibrium. The wheel/rail force 
measurement system developed for TDOP Phase n 
testing improved the measurement accuracy. With 
improved experimental techniques, a + 15 percent 
tolerance in the prediction of the performance index is 
considered reasonable.

Curve entry and exit can be characterized by the wheel 
unloading index. Following the case of steady state 
curve negotiation, a tolerance of +1596 for predicting 
wheel unloading index is selected.

3.3.4 Validation Criteria for Ride Quality Models

The ride quality performance regime is comprised of 
the overall dynamic environment of the carbody 
response, and the effectiveness of the truck in atten
uating track-induced excitations, exclusive of the more 
extreme dynamics associated with the other 
performance regimes. The economic impact areas 
associated with ride quality are lading damage and cost 
due to component wear.

The principal performance index for ride quality is the 
transmissibility of the truck. Transmissibility can be 
measured as a frequency dependent ratio of output-to- 
input amplitudes at discrete frequencies (i.e., transfer 
functions) or as ratios of root mean square (rms) output 
to input over particular frequency bands. The valida
tion criteria selected for ride quality models consider 
the comparison of the occurrence of principal frequen
cies and the prediction of magnification/attenuation 
factors between 0 and 20 Hz. For comparison of 
principal frequencies, a tolerance of +0.5 Hz is con
sidered acceptable. The tolerance for reproduction of 
output/input ratios, either transfer functions or rms, is 
set at +10 percent.

3.4 VALIDATION RESULTS

After completing a preliminary survey of 59 tools, 15 of 
the most promising analytical tools were selected for 
detailed assessment and validation. While Table 3-2 
contains a brief description of these tools, they are 
discussed more fully in the subsequent paragraphs of 
this section.

3.4.1 Validation Results o f Lateral Stability Models

The models which have been examined in regard to the 
lateral stability performance regime include a linear 
frequency domain representation (17 dof Eigenvalue

Model), a detailed nonlinear time domain representation 
(HUNTCT), and a simplified nonlinear time domain 
representation. The simplified nonlinear time domain 
modeling work has been done in lieu of validation of the 
AAR Freight Car Hunting Model (Reference 7) 
originally selected as a candidate for validation. It was 
felt that this would be more productive because of the 
similarity between the Freight Car Hunting Model, 
HUNTCT, and the 17 dof Eigenvalue Model.

3.4.1.1 17 dof Eigenvalue Model. The model chosen to 
represent the linear frequency domain family of lateral 
stability models was the 17 dof Eigenvalue model 
developed by Law and Cooperrider (Reference 8). The 
model was selected for validation as one of the most 
sophisticated linear models of freight car lateral sta
bility. The program provides natural frequencies and 
mode shapes for the configuration described by the 17 
degrees of freedom. Although it is a linearized model, 
the level of detail is sufficient to allow investigation of 
the effects of many truck components. The degrees of 
freedom are lateral and yaw of each wheelset, lateral, 
yaw and warp (parallelogramming) of each truck (Figure 
3-6), and lateral, roll, and yaw of the carbody. Gravita
tional stiffness, spin creep, and gyroscopic terms are 
also included. The model can accommodate asymmetri
cal loading front to rear and nonidentical front and rear 
wheelsets and suspension parameters. Also included in 
the model is a provision for modeling, bending, and 
shear connections between wheelsets such as those 
implemented in a radial axle truck. The program uses 
matrix inversion techniques to solve the 17 second 
order differential equations of motion. Natural fre
quencies (eigenvalues) and mode shapes (eigenvectors) 
are produced by the program.

Data consistent with TDOP Phase I testing and the 
needs of the program was input to the model. The 
empty mechanical refrigerator car on 70-ton Barber 
trucks with new wheels was selected as the validation 
case. This particular combination had exhibited hunting 
behavior in the Phase I test including curious phenome
non such as occurrences of front truck hunting only 
(nosing) and intermittent hunting.

An initial comparison of model and test results using a 
trial set of input data produced results which indicated 
the onset of instability between 40 and 50 mph at a 
frequency of 0.75 Hz. Test data indicated the develop
ment of hunting between 50 and 70 mph at a frequency 
of from 2 to 3 Hz.

Re-examination of the input data led to the conclusion 
that the initial primary suspension stiffnesses were too 
large, approximating a rigid truck frame. The primary 
suspension stiffnesses were reduced to values consistent 
with flexible Type I trucks and a second comparison was 
made. Again the frequency associated with the un
stable mode was quite low with respect to the test 
results. Variations of parameters which were 
considered to be the least accurately known were made. 
It was found that the only parameters which showed a 
significant sensitivity was the conicity. By artificially
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TABLE 3-2. CANDIDATES FOR VALIDATION

Model
Degrees of 
Freedom

TDOP Areas of 
Application

Linear/
Nonlinear

Frequency/Time Domain 
Steady State Eouilibrium

Carbody
Model

17 dof 
Eigenvalue*

17 Lateral Stability Linear Frequency Rigid

HUNCT* 21 Lateral Stability, 
Curve Negotiation

Nonlinear Time Rigid or Flexible

Freight Car 
Hunting

25 Lateral Stability 
(critical speed, 
stability margins)

Linear Frequency Rigid

FRATE 11* i i Harmonic Roll, 
General Vehicle/ 
Truck Motions

Nonlinear Time Rigid or Flexible

FRATE 17 17 Harmonic Roll, 
General Vehicle/ 
Truck Motions

Nonlinear Time Rigid or Flexible

FRATE 27 Harmonic Roll 
and Bounce, Ride 
Quality

Nonlinear Time Rigid or Flexible 
(allows for lumped 
masses for lading)

Flexible
Carbody
Vehicle*

20 Harmonic Roll Nonlinear Time Two Lumped

9 dof Steady 
State Curving

9 Curve Negotiation Nonlinear Steady State Equilibrium Rigid

17 dof Steady 
State Curving

17 Curve.Negotiation Nonlinear Steady State Equilibrium Rigid

CN Curving 
Model*

10 Curve Negotiation Nonlinear Steady State Equilibrium Rigid

DYNALIST II* up to 50 Any (depending on 
particular model 
definition)

Linear Frequency and/or Time Rigid or Flexible •

HALF 4 Component Wear, 
Safety

Linear Frequency Rigid

FULL 6 Ride Quality Linear Frequency Rigid

FLEX 6 Ride Quality Linear Frequency Flexible, First 
Mode Bending Only

LATERAL . 15 Ride Quality Linear Frequency Rigid

‘ Models validated during TDOP Phase II.

FIGURE 3-6. SEVEN DEGREES OF FREEDOM FREIGHT TRUCK MODEL.
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increasing the conicity from the nominal 1/20 new 
wheel value to 1/15, closer agreement between model 
and test results was achieved. These results are shown 
in the complex frequency representation of Figure 3-7. 
The figure shows the loci which are traced from the 
kinematic and rigid body modes which are clearly 
identifiable at low speed. Also shown are actual test 
points.

From the results presented, it is concluded that the 17 
dof Eigenvalue Model is best suited for qualitative 
comparison. (For instance, will truck A hunt at a lower 
speed than truck B, all other things being equal?) With 
care in the choice of wheel conicity, critical speeds 
within the validation tolerance may be obtained. The 
accurate prediction of the associated frequency of 
hunting appear to be beyond the model's capability.

FIGURE 3-7. ROOT LOCI FOR PRINCIPAL MOTIONS OF EMPTY 
70-TON REEFER FROM 17 DOF EIGENVALUE 
MODEL VS. TEST

3.4.1.2 HUNTCT. HUNTCT is a nonlinear time domain 
model developed by Wyle Laboratories for lateral 
stability analysis (Figure 3-8). The formulation uses 21 
degrees of freedom representing rigid body modes of 
the units comprising the freight car/truck system. 
Additional degrees of freedom to represent carbody 
flexibility can optionally be included. The carbody is 
allowed to translate in the vertical and lateral direction 
and to yaw, roll and pitch. The truck is modeled as a 
single mass with vertical, lateral, yaw, and roll degrees 
of freedom.

The truck model also provides for coupling between 
wheelsets in the yaw sense (lozenging stiffness). Each 
wheelset has two independent degrees of freedom - 
lateral and yaw. Vertical and roll motions of the 
wheelset are constrained by the wheel/rail geometry 
with the assumption of no wheel lift off. Detailed

calculations of the wheel/rail interface are carried out 
for each wheelset. The effective track mass, stiffness, 
and damping in the vertical sense are lumped with the 
truck. To simulate actual tests, the model requires 
track geometry data including left and right rail profile 
and alignment data. The model makes use of the 
Symmetric Wheel/Rail Constraint Subroutine (WHRAIL) 
(References 9 & 10) to relate the track input to 
wheelset motions.

FIGURE 3-8. HUNTCT MODEL

\s with the 17 dof Eigenvalue Model, comparisons of 
model and test results were made for the TDOP Phase I 
tests of the empty 70-ton refrigerator car with Barber 
trucks and new wheels. Unfortunately, the Phase I data 
collection did not include the key measurement of track 
alignment. Time domain comparisons were thus not 
feasible. The Friction Snubber Force Measurement 
System (FSFMS), which was tested on similar class 
track, included alignment measurements. These track 
data have been used as model input to obtain statistical 
characterizations of the response for comparison with 
Phase I test results. The substitution of the FSFMS 
data assumes that statistical characterizations of track 
of the same class were approximately the same.

The results of the comparisons of test and model 
responses for 50 and 79 mph are shown in Figures 3-9 
and 3-10. There is agreement in the location of the 
principal frequency; however, the overall comparison of 
response levels in the 1 to 20 Hz range is not good. The 
results raise the question as to whether the comparison 
is poor due to the model or the assumptions made about 
the input data. .

In a subsequent exercise, critical speed was determined 
by simulating the response to an initial lateral displace
ment on ideal track. The speed at which the response 
failed to decay was taken as the critical speed. This 
procedure identified the critical speed to be approxi
mately 65 mph.
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FIGURE 3-9. POWER SPECTRAL DENSITIES OF THE LATERAL 
ACCELERATION OF THE TRUCK AXLE -  50 MPH

FIGURE 3-10. POWER SPECTRAL DENSITIES OF THE LATERAL 
ACCELERATION OF THE TRUCK AXLE -  79 MPH

The conclusion from the validation exercise with 
HUNTCT is that a decision must be reserved until test 
data can be obtained for which both response and input 
are recorded. The results thus far obtained indicate 
some potential to predict principal frequency and criti
cal speed.

3.4.2 Validation Results o f Traekability Models

The validation work in the traekability regime has 
focused on harmonic roll and bounce models. Since the 
harmonic roll and bounce models can generally be 
applied to the track twist subregime, validation of the 
harmonic roll behavior of a model gives a measure of 
confidence in using it for load equalization,analysis as 
well. Four models are shown in Table 3-2 as being 
applicable to harmonic roll analysis. These are the 
Flexible Carbody Vehicle Model and three versions of 
FRATE. To avoid duplication and based on prior 
experience, only one of the FRATE versions was 
validated.

3.4.2.1 Flexible Carbody Vehicle Model. The Flexible 
Carbody Vehicle Model (FCBVM) was developed by AAR 
in conjunction with the Track/Train Dynamics Program 
(Reference 15). The model was selected to complement 
the FRATE models in the analysis of the harmonic roll 
and bounce subregimes. Version II of the model was 
used in the TDOP Phase II validation exercise. The 
model formulation features 20 degrees of freedom 
which include the following: vertical, lateral, roll,
pitch and yaw of each half-carbody, vertical and roll of 
each bolster, vertical and lateral displacements and roll 
of each side frame/wheelset combination as shown in 
Figure 3-11.

The results of the comparison of roll angle (single 
amplitude) for the tests and the model are shown’ in 
Figure 3-12. There is significant disparity between the 
two sets of results. The model results indicate a low 
resonant speed and excessive amplitude at resonance. 
The input which produced the results shown was 
discussed with AAR representatives who suggested that 
proper adjustment of the load spring rates of damping 
could bring the model results into closer agreement 
with the test data. Further efforts with this model 
could not be carried out within the time and resource 
limitations within the project.
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3.4.2.2 FRATE. FRATE 11, FRATE/MITRE, and 
FRATE 17 (References 16 through 19) are nonlinear, 
time domain models that can be used to study the 
harmonic roll and bounce. The most basic of the three 
is Wyle Laboratories' FRATE 11 (see Figure 3/13 ). The 
eleven basic degree of freedom are lateral, vertical and 
roll of each truck, lateral, vertical, roll, yaw and pitch 
of the carbody. In addition, one degree of freedom is 
added for each normal mode of vehicle flexibility 
included in the carbody representation. Nonlinearities 
such as dry friction, finite spring travel, clearances, 
and stops are included. Mass, damping, and stiffness 
characteristics of the track are included by lumping 
them with corresponding elements representing the

FIGURE 3-13. FRATE 11 MODEL

truck. FRATE/MITRE is an extension of FRATE 11 in 
which additional lumped elements are added for lading 
such as trailer on a flatcar. FRATE 17 was developed 
directly from FRATE 11. The additional six basic 
degrees of freedom are due to the inclusion of an 
additional mass for each truck which allows side frames 
and. wheelsets to be treated separately from the 
bolster. Each additional mass has vertical, lateral, and 
roll freedom motion. FRATE 11 was selected as the 
primary tool of the three to be validated. The selection 
was based on past results showing that FRATE 11 and 
FRATE 17 produced very similar results regarding car- 
body motion.

Input to FRATE consists of tabulated track profile data 
which may be obtained along with the test data or 
generated from formulae for idealized profiles. Thus, 
depending on the particular track profiles used, the 
model can be used to investigate either harmonic roll or 
bounce response. The FRATE models have been 
partially validated against test data both by Wyle 
Laboratories and MITRE.

Prior validation work was performed using the ASF 
tests of a loaded, 100-ton hopper car on half-staggered 
shimmed track at Hartford, Illinois, in 1968, the same 
data used in the Flexible Carbody Vehicle Model Valida
tion exercise. Table 3-3 summarizes the results for the 
validation exercise with the ASF data against the 
validation criteria described in paragraph 3.3.2.

Table 3-3. COMPARISON OF FRATE VS TEST RESULTS

Comparison Criterion Deviation

Peak Roll Angle +1° 0.6°
at Resonance

Critical Speed +1 mph 0.8 mph

Spring Nest Force +5% of static 3.5% of static
at Resonance Load

To extend the validation effort it was decided to 
compare FRATE 11 results with a different test case 
from the TDOP Phase I series. The case chosen was 
test number 191 (Reference 14), which describes the 
test of a loaded, 100-ton box car with Barber trucks, 
having standard suspension on half-staggered shimmed 
track. The truck center spacing was 46 feet. Approxi
mately 400 feet of track were shimmed. The test 
section was traversed a number of times at constant 
speed beginning at 12 mph and increasing in increments 
of approximately 2 mph up to 20 mph. The comparison 
of the peak roll response versus speed results for the 
model and tests are shown in Figure 3-14. Figure 3-15 
compares time histories of the model and test at the 
resonant speed. The close agreement is apparent 
despite the fact that TDOP Phase I test data did not 
include detailed track profile measurements but only 
the elevation difference at each rail joint. The input 
for FRATE in this case had to bd idealized between 
each rail joint.

3-9



LLI
UJ
cc
o
UJ
Q
UJ*_l
0
z
<

o
cc
>-
Do
CO
cc
<
o

T IM E ,  S E C

FIGURE 15 . COMPARISON OF TIME HISTORIES OF 11 DOF FRATE MODEL AND TEST DATA AT RESONANT SPEED

3-10



Although FRATE 11 compared favorably within the 
validation criteria in the cases discussed, there are 
limitations to its use. It is known, for instance, from 
other validation work with FRATE (Reference 19) that 
the harmonic roll response of flexible flat cars requires 
a model of greater sophistication. Likewise, a more 
complex model such as FRATE 17 is recommended in 
cases where the excitation is sufficiently great to cause 
centerplate rocking. For the more rigid box type cars 
at excitation levels below that causing centerplate 
rocking, the FRATE 11 model produces satisfactory 
results.

3.4.3 Validation Results o f Curve Negotiation Models

Originally, the 9 & 17 dof steady state curving models 
were selected for validation in the curve negotiation 
regime. These two models are nonlinear representa
tions of a freight car in steady state curving (Reference 
20). Closer scrutiny, however, showed that they were 
unsuitable for use on the TDOP Phase II project. 
Primarily, the problem has to do with the inability of 
these models to treat the nonlinearity associated with 
flange contact. In the course of talks with the 
Canadian National (CN) Rail Research Center on the 
potential use of their test data in TDOP Phase II, a 
curve negotiation model developed by them was 
discussed. Upon examining the potential of the model, 
it was determined that the model indeed accounted for 
responses including the condition of flange contact at 
the wheel/rail interface. Hence, it was decided to use 
the CN Rail Curving model for the steady state curving 
analysis instead of the 9 & 17 dof models.

The CN Rail Curving Model is an interactive program 
for the solution of steady-state behavior of trucks in 
curves. The program is designed to calculate force 
levels and geometric parameters such as angle of 
attack describing steady-state behavior on smooth cir
cular arc curves, wholly neglecting dynamic effects.

The model used in the validation exercise represents a 
two-axle railway truck which is supporting a vehicle 
body and which is traversing a smooth curved track 
section having constant curvature and superelevation 
(Reference 21). Figure 3-16 shows the interfaces 
between the truck, vehicle body and the track. The 
vehicle body may be subjected to lateral coupler forces 
as well as to centrifugal and gravity forces.

The truck model consists of a rigid frame and conven
tional wheelsets having lateral and longitudinal 
stiffness characteristics at the primary suspension. 
Figure 3-17 shows a plan view of the truck. Each 
wheelset has a degree of freedom in the lateral, longi
tudinal, yaw and rotational directions, which, for the 
leading wheelset, are designated as Q ,̂ P2, Og and
respectively. The truck frame itself has two degrees of 
freedom which are in the lateral and yaw directions. 
The model also has the capability of modeling inter
axle steering connections.

The wheel-rail interaction in the. model is shown in 
Figure 3-18. A conical wheel tread is assumed to 
contact a crowned railhead. Hertizian contact areas, 
creep coefficients and creep forces are determined 
from simulated vertical wheel-rail forces using 
nonlinear curve fitting techniques. Spin creep is 
neglected, which is justified provided that the tread 
conieity is small or that the lateral and longitudinal 
creepages are relatively large.

When the flangeway clearance is exceeded, flange con
tact occurs. A conical flange face is assumed and point 
contact occurs between the flange and the gauge-face 
of the rail. The point of flange contact moves 
longitudinally depending on the wheelset angle of 
attack and on the specified flange geometry. The 
flange force consists of normal and tangential 
components. The normal force is modeled by a 
nonlinear stiffness between the flange and the rail. The 
magnitude of the tangential force is assumed to be a 
saturated creep force at the point of flange contact. 
Its direction is calculated from the exact creepages at 
the point of contact.

The validation efforts consisted of simulating the 
experimental curving tests of a standard 100-ton 
freight car truck (Reference 4). The curving tests 
consisted of running a 100-ton hopper car with Type I 
trucks over a test section of curved track. The test 
zone consisted of track ranging in curvature from 2.5 to
6.2 degrees and associated equilibrium speeds ranging 
from 34 to 48 mph. Three passes were made through 
the test zone for ea.ch condition, one at approximately 
10 mph less than the' nominal equilibrium speed, another 
at the nominal equilibrium speed, and a third at approx
imately 7 mph greater than the nominal equilibrium 
speed. The forces at the wheel/rail interface were 
measured using instrumented wheelsets, and the lateral 
and vertical forces were calculated by means of the 
axle bending technique.

Comparisons between the theoretical and experimental 
curving forces were made for the case of the. loaded 
cars at balance speed. Typical results are shown in 
Figure 3-19. It can be seen that the model and the 
experiment results both predict a general increase in 
the lateral force of the leading outer wheel with an 
increase in track curvature. The model, however, 
predicts lower force levels than the test data. It should 
be pointed out here that data for many of the para
meters of the actual hardware tested were not avail
able, and that engineering. estimates were used to 
determine their values. In addition, it should be noted 
that the parameter values were selected prior to the 
examination of the experimental results.

Figure 3-20 shows the graph of the Force Ratio* R for 
the leading outer wheel versus the superelevation 
deficiency for the theoretical and experimental results. 
The latter is given as plots of 27 individual points of the 
experimental data and by a plot of the least-square fit 
through these points. Both the theoretical and experi
mental results show an increase in the force ratio Rp 
with superelevation deficiency. The figure also shows 
that the mean slopes of the theoretical and experimen
tal data are closely matched (0.085 for the former and 
0.094 for the latter). Further details of the CN 
model can be found in Reference 21.

♦Force Ratio, Rp = F y / F g ,  

where:

Fy = measured lateral force on a given value of 
superelevation deficiency

Fg = measured lateral force at the balance speed
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FIGURE 3-16. VEHICLE BODY/TRUCK/TRACK INTERFACES

Trailing Wheel set

FIGURE 3-17. SCHEMATIC DIAGRAM OF 2-AXLE TRUCK AND ITS DEGREES OF FREEDOM (Q̂, TO Q10)
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3-13

Fy = Tangential Flange Force 

F^ = Normal Tread Force 

Fp = Normal Flange Force

A = Point of Tread Contact 

B = Point Of Flange Contact

FIGURE 18 . SCHEMATIC DIAGRAM OF WHEEL/RAIL CONTACT FORCES
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3.4.4 Validation Results o f Ride Quality Models

The model selected as a candidate for validation in the 
ride quality regime was the DYNALIST modeling pro
gram (Reference 22). DYNALIST is a general purpose, 
computer program which solves systems of linear 
second order differential equations. Dynamic models of 
freight cars with up to 50 degrees of freedom can be 
analyzed both in the time and frequency domains. The 
DYNALIST program has no particular model structure 
but rather the program allows the user to define the 
structure by means of the input. The structure may be 
composed of rigid bodies, wheelsets with lateral 
degrees of freedom, model mass elements, springs and 
dampers. Flexible bodies can also be included by using 
an appropriate modal representation. The forcing 
function can be harmonic, periodic, or random in 
character. DYNALIST was selected for TDOP Phase II 
validation because of its flexibility, the extent of its 
prior use, its excellent graphics capability, and good 
documentation. It is particularly useful because of its 
capability of performing analysis in both the time and 
frequency domains.

The DYNALIST frequency domain modeling capability 
was applied to the 70-ton refrigerator car combined 
with track inputs, represented as spatial PSD's, to 
produce the response of the vehicle in the form of 
acceleration PSD's. This work* was performed by Wyle 
Laboratories' subcontractor, the J.H. Wiggins Co. J.H. 
Wiggins followed the procedure used by other modelers 
(Reference 23) of separately modeling the dynamics of 
the vehicle in the vertical and lateral planes, and 
linearizing all friction mechanisms as well as the kine
matics of wheel/rail contact. Typical results are given 
in Figures 3-21 and 3-22.

in the case of the vertical model it was found that, in 
the low frequency range, the results of simulation and 
tests could be made to match only if unrealistically 
high equivalent viscous damping was assumed. For the 
roll model, the response predicted by the model in the 
low frequency range was almost an order of magnitude 
low.

In attempting to explain the discrepancies in the verti
cal model, it was found that other modelers have also 
found it necessary to introduce high damping in order to 
make the results of simulation and tests agree; see 
Figures 3-23 and 3-24. The authors (Reference 23) 
concluded that nonlinearities in the suspension, not 
considered in the model, are responsible for these 
discrepancies, and that the flexibility of the carbody, 
considered rigid in the model, may be a contributing 
factor.

As mentioned elsewhere in this report, Coulomb fric
tion excites higher frequencies in the carbody than does 
viscous friction. In addition, Coulomb friction raises 
the natural frequency of a system. In the case of the 
Barber S-2 truck, an additional nonlinearity is 
introduced by load-dependent snubbing, the magnitude 
of which, moreover, differs in the upward and down
ward directions.

However, it is believed that the discrepancies between 
the results of simulation and testing, while undoubtedly 
influenced by these approximations, are primarily due 
to a basic feature of the model, i.e., the separation of 
vertical and lateral dynamics. It may be seen from 
Figures 3-23 and 3-24 that the major discrepancies

are fairly sharply localized in the frequency range^ 
between about 2 and 5Hz which contains the frequen
cies of the main lateral carbody modes, including 
lateral displacement, yaw and upper center roll.

This leads to the following possible explanation of the 
discrepancies. In the vertical model, the track inputs 
due to staggered rail or other irregularities are either 
assumed to be applied at the center plane of the 
vehicle, or equivalent, restraining moments are applied 
to prevent motion of the simulated vehicle out of the 
vertical center plane. The finite excitation energy 
supplied by the rail joints and other vertical track 
irregularities is, thus, entirely channeled into motions 
in the vertical plane while in the real vehicle a large 
portion can be expected to be converted into kinetic 
energy in the lateral modes at their particular natural 
frequencies. The suppression of the lateral response by 
means o f unrealistically high damping detracts greatly 
from the validity of the model even if it succeeds in 
reducing the mismatch between.simulated and observed 
amplitudes. The fact that, in the DYNALIST model, 
the introducton of carbody bending modes which have 
higher frequencies than the rigid body modes, did not 
succeed in improving the simulation, suggests that this 
feature does not constitute a necessary or fundamental 
elaboration of the model.

Several explanations are possible for the low response 
of the lateral model in the low frequency range. First, 
it appears that the (half) creep coefficients are too low 
by an order of magnitude. The greater part of carbody 
motion is due to wheel/rail excitation rather than, to 
lateral wheel irregularities, and the magnitude of these 
wheel/rail forces is directly proportional to the creep 
coefficient. In addition, as is discussed elsewhere, n 
model with linearized damping tends to oscillate in the 
lateral modes at a frequency slightly higher than the 
frequency of kinematic hunting of the truck, between 1 
and 1.5 Hz, rather than at the natural frequencies of 
the carbody that include yaw (between 2.5 and 3.1 Hz in 
the case of the refrigerator car) which can only be 
excited by the high frequency content of Coulomb 
friction.

In summary, while the insertion of unrealistic values of 
some parameters in a mathematical model may succeed 
in producing results within the specified validation 
tolerance of the test results, a model distorted to this 
extent does not appear to have much practical value for 
such important procedures as suspension design. Thus, 
while frequency domain simulation may be useful in 
checking out subsystems, it is doubted whether the 
complexity of a frequency domain model containing 
both vertical and lateral degrees of freedom is more 
economical than even a simplified time domain model. 
On the basis of the results with DYNALIST, the 
structured frequency domain models shown in Table 3-2 
(HALF, FULL, FLEX, and LATERAL -  Reference 24) 
were not treated since they are also uncoupled config
urations.

3.5 MODEL UTILIZATION

With reference to the use of mathematical models in 
defining and interpreting the performance levels of 
freight car trucks, the extent of such use has varied 
from one performance regime to another. In most 
cases, the use of models turned out not to be feasible 
for both technical and economic reasons.
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In the lateral stability regime, models were used pri
marily in an interpretative mode, i.e., addressing spe
cific questions relating to the results from the test 
data. F,or example, the test data revealed a consistent 
tendency on the part of the box type freight cars to 
initiate the nosing phenomenon prior to the develop
ment of hunting. Since no apparent explanation was 
readily available from the test data or the operating 
conditions under which they were obtained, analytic 
simulations using models were used. Additionally, the 
hunting frequencies associated with results from test 
data were confirmed through analytic simulations. 
Analysis also helped address key parameters of in
fluence in freight car hunting, especially as relating to 
wheel/rail contours and contact geometry.

in the case of harmonic roll, simulations were compared 
against field test results with good agreement. How
ever, only a minimal amount of field test data were 
available for this subregime and use of models to 
extend these sparse results was not considered 
judicious.

Simulations using a nonlinear curve negotiation model 
were compared against field test data. The validation 
exercise proved to be encouraging. Furthermore, 
Transport Canada has an effort underway to further 
validate the model against test data from Type II 
trucks.

In the regime of ride quality, initial efforts centered 
around simple models in the vertical and roll modes 
which assumed that these modes were decoupled. Veri
fication against test data proved this assumption un

justified. Restructuring the model to overcome the 
deficiencies could not be rationalized in light of the 
abundance of data available for use in the ride quality 
regime.

Thus, although analytic models were utilized in the 
simulation of truck behavior, field test data remain the 
primary basis of the quantified performance characteri
zations presented in this report. The results from the 
test data were interpreted and correlated to 
appropriate operating conditions and parameters of 
significant influence through the use of analytic simula
tions, as well as through existing knowledge of the 
behavioral performance of freight car trucks.

3.6 REMARKS

The results of the analysis tasks carried out thus far 
have been less than encouraging. With few exceptions, 
the model results have not agreed with test data within 
the tolerance of the validation criteria selected. In 
some cases, faults in the programming and model 
formulation are to blame. In others, the test data are 
suspect. The difficulty in obtaining good agreement 
between model and test data is illustrated by the spread 
in test results from replicated conditions (e.g., Figure 
3-25 taken from Reference 25).

It is recommended that greater emphasis be placed on 
simple modeling. The aim of such modeling is the 
interpretation of test results. For some models (such as 
the CN Curving Model and HUNTCT) additional valida
tion work is justified.tt '

S P E E D , MPH

FIGURE 3-25. VARIATION IN PEFORMANCE OF STANDARD TRUCK 
FOR COMPLETE TEST PROGRAM
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SECTION 4 -  ENGINEERING

4.1 INTRODUCTION

One of the primary objectives of the Truck Design 
Optimization Project (TDOP) Phase II was to define the 
engineering options available to the railroad industry in 
order to improve the efficiency and productivity of rail 
freight transportation. Results from experimental and 
theoretical investigations were applied, in consultation 
with the industry, to the development of performance 
characterizations of Type I (standard, three-piece) and 
performance specifications for Type II (premium) 
freight car truck configurations.

Proposed performance guidelines for Type I trucks 
(Reference 1), as represented by quantified 
characterizations, were developed principally on the 
basis of performance test data.generated during Phase I 
of TDOP and supplemented, wherever necessary, by 
Phase II data. Characterizations and specifications of 
performance for Type II trucks (Reference 2) were 
developed from test data acquired during Phase II of 
the project.

Freight car truck performance has been divided into 
four distinct regimes which, taken together as inclusive 
sets of conditions associated with predominant fea
tures, identify all aspects of truck behavior. These 
regimes are identified as lateral stability, trackability 
(harmonic roll, track twist, and curve entrv/exit), 
steady state curve negotiation, and ride quality. 
Performance indices, which represent measurable 
quantities typical of performance, are defined in each 
of the performance regimes (Reference 3).

Quantitative performance for Type I and Type II trucks 
presented in this report are defined by ranges of 
performance indices in each performance regime, spe
cifically related to operating conditions such as speed, 
track quality, degree of track curvature, and lading. 
The quantified range of performance indices, developed 
from field test data, has been interpreted in the light of 
physical reasoning and tempered by comparative data 
studied by means of simple analytic and engineering 
models. Within the domain of statistical significance of 
the test data upon which the present characterizations 
and specifications are based, it is expected that tests 
involving similar equipment and conditions are likely to 
produce results comparable to the quantified ranges of 
performance presented in this report.

The results represent a comprehensive characterization 
of performance of the freight car trucks, embodied in a 
range of quantified performance indices which are 
relatable to the economies of railroad operations. 
Therefore, it is believed that this body of results can be 
used to provide the basis for a set of performance 
specifications for freight car trucks which could be 
useful in railroad procurement and maintenance 
operations, as well as provide a guideline or basis for 
equipment manufacturers.

In translating the performance characteristics of Type 
II trucks into a set of recommended guideline specifica
tions, the test results were interpreted and engineering 
judgment exercised in correlating factors such as the 
influence of expected component wear on performance 
and possible economic implications. The resulting 
guidelines form a set of recommended "performance 
specifications" for Type II freight car trucks.

As more information becomes available on such factors 
as wheel and rail wear, and truck component wear 
(from the TDOP Phase II Wear Data Collection Program 
in progress) as well as other sources, the recommended 
"specifications" may be further refined to reflect 
factual influences replacing the judgment factor. 
However, it is believed that the recommended 
guidelines provide a framework to define a set of 
improved performance levels associated with design 
changes.

This section also includes a set of standard test specifi
cations for the performance requirements established in 
this project. The objective of the test specifications is 
to provide guidelines for the acquisition and analysis of 
field test data, so that the results can be evaluated 
against the recommended guideline specifications.

4.2 METHODOLOGY FOR DEVELOPMENT OF
QUANTIFIED PERFORMANCE LEVELS

Establishment of an analytic and experimental method
ology for relating truck parameters to the economic- 
related performance indices defined in each of the per
formance regimes is a major engineering goal within 
TDOP Phase II. Applying this methodology, and in 
coordination with industry, guideline performance char
acterization for Type I trucks and guideline perfor
mance characterizations and specifications for the 
Type II trucks were developed.

The major elements comprising the methodology for 
truck evaluation are:

• Field testing of selected trucks to obtain 
performance test data and a thorough evalu
ation of the procedures involved in the ac
quisition of test data.

• Reduction of the data, followed by interpre
tation, to ensure that the test results are 
consistent in terms of physical principles as 
well as of specific characteristics of the 
vehicle and test environment.

• Simulations utilizing credible mathematical 
models to augment and complement results 
from field test data.

• Determination of wear and degradation of 
freight car trucks under revenue service 
conditions through a structured program of 
periodic measurement of various truck com
ponents including wheels.

• Correlation of results from analysis of 
economic data on truck maintenance and 
operation from operating railroads with re
sults from analysis of performance test 
data.

• Comparison of test results with results ob
tained from comparable tests of similar 
vehicles, to identify and resolve any major 
discrepancies.

• • Establishment of performance boundaries 
for both Type I and Type II trucks.

A block diagram indicating the flow of elements in this 
methodological scheme is shown in Figure 4-1.
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FIGURE 4-1. . METHODOLOGY FOR TRUCK EVALUATION

4.3 PERFORMANCE CHARACTERIZATION OF 
TYPE I TRUCKS

The intent of the guidelines presented in this section is 
to identify Type I freight car truck performance levels 
which can be correlated to savings associated with 
reduced maintenance, longer equipment life, and other 
tangible benefits in terms of railroad operations. The 
development of these guidelines has kept in perspective 
common industry practices and the Association of 
American Railroad (AAR) requirements for interchange 
service and regulatory safety requirements.

The quantified levels of performance given under each 
of the performance regimes represent the results of 
analysis and interpretation of quantified test data.

4.3.1 Lateral Stability

Characteristic performance levels in the regime 
of lateral stability are given in terms of rms 
lateral acceleration and peak lateral accelera
tion (Reference 1). A summary o'f results from 
analysis of test data in the lateral stability 
regime is given in Table 4-1. The results of 
the test data analysis have been summarized for 
the two classes of trucks-, namely, 70-ton and 
100-ton trucks.

70-Ton Trucks

The empty flat car using worn wheels shows the earliest 
evidence of instability, at a speed range between 30 and 
40 mph. The maximum acceleration level for this ease 
increases sharply to 0.55 g at 40 mph, and to 1.1 g at 79 
mph. No data are available on the same configuration 
in the loaded condition.

For the flat car using new wheels, test data for the 
loaded and the empty conditions exist. The analysis 
reveals that the loaded configuration shows no evidence 
of hunting and the vehicle remains stable through the 
entire range of operating speeds up to 79 mph. How
ever, in the empty condition with new wheels, hunting 
is evidenced in the speed range between 70 and 79 mph. 
In general the critical speed of a flat car varies 
depending on the operating conditions, and, even more 
so, on the wheel profiles, with the predominant 
frequency of hunting being in the range of 2.5 to 2.9 
Hz.

The behavior of the mechanical refrigerator car and the 
box car can be placed into one category since the 
findings drawn from the performance test data indicate 
general conformity. Therefore, they will be grouped 
together and referred to as "box type" cars.
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TABLE 4-1. SUMMARY OF RESULTS FROM ANALYSIS OF TEST DATA IN 
THE LATERAL STABILITY PERFORMANCE REGIME

Vehicle Configuration Hunting*
Yes/No

Critical** 
Speed Range 

mph

Hunting* * 
Frequency 

Hz

RMS Lateral** 
Acceleration 

g

Peak Lateral** 
Acceleration 

g
Remarks

70-ton Trucks with Box 
Type Cars
1. New Wheels/Empty Yes 40-50 2.5-3.1 0.16-0.36 0.58-1.24 Initiation of nosing at 40-50 mph; fully 

developed hunting at 60-70 mph.
2. New Wheels/Loaded No Nosing initiated in the 60-70 mph speed 

range with an associated frequency range 
o f 3.3 to 3.5 Hz, RMS acceleration of 
0.27 to 0.29 g, and peak.acc'eleration 
levels o f 0.67 to 0.77 g. Nosing 
continued through the speed range up 
to 79 mph, the terminal speed for the 
test runs.

3. Worn Wheels/Empty Yes 40-50 2.5 0.18-0.40 0.66-1.12 Leading end nosing & trailing end 
intermittent hunting at 40-50 mph. 
Both ends hunting with increasing 
speed.

4. Worn Wheel/Loaded No — — — - No evidence o f hunting.

70-ton Trucks with 
Flat Cars
1. New Wheels/Empty Yes 70-79 2.8 0.11 0.59 Fully developed hunting at 70-79 mph.
2. New Wheels/Loaded No - — — - No evidence of hunting.
3. Worn Wheels/Empty Yes 30-40 2.2-2.9 0.12-0.30 0.55-1.10 Fully developed hunting at 30-40 mph.
4. Worn Wheels/Loaded - - — — - No data available.

100-ton Trucks with 
Box Type Cars
1. New Wheels/Empty Yes 70-79 2.7 0.10-0.25 0.73-0.83 Fully developed hunting.
2. New Wheels/Loaded No - - - - No evidence o f hunting.
3. Worn Wheels/Empty - -  ' - No data available.
4. Worn Wheels/Loaded - " — —• — No data available.

•"Hunting" denotes full-body hunting as differentiated from nosing..

••Includes nosing and full body hunting.



In the ease of the empty box type cars with new wheels, 
hunting begins at a speed between 40 and 50 mph. With 
the loaded box type cars, there is an indication of 
"nosing," i.e., hunting restricted to the leading end of 
the carbody only, initiated in the speed range between 
60 and 70 mph, and continuing until 79 mph. To 
generalize, in this set of configurations, the critical 
speed increases with increasing loads; with regard to 
the effect of wheel profiles, the empty cars hunt at a 
lower frequency with worn wheels than with new 
wheels. While the empty box type cars hunt at a 
frequency slightly above 3 Hz with new wheels, those 
with worn wheels hunt at about 2.5 Hz. The effect of 
wheel profiles on amplitude response is not significant. 
For the empty box type cars, maximum acceleration 
levels range from 0.66 g at 50 mph to 1.25 g at 79 mph. 
From the very limited test configurations and results, 
which may not be typical, wheel profiles are seen to 
have no significant effect on performance in the case 
of the loaded cars. It is emphasized here that all of 
these observations regarding the influence of wheel 
profiles on truck performance are on the basis of 
limited test data; generalization to all freight car 
trucks is not intended. '

100-Ton Trucks

The test data available in this area cover a 100-ton box 
car and a 100-ton covered hopper car equipped with 
new wheels. No data are available with respect to worn 
wheels. Analysis of reduced data indicates that empty 
cars on new wheels exhibit hunting in the speed range 
between 70 and 79 mph. Further, the leading end of the 
carbody experiences more pronounced motion than the 
trailing end in the speed range between 60 and 70 mph. 
The peak lateral acceleration level experienced is about 
0.8 g in the 70 to 79 mph speed range. In contrast, the 
loaded car configuration remains stable through the 
entire range of operating speeds up to 79 mph.

4.3.2 Trackability

Test data were acquired on harmonic roll, track twist, 
and curve entry/exit.

Results of the reduction and analysis of the test data on 
the shimmed track showed that the loaded refrigerator 
car has the ability to extract energy from the track 
input excitations, and the carbody reaches a state in 
which the rocking car exceeds its capability to dampen 
or absorb rolling motion. The peak roll angle at the 
leading end of the carbody is 2.9 degrees for the 
refrigerator car at about 14 mph. The peak roll angle 
at the leading end of the carbody for the 100-ton box 
car is 2.4 degrees at about 14.5 mph. The results also 
showed that the data are quite nonlinear, iand contain 
higher frequency components, particularly when 
acceleration responses are considered. The carbody is 
rolling about the lower center; in other words, the mode 
excited is the lower center roll.

Characterization of performance in the track twist 
subregime is provided by means of the wheel unloading 
index (WUI), which is the zero-to-peak value extracted 
from the time history. Performance characteristics are 
shown in Tables 4-2 and 4-3.

Results of the reduction and analysis of test data 
indicate that the dynamic components of the lateral 
forces and L/V ratios are high. The wheel unloading 
index for the loaded car has a mean value of 0.138 and 
a standard deviation of 0.065 on the 16 degree curve. 
The corresponding values for the 15.75 degree curve are 
0.208 and 0.108, respectively. The mean values of the 
wheel unloading index for the empty car are 0.409 and 
0.264 for the 16 degree curve and 15.75 degree curve, 
respectively, with standard deviations of 0.083 and 
0.73, respectively.

The wheel unloading index is substantially higher for 
the unloaded car than that for the loaded car. This is 
mainly due to the friction snubber in the suspension 
which permits little motion between the truck com
ponents for the empty car. It may be noted, however, 
that the field test data considered here included only 
the constant friction snubber trucks.

Characterization of performance in the curve 
entry/exit subregime also is provided by means 
of the wheel unloading index. Analysis of the 
data indicates that, in general, the peak value of the 
wheel unloading index increases with increasing degree 
of curvature. The effect of speed on this index is not 
clear (i.e., does not have a constant pattern) from the 
results. This might be due in part to the dependence of 
this index on just one point extracted from the time 
history, and in part to the dependence of the car 
response on the track memory of the truck. Rail 
contamination and vehicle nonlinearities may also lead 
to this phenomenon. However, it has been noticed that 
the empty cars experience a higher wheel unloading 
index than the loaded cars on all curves tested.

4.3.3 Steady State Curve Negotiation

The results of the reduced data show that the lateral 
forces and L/V ratios increase with increasing degree of 
curvature and they tend to have the same character
istics. For the moderate curves of 2.5 degrees and 3 
degrees, the lateral forces on the leading outer wheel of 
the loaded car are comparable. However, these lateral 
forces show substantial increase in magnitude as the 
degree of curvature increases, reaching an approximate 
value of 14,000 lb at the 6.2-degree curve. The ratio of 
the dynamic lateral forces to the steady state lateral 
forces are lower for higher degree of curvature. The 
values of the lateral forces and L/V ratios in both the 
forward and reverse directions are comparable. By 
comparing the results for the loaded and empty cars, 
the following may be stated:
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a. The rate of increase of the lateral forces 
and L/V ratios are more critical for the 
loaded cars than for the empty cars. This 
conclusion is based on mean values of L/V 
ratios at balance speed without considering 
the associated time duration.

b. The rate of .increase of the lateral forces 
and L/V ratios on the leading outer wheel 
with' increasing degree of curvature is 
higher for the loaded cars than for the 
empty cars.

c. The ratio of the dynamic components of the 
lateral forces and L/V ratios to the steady 
state components are higher for the empty 
cars than for the loaded cars. This indicates 
that the dynamic effect of both curve entry 
and track irregularities is much higher for 
empty cars than for loaded cars.

4.3.4 Ride Quality

Characterization of performance in the ride quality 
regime is provided by means of quantified performance 
indices identified for the regime. These indices are: 
transmissibility, and rms response over the wide band 
spectrum.

Transmissibility, as presented here, is identified as the 
ratio of the rms value calculated from the response 
power spectral density within a specified frequency 
bandwidth to the rms value calculated from the track 
input power spectral density over a corresponding fre
quency bandwidth.

Transmissibility has been quantified in both the vertical 
and the roll directions. Vertical acceleration response 
at the sill level and roll acceleration response at either 
end of the carbody in the frequency bandwidths of 0 to 
4 Hz and 4 to 10 Hz have been considered. The 
corresponding input consisted of power spectral densi
ties of track profile in respect to vertical response and 
track cross level in respect to roll response in the same 
frequency bandwidths.

The rms values of the response power spectral densities 
for both the vertical and the roll accelerations were 
computed over the frequency range of 0-20 Hz as an 
additional performance index and plotted as a function 
of speed.

70-Ton Trucks

In general, loaded box type cars on 70-ton trucks 
indicate increasing values of rms vertical acceleration 
with increasing speed and a tendency to resonate in the 
vertical plane at about 50 mph. In the case of empty 
box type cars, the levels of vertical acceleration 
response are higher as compared to the response of the 
loaded cars, the implication being that loaded cars 
obtain better ride quality than empty ones. However, 
in one case, the loaded box car indicated higher levels 
of vertical acceleration above 40 mph as compared to 
those of the empty car. This case is considered the 
exception rather than the rule, and one possible expla
nation for this phenomenon is the coincidence of the 
natural frequencies of the carbody with those of the 
excitations from the jointed track, as well as the 
coincidence of the truck center spacing with the spac
ing of rail joints.

In the case of the flat cars, only the loaded configura
tion has been analyzed since the empty configuration 
was extensively covered by the lateral stability regime 
by virtue of indications of hunting. The flexural modes 
of vibration of the car are believed to be significant 
contributors to the car response.

In the roll mode, the amplitude response of the loaded 
box type cars is lower than that of the empty cars and 
the principal reason is considered to be the lower level 
of friction damping in this mode. Analysis of data on 
the loaded flat car indicates that the contribution from 
the torsional mode of vibration is significant. At about 
40 mph the response peaks,- with the leading end under
going higher amplitude response than the trailing end.

100-Ton Trucks

Once again, the loaded box type cars on the 100-ton 
trucks exhibit better vertical ride quality characteris
tics as compared to those of the empty cars. The 
difference in the responses between the empty and the 
loaded cases is attributable, at least in part, to the 
higher natural frequencies of the empty cars and the 
effect of friction snubbing.

Among the box type cars in the roll mode, the hopper 
cars indicate lower levels of amplitude response as 
compared to those of the box cars. The trailing end of 
the carbody undergoes higher levels of roll acceleration 
than the leading end.
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TABLE 4-2. STATISTICAL SUMMARY OF WHEEL/RAIL LOAD DATA OF 
100-TON TRUCKS (WITH EMPTY BOX TYPE CARS FROM 
CURVED YARD TRACK TESTS)

Vertical Load (lb) Lateral Load (lb) L/V Ratio Wheel Unloading 
Index

Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.

9.3 mph, 16° Curve

-.26" Superelevation 0.409 0.083

Leading Outer Wheel 9330 680 1850 1000 0.196 0.103

Leading Inner Wheel 5440 710 2030 680 0.366 0.135

Trailing Outer Wheel 8670 970 -15 1030 0.009 0.114

Trailing Inner Wheel 9740 630 440 740 0.043 0.079

9.3 mph, 15.75° Curve

-.3" Superelevation 0.265 0.073

Leading Outer Wheel 7960 920 3210 1510 0.399 0.186

Leading Inner Wheel 7730 1050 1720 790 0.222 0.105

• Trailing outer Wheel 10080 1280 1710 1780 0.043 0.079

Trailing Inner Wheel 10430 1860 -1450 1680 -.106 0.130



TABLE 4-3. STATISTICAL SUMMARY OF WHEEL/RAIL LOAD DATA OF 
100-TON TRUCKS (WITH LOADED BOX TYPE 
CARS FROM CURVED YARD TRACK TESTS)

Test Condition
Vertical Load (lb) Lateral Load (lb) L/V Ratio Wheel Unloading 

Index

Mean St. Dev. Mean St. Dev. Mean St. Dev. Mean St. Dev.

9.8 mph, 16° Curve

-.26" Superelevation 0.138 0.065

Leading Outer Wheel 28300 2880 9790 4430 0.35 0.163

Leading Inner Wheel 26570 2860 6340 1800 0.239 0.066

Trailing Outer Wheel 29620 2960 5430 8800 0.175 0.191

Trailing Inner Wheel 26840 2320 4960 8390 0.317 0.303

8.55 mph, 15.75° Curve

-.30" Superelevation 0.208 0.108

Leading Outer Wheel 24560 3700 8230 2000 0.342 0.0995

Leading Inner Wheel 28730 3200 12460 5580 0.451 0.234

Trailing Outer Wheel 25270 2830 9830 2070 0.396 0.103

Trailing Inner Wheel 26200 5050 12400 3520 0.483 0.148



4.4 PERFORMANCE CHARACTERIZATION 
OF TYPE R TRUCKS

Test data acquired from field tests conducted in TDOP 
Phase II on the seven Type II trucks were analyzed 
through digital computers and software packages es
pecially tailored to meet the data reduction require
ments within the project. The computer outputs of 
data analyses were arranged in digital printout and plot 
formats to facilitate analysis and presentation of the 
results. Data pertaining to each performance regime 
were first examined for quality; then, the total time 
history in each of the tests was reviewed in the 
process of selecting appropriate windows on the data to 
be analyzed; finally, selected data were analyzed in 
keeping with specific engineering and analytic require
ments for quantitative definition of performance char
acteristics. The results in each of the performance 
regimes included digital printouts allowing for statisti
cal analysis, and various forms of plots defining 
functional relationships of performance characteristics 
with operational variables included in the test 
conditions.

As a result of the analysis of field test data on the 
performance of the Type II trucks, quantified levels of 
performance could be studied as functions of opera
tional variables. Analysis of test data permitted quan
tification of the performance indices defined with each
of the performance regimes (Reference 2). Table 
4-4 listed the names of the seven Type II trucks 
tested in this program.

In making any comparison with the performance levels 
associated with Type I trucks described in Section 4.3 
and Reference 1, one cautionary note is important to 
keep in mind. That is, the Type II trucks were tested in 
conjunction with an open hopper car and the trucks used 
the CN profile wheels; whereas, the Type I trucks 
tested under TDOP Phase I were in conjunction with 
carbodies inclusive of boxcars and covered hopper cars, 
and the trucks used the AAR Standard 1:20 taper 
profile wheels. Although the Type I trucks tested in 
TDOP Phase II were tested in conjunction with an open 
hopper car, the trucks did use the AAR Standard 1:20 
taper wheel profiles. One other cautionary remark is in 
order; namely, that the Alusuisse truck was a 70-ton 
truck as compared to the other six Type II trucks which 
were all 100-ton trucks.

4.4.1 Lateral Stability

A summary of the results is presented in Tables 4-5 and 
4-6 on test configurations with empty cars and loaded 
cars, respectively. Since sustained hunting was 
observed in only relatively few cases, the analysis 
considered in some detail the intermittent hunting 
phenomenon.

4.4.2 Trackability

Quantification of performance characteristics in this 
performance regime covered the subregimes of 
harmonic roll, track twist, and curve entry/exit. Per
formance test data covering the harmonic roll 
subregime consisted of data from test runs on branch 
line, Class 2 track. Analysis of the test data indicated 
that the excitations arising from the track irregulari
ties were not sufficient to cause the rock and roll 
phenomenon. This phenomenon is characterized by roll 
angles in the range of 3 to 5 degrees. The test data, 
however, showed a moderate response with the roll 
angle being in the range of 0.5 to 1.0 degrees. 
Therefore, no characterization of performance for the 
Type II trucks in this subregime is provided. The 
performance characteristics presented in this section 
cover only the two subregimes of track twist and curve 
entry/exit.

The preformance index defined in the subregime of 
track twist is the wheel unloading index (WUI). To 
provide some statistical significance associated with 
the quantitative values presented, the index presented 
is the 95th percentile; and the average value as well as 
the standard deviation of the index are given. In 
descriptive terms, the 95th percentile indicates that 
the value of the wheel unloading index given is likely to 
be exceeded only 5 percent of the time during a single 
passage through the spirals. The results presented 
represent the performance of trucks as they traverse a 
left hand, 16-degree, curved yard track at an 
approximate speed of 10 mph. The superelevation of 
the curve was -0.26 inch. The results are given in Table 
4-7.

The data presented indicate a wide variation in perfor
mance between the various trucks tested. The empty 
cars, in general, experience higher values of wheel 
unloading index as compared with loaded cars. 
Although individual Type II trucks seem to attain im
proved load equalization levels, as a class, the group of 
vehicles tested cannot make such a claim.
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4.4.3 Steady State Curve Negotiation

In the process of analyzing the field test data to 
quantify the performance indices, some unexpected 
behavioral trends were observed as they relate to the 
wheel/rail force measurements. A closer examination 
of these trends through various test runs as well as 
examination of the coupler forces data confirmed that 
the measured lateral forces tended to be asymmetric 
with respect to the sense of track curvature. In 
general, the lateral forces tended to be lower on right- 
hand curves as compared to left-hand curves. Although 
various hypotheses were formulated to explain the 
causes of this asymmetric trend, they remain to be 
verified.

These hypotheses include relating the measurements to 
well defined wheel/rail contact geometry considera
tions which may uncover patterns of asymmetry them
selves, and influence of truck "set" or "memory" as it 
travels from one curve to another, among others. A 
comparison of the lateral forces for Type II trucks as 
they behaved over right-hand curves and left-hand 
curves as two distinct groups are given in Figures 4-2 
through 4-5 . Figures 4-2 and 4-3 represent the 
results for the test configurations with empty cars and 
Figures 4-4 and 4-5 represent results for test con
figurations with loaded cars. On the basis of conserva
tism under the circumstances, the characterization of 
performance of the trucks was determined upon the 
higher level of forces, namely those obtained over the 
left-hand curves.

Lateral forces and L/V ratios at each of the four 
wheel/rail interfaces on the leading truck were 
examined for the three test speed conditions, namely 
below, at, and above equilibrium, or "balance" speeds. 
The algebraic means (average values) of the lateral 
forces were calculated for each curve over the length 
of track which could be considered "steady state" or 
"constant curvature" track. In plotting the characteris
tics, the absolute values of these algebraic averages 
were used.
In general, the test data indicate that in all the cases 
the trailing axle tends to carry the higher net lateral 
forces for the conditions representing the below 
balance speed test runs, and the leading axle tends to 
carry the higher net lateral forces for the conditions 
representing the balance speed and the above balance 
speed test runs. The trucks with radial alignment 
features seem to accomplish their goal of attaining 
flange free curving in the shallower ranges of track 
curvature (up to 3.7 degrees), but in the zone with 
sharper track curvature (5 degrees and above), guidance 
around the track depends on flange contact. No defini
tively detrimental degradation in performance was dis
cerned in the case of the rigid trucks relative to the 
baseline performance of Type I trucks. Of course, any 
comparative evaluation has to keep in perspective the 
differences in test conditions, especially as they relate 
to wheel profiles (i.e., the Type I trucks were tested 
with AAR Standard 1:20 profile wheels, whereas the 
Type II trucks were tested with CN profile wheels).

4.4.4 Ride Quality

Only one of the two identified performance indices in

this regime was quantified, namely the rms response 
over the wide band spectrum of 0-20 Hz. The index was 
analyzed for the vertical, lateral, and roll accelerations 
on the carbody. Accelerations are measured on both 
ends of the carbody and the quantitative characteristics 
presented in this section are the result of studying the 
vertical, lateral, and roll accelerations at both ends to 
choose the performance boundaries determined by the 
maximum levels.

Considering vertical vibrations, trucks with primary 
suspensions indicate comparable acceleration environ
ments between the empty and loaded conditions, with 
the rms acceleration levels tending to increase with 
increasing speeds. On the other hand, secondary sus
pension trucks indicated a pronounced difference 
between the empty and loaded carbody responses, with 
the empty carbody responses being the consistently 
higher levels. The truck with primary + secondary 
suspension elements featured in the design was tested 
only in the loaded condition, and the response levels for 
this configuration were bordering the lower bounds of 
performance levels for the whole class of Type n 
trucks.

In general, for the empty cars equipped with Type II 
trucks, the rate of increase of the amplitude of vertical 
oscillations with increasing vehicle speed is small; the 
response curves level off in the speed range of 40 to 60 
mph. Above 60 mph, the rate of increase in the 
response levels of some trucks indicate possible 
resonance phenomena at high speeds or, perhaps, a high 
degree of coupling between the vertical and lateral 
motions of the vehicle system exciting coupled modes. 
An examination of the performance of the class of rigid 
trucks relative to the radial trucks indicate that, for 
the empty car test conditions, the responses for the 
radial trucks vary in a range so wide that they form the 
upper and lower bounds of performance for the whole 
group of Type II trucks; in the loaded condition, the 
response of the radial trucks also determines the upper 
bounds of performance for the whole group of Type II 
trucks tested.

In lateral motion, the responses of the primary sus
pension trucks with empty cars indicate levels higher 
than that for the secondary suspension trucks. In the 
loaded condition, the differences in the levels of accel
eration responses were not significant. Empty cars 
generally indicated higher levels of lateral acceleration 
response as compared to loaded cars for the Type II 
trucks, as a group.

Generalization of performance for groups of Type II 
trucks in the case of roll motion proved to be difficult. 
Rather, individual trucks showed the ability of specific 
design features to influence roll motion. The ability of 
a given truck to provide the levels of damping required 
to control the motion was especially demonstrated in 
the results of the roll response levels.
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TABLE 4-4. SYMBOL IDENTIFICATION FOR TYPE II TRUCKS

A D re s s e r  D R -1 P r im a ry  S u sp e n s io n  
T ru ck s o •

□ B a r b e r -S c h e f f e l S e c o n d a r y  S u sp e n s io n  
T ru ck s A D A S

O D e v in e -S c a le s P r im a ry  <5c S e c o n d a r y  
S u sp e n s io n  T r u c k s 0

• M a x ir id e  100

▲ N a tio n a l S w in g  M o tio n R a d ia l T ru ck s A D O

■ A C F  F a b r ic a t e d R ig id  T ru ck s •  ■  A

0 A lu su isse U n c o n v e n t io n a l 
S u sp e n s io n  T r u c k s

0

TABLE 4-5. SUMMARY OF RESULTS FROM ANALYSIS OF TEST DATA 
IN THE LATERAL STABILITY PERFORMANCE REGIME 
LADING CONDITIONS: EMPTY CARS

T r u c k
C la s s if ic a tio n

P h e n o m e n o lo g ic a l
B e h a vio r

Ra ng e  o f
C r i t i c a l
S p e e d (m p h )

H u n tin g  
F re q u e n c y  (H z )

T ra c k
E x c ita t io n
F re q u c n c y (H z )

R M S  L a te ra l 
A c c e le r a t io n  

(g ’s)

Peak
L a te ra l
A c c e l.
(g 's )

P e rc e n ta g e  of 
T im e  o f  O c c u rre n c e  
o f O b s e rv e d  
P h e n om e n on

A M o d e ra te
A m p litu d e
In te r m itte n t
H u n tin g

6 0 -6 5 2 .7 -2 .8 2 .3 -2 .5 0 .0 5 -0 .1 0 0 .3 4 -0 .4 3 6 0 -6 5

R a d ia l r— i
T ru c k s  LJ

M o de ra te
A m p litu d e
In te r m itte n t
H u n tin g

45 2.9 1.70 0.10 0 .3 5 -0 .4 3 6 5 -7 0

S ustaine d  H u n tin g 5 5 -6 0 2.90 2 .0 -2 .3 0 0 .2 -0 .2 4 0 .6 5 -0 .6 8 100

o
M o d e ra te
A m p litu d e
In te r m itte n t
H u n tin g

60 2.70 2.30 0 .1 2 -0 .1 4 0 .5 5 -0 .6 0 6 0 -6 5

S ustaine d  H u n tin g 79 3.0 3.0 0 .1 2 -0 .1 6 0 .8 7 -0 .8 8 100

▲ M o d e ra te
A m p litu d e
In te r m it te n t
H u n tin g

6 0 -6 5 2 .7 0 -3 .0 2 .3 -2 .5 .0 7 -0 .0 9 0 .4 6 -0 .4 8 6 0 -6 5

R ig id
T ru c k s  9

M o d e ra te
A m p litu d e
In te r m it te n t
H u n tin g

6 5 -7 0 2.70 2 .5 -2 .6 0 .1 0 5 -0 .1 2 0 .6 3 -0 .6 5 6 0 -6 5

H ig h  A m p litu d e
In te r m itte n t
H u n tin g

79 3.0 3.0 0 .1 2 -0 .1 4 0 .8 0 -0 .8 4 7 5 -8 0

■ M o d e ra te
A m p litu d e
In te r m it te n t
H u n tin g

6 0 -6 5 2.7 2 .3 -2 .5 0 .0 8 -0 .1 2 0 .5 0 -0 .6 0 6 0 -6 5
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TABLE 4-6. SUMMARY OF RESULTS FROM ANALYSIS OF TEST DATA 
IN THE LATERAL STABILITY PERFORMANCE REGIME 
LADING CONDITIONS: LOADED CARS

T r u c k
C la s s i f i c a t i o n

P h e n o m e n o lo g i c a l
B e h a v io r

R a n g e  o f
C r i t i c a l
S p e e d (m p h )

H u n tin g
F r e q u e n c y (H z )

T r a c k
E x c i t a t io n
F r e q u e n c y (H z )

R M S  L a t e r a l  
A c c e l e r a t i o n  
(g 's )

P e a k  L a t e r a l  
A c c e l e r a t i o n
(g 's )

P e r c e n t a g e  o f  
T im e  o f  O c c u r r e n c e  
o f  O b s e r v e d  
P h e n o m e n o n

R a d ia l
T r u c k s

A
M o d e r a t e
A m p l i t u d e

7 5 -7 9 2 .7 - 3 .0 2 .8 - 3 .0 0 .1 - 0 .1 4 0 .4 8 - 0 .5 0 8 0 -8 5

□ 79 3 .0 3 .0 0 .0 7 - 0 .0 9 0 .4 1 - 0 .4 3 1 5 -2 0

O H u n tin g 7 0 -7 5 2 .7 • 2 .6 - 2 .8 .0 7 - 0 .1 1 0 .6 0 - 0 .7 0 4 0 -5 0

R ig id
T r u c k s

▲
M o d e r a t e
A m p l i t u d e

7 0 -7 5 2 .8 2 .6 - 2 .8 0 .0 7 - 0 .0 8 0 .5 0 - 0 .5 5 3 0 -3 5

• 7 0 -7 9 2 .7  , 2 .6 - 3 .0 0 .1 - 0 .1 4 0 .6 - 0 .7 5 5 5 -6 0

■ H u n t in g 70 2 .7 2 .6 0 .1 - 0 .1 4 0 .3 5 - 0 .4 0 80

U n c o n v e n t io n a l 0 N o n e N /A N /A N /A N /A N /A N /A

TABLE 4-7. WHEEL UNLOADING INDEX (WUI) LEVELS

Empty Car Loaded Car

Truck Average Standard
Deviation WUI95 Average Standard 

• Deviation ' W'U195

Radial
Trucks

A 0.564 0.135 0.783 0.190 0.053 0.281

□ 0.156 0.083 0.343 0.241 0.101 0.400

O 0.454 0.218 0.744 0.252 0.136 0.512

Rigid ▲ 0.314 0.126 0.553 0.277 0.058 0.368

• 0.177 0.069 0.297 0.182 0.068 0.307
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FIGURE 4-2. LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS DEGREE OF CURVATURE/NEAR BALANCE 
SPEED/RIGHT HAND CURVES/TYPE II TRUCKS 
WITH EMPTY HOPPER CARS

FIGURE 4-3 . LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS DEGREE OF CURVATURE/NEAR BALANCE 
SPEED/LEFT HAND CURVES/TYPE II TRUCKS 
WITH EMPTY HOPPER CARS

20,000

15, (M0 -

10,000 -

5,000 -

1 2  3 4 5 6
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FIGURE 4-4. LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS DEGREE OF CURVATURE/NEAR BALANCE 
SPEED/RIGHT HAND CURVES/TYPE II TRUCKS 
WITH LOADED HOPPER CARS

FIGURE 4-5 . LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS DEGREE OF CURVATURE/NEAR BALANCE 
SPEED/LEFT HAND CURVES/TYPE II TRUCKS 
WITH LOADED HOPPER CARS
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4.5 PERFORMANCE SPECIFICATIONS 
FOR TYPE R TRUCKS

One of the major tasks of the Truck Design Optimiza
tion Project, Phase II was to prepare performance 
specifications for Type II trucks; these performance 
specifications are presented in this section.

4.5 .1  Scope

Although it was envisioned that the performance speci
fications developed on the basis of work performed 
during the project would be applicable to freight car 
trucks universally, it is considered essential to keep in 
perspective the finite frontiers of the effort-undertaken 
during the project when applying the specifications to 
evaluate freight car trucks. Under conditions compar
able to those covered by the project effort, it is indeed 
believed that the recommended specifications will be 
applicable. Caution is urged, however, in determining 
what constitutes a set of comparable conditions for 
evaluation.

tive studies with published results. Nevertheless, they 
do constitute engineering judgment and contain an 
element of subjective evaluation.

In the interest of coordinating the results with the 
industry, the recommended guideline performance 
specifications were discussed with railroad industry 
representatives at the TDOP consultants' meetings and 
at periodic "in progress reviews" to the industry. Final 
results were subjected to review by industry and 
government representatives and comments derived 
from this review process were accounted for in the 
final specifications presented in this section.

4.5 .3  Recommended Quantitative Levels o f Performance

This subsection presents the quantitative levels of per
formance that may be expected of the Type n freight 
car trucks in each o f the performance regimes under 
the applicable conditions*.

Initially, it was conceived that the development of 
performance specifications would be on the basis of 
experimental and analytic investigations of a compre
hensive set of freight car truck/carbody configurations 
that would represent commerically available vehicle 
systems on the market. Furthermore, the analytic 
investigations were to be conducted using available 
analytic tools subject to validation during the project. 
For various reasons, both technical and economic, com
promises had to be made in the course of the project 
resulting in limitations of these investigations which 
are reflected in the results.

The recommended performance specifications are or
ganized by performance regimes. In each performance 
regime, the parametric conditions associated with the 
recommended guidelines on quantitative performance 
are outlined. In using the performance specifications, 
it is advisable to relate them to these parametric 
conditions to ensure that application of the specifica
tions are to conditions equivalent to, or at least com
parable to, the conditions listed.

4.5 .2  Development o f Performance Specifications

The basis on which the performance specifications were 
developed was the performance test data acquired 
during the TDOP Phase II field tests. The field test 
data were analyzed methodically in each of the perfor
mance regimes to yield quantitative measures of 
performance represented by performance indices. The 
validity of specific details or trends within each regime 
was corroborated through physical reasoning, compari
son with conventional wisdom in railroad literature, 
and, whenever possible, through the use of test data 
from other sources.

Extreme behavior of individual trucks, attributable to 
specific considerations relatable either to hardware 
conditions or to test conditions, were excluded from the 
recommended specifications. Such exclusions were 
made after careful and deliberate engineering evalua
tions of associated conditions and also after compara

Lateral Stability Performance Specifications

Parametric conditions associated with the guideline 
performance specifications in this regime are:

Carbodies -  100-ton open hopper car
(with 100-ton Type II trucks)

70-ton open hopper car 
(with 70-ton Type II trucks)

CN Profile (new)
(with 100-ton Type II trucks)

AAR Std. 1:20 Taper Profile 
(new)
(with 70-ton Type II trucks)

Track -  High Speed Tangent Track
(Class 4, Mainline, BJR)

Speed -  40 to 79 mph

Wheel
Profiles

Lading Carbodies in empty and fully 
loaded conditions

Recommended performance specifications are given in 
Figures 4-6 through 4-9 . The given bands of 
performance levels indicate values that may be reason
ably expected to be obtained under the nominal operat
ing conditions and associated reasonable variations. 
The upper bounds on the bands of quantitative perfor
mance levels constitute limiting values on the 
corresponding parameters.

♦With respect to track characteristics, the reader is 
referred to Table 2-6, Figures 2-16 through 2-31, and 
References 4 and 5 for more details.
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Trackability Performance Specification -  Track Twist Steady Stage Curve Negotiation
Performance Specifications

Parametric conditions associated with the guideline
performance specifications in the subregime of track Parametric conditions associated with the guideline 
twist are: performance specifications in this regime are:

Carbodies 100-ton open hopper car Carbodies - 100-ton open hopper car

Wheel
Profiles

CN Profile (new) Wheel
Profiles

- CN Profile (new)

Track Yard, BJR, 16° curve 
(-0.26 inch superelevation)

Track - Class 4, BJR, Curved Track, 
1 .1°-6 .2°

Speed 10 mph Speed - 25-48 mph

Lading Carbodies in empty and fully 
loaded conditions

Lading - Carbodies, in empty and fully 
loaded conditions

Recommended performance specifications are given in 
Table 4-8.

TABLE 4-8. WUIg5 LEVELS FOR 
TYPE II FREIGHT CAR TRUCKS

Performance
Index

Empty Cars Loaded Cars

WU195 0.30-0.55 0.28-0.37

Note: 95% level denotes that the given values shall not 
be exceeded in more than 5% of the time.

Recommended performance specifications are present
ed in Figures 4-18 through 4-37. Because of the radical 
differences between the radial and rigid trucks among 
the Type II freight car trucks in this performance 
regime, the limiting performance associated with rigid 
trucks is indicated separately in the illustrations. The 
broken lines, shown always at a level higher than the 
radial truck performance bands, represent the upper 
limits recommended for the rigid trucks. This excep
tion, in separating the two subclasses of trucks among 
the Type II designs, is considered warranted since better 
performance on the part of rigid trucks on curved track 
is not attainable at this time and imposing such 
demands is not considered reasonable.

Trackability Performance Specifications -  
Curve Entry/Exit

Parametric conditions associated with the guideline 
performance specifications in the subregime of curve
entry/exit are:

Carbodies - 100-ton open hopper car

Wheel
Profiles

- CN Profile (new)

Track - Class 4, BJR, Curved Track, 
1.1° -6 .2 °

Speed - 25-48 mph

Lading - Carbodies in empty 
and loaded conditions

Recommended performance specifications in the curve 
entry/exit subregime are given in Figures 4-10 through 
4-17.

Ride Quality Performance Specifications

Parametric conditions associated with the guideline 
performance specifications in the regime of ride quality 
are:

100-ton open hopper car 
(with 100-ton Type II trucks)

70-ton open hopper 
(with 70-ton Type II trucks)

CN profile (new)
(with 100-ton Type II trucks)

AAR Sta. 1:20 Taper profile 
(new)

High Speed Tangent Track 
(Class 4, Mainline, BJR)

40-79 mph

Carbodies in empty and fully 
loaded conditions

Recommended performance specifications are given in 
Figure 4-38 through 4-43. The bands of performance 
levels indicate the values of performance indices likely 
to be obtained under comparable nominal operating 
conditions with their associated reasonable levels of 
variations. The upper boundary of the performance 
bands represent the limiting levels of performance in 
each case.

Carbodies

Wheel
Profiles

Track

Speed

Lading
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FIGURE 4 - 9  . PEAK LATERAL ACCELERATION LEVELS FOR
TYPE II FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS
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FIGURE 4-10, wuig5 levels for type n trucks with
EMPTY OPEN HOPPER CARS -  2.5 DEGREES 
CURVED ENTRY/EXIT

FIGURE 4-11. WUIg5 LEVELS FOR TYPE n TRUCKS WITH
LOADED OPEN HOPPER CARS -  2.5 DEGREES 
CURVED ENTRY/EXIT
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FIGURE 4-12. WUIg5 LEVELS FOR TYPE II TRUCKS WITH 
EMPTY OPEN HOPPER CARS -  3.7 DEGREES 
CURVES ENTRY/EXIT

FIGURE 4-13. WUIg5 LEVELS FOR TYPE n TRUCKS WITH
LOADED OPEN HOPPER CARS -  3.7 DEGREES 
CURVES ENTRY/EXIT
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FIGURE 4-14. WUIgg LEVELS FOR TYPE n TRUCKS WITH 
EMPTY OPEN HOPPER CARS -  5.2 DEGREES 
CURVED ENTRY/EXIT

FIGURE 4-15. WUIg5 LEVELS FOR TYPE H TRUCKS WITH
LOADED OPEN HOPPER CARS -  5.2 DEGREES 
CURVES ENTRY/EXIT

SPEED, MPH

FIGURE 4-16. WUIg5 LEVELS FOR TYPE n TRUCKS WITH 
EMPTY OPEN HOPPER CARS -  6.2 DEGREES 
CURVES ENTRY/EXIT

FIGURE 4-17. WUIg5 LEVELS FOR TYPE H TRUCKS WITH
LOADED OPEN HOPPER CARS -  6.2 DEGREES 
CURVES ENTRY/EXIT
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FIGURE 4 - 2 0 .  LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE n FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS -  3.7 DEGREE CURVES

FIGURE 4 - 2 1 .  LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE R FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS 3.7 DEGREE CURVES
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4-22. LATERAL FORCE ON LEADING OUTER WHEEL FOR 
TYPE n FREIGHT CAR TRUCKS WITH EMPTY 
OPEN HOPPER CARS - 5.2 DEGREE CURVES
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FIGURE 4-23 . LATERAL FORCE ON LEADING OUTER WHEEL FOR 
TYPE II FREIGHT CAR TRUCKS WITH LOADED 
OPEN HOPPER CARS - 5.2 DEGREE CURVES
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FIGURE 4 -2 4 .. LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE II FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS -  6.2 DEGREE CURVES

FIGURE 4 -2 5 ..  LATERAL FORCE ON LEADING OUTER WHEEL FOR
TYPE II .FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS -  6.2 DEGREE CURVES
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FIGURE 4-26. LATERAL FORCE ON LEADING OUTER WHEEL FOR 
TYPE H FREIGHT CAR TRUCK WITH EMPTY OPEN 
HOPPER CARS AT BALANCE SPEED ( + 2.5 MPH)

FIGURE 4 - 2 S .  L/V RATIO ON LEADING OUTER WHEEL FOR
TYPE n FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS -  2.5 DEGREE CURVES

TRACK CURVATURE, DEGREE

FIGURE 4-27. LATERAL FORCE ON LEADING OUTER WHEEL 
FOR TYPE H FREIGHT CAR TRUCK WITH 
LOADED OPEN HOPPER CARS AT BALANCE 
SPEED ( + 2.5 MPH)

FIGURE 4 - 2 9 .  L/V RATIO ON LEADING OUTER WHEEL FOR
TYPE II FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS -  2.5 DEGREE CURVES
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FIGURE 4-30. L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE n FREIGHT CAR TRUCKS WITH EMPTY 
OPEN HOPPER CARS - 3.7 DEGREE CURVES

FIGURE 4-31. L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE n FREIGHT CAR TRUCKS WITH LOADED 
OPEN HOPPER CARS - 3.7 DEGREE CURVES

FIGURE 4 - 3 2 .  L/V RATIO ON LEADING OUTER WHEEL FOR
TYPE H FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS -  5.2 DEGREE CURVES

FIGURE 4 - 3 3 .  L/V RATIO ON LEADING OUTER WHEEL FOR
TYPE n FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS -  5.2 DEGREE CURVES

4 - 2 1



FIGURE 4-34. L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE II FREIGHT CAR TRUCKS WITH EMPTY 
OPEN HOPPER CAR -  6.2 DEGREE CURVES

FIGURE 4-35. L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE II FREIGHT CAR TRUCKS WITH LOADED 
OPEN HOPPER CAR -  6.2 DEGREE CURVES
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FIGURE 4-36. L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE II FREIGHT CAR TRUCKS WITH EMPTY 
OPEN HOPPER CARS AT BALANCE SPEED 
(+ 2.5 MPH)

FIGURE 4-37. L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE n FREIGHT CAR TRUCKS WITH LOADED 
OPEN HOPPER CARS AT BALANCE SPEED 
( + 2.5 MPH)
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FOR TYPE n FREIGHT CAR TRUCKS WITH EMPTY 
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FIGURE 4 - 3 9 .  RMS VERTICAL ACCELERATION LEVELS (Q-20 HZ) 
FOR TYPE R FREIGHT CAR TRUCKS WITH LOADED 
OPEN HOPPER CARS

FIGURE 4 - 4 0 .  RMS LATERAL ACCELERATION LEVELS (0-20 HZ)
FOR TYPE R FREIGHT CAR TRUCKS WITH EMPTY
OPEN HOPPER CARS

FIGURE 4 -4 1 .  RMS LATERAL ACCELERATION LEVELS (0-20 HZ)
FOR TYPE n FREIGHT CAR TRUCKS WITH LOADED
OPEN HOPPER CARS
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4.6 GUIDELINES FOR TEST SPECIFICATIONS

Specification of performance for freight car trucks 
developed during TDOP Phase n stipulate quantitative 
levels of performance characteristics expected of them 
under a given set of operating conditions. The overall 
performance of freight car trucks has been compart
mentalized into four distinct and non-overlapping per
formance regimes (lateral stability, trackability, steady 
state curve negotiation, and ride quality); taken toget
her, these four performance regimes are inclusive of 
the overall truck performance. In each of the perfor
mance regimes, ranges of economics-related engineer
ing performance indices correlated to corresponding 
sets, of operating conditions comprise the specification 
of performance.1 A detailed description of the perfor
mance regimes and associated performance indices is 
given in Section 1 of this report.

The guideline test specifications provided in this sec
tion set forth the procedures for, and conduct of, field 
tests (over-the-road tests) as well as laboratory tests 
for generating the performance test data which will be 
necessary for the quantification of the performance 
indices. These indices can then be used to perform a 
quantitative evaluation of performance of Type I and 
Type II freight car trucks and a check on their com
pliance with the performance specification.

A road test represents the rail environment in all its 
complexity. This tends to lend credibility to the results 
which may be enhanced by direct observation of the 
test specimen. However, care should be taken that the 
road tests planned will be properly conducted, ade
quately instrumented, and rationally interpreted. The 
test track is defined in this report so that it can be 
duplicated. Laboratory tests, on the other hand, are 
accomplished under a controlled enviroriment to con
duct research on the many dynamic factors affecting 
vehicle performance and safety.

With this in mind, the Rail Dynamics Laboratory (RDL) 
facility at the Transportation Test Center in Pueblo 
was designed and constructed. The goal of the RDL is 
to provide a facility to perform dynamic tests on 
several configurations of locomotives, cars and trucks 
under controlled conditions. Such a facility permits the 
evaluation of various hardware designs in a safe, con
trolled and reproducible scientific laboratory environ
ment, allowing the performance of a variety of tests. 
While simulated tests under controlled conditions in the 
laboratory may not serve as a substitute for field tests, 
they can be effective and complementary tools used to 
augment the results from a field test program in a cost 
effective manner. Thus, the test specifications dis
cussed. in this section include both field and laboratory 
test conditions.

4.6 .1  Field Test Specifications

The specifications reported here cover field testing for 
freight car trucks in the four performance regimes. 
Under each regime, the data requirements, instru
mentation, operating conditions, test procedure, and 
data reduction and analysis will be specified.

4 .6 .1 .1  Lateral Stability

Data Requirements and Instrumentation. Acceleration 
data shall be acquired at these locations: lateral

accelerations at the B-end, A-end, and the center of 
the carbody at the sill level; at the B-end and the A-end 
on the carbody at the roof level; at each of the axles on 
both trucks under the carbody. The acceleration data 
acquired through accelerometers at these locations 
shall meet the following minimum criteria:

Frequency response: 20 Hz
Range of measurements: + 10 g's
Accuracy of measurements: 1%

Test Track. Lateral stability data shall, be acquired on 
test runs over tangent track which permits the acquisi
tion of data over a.speed range from 30 mph to 79 mph 
or the operating speed limit, whichever is higher. 
(Note: the 79 mph limit is chosen on the basis of
current legal speed limits on mainline tracks). The 
tangent track may be bolted, jointed, or continuous 
welded track, but the jointed track is recommended for 
testing since it represents a rough roadbed that may 
excite (initiate) the truck, hunting movements.

Test Procedures. Tests shall be conducted on a 
selected segment of track of sufficient length 
(recommended length: a minimum of five miles, and 
more if possible) to permit the acceleration of the test 
consist from 30 to 79 mph and also to provide dwell 
times at incremental speeds of 5 mph throughout this 
range. The dwell times at each incremental speeds, 
namely 30, 35, ...70, 75, and 79 mph, shall be a 
minimum of 60 seconds to provide acquisition of quality 
data at these selected constant speed intervals. If the 
length of test track does not permit this sequence of 
data acquisition in one pass, the test run shall be 
segmented into two, or more passes covering, say, for 
example 30 to 60 mph, 60 to 70 mph, and 70 to 79 mph 
as overlapping passes.

Data Reduction and Analysis. The output of the lateral 
accelerometers shall be examined using time history 
plots to identify the hunting phenomenon. The rms and 
the peak values of the collected data shall be deter
mined and plotted as functions of vehicle speed.

4 .6 .1 .2  Trackability

a. Harmonic Roll and Bounce/Pitch

All requirements relating to data acquisition, instru
mentation, test conditions, and test procedures shall be 
in accordance with "Specifications for Testing Special 
Devices to Control Stability of Freight Cars," Associa
tion of American Railroads Standard, adopted, 1968, 
and revised 1976 (Reference 6).

b. Track Twist

Data Requirements and Instrumentation. Simultaneous
measurement of vertical forces at all wheel/rail inter
faces on a given truck -hall be accomplished through 
force measurement transducers. Although a combina
tion of strain gaged axles and bearing adapters have 
been, used to arrive at the results presented in the 
TDOP Phase II reports (References 1 & 2), other 
acceptable methods of wheel/rail force measurements 
may be used provided that such methods have been 
validated to assure that they yield data within accept
able limits of accuracy, namely . 5%. Properly cali
brated instrumented wheels may be used as force 
transducers to provide acceptable force measurement 
data. If only one of the two trucks under a car is
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instrumented, it shall be the forward truck; preferably, 
both trucks shall be instrumented to obtain vertical 
force measurements at all wheel/rail interfaces under 
the test car. Typical wheel/rail measurement instru
mentation is shown in Section 2 of this report (Figure 
2- 2).

Test Track. Ideally, the tests should be performed on 
track with known or available information on track 
twist. Examples may be simulated tracks or perturbed 
tracks with known measures of track twist introduced 
into them. Otherwise, tests shall be conducted on 
existing Class 1 tracks (yards) at speeds of 10' mph or 
less.

Test Procedures. Tests shall be conducted over the 
selected test track sections at an operating of 10 mph 
or less. Data shall be continuously recorded during the 
test runs.

Data Reduction and Analysis. The data for the vertical 
forces at the wheels of the truck shall be examined, and 
the Wheel Unloading Index, defined in Section 1, shall 
be calculated.

c. Curve Entry and Exit

Test runs and conditions governing the tests for acquisi
tion of data to be used in this performance subregime 
are discussed below.

4 .6 .1 .3  Curve Negotiation

Data Requirements and Instrumentation. Data require
ments under this section, in addition to the steady state 
curve negotiation performance regime, also covers the 
curve entry/exit subregime of the trackability perfor
mance regime.

Continuous measurement of lateral and vertical forces 
at the wheel/rail interfaces (preferably, all locations 
under the test car; at a minimum all locations at the 
forward truck under the test ear) shall be performed. 
The force measurements may be accomplished by 
means of instrumented wheelsets where the axles are 
strain gaged to record axle-bending moments and the 
bearing adapters are strain gaged to measure vertical 
forces, with the forces calculated through the axle 
bending technique (Reference 8); alternately, instru
mented wheel plates may be used as force transducers 
to measure wheel/rail lateral and vertical forces.

Measurement of the wheel/rail angle of attack shall be 
performed. The angle of attack can be measured using 
a wayside system or a vehicle-borne (onboard) system. 
The onboard system is recommended since it provides a 
continuous measurement of the angle of attack of the 
wheel with the rail during the negotiation of the curve. 
The onboard system can be electrical (non-contacting 
proximity sensors), or mechanical (spring-mass system). 
However, care should be taken to provide sufficient 
dynamic range for the system used in measuring the 
angle of attack. It is recommended that the angle of 
attack be measured on both sides of the wheelsets of 
the leading truck.

Measurements of the truck swivel and track tram are 
recommended since they will help in reducing and 
analyzing the data.

Test Track. Curve negotiation test runs shall be 
conducted on mainline (Class 4 or better) test tracks 
consisting of curves ranging, at a minimum, from 2 to 6 
degrees. A larger range of track curvature shall be 
desirable. The test track shall be selected so as to 
allow representation of at least one curve each in the 
classes of approximately 2, 3, 4, 5, and 6 degrees, both 
right-hand and left-hand curves; the test curves shall be 
preceeded by a length of tangent track not less than 
that which permits the test train to accelerate or 
decelerate and enter the test curves at specified test 
speeds. It is to be recognized that the test, speed will 
vary from curve to curve.

Test Procedures. A minimum of three test runs shall be 
conducted in each direction on the test track, repre
senting (a) a test speed at least 5 mph below, but not 
more than 10 mph below, the equilibrium speed for each 
curved segment of track represented in the test zone; 

„ (b) a test speed equivalent of track represented in the 
test zone; and (c) a test speed at least 5 mph above, but 
not more than 10 mph above, the equilibrium speed for 
each curved segment of track represented in the test 
zone, with a tolerance of + 2 mph on the test speed 
being permissible. No brake applications are to be 
made during the test runs. Data generated during the 
test runs shall be acquired and recorded continuously.

Data Reduction and Analysis. The time history of the 
data channels shall be examined. Lateral and vertical 
forces and L/V ratios, as well as angle of attack, shall 
be calculated, and then plotted as functions of speed (or 
superelevation deficiency) and the degree of curvature.

4 .6 .1 .4  Ride Quality

Data Requirements and Instrumentation. Lateral and 
vertical acceleration data shall be acquired at least at 
the B-end, A-end, and carbody center at sill level. 
Lateral acceleration data shall be acquired at the B-end 
and A-end on the carbody at the roof level. .

The acceleration data acquired through accelerometers 
shall meet the following minimum criteria:

Frequency response: 20 Hz
Range of measurements: + 10 g’s
Accuracy of measurements: 1%

Test Track. Ride quality data shall be acquired on test 
runs over Class 4, mainline tangent track (jointed 
welded, rail) which permits the acquisition of data over 
a speed range from 30 to 79 mph. The track geometry 
data shall be acquired in order to correlate response 
measurements made on test vehicles with a known 
track input and to calculate the transmissibility. The 
track geometry data of interest in the study of ride 
quality are profile, alignment, gauge, and cross level.

Test Procedures. The test speeds shall range from 30 
to 79 mph with 5 mph increment. Sample time of each 
speed shall be 60 seconds. The data shall be recorded 
continuously at each speed dwell.

Data Reduction and Analysis. Detailed statistical 
analysis shall be performed on the test data. The 
analysis shall include calculations of the frequency 
content of the data, the rms-values of the output 
signals and the track input, and the percent of the time

4-26



a signal amplitude is above a given level as a function 
of that level. The transmissibility between the output 
signal and the track excitation will be calculated. This 
transmissibility may be characterized by a frequency 
dependent function of amplitude ratios called' transfer' 
function, or a sequence of root mean square (rms) ratios 
of ouput-to-input over selected frequency bands (for 
example 0-4 Hz, 4-10 Hz, and 10-20 Hz).

4.6 .2  Laboratory Test Specifications

The Rail Dynamics Laboratory has been designed to 
simulate rail vehicle dynamics under laboratory condi
tions to discover means of reducing the costs and 
damages currently experienced by railroads. In addi
tion, new vehicles can be tested to assure safety, 
improved ride quality, stability, and life expectancy 
prior to actual use.

The Rail Dynamics Laboratory building houses two test 
rigs (the Roll Dynamics Unit and the Vibration Test 
Unit) and supporting equipment. The test machines are 
equipped to accommodate nearly all existing and 
planned rail vehicles. They have special design features 
providing for cars varying in weight, length, wheel 
gauge, and axle and truck spacing. A brief description 
of the Roll Dynamics Unit and the Vibration Test Unit 
is given below.

Roll Dynamics Unit: The Roll Dynamics Unit (RDU) is 
used to study wheel/rail dynamic interaction. The 
vehicle forward motion is simulated on rollers which 
are controlled by drive trains consisting of a motor and 
one or more flywheels.

The RDU provides the capability for driving, or absorb
ing power from, the wheelsets of four-axle vehicle or 
locomotive truck. Six- or eight-axle locomotives and 
cars can be tested with use of auxiliary support stands. 
Through rotation of the rollers, the RDU simulates 
tangent track at various vehicle speeds, and permits 
investigation of dynamic phenomena characteristics of 
"perfect" tangent track such as truck hunting. A 
maximum vehicle weight of 400,000 pounds can be 
accommodated and speeds over 144 mph can be simu
lated in a steady-state tangent track environment.

Vibration Test Unit: The Vibration Test Unit (VTU) is 
designed to study suspension characteristics of rail 
vehicles, component and vehicle natural frequencies, 
ride comfort, lading responses, component fatigue, as 
well as rock and roll phenomenon. The VTU provides 
the capability for subjecting a 320,000-pound rail vehi
cle equipped with two two-axle trucks, or one truck of 
a vehicle having three or four axles, to controlled 
vertical and lateral vibration inputs on the wheels, 
creating the dynamic effects of irregular track on a 
vehicle. The VTU has a frequency range of 0,2 to 30 Hz 
and between 0.2 and 2 Hz motions with displacements 
up to 2 inches. Computer-generated rail profiles or 
recordings of actual rail profiles drive hydraulic actu
ators which can be positioned to accept a variety of 
truck spacings or axle arrangements.

4.6 .2 .1  Lateral Stability

Data Requirements and Instrumentation. The Roll 
Dynamics Unit shall be used to produce the special 
dynamics caused by wheel/rail interaction by simulating 
a vehicle's forward motion on rollers. Acceleration 
data shall be acquired at the following locations:

Lateral accelerations at the B-end/sill level, 
A-end/sill level and the center of the car- 
body at the sill level,

At the B-end and A-end on the carbody at 
the roof level,

-  At each of the axles on both trucks under 
the carbody.

The truck bolster yaw angle of the leading and trailing 
trucks shall be measured using rate gyros. The truck- 
mounted accelerometers shall have a range of + 10 g's. 
Expected maximum ranges for purposes of scaling and 
calibrating are + 10 g's for the trucks and + 5 g's for the 
body. Actual measurements should be less than these.

The wheel and roller profiles shall be measured using 
profilometers.

The lateral accelerometers on the trucks and carbody 
should be recorded as well as their double integrated 
signals. All data channels signals should be recorded on 
the analog tape and digitized and recorded on magnetic 
tape. Analog signals will be filtered by 20 Hz low-pass 
filter before being digitized.

Test Procedure. A continuous speed sweep shall be 
conducted from 30 mph to the onset of severe hunting 
(if it occurs without excitation). Subsequent test runs 
shall consist of incremental speed sweeps (5 mph 
increments) up to the onset of truck hunting, followed 
by a decreasing sweep to zero speed. Due to the RDU 
simulation of "perfect tangent track," it may be 
necessary to excite the trucks in order to initiate 
hunting. If this is necessary, the trucks shall, be 
perturbed laterally during tests for each incremental 
speed increase. Ten speeds having 1 mph increments 
shall be selected over the speed range from slightly 
below the threshold of hunting speed to hard flange 
contact truck hunting. The threshold of hunting speed 
is the lowest speed at which sustained oscillation of 
hunting occurs. A rotary vibrator may be used on the 
carbody for purposes of overcoming static friction of 
truck components (Reference 9).

Data Reduction and Analysis. The outputs of the 
lateral accelerometers and angle rate gyros shall be 
examined using time history plots to identify the hunt
ing phenomenon. The rms and the peak values of the 
collected data shall be determined and plotted as a 
function of vehicle speed. The damping ratios of the 
hunting mode will be calculated using the log decre
ment method. It will be plotted versus speed. The 
effective conicity will be calculated from wheel/roller 
profile data.

4 .6 .2 .2  Trackability

a. Harmonic Roll

Data Requirements. The Vibration Test Unit (VTU) will 
be used to provide a suitable environment for the 
evaluation of vehicle harmonic roll response. The 
instrumentation transducers shall be comprised of angle 
rate gyros, displacement transducers and pressure 
transducers (Reference 10).

The data for roll angles, and roll angle rates shall be 
acquired at the B-end and A-end of the carbody. The 
suspension deflections (across the spring group) shall be
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measured at both ends of the earbody. The vertical 
wheel loads will be obtained from measuring, for 
example, wheel cradle pressures with pressure 
transducers. The accuracy of measurements of roll 
angles, roll angle rates, and spring group deflections 
should be within 1%. The corresponding accuracy for 
measurement of wheel load should be within 5%. The 
data shall be filtered at 20 Hz using low-pass filter and 
digitized at 200 samples per second.

Excitation Input. The excitation shall be input to the 
VTU actuators making use of the profile generating 
system. A rectified sine wave profile shall be used to 
simulate a 39-foot staggered joint tangent track. 
Appropriate time delays shall be induced between axles 
depending on axle spacing for the test ear. The 
rectified sine sweeps will be input with amplitude 
levels, for example, of 0.125, 0.25, 0.5, and 0.75 inch. 
(It should be noted here that the VTU does not allow 
wheel lift.)

Test Procedures. The test speeds shall range from 10 
mph to 40 mph. Sample time of each speed (frequency) 
shall be the time required for ten low joints to be 
simulated. The speeds shall be simulated by inputting 
a discrete frequency sweep, data being recorded at 
each frequency dwell.

Data Reduction and Analysis. The test data shall be 
previewed through the use of time domain plots. The 
peak-to-peak values for roll angles, roll angle rates, and 
suspension deflections shall be extracted from the time 
history data, tabulated, and then plotted versus speed 
(frequency). The maximum and minimum values of 
wheel vertical loads shall be determined. From 
examining the time history data at different frequency 
dwells, the resonance speeds (frequencies) will be 
identified.

b. Bounce/Pitch

Data Requirements and Instrumentation. VTU shall be 
used to vibrate the rail car to simulate the action of 
parallel joint tangent track, and consequently examine 
the bounce/pitch phenomenon. Vertical acceleration 
data shall be acquired at, as a minimum, the B-end, A- 
end, and the center of the earbody at the sill level. The 
spring group deflections at both ends of the earbody 
shall be measured. The data for wheel vertical loads 
shall also be acquired. The accuracy of measurements 
for the accelerometers and the displacement trans
ducers shall be within 1% and the accuracy for pressure 
transducers used to measure wheel loads shall be within 
5%. The data shall be filtered at 20 Hz using low pass 
filter and digitized at 200 samples per second.

Excitation Input. The profile generating system shall 
be used to generate a rectified sine wave profile that 
simulates a 19s-foot parallel joint tangent track. 
Appropriate time delays shall be induced between axles 
depending on axle spacing. The amplitude levels of the 
rectified sine sweeps shall be varied, for example,
0.125, 0.25, 0.5, 0.75 inch.

Test Procedures. Maximum speeds ranging from 35 to 
79 mph shall be simulated by inputting a discrete 
frequency sweep. The data acquired during the test 
runs shall be continuously recorded at each frequency 
dwell. Sample time for each speed (frequency) shall be 
the time required for ten low joints to be simulated.

Data Reduction and Analysis. The time history data for 
all channels shall be reviewed. The root mean square 
values of the vertical accelerations shall be determined 
and plotted versus speed (frequency). Maximum and 
minimum values of the vertical load at each wheel shall 
be determined, and the duration of wheel lift, if any, 
shall be identified. The bounce resonant frequency 
(critical speed) shall be identified from the time history 
plots.

c. Track Twist

Data Requirements and Instrumentation. Track twist 
load equalization includes both the static and quasi
static (very low speed) capabilities of a truck to with
stand track irregularities. When the car is perfectly 
still, unequal wheel loads can exist depending upon the 
breakout force of the friction snubbers and center of 
gravity location of the car. For quasi-static case, 
where the rail ear is traveling at a very low speed (less 
than 10 mph), the unequal wheel loads plus the occur
rence of a lateral force can result in derailment.

A thorough investigation of load equalization shall be 
performed under the controlled laboratory conditions at 
the Rail Dynamics Laboratory. The Vibration Test Unit 
shall be used to evaluate, static load equalization 
capability. This machine allows a fully loaded 
car/truck configuration to be mounted on eight vertical 
actuators. These vertical actuators can be positioned 
to cross level differences of up to 5.9 inches between 
any of the four wheels of a truck.

The vertical loads at the wheel/rail interface shall be 
determined using, for example, pressure transducers. 
These values of vertical forces shall be used to calcu
late the wheel unloading index.

Test Procedure. The VTU will be used to duplicate a 
full range of actual track twist conditions by varying 
wheelset roll amplitude and roll center location. This 
will be accomplished by slowly and continuously varying 
the actuators to test all possible configurations while 
simultaneously recording the vertical load at each 
wheel.

Track twist will be set up by varying the twist ampli
tude and the center of rotation of wheelsets one at a 
time and two at a time. During the tests, data shall be 
recorded for both increasing and decreasing track twist 
in order to detect any hysteresis. It is possible to have 
different wheel distributions even for the static load 
cases depending upon how the friction snubbers lock up 
when they come to rest.

Data Reduction and Analysis. The measured vertical 
loads at the wheel/rail interface shall be used to 
determine the wheel unloading index. The wheel un
loading index will be plotted versus the angle of twist 
within axle spacing of the truck.

Test data analysis shall consist of evaluating the WUI 
performance index for the full range of track twist and 
up to the maximum accommodation during laboratory 
testing. Identification of the worst case conditions will 
allow correlation with existing track geometries en
countered in yards, sidings, and special track work.
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4.6.2.3 Ride Quality c h a r a c te r .

D a ta  R eq u irem en ts  and In stru m en ta tio n . The VTU w ill 
be used  to  g e n e r a te  th e  t e s t  d a ta  requ ired  to  char
a c te r iz e  th e  r id e  q u a lity  r e g im e . L a tera l and v e r t ic a l  
a c c e le r a t io n  d ata  sh a ll be acq u ired  a t  le a s t  a t th e  B - 
end and A -en d  and carb od y  c e n te r  a t  s i l l  le v e l .  L a tera l 
a c c e le r a t io n  d ata  sh a ll be a cq u ired  a t th e  B -en d  and th e  
A -en d  on th e  carobdy a t  th e  r o o f  le v e l .

T he a c c e le r a t io n  d ata  a cq u ired  through a c c e le r o m e te r s  
sh a ll m e e t  th e  fo llo w in g  m inim um  cr it ier ia :

C u t-o f f  freq u en cy : 30 Hz 
R a n g e  o f  m ea su rem en ts: + 10 g's 
A c c u r a c y  o f  m ea su rem en ts: 1%

T he w h e e l e x c ita t io n , w h eth er  i t  is g en era ted  using  
co m p u ter  or p rev io u s ly  reco rd ed  o f  a c tu a l ra il p r o file s ,  
sh a ll b e  reco rd ed  co n tin u o u sly  and s im u lta n eo u sly  w ith  
th e  o u tp u t resp o n se  data .

E x c ita t io n  Input. C o m p u ter -g en era ted  ra il p ro file s  
m aking u se  o f  th e  p r o file  g e n e r a tin g  sy stem  or record 
in g  o f  a c tu a l ra il p r o file s  sh a ll be used to  drive the  
hydrau lic a c tu a to r s . The tra ck  sh a ll be C la ss 4 or 
b e tte r . T he t im e  d e la y  due to  th e  a x le  sp a c in g  w ill be  
tak en  in to  a c c o u n t w hen e x c it in g  th e  v e h ic le  sy s te m .  
T he tra ck  g e o m e tr y  o f  in te r e s t  in stu d y  o f  the ride  
q u a lity  r eg im e  are p r o file , a lig n m en t, g a u g e , and cross  
le v e l .

T est P r o ced u re . The te s t  sp e e d s  sh a ll range from  30 to  
79 m ph. S a m p le  t im e  o f  ea ch  sp eed  sh a ll be 60 seco n d s . 
The d a ta  sh a ll be reco rd ed  co n tin u o u sly  at e a c h  sp eed  
d w ell. E ach  o f  tra ck  input (p r o file , a lig n m en t, g au ge , 
and cro ss le v e l )  w ill b e  tr e a te d  se p a r a te ly  and then  
c o l le c t iv e ly  to  stu d y  th e  e f f e c t  o f  cou p lin g  in th e  
m u lti-d e g r e e  o f  freed o m  sy s te m .

D a ta  R ed u ctio n  and A n a ly sis . D e ta ile d  s t a t is t ic a l  
a n a ly sis  sh a ll be p erfo rm ed  on th e  te s t  d a ta . The 
a n a ly s is  sh a ll in clu d e c a lc u la tio n s  o f  th e  freq u en cy  
c o n te n t  o f  th e  d a ta  ( i .e . ,  th e  pow er sp e c tr a l d en sity  
fu n c tio n s  u sin g  F a st F ourier transform  tech n iq u e), the  
rm s v a lu e s  o f  th e  ou tp u t s ig n a ls  and th e  w h ee l input, 
and th e  p e r c e n t  o f  th e  t im e  a s ig n a l am p litu d e  is above  
a g iv en  le v e l  as a fu n ctio n  o f  th a t le v e l . The tra n s-  
m iss ib ility  b e tw e e n  th e  o u tp u t s ign a l and th e  w h ee l 
e x c ita t io n  w ill be c a lc u la te d  (th e  lead in g  w h ee l o f  th e  
lea d in g  tru ck  can  be used as a  r e fe r e n c e ) . This 
tr a n sm iss ib ility  m ay be c h a r a c te r iz e d  by a  freq u en cy  
d ep en d en t fu n c tio n  o f  am p litu d e  r a tio s  ca lled  a tra n sfer  
fu n c tio n , or a  se q u e n c e  o f  ro o t m ean  square (rm s) ra tio s  
o f  o u tp u t-to -in p u t over s e le c te d  freq u en cy  bands (for  
ex a m p le  0 -4  H z, 4 -1 0  Hz and 10-20. Hz).

4.7 REMARKS

1. From  an ex a m in a tio n  o f  th e  te s t  r e su lts  co n cern 
in g  th e  la te r a l s ta b ility  r e g im e , th e  fo llo w in g  
g e n e r a l co n c lu s io n s  can  be drawn:

a. In crea sin g  v e h ic le  sp eed  is a d esta b iliz in g  
e f f e c t .  An in c r e a se  in  th e  sp eed  r e su lts  in a 
h igh er hun tin g  fr e q u e n c y  and a d e c r e a se  in 
th e  sy s te m  dam ping.

b . R e la te d  to  a g iv en  tru ck , an em p ty  car 
co n d itio n  ca u se s  lo w er  c r it ic a l  sp eed , i .e . ,  
th e  e m p ty  con d itio n  has a d e sta b iliz in g

c . T he r a il  le n g th  is a  v e r y  s ig n if ic a n t  fa c to r  in  
d e te r m in in g  th e  d yn am ic c h a r a c te r is t ic s  o f  
th e  e a r b o d y /tr u c k  s y s te m . A t lo w  sp eed s , 
th e  fo r c e d  fr e q u e n c ie s  ar is in g  from  th e  ra il 
jo in ts  fo r c e  th e  v e h ic le  sy s te m  to  o s c i l la te  
a t th e  jo in te d  fr e q u e n c ie s , and do not g iv e  
th e  n a tu ra l m o d es o f  o sc illa t io n  a  c h a n ce  to  
b e fu lly  d e v e lo p e d . A t h igher sp eed s , i f  th e  
h u n tin g  fr e q u e n c y  o f  th e  v e h ic le  sy s te m  is 
c lo s e  to  th e  fo r c e d  o sc illa t io n s  (e s p e c ia lly  
th e  f ir s t  and seco n d  harm on ics o f  ra il 
jo in ts ) , a  sy n ch ro n iza tio n  o ccu rs, i .e . ,  th e  
h u n tin g  m o v e m e n ts  o f  th e  v e h ic le  sy s te m  
sy n c h r o n iz e s  w ith  th e  fo rced  o sc i lla t io n s .  
T his sy n ch ro n iza tio n  m ak es an au ton om ou s  
o s c i lla t io n  (hunting) v ery  p rob ab le , and m ay  
le a d  to  in te r m it te n t  hunting .

On th e  o th er  hand, as th e  v e h ic le  is  
e x p e r ie n c in g  fu lly  d ev e lo p ed  hunting (sus
ta in e d  o sc i lla t io n ) , th e  v e h ic le  d yn am ic b e 
h a v io rs on jo in te d  ra il and co n tin u o u s  
w eld ed  r a il are  co m p a ra b le .

d. T h ere are  se v e r a l s ta g e s  o f Hunting w ith  
in c r e a s in g  v e h ic le  sp eed . The fir s t  s ta g e  
m a n ife s t s  i t s e l f  in a form  o f  n osin g  or 
f ish ta ilin g . The seco n d  s ta g e  ta k e s  p la c e  
w ith  h igh p ro b a b ility  o f  th e  o th er  carbody  
end u n d ergo in g  in te r m it te n t  hunting . T he  
la s t  s t a g e  is a c h ie v e d  w ith  v io le n t  m otion  
fo r  th e  w h o le  sy s te m  o f  carbody and tru ck s, 
in d ic a tin g  fu lly  d ev e lo p ed  hunting. When 
th e  carb od y  s ta r ts  hunting , th e  freq u en cy  
rem a in s  a p p r o x im a te ly  c o n sta n t.

e . F or T yp e I tru ck s , th e  a m p litu d es o f  m otion  
for  th e  1 0 0 -to n  c o n fig u ra tio n s  are m uch  
lo w e r  th an  th e s e  for  th e  7 0 -to n  co n fig u ra 
tio n s .

f . T he g r e a te r  lo z e n g in g  s t if f n e s s  in co rp o ra ted  
in th e  r ig id  tru ck  d esig n s, in a ss o c ia t io n  
w ith  th e  o th er  com panion  m o d ific a t io n s  
su ch  a s p rim ary  su sp en sion  e le m e n ts ,  
red u ced  c o u p lin g  b e tw e e n  th e  tru ck s and th e  
carb od y  and dam p en in g  m ech a n ism s, a llo w  
th e s e  tru ck  d esig n s to  a c h ie v e  im p ro v e
m en ts  in  la te r a l s ta b ility  p er fo rm a n ce  
le v e ls .

2. In th e  tr a c k a b ility  r e g im e  th e  fo llo w in g  m ay be
n oted :

a . T he lo a d e d  ea rs h ave b e tte r  p erfo rm a n ce  in 
e q u a liz in g  th e  v e r t ic a l load  on th e  w h ee ls  
th a n  th e  e m p ty  ca rs.

b. P rim ary  su sp en sio n  tru ck s s e e m  to  re su lt  in 
red u ced  v e r t ic a l  d yn am ic load s and thus  
p oin t to  p o te n t ia l im p ro v em en ts  in fr e ig h t  
ca r  tru ck  d esig n .

3. In th e  s t e a d y  s t a te  cu rve  n e g o tia t io n  th e  fo llo w 
ing  m ay b e  n oted :

a . T he le a d in g  o u ter  w h ee l w hich is th e  m ain  
g u id in g  w h ee l w hen e n te r in g  a  cu rv e , e x 
p e r ie n c e s  and m a in ta in s  la rg er  la te r a l
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fo r c e s  and L /V  ra tio s  a b o v e  b a la n ce  sp eed  
than does any o th er  w h ee l. A bove b a la n ce  
sp eed , th e  lea d in g  o u ter  w h ee l a lso  s e e m s  to  
b e m ore s e n s it iv e  to  tr a c k  cu rvatu re .

b. T rack h is to ry , i .e . ,  d ir e c t io n  and m agn itu d e  
o f  p receed in g  cu rv e , has a s ig n ific a n t in
flu e n c e  on th e  cu rv e  n e g o tia b ility . T here is  
a  pronounced  d if fe r e n c e  in th e  le v e l  o f  th e  
la te r a l fo r c e s  g e n e r a te d  during n e g o tia tio n  
o f  l e f t  and r ig h t hand cu rv es . T his in d ic a te s  
th e  asyrpm etric  c h a r a c te r is t ic s  o f  the gen 
eration  o f  th e  la te r a l fo r c e s .

c . In gen era l, b e low  b a la n ce  sp eed , th e  m ajor 
sh are o f th e  n e t la te r a l  fo r c e  ap p lied  to  th e  
tra ck  is due to  th e  tr a ilin g  a x le  o f  th e  tru ck . 
A t and ab ove b a la n ce  sp eed , h o w ev er , th e  
lea d in g  a x le  c a rr ie s  th e  h ig h est n e t la te r a l  
fo r c e .

d. The w h e e lse ts  o f  T ype I trucks and th e  r ig id  
trucks in T ype II tru ck s are un ab le  to  a lign  
th e m se lv e s  w ith  th e  lo c a l norm al to  the  
cu rv e , and th e  g u id a n ce  depends on th e  
f la n g e  fo r c e s  gu id in g  th e  truck  around the  
cu rv e . In oth er  w ords, th e  w h ee l f la n g e s  
perform  th e  prim ary ro le  in  curve n e g o t i
a b ility  in cu rv es o f  m od erate  and la rg e  
d e g r e e  o f  cu rvatu re (2 .5  d eg ree  to  6.2 de
g r e e  Curves).

e . The radial tru ck s seem  to  a c h ie v e  a 
m easured  d eg ree  o f  su c c e s s  in a tta in in g  
th e ir  goal o f  red u c in g  th e  le v e ls  o f  la te r a l  
fo r c e s  a t th e  w h e e l/r a il  in te r fa c e  in  curved  
tra ck , e sp e c ia lly  in  tra ck  o f  m o d era te  cu rv
a tu re  (le ss  than 5 d eg rees) .

T he fo llo w in g  are so m e  o b serv a tio n s co n cern in g
th e  reduced  and a n a ly zed  data  used  to  char
a c te r iz e  th e  ride q u a lity  reg im e:

a. The ro le  o f  tra in  sp eed  on the ride q u a lity  
response o f  th e  carbody is c le a r ly  d iscern i
b le; as th e  tra in  sp eed  is in crea sed , m ore  
tra ck  e x c ita t io n  is tra n sferred  to  the car, 
resu ltin g  in h igher am p litu d e  resp on se.

b. R a il jo in t fr e q u e n c ie s  and the lo c a t io n  o f  
peak s in th e  pow er sp e c tr a  are stro n g ly  
r e la te d , in d ica tin g  th a t  the input e x c ita t io n  
to  th e  ear a r ise s  m ain ly  from  th e  p er io d ic  
ra il jo in t sp a c in g , w ith  sm a ller  co n tr ib u tio n s  
from  th e  s to c h a s t ic  e x c ita t io n  from  th e  
random  tra ck  ir r e g u la r it ie s .

c . For T ype I tru ck s , in  th e  ro ll m ode, th e  
lo a d ed  7 0 -to n  v e h ic le s  e x h ib it  m ore d esir
a b le  d yn am ic  c h a r a c te r is t ic s  than th e  
lo a d ed  1 0 0 -to n  veh icu la r  co m b in a tio n s . In 
th e  v e r t ic a l m ode, th e  1 0 0 -to n  tru ck s are  
m ore e f f e c t iv e  in a tte n u a tin g  th e  tra ck  e x 
c ita t io n s  tr a n sm itte d  to  th e  carbody than  
th e  7 0 -to n  tru ck s.

d. P rim ary  su sp en sion  tru ck s se e m  to  have th e  
a b ility  to  a t te n u a te  tra ck  e x c ita t io n s  and  
th u s, p rovid e sm o o th  ride co n d it io n s  to  the  
lad in g .

e .  The lo a d ed  ca rs fo r  1 0 0 -to n  T ype I and T ype  
II tru ck s r e so n a te  in  th e  sp eed  range o f  50 
to  60 mph in  both  th e  v e r t ic a l and la te r a l  
d ir e c t io n s .

5. In g e n e r a l, no s in g le  T ype II truck  t e s te d  in the  
program  se e m s  to  a c h ie v e  s ig n if ic a n t ly  im proved  
p er fo rm a n ce  in a ll four p erfo rm a n ce  re g im e s . 
T he im p roved  p er fo rm a n ce  in  s p e c if ic  p er fo r 
m a n ce  r e g im e s  on th e  part o f  a  g iv en  T ype II 
tru ck  can  b e  r e la te d  to  s p e c if ic  d esign  fe a tu r e s  
w hich  have d esira b le  im p a ct on p er fo rm a n ce  in 
th a t  r e g im e . Im p ro v em en t in p er fo rm a n ce  in  one  
r e g im e  is  a tta in e d  a t  th e  c o s t  o f  d egrad ed  p erfo r
m a n ce  in  a n o th er . A thorough ev a lu a tio n  o f  th e  
s p e c i f ic  d esig n  fe a tu r e s , a s  com p ared  to  ev a lu a 
tio n  o f  th e  tru ck  i t s e l f ,  w ith  a  v iew  tow ard  
m a x im iz in g  the p o te n t ia l b e n e fits  w h ile  a t  the  
sa m e  tim e  o p tim iz in g  th e  tr a d e -o f f  in  d e tr im e n ta l  
e f f e c t s ,  shou ld  b e  co n sid ered  in co n tin u in g  e f fo r ts  
o f  th e  ty p e  u n d ertak en  in  TDO P P h ase II. T he  
p o te n t ia l for  co m b in in g  th e  a d v a n ta g eo u s te c h 
n o lo g ic a l fe a tu r e s  in to  one fu tu re  tru ck  design  
c a n n o t b e  ru led  o u t. The fra m ew o rk  fo r  pursuing  
su ch  an e f f o r t  is co n ta in ed  in th e  e x p e r im e n ta l 
and a n a ly t ic  m eth o d o lo g y  d ev e lo p ed  and used  in 
TDO P P h ase  II.

6 . T he c la s s if ic a t io n  o f  truck  p erfo rm a n ce  in to  d is
t in c t  p er fo rm a n ce  reg im es and id e n t if ic a t io n  o f  
p e r fo r m a n c e  in d ice s  ty p ic a l o f  ea ch  r eg im e  is an 
im p o rta n t f ir s t  s t e p  in  a sta n d a rd ized  m eth o 
d o lo g y  fo r  tru ck  e v a lu a tio n . D e ta ile d  a n a ly t ic  
p ro ced u res u sed  in  red u cin g , a n a ly z in g  and in te r 
p r e tin g  f ie ld  te s t  d a ta  and c o r r e la t in g  th e  r e su lts  
t o  v a rio u s s e r v ic e  c o n d itio n s  h a v e  cu lm in a ted  in  a 
s e t  o f  reco m m en d ed  tru ck  p erfo rm a n ce  s p e c i f ic a 
tio n s .
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SECTION 5 -  ECONOMIC ANALYSIS

5.1 INTRODUCTION

T he o b je c t iv e s  o f  th e  TDO P P h ase  II ec o n o m ic  an a ly ses  
a re  (1) to  id e n t ify  th e  m ajor p a ra m eters  th a t  g o v ern  th e  
p r o fita b il ity  o f  th e  T ype II tru ck s , and (2) to  d e lin ea te  
th e  tr a d e -o ffs  in v o lv ed  in ch o o sin g  b e tw e e n  T ype I and 
T ype II tru ck s. T h ese  o b je c t iv e s  h a v e  b een  addressed  
through  an a n a ly sis  o f  r e su lts  ob ta in ed  from  fie ld  te s t  
d a ta , and an a n a ly s is -o f ca r  m a in ten a n ce  d a ta  th a t w ere  
a cq u ired  from  tw o  m ajor o p era tin g  ra ilroad s in th e  
U n ited  S ta te s . A dded to  th e  a n a ly se s  of- th e s e  data  
b a ses  are c o n sid era tio n s  r e la t in g  to  such  a rea s as  
e x p e c te d  a d d itio n a l c o s ts  th a t m ay rea so n a b ly  be 
e x p e c te d  to  a ccru e  from  th e  u se  o f  new er and le s s  
co n v e n tio n a l eq u ip m en t. A s n ea r ly  as p o ss ib le , such  
ju d g m en ta l c o n sid era tio n s  h a v e  b een  arrived  a t in 
c o n su lta tio n  w ith  industry  so u r c e s  rep resen ted  on the  
TD O P co n su lta n ts  group.

T his se c t io n  o f  th e  TDO P P h ase  II F inal R ep ort has 
b een  o rg a n ized  to  r e f le c t  th e  m ajor e le m e n ts  o f  
a n a ly s is . T he arra n g em en t o f  th e  to p ic s  conform  to  th e  
p rogression  o f  e f fo r t  w ith in  th e  ec o n o m ic s  ta sk . F irst, 
th e  car m a in ten a n ce  a n a ly s is  is  d iscu ssed  in d e ta il, 
in c lu d in g  p ro ced u res, d a ta  b a se s , and r e su lts . This is 
fo llo w e d  by su b se c tio n s  on fu e l co n su m p tio n , roadw ay  
m a in te n a n c e , and lad ing  d a m a g e and d era ilm en t. H ere  
th e  v a rio u s im p lica tio n s  o f  th e  f ie ld  te s t  r esu lts  in 
term s o f  fr e ig h t car truck  e c o n o m ics  are d iscu ssed . 
F in a lly , th e  c o s t /b e n e f i t  a n a ly s is  s e c t io n  rev ie w s the  
e x p e c te d  c o s t  in c r e a se s  lik e ly  to  a ccru e  w ith  th e  ch o ice  
o f  T yp e II tru ck s a s co m p a red  w ith  th e  T yp e I tru ck s.

5.2 CAR MAINTENANCE ANALYSIS

An e x p e c te d  b e n e f it  w ith  a  T ype II truck  design  is 
red u ced  car m a in ten a n ce  c o s t s .  O ne o f  th e  o b je c t iv e s  
o f  th e  en g in eer in g  e f f o r t s  in TDO P w as to  e s t im a te  the  
ch a n g es  in p erfo rm a n ce  th a t can  be e x p e c te d  w ith  a 
T yp e II tru ck  ( e .g .,  a  30% lo n g er  w h e e lse t  l i f e  w ith  a 
s te e r in g  tru ck ). It is th e  purpose o f  th is an a ly sis  to  
p rovid e th e  m eth o d o lo g y  to  c o n v er t th is  en g in eer in g  
p erfo rm a n ce  ev a lu a tio n  in to  a do llar  sa v in g s  th a t would  
resu lt  from  red u ced  car m a in te n a n c e .

C o n v en tio n a l eco n o m ic  tech n iq u es  have b een  em p loyed  
to  e s t im a te  th e  c o s t  o f  a ll fu tu re  m a in ten a n ce  over th e  
p r o je c te d  l i f e  o f  a new  fr e ig h t  ear a t  th e  t im e  the car  
is p u rch ased . To build th is  e s t im a t e ,  c o m p le te  m ain
te n a n c e  reco rd s w ere  co n sid ered  from  tw o  railroads  
(th e  U nion P a c if ic  R ailroad  and an e a s t  c o a s t  railroad) 
o v er  a  th r e e -y e a r  period  o f  t im e  for  a ll ro ller  b earin g-  
equipped  ca rs. The repair record s o f  ap p ro x im a te ly  
100 ,0 0 0  ca rs w ere used .

T he p rin cip a l v a r ia b le  in f lu en c in g  car m a in ten a n ce  was 
annual m ile a g e . For th is  rea so n , th e  m eth o d o lo g y  was 
c o n s tr u c te d  to  co n tro l for annual m ile a g e  varia tio n s  
am on g ca rs. In it ia lly , it  w as a ssu m ed  th a t d if fe r e n t  
ra ilro a d s w ould e x p e r ie n c e  d if fe r e n t  m a in ten a n ce  c o s ts ,  
w hich is why tw o  ra ilroad s w ere  co n sid ered . Surpris
in g ly , th e  o v e r a ll r e su lts  w ere q u ite  s im ila r . F in a lly , it  
w as su sp e c te d  th a t  d if fe r e n c e s  in  carbody ty p e s  and car 
w eig h ts  w ere  s ig n if ic a n t . S o m e e f fo r t  has been  
ex p en d ed  a lo n g  th e s e  lin e s  (fo r  e x a m p le , r e su lts  show ed  
th a t  1 0 0 -to n  ca rs c o s t  s l ig h tly  le s s  to  m ain ta in  than 70- 
ton  cars); h o w ev er , e s t im a t e s  o f  th is  ty p e  are d if f ic u lt  
to  m ake b e c a u se  o f  a  la c k  o f  lo n g - t im e  h is to r ie s  for  the

1 0 0 -to n  ca rs. A lth o u g h  ro ller  b ea rin g  cars h ave b een  
used  for  16 to  18 y ea rs  in  la r g e  n um bers, 1 0 0 -to n  cars  
have co n sid era b ly  sh o r te r  h is to r ie s . In th e  c a se  o f  1 0 0 -  
to n  open  h op p ers, th e r e  s im p ly  is not enough d ata  to  
draw m ea n in g fu l co n c lu s io n s .

T he r e su lts  o f  th e  a n a ly s is  su g g e s t th a t car m ain
ten a n c e  a lo n e  w ill  n o t pay  fo r  a  T ype II tru ck , a t  le a s t  
in  th e  p r ice  ra n g es  c o n sid ered  (from  $ 1 4 ,0 0 0  to  $ 2 1 ,0 0 0  
per car s e t ) .  S in ce  th e  red u ced  m a in ten a n ce  c o s t s  are  
n ot enough on a  per ca r  b asis to  pay th e  added  p u rch ase  
p r ic e , th e  T D O P e c o n o m ic  a n a ly sis  w en t on to  co n sid er  
fu e l co n su m p tio n  and r a il w ear . H o w ev er , m uch m ore  
work cou ld  be d on e w ith  th e  car m a in ten a n ce  d a ta , fo r  
ex a m p le:

a . E v a lu a tio n  o f  eq u ip m en t p erfo rm a n ce  w ith  
th e  fo llo w in g  o b je c t iv e s :

E sta b lish m en t o f  d if fe r e n t ia l c o s t s  
b e tw e e n  d if fe r e n t  carbody ty p es  for  
su p p o rt in  s e t t in g  r a te s  and c a lc u la t in g  
p r o f ita b il ity  o f  s e r v ic e .

T im e ly  a u to m a tic  id e n t if ic a t io n  o f  car  
s e r ie s  w ith  m e c h a n ic a l p rob lem s.

E v a lu a tio n  o f  ind iv idual m an u factu rer 's  
p a rts  as to  th e ir  eco n o m ic  p er fo r 
m a n ce .

b. A u to m a tic  a u d itin g  o f  car repair b illin g  
d a ta .

c . C a lc u la t io n  o f  th e  c o r r e c t  t im e  for ca rs to  
b e r e t ir e d .

5.2.1 Results

F igu re 5-1  i l lu s tr a te s  th e  com p arison  b e tw een  the  
ea stern  and U nion  P a c if ic  (U P) ra ilro a d s. The annual 
car m ile a g e s  a re  show n on th e  X -a x is . T he Y -a x is  is  
th e  d isco u n ted  c o s t  o f  a ll fu tu re  m a in ten a n ce  a t th e  
t im e  o f  p u rch a se  o f  th e  ca r . This is the am ou n t o f  
m oney c o m m itte d  to  car m a in ten a n ce  when one pur
c h a se s  a  new  ca r . T he fig u re  a ssu m es a 10% d isco u n t  
ra te  and a 3 0 -y ea r  or 1 .2 m illio n  m iles  o f  car l i f e ,  
w h ich ev er  c o m e s  f ir s t .

In ex a m in in g  th e  U P  d a ta , i t  is  o b v io u s th a t  th ere  are  
s ig n if ic a n t  d if f e r e n c e s  in m a in ten a n ce  c o s ts  b e tw e e n  
norm al s e r v ic e  ca rs and high m ile a g e  ca rs. This is  an 
em p ir ica l r e su lt  o b ta in ed  by com p arin g  data  from  high  
m ile a g e  cars w ith  n orm al s e r v ic e  c a rs . N o t enough  
d e ta ile d  m ile a g e  d a ta  are a v a ila b le  from  th e  e a s te r n  
railroad  to  draw  a  d is t in c t io n  b e tw e e n  norm al s e r v ic e  
and high m ile a g e  s e r v ic e .  A s a  r e su lt , th e  cu rve fo r  th e  
ea stern  ra ilroad  fa l ls  b e tw e e n  th e  U P lin e s . H igh  
m ilea g e  s e r v ic e  a p p a ren tly  e x p e r ie n c e s  d if fe r e n t  rep a ir  
c o s ts  than  n orm al s e r v ic e .  For e x a m p le , un it tra in s  do 
not cou p le  and u n co u p le  a s o f t e n , sa v in g  w ear on th e  
co u p lers and brake lin e s . It appears th a t  th is ty p e  o f  
se r v ic e  is le s s  d a m a g in g  per m ile  than  c o n v e n tio n a l 
s e r v ic e . F u rth erm o re , ca r  ty p e s  ten d  to b e  d if fe r e n t  
b e tw e e n  high m ile a g e  and norm al s e r v ic e  cars ( e .g .,  th e  
high m ile a g e  ca rs te n d  to  b e  n ew er). A lso , high m ile a g e  
cars on th e  U n ion  P a c if ic  R ailroad  have an in c r e a se d  
in c id e n c e  o f  C -P E P  tru ck s .
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FIGURE 5-1. COMPARISON OF UNION PACIFIC AND EASTERN 
RAILROAD CAR MAINTENANCE COSTS

On th e  o th er e x tr e m e  th ere  is so m e  e v id e n c e  th a t  v ery  
lo w  m ilea g e  s e r v ic e  (b elow  10,000  m ile s /y e a r )  is m ore  
e x p e n s iv e . T his p o ss ib ility  has n ot b een  in v e s t ig a te d  
b e c a u se  th e  low  m ilea g e  cars are not v ery  .lik e ly  
c a n d id a te s  for  im proved  tru ck s, h o w ev er , i t  m ight be an 
a rea  to  ex p lo re  for  o th er  purposes.

T a b les 5 -1  and 5-2  break out the v a lu e s  from  F igu re  5-1  
in to  co m p o n en ts for the U nion P a c if ic  and ea ste r n  
ra ilroad , r e sp e c t iv e ly . The ta b le s  are v ery  h ea v ily  
w e ig h te d  tow ard  truck  repairs in k eep in g  w ith  th e  
o b je c t iv e s  o f  TDOP; h o w ev er , a ll car repairs are  
c o v e r e d . T he le v e l  o f  a g g reg a tio n  is fa ir ly  h igh  in th e  
carb od y .

T he "present" in  the ta b le  t i t le s  r e fe r s  to  th e  d isco u n t
ing  o f  fu tu re  exp en d itu res to  eq u iv a len t c o s ts  a t  th e  
p r e se n t t im e . In the c a se  o f  T a b les 5-1 and 5 -2 , the  
"present"  is th e  tim e o f  purchase o f  a new  ca r . The  
num bers in th e  ta b le s  are the am ount o f  m on ey  th a t  
w ould n eed  to  be put in a bank a t a 10% ra te  o f  retu rn  
to  c o m p le te ly  pay for  th e  e x p e c te d  c o s t  o f  rep a ir in g  
th e  car  over it s  en tire  l i fe .

T a b les 5 -2 A  and 5-2B  show  th e  sa m e  d ata  red u ced  to  an 
eq u iv a len t annual c o s t . T im ing o f  rep a irs has a v ery  
s ig n if ic a n t  e f f e c t  on the va lu e  o f  e lim in a tin g  a  g iv en  
c la s s  o f  rep a irs . If a repair ty p ic a lly  happens v ery  la t e  
in  th e  l i f e  o f  a  car, it  d oes not a f f e c t  p urchase  
d e c is io n s  as m uch as th e  sa m e  repair w ould if  it  
h appened  ea r lie r . The eq u iv a len t annual c o s t  c a lc u la 
tio n  in  T ab le  5 -2A  and T ab le 5 -2B  ta k e s  a c c o u n t o f  th is  
d if fe r e n c e ;  th u s, it  is not q u ite  th e  sa m e th in g  as an 
a v e r a g e  annual co st .

D a ta  in th e  h eavy  repair c a te g o r y  for  th e  ea ste r n  
railroad  included  som e very  ex p e n s iv e  repairs th a t  
appear to  be a  car rebu ild ing program . S in ce  th e se  
c o s ts  are not rea lly  m a in ten a n ce  c o s ts , any repair  
c o s t in g  m ore than $ 1 0 ,0 0 0 /c a r  has b een  e lim in a ted  
from  th e  ea ste r n  railroad h eavy  repair d a ta . H eavy  
rep a ir  d a ta  from  UP w ere  based  on one year's record s  
(1977) from  th e  Om aha h eavy  repair fa c i l i ty  o n ly . UP  
cu rren tly  c o lle c t s ,  but d oes not keypunch , h ea v y  repair  
d a ta . B eca u se  o f  th e  non-random  m eth od  o f  sa m p lin g , 
a n o m a lie s  h a v e  occu rred  b e tw e e n  7 0 -to n  and 1 0 0 -to n

cars in  A p p en d ix  D. T he U P h ea v y  repair d ata  en try  
show n in th e  ta b le s  should  be v iew ed  w ith  so m e sk ep 
t ic ism .

5.2.2 Use o f Table 5-1

T he num bers in  T ab le  5-1  are  th e  dollar  v a lu e  per ca r  o f  
to ta lly  e lim in a tin g  a  c la s s  o f  rep a irs . For ex a m p le , for  
a  car  th a t  tr a v e ls  2 5 ,0 0 0  m ile s /y e a r , a  braking sy s te m  
th a t n ev er  n eed ed  any m a in ten a n ce  would be w orth  
p ay in g  $ 7 5 2 .5 7  e x tr a  per ca r . For th e  sa m e  ca r , a  tru ck  
braking sy s te m  th a t  w ould  n ever  w ear ou t w ould be  
w orth  $ 1 4 0 4 .5 1  e x tr a  per ca r . If th e  w h e e lse ts  would  
n ev er  w ear  o u t, an e x tr a  $ 2 3 0 7 .4 9  per car w ould h a v e  
b een  r e a liz e d .

T he d ata  show n in  T ab le  5 -1  are from  1977 through  
19 7 9 . T he p r ic e s  h a v e  b een  in f la te d  to  r e f le c t  1981  
le v e ls .  S e v e r a l ru le  ch a n g es  probably have reduced  
so m e o f  th e  c o s t s . In p a rticu la r , e lim in a tin g  th e  
req u irem en t to  r e m o v e  th e  ro ller  b earings any t im e  
th ere  is  a  m inor d e r a ilm e n t w ill red u ce  th e  w h e e ls e t  
c o s t s  so m e w h a t. A b ou t 16 p e r c e n t o f  a ll w h e e lse t  
r e p la c e m e n ts  w ere  due to  d era ilm en t. O f th e se , a b o u t  
6 p e r c e n t are  fo r  tru ck  s e t  d era ilm en ts  (e .g .,  on ly  one  
truck  d era ils). If no w h e e ls e t s  are rep la ced  b e c a u se  o f  
dam aged  ro ller  b ea r in g s due to  m inor d era ilm en ts , the  
w h e e lse t  num bers w ould  be red u ced  by a p p ro x im a te ly  6 
p e r c e n t. U nder th e  rev ised  ru les , th e  railroad  is 
e x p e c te d  to  in sp e c t  th e  ro ller  b earin gs and r e p la c e  
th em  if  th e y  are d a m a g ed . A 4 to  5 p ercen t red u ctio n  
in w h e e ls e t  c o s ts  due to  th is  ru le  ch an ge m ay be  
e x p e c te d . O th er ru le  ch a n g es a lso  are e x p e c te d  to  
red u ce  so m e o f  th e  c a te g o r ie s  o th er  than  trucks.

F in a lly , i t  should  be p o in ted  out th a t th e s e  are 
"average" car nu m b ers. B eca u se  o f  th e  lim ita t io n s  o f  
th is  ty p e  o f  a n a ly s is , th e  num bers should  b e  regard ed  a s  
a c c u r a te  to  on ly  one s ig n if ic a n t  f ig u re . The num bers  
are  in d ic a tiv e  o f  th e  am ount sp en t per car on ea ch  
rep air .

E xam p le 1, S te e r in g  T ruck

T ab le  5 -1  w as d ev e lo p ed  to  e v a lu a te  the v a lu e  o f  a 
ch an ge in  car d esig n . For ex a m p le , in crea sed  w h ee l l i f e  
is w id e ly  c la im e d  a s  a b e n e f it  o f  sw itc h in g  to  a s te e r in g  
tru ck . A ssu m e a  ra ilro a d  had th e  op p ortu n ity  to  buy a 
s te e r in g  tru ck  fo r  an e x tr a  $2000 per truck  and  
e x p e c te d  a 3 096 lo n g er  w h ee l l i f e ,  fu e l sa v in g s , and  
red u ced  ra il w ear as p rin cip a l b e n e f its . D ata  from  
T ab le  5-1  can  be u sed  to  e v a lu a te  th e  in crea sed  w h ee l  
l i f e  p art o f  th e  b e n e f its  a s  fo llo w s:

Oar Wheelset 30% Savings 30% Savings Investment
Mileage Cost/Car Per Car Per Truck Tax Credit

12,500 1060.53 318.16 159.08* 174.99
25,000 2307.49 692.25 346.13 380.74
37,500 3464.37 1039.31 519.66 571.63
50,000 3245.84 973.75 486.88 535.56
62,500 3979.21 1193.76 596.88 656.57
75,000 4551.28 1365.38 682.69 750.96
87,500 5052.93 1515.88 757.94 833.73

100,000 5490.52 1647.16 823.58 905.94

A s show n from  th e  f ir s t  co lu m n , th e  sa v in g s are  
stro n g ly  d ep en d en t on th e  annual m ilea g e  a ssu m ed  by  
th e  c a r s . The se c o n d  co lu m n  is th e  w h e e lse t  c o s t  per 
car from  th e  su m m ary  part o f  T ab le  5 -1 . The th ird  
co lu m n  show s 30% o f  th e  w h e e lse t  c o s t /c a r , i .e . ,  th e  
30% sa v in g s per ca r . T he fou rth  co lum n is h a lf o f  th e
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th ird  co lu m n  (tw o  tru ck s per car). F in a lly , th e  la s t  
co lu m n  is  1.1 t im e s  th e  fou rth  co lu m n , r e f le c t in g  th e  
10% in v e s tm e n t ta x  c red it  on new  in v e s tm e n t . The 
resu lt is th e  n om in a l dollar v a lu e  o f  30% lo n g er  w h ee l 
l i f e  per tru ck .

T h is is  n o t th e  to ta l  am ount sa v ed  over th e  l i f e  o f the  
ca r . S in ce  th e  d isco u n t ra te  is 10%, fo r  th e  25 ,000  
m ile /y e a r  c a se , (ab ou t .10  x  $6 9 2 .2 5  = $ 6 9 .23  per year) 
w ill b e  sa v e d  fo r  an e s t im a te d  l i f e  o f  30 y ea rs . So th e  
sa v in g s  is $ 2 0 7 6 .7 4  (about 30 x  $ 6 9 .2 3 ) over th e  l i f e  o f  
th e  ea r . H o w ev er , th a t m on ey  is spread  out o v er  th e  
l i f e  o f  th e  c a r . A ra ilroad  should  b e  w illin g  to  pay on ly  
$ 3 8 0 .7 4 /tr u c k  to d a y  to  a c h ie v e  th e  p ro jec ted  fu tu re  
sa v in g s . E co n o m ists  regard  th is as a  b rea k -ev en  
p rop osition ; m on ey  is  n e ith er  m ade nor lo s t . The 
a rg u m en t g o e s  th a t i f  you  h ave $ 3 8 0 .7 4  to d a y  you can  
in v e s t  i t  and rea so n a b ly  e x p e c t  a  10% ra te  o f  return . If 
th e  10% retu rn  is n o t r e a liz e d , th e  m oney should  be  
in v e s te d  in so m eth in g  e ls e .

On th e  b asis o f  w h e e lse t  l i f e  a lon e , this' is not a 
p a r ticu la r ly  a t t r a c t iv e  in v e s tm e n t . For th e  norm al car  
(ab ou t 2 5 ,000  m ile s /y e a r ) , a railroad  w ould b e  w illin g  to  
pay up to  $380 , but is a sk ed  to  pay $2000 . An 
in v e s tm e n t lik e  th is  w ould c o s t  $1620 per truck . For 
unit tra in  s e r v ic e  (about 75 ,000  m ile s /y e a r ), a railroad  
w ould be w illin g  to  pay $ 7 5 0 . Ry i t s e l f ,  th is is  s t i l l  not 
enough to  co v er  th e  e x tr a  purchase p r ic e .

E x a m p le  2, N ew  C en ter  B ow l D esign

A nother ex a m p le  w ould be a  new  ty p e  o f  c e n te r  bow l 
th a t  w ould  n ever w ear o u t. To co n tra st th is  to  th e  use  
o f  c o n v e n tio n a l w ear lin e r s , T ab le 5-1 show s th a t  
c e n te r  p la te  lin ers  run about $ 2 8 .7 5 /c a r  for a 25 ,000  
m ile /y e a r  car.

S avin gs w ould  a lso  b e  r e a liz e d  in  red u ced  c e n te r  p la te  
w ear. T his ite m  runs a b o u t $ 4 .5 5 /c a r  for  a  25 ,000  
m ile /y e a r  ca r . P erh ap s h a lf  o f  th e  ex p en se  is a sso 
c ia te d  w ith  fr a c tu r e s  ra th er  th a n  w ear.

Adding th e s e  c o s t s  g iv e s  $ 2 8 .75  + 0.5 x  $ 4 .5 5  = 
$ 3 1 .0 3 /y e a r  or $ 1 5 .5 1 /tr u c k . A d ju stin g  fo r  th e  in v e s t 
m en t ta x  c r e d it  g iv e s  $ 1 7 .0 6  as th e  added c o s t /c e n te r  
bow l th a t  cou ld  b e  paid  for  th is  im p ro v em en t and s t i l l  
break e v e n .

E xam ple 3, C o m p o site  M a ter ia l B rake Sh oes

A ssu m e th a t  a  c o m p o s ite  m a te r ia l brake sh o e  w ould  
w ear ou t 30% s lo w er  than  a  co n v en tio n a l brake shoe  
and w ould  c o s t  25% m ore th a n  a co n v e n tio n a l brake  
sh o e . T he c o s t  o f  r e p la c in g  brak e sh o es  w ould probably  
be 25% h igher a ll th rou gh  th e  car’s l i f e .  T his is n o t a 
o n e -t im e  added c o s t  a t  th e  t im e  o f  p u rch ase  o f  a new  
car.

The ta b le  can  b e  u sed  to  e s t im a te  th e  v a lu e  o f  the  
sav in g  per new  car by c a lc u la t in g  w hat a  5% sa v in g s  
(30% m ore l i f e  -  25% m ore c o s t )  is w orth . For a  2 5 ,000  
m ile /y e a r  ca r , th is  is 0 .05  x  $ 1 4 0 4 .5 7  = $ 6 0 .0 1 , 
illu s tr a tin g  why th ere  is co n sid era b le  in te r e s t  in thd 
r e la t iv e  p er fo rm a n ce  o f  d if fe r e n t  ty p e s  o f  brake sh o e s . 
E ven sm a ll ch a n g es  in th e  e c o n o m ic  p erfo rm a n ce  o f  a 
brake sh o e  are w orth  s ig n if ic a n t  a m ou n ts o f  m oney.

T ab le 5 -1  is  n o t d esig n ed  for d ea lin g  w ith  r e tr o f it  
is su es . It is c o n str u c te d  b a sed  on th e  assu m p tion  th a t  
any ch a n g es  w ill be m ade a t  th e  t im e  o f  p u rch ase  o f  
new ca rs. H o w ev er , m e th o d o lo g y  u sed  to  c o n str u c t th e  
ta b le  is d ir e c t ly  a p p lica b le  to  r e tr o f it  q u e st io n s . S im 
ple m o d ific a t io n s  o f  th e  proced u re  are d iscu ssed  in 
su b sectio n  5 .2 .3 .
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TABLE 5-1. PRESENT VALUE AT TIME OF PURCHASE OF 
ALL FUTURE REPAIRS FOR UNION PACIFIC 
ROLLER BEARING CARS

SUMMAHT TABLE NORMAL SERVICE________ _______HIGH MILEAGE SERVICE
annual mileage l 2 B o o . ■■■a staff. — J7booT 50000. 62500. 75000. 67500, 1U0U0U,

BRAKES MAST. PRESSURE: SYSTEM, s HANU BHAKESI JS4.SU 752.57 1135.20 797.40 1009,55 1171.07 1311.65 1453.36
COUPLERS* YOKES« 4 DRAFT GEAR 122*58 413,23 737,50 697,10 916.19 109b.97 12bd.Il 1406.75
MISCELLANEOUS LAbOR ft MANUFACTURED MATERIAL 3b6,40 1104. t>2 1754.38 712,48 915,21 1071,52 1214,32 1335.51
OTHER CAN REPAIRS 267.J4 701.02 1198.2b 1136,02 1524.21 1611.37 2064,67 2262,01
TRUCK BkAKING SYSTEM (MOSTLY BRAKE SHOES) 64 0,0 5' 1404.51 2205.92 2153.12 274u,14 3217.04 3b25.ll 3905,78WHEELSETS IOoO.SS 2307.49 34t>4,37 3245,04 3979.21 4551,26 5052.93 6490,52
other truck repairs 139.19 601.55 1066.28 275.23 355,06 419.97 476.40 523.26
HEAVY REPAIRS 690.59 1529.18 2050.67 153,20 170,17 164,64 200.33 212,32

TOTAL 3543,40 8614.16 13612,79 9170,39 11617,77 13523,66 15207,72 16670,32
ASSUMED CAR LIFE IN YEARS 30,00 30.00 30,00 30,00 28,80 24.00 20.57 16.00

CAR REPAIRS! ANNUAL MILEAGE
12500* 25000* 37500. 50000* 62500* 75000* 67500* 100000,

BRAKES UESTi PRESSURE SISTER. X HAND BRAKES! 354,60 752.57 1135*20 797.40 1009,55 1171,07 1311*65 1435*36
COT&S 66.03 174.97 275*29 95*11 124*65 147,91 167.43 185,40IOTAS 179,79 357,87 520,55 431,39 531,50 604,52 666,71 719,84
PRESSURE SYSTEM 84.96 182,70 287.38 244,66 319,43 376,33 431,63 477.14HAND BRAKES 21.22 37*03 51,99 26.24 33,96 40,32 46,08 51,00

COUPLERS. TOKES. 1 DRAFT GEAR 122*56 413*23 737*50 697,10 916,19 1096,97 1263*11 1406,75
COUPLER BODIES 43.52 144.21 260.37 342,06 455,85 547,64 632.70 707.42COUPLER KNUCKLES 21.37 69.87 120.44 94,10 121,11 143,00 163.15 18U,39
othlh coupler parts 39,19 110.21 179,37 123.27 155,91 181,92 205.67 225,40TOKES 5.43 27,20 53.44 35,31 47.13 56,57 65.42 75.06URAFI GEARS. CARRIERS, AND FOLCOUEHS 13.OG 61.74 123.68 102,36 138,19 167.64 196,09 220,46

MISCELLANEOUS LAUOR X MANUFACTURED MATERIAL 366,40 1104.62 1754*36 712*46 915.21 1071,52 1214,32 1535.51
OTHER CAR REPAIRS 267,34 701.02 1198.26 1136*02 1524,21 1611,37 2064,67 2262,01

OIHLK car repairs 136,36 352.10 627.09 650,75 695,54 1078,20 1241,33 1362,57WELDING 57.16 176.93 301.44 261,07 343.51 403,61 456,32 500,17NON BILLABLE INSPECTIONS 71.00 172.00 269.73 224.20 265,1b 329,55 367,01 400,07
CAR TOTAL 1113,12 2971.45 4625,34 3343*00 4367.16 5150.93 5653,95 6456,45

TRUCK REPAIRS NORMAL SERVICE HIGH MILEAGE SERVICE
ANNUAL MILEAGE 12500. 25000. 37500. 50000. G25U0. 75000. 87500, 100000,

TRUCK BRAKING SYSTEM (MOSTLY BRaKL SHOES) 640,05 1404.51 2205*92 2153.12 2746,14 3217,04 3625,11 3905,78
brake oeams 61, j2 172.66 335.72 279.15 399,97 502.46 591.64 674,35BRAKE BEAM WEAR PLATES 0.17 0.41 0.57 0,07 0*00 0,09 0.09 0*10BRAKE BEAM HANGERS 0.02 0,04 0.05BRAKE HANGER BRACKET WEAR PLATE o . o o 0*01 0.02
BRAKL HANGER BRACKET WEAR PLATE SECUREMENT 0,01 0.01 0*02BRAKE HANGER OR CONNECTION PIN 2.B1 6.22 9.73 8.94 11.22 12.96 14,59 15,93
BOTTOM ROD SAFETY SUPPORT 1.07 2.85 4.92 6.74 9.10 10.91 12.60 14.00
brake beam safety support 0.32 0.78 1.06 0,09 0.11 0,12 0.12 0,13
brake CONNECTION* BOTTOM 2.36 4,29 5.95 6.11 7.39 6,36 9.29 10,01
BRAKE CONNECTION* TOP 2.44 5.89 9*35 12.93 lb.79 19.73 22.25 24,55BRAKE LEVER 1.66 2.97 4.14 4,12 4.96 5.65 6.29 6.78
BRAKE LEVER GUIDE OR CARRIER 0,05 0.15 0.23 0,08 0.1U 0,11 0.13 0.14
UEAU LEVER GUIDE 0,02 0.06 0.22 0.40 0,61 0,78 0* 9«» 1*06UEAU LEyER GUIDE BRACKET 0.02 0.06 0.15 0,44 0.62 0.75 0.66 0*97BRAKE SHOES 563.09 1200.27 1622.28 1826.90 2286,24 2644,75 2954,01 3225.23BRAKE SHOE KEYS 3,86 7*85 11*52 7,15 6,93 10.30 11.46 12*49

UHECLSETS 1060.53 2307*49 3464,37 3245*64 3979,21 4551.28 5052,93 5490*52
lubricate roller bearings 19,85 44*76 63*14 50*93 60,02 66,90 72.72 76*20KOLLLK BEARINGS 148,75 320.44 483*36 461.49 567,51 655.30 733.79 603,10ROLLER BEARING CAP SCREWS 0.06 0,23 0.36 0.39 0,46 0,51 0*54 0.57
holler BEARING locking plates o . o o 0.00 0.01 0,02 0,03 0,03 0*03 0.03
roller bearing lubrication fitting 0,02 0.02 0.03 0*02 0.02 0.02 0.02 0*02
PEOLSTaL adapters 20.16 67*49 114*43 76.10 100.47 116.13 133.75 147.43WHEELS 356,42 773.29 1170,61 1106.52 1359,5b 1569.12 1756.34 1921.56WHEEL LABOR 509,96 10b9.84 1615.23 1531,93 1670,91 2117,91 2329*58 2510,99AXLES, roller bearings 5,29 11*40 17*21 16,45 20,23 23,35 26*15 28,62

OTHER TRUCK REPAIRS 139,19 601*55 1066*28 275,23 355,06 419,97 475*40 523*26
truck bolsters 36,81 161*09 327.67 71,16 93.09 111,36 126.12 139.67Truck BOLSTERS (REPAIRED) 0,96 6*27 11*46 3,26 4,63 5,66 6.41 7,14
center pins 2,59 7,43 12*60 7,13 9,07 10,57 l i . a s 15,03CENTER PLATES 1.63 4.55 9.13 0,44 0,64 0,79 0*94 1.05CENTER PLATE LINERS 6,93 28*75 50*60 36,95 47,34 55,06 t l . H O 67.09THULK SIOE OCAHINGS 6,29 16.09 26.54 11,25 14,14 16,30 16,02 19.71FRICTION CASTINGS 13.19 51.43 66*30 20,46 25,42 29,25 32.51 35,41SlUt BEARING SHIM 0.29 2.12 3.72 0.73 0,93 1,10 1*26 1.37SIOL FRAMES 49,53 223.62 405.43 67,27 91.99 112,96 132.32 147.61
sjul frames (REpairloi 0*62 4.69 7.80 0,58 0.77 0,91 1*01 1*10SPRING PLANKS 0,00 0*02 0.04UUTlN springs 7,57 31*13 51*66 17.77 20.52 22.61 24.56 26.00INNER SPRINGS 4.27 16.37 26.68 10.77 12.41 13,70 14.76 15.57STABILIZER SPRINGS 3,30 13*25 21.67 5,19 6*13 6.87 7.46 6.01TRUCK SPRING FRICTION SNUBBER 0.04 0.09 0*12 0.03 0*04Truck spring plates 0,0 1 0.02 0*03TRUCK SPRING SHIn* WOOD G.00 O.Ul G ,01
stlll 0,05 0*15 0.26 2,71 3,87 4.54 4.94MANuFACTUHED MAteKIAL itrucki 3.14 12.43 22.32 19.52 24.54 26.65 32.42 35.53

TRUCK TOTAL 1639.77 4313,56 6736.57 5674.20 7060.44 8168,30 9153*44 9999.56
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TABLE 5-2. PRESENT VALUE AT TIME OF PURCHASE OF
ALL FUTURE REPAIRS FOR EASTERN RAILROAD 
ROLLER BEARING CARS .

SUhM.RY TABLE ANNUAL MILEAGE
12500. 25000* 37500, 50000* 62500* 75000* 87500. 100000,

BRAKES (TEST* PRESSURE SYSTEM* A HaNO BRAKES) 
COUPLERS' YOKES' < DRAFT GEAR MISCELLANEOUS LABOR i MANUFACTURED material 
other car repair*
truck braking system (Mostly brake shoes) 
uheelsets
other tkuck REPAIRS 
heavy repairs

567,99 
262,57 
<*68.09 397,e9 
905,29 

• 995,91 
06,06 
656,91

1079,61
793,06
1109,55
6t>2,33
626,99
1899,96
225,25
1992,12

1526*92 
1239.30 
lo35.60 
1303* 36 
1223*00 
2573*33 
397*52 

2660*01

1969,75
1736.92 
2126.b9
1703.93
1606.93 
3227.25
956.77
3151,61

2392,25
2239,73
2565.72
2076.57
1973,91
3809,29
556.52
3506,96

2706.51 
2636,13
2939.52 
2396,17 
2253,15 
9257.96
630,65.
3763,61

2975.6b
2985,38
3235,33
2561,92
2999,63
9632,90
691,90
3969,36

3208*95
3301*69
3993.61 
2.760,9b2713.62 
99b5,12 
' *95.72 
9190*52

total 9052,63 6695,06 12523,77 15963,09 19135,90 21530,93 23566,60 25399,15
assumed'car life in years 30,00 30.00 30*00 30*00 26,60 29,00 20,5? 16,00

car repairs:
12500. 25000* 37500,

ANNUAL MILEAGE 
50000* 62500* 75000* 67500, 100000,

brakes (Test* pressure system, a hand brakes: 567,99 1079*61 1526*92 1969,75 2392,25 2706,51 2975*66 3206,95
cotas
IpTAS
PRESSURE system 
hand brakes

190,96 
275,99 
129,69 
■ 96.66

262.27
510,69
226*39
75.37

370.91
732.92 
317*55 
105*59

972,96
956,72
903,69
136,38

569,99
1170,15
985,25
166,65

693.06
1323,12
596,35
191,95

701*6i*
1956*66
603*19
219,09

753.35
1570,93
650*59
239,06

COUPLERS' YOKES*. A  ORAPT GEAR 262,57 793*06 1239*30 1736,92 2239,73 2636,13 2965*36 3301*69
COUPLER BO01ES 
COUPLER KNUCKLES 
OTHLK COUPLER PARTS 
TOKLS
OHAM GEARS* CARRIERS, AND FOLLOWERS

66,06
93,63
70,83
21,95
56,50

231.19 
109.63 
156.53 
o5,96 
162*56

391.93 
lb9* 99 
297,70 
111.96 
316*25

561.59
222.61
336,97
157*50
957*60

732.39
278.99 
923,66 
201,65
597.99

671.26
329,29
992,20
236.99
711.99

995,23
363.9?
552.66
265,99
606.53

1105*65
396*71
606,00
292.37
698,90

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 966,09 1109,55 1635*60 2126*69 2565,72 2939,52 3235.33 3993,61
other car repairs 397.69 662,33 1303*36 1703*93 2076,57 2396,17 2561.92 2*60,96

other car repairs
WELUING

300,96
97,91

6J9.07
296,26

927*22
376*16

1205*30
996,69

1965,09
611,97

1656,29 
691,69.

1620,19
761.73

1960,67
619.79

CAR TOTAL 1756,99 3809,77 5699.91 7538,79 9269,26 10625,33 11776*31 12769.16

TRUCK REPAIRS
12500. 25000. 37500*

ANNUAL MILL ACL 
50000* 62500* * 75000* 67500, 1U0000.

truck braking system (Mostly brake shoes) 905,29 826*99 1223*00 1606,93 1973,91 2253*15 2999,63 2713*62
BRAKE BEAMS 70,99 133.SU 189*11 291.23 269,63 326.90 361.5b 391.30
BRAKE BEAM WEAR PLATES . . . 0,01 0.07 0*11 0,19 0 ,1b , 0,17 0.16 0.19
BRAKE BEAM HAN&CHS ’ 0,0l 0.17- 0,90 0 .b8 0.95 1,17 1*36 1.59
BRAKE HANGER BRACKET WEAR PLATE 0,00 0.09 0*12 0,22 u , 31 0,90 0,90 0.55

- BRAKE HANGER BRACKET WEAR PLATE SECUREMENT 0.00 0,0*. 0*11 0,20 0,20 0.35 0 ,91 0,9b
BRAKL HANGER OK CONNECTION PIN 9,61 8.61 13.39 16.23 23.30 27,17 30*93 33.90BOTTUn ROD SAFETY SuPPOHT 3.09 7.27 1U.95 13,61 16,97 19,52- 21.69 23,59BRAKE BEAM SAFLlr SUPPORT 0.51 1.19 1.99 3.01 9,05 9,62 5.55 6.16
BRAKE CONNECTION, bOTTOM 5,60 6*76 11*36 13.90 16.26 16,12 19*75 21.16
BRAKE CONNECTION, TCP .9,10 9,25 15.00 21.59 27,95 32,69 37.71 91*63BRAKE LEVER 19,67 18,30 20.95 22*26 23.69 25,18 26*20 27.12
brake lever guioe or carrier 0,?8 0*87 1.31 1*65 1*99 2*15 2.33 2,97
DEAD LEVER GUIDE 0,08 0,16 0*26 0.36 0,97 0,65 0.61 0.67DEAJ LEVER GUIDE BRACKET U.ll 0*19 0.23 U, 26 0,26 0,29 0,31 0.31
brake shoes 296.77 633,10 999,26 1256,63 1553,03 1775,72 1973*36 2193,76
brake shoe keys 3,95 b, 66 9.97 12*05 19,99 16,22 17*79 19.06

WHEELSETS ‘ 995,91 1699,96 2573*33 3227,25 3609,29 9257*96 9632*90 9965,12
LUBRICATE ROLLER BEaKINGS 22,93 93,25 61*20 77,89 93.65 105,26 115,93 123.97HOLlEK HEARINGS 190.76 270.65 379.15 961,75 536,52 595,66 695.98 669.92ROLLER BEARING CAP SCREWS 0.17 0,91 0.77 1,22 1,73 2.16 2*56 2*99HOLLER BEARING LOCKING PLATES 0,00 0,01 0.02 0.03 0,03 0,09 O.U9 0,09
HOLLEK BEARING LUBRICATION FITTING 0,01 0.02 0.03 0.03 0,09 0,09 0*09. 0.09
ploestal adapters 25,61 61.b9 99,98 125,93 155.35 178,b2 ‘ 196*22 216,03
■HEELS 263,13 562,32 609*62 1039,67 125U.53 1922,95 1569*26 1702,22
WHEEL LABOR 966,21 696,90 1219*76 1509.69 1751,85 1931,12 2077.50 2209,65
axles, rolleh bearings 9,90 9,52 13*30 16,69 19,59 21,66 .23*65 25,61

other Truck repairs 68,06 225*25 397*52 956,77 556.52 630*65 691.90 795*72
truck BOLSTERS 30,79 76*66 109*16 131*56 199,57 162,23 170.79 178.39
truck BOLSTERS (REPAlREOI 0.61 1.66 2*31 2.79 3,11 3,32 ‘ 3.51 3.69CENTER PINS 7,67 16.00 23*55 30.69 37,20 92*05 9b,3|J > 50,06CENTER PLATES 1.12 5,01 6*13 10*70 12,79 19,26 15.57 16,70CENILH PLATE LINERS 9,55 26,55 95*73 65*90 66,35 101,50 119*09 125,57
truck side bearings 9,22 16,07 22*03 27,58 32,75 36,60 90.00 92,95
FRICTION CASTINGS 9,62 9.71 16.12 22,61 29,16 39,07 38.95 92,26
Slut BEARING SHIM 0,79 b.sr 12*89 20*06 27,16 32*19 36*66 90.91
side Frames 6.06 25.10 36,69 97,36 55,16 61,05 65,92 69,03
SIDE FRAMES (REPAIRED) 0.19 1.05 1*66 2.19 2,97 2,67 2.66 8*09
SPRING PLANKS (REPAIRED) 0,00 0.05 0*09 0,12 0,19 0,16 O.ltt 0*19UUTEH SPRINGS 6.55 19.70 39*90 50,99 65,90 78,27 69*03 96.59Inner springs 2.96 6*27 19.97 22,06 29*20 39,60 » 39,TO 99,09
STABILIZER SPRINGS 0,35 0.75 1.06 1,90 1.70 1,92 •5 2.12 2.26
Truck SPRING FRICTION SNUBBER O.hO 0.91 1.29 1,95 1*61 1.73 1.63 1*66. Truck SPRING PLaTCS 0.00 0,01 O.Ul 0,01 0,02 0*02 ' 0.02 0*02TRUCK SPRING SHIm , yOOD 0 ,Ol 0.01 0.06 0.13 0,20 0*29 0.29 0,33
MANUFACTURED MATERIAL (THUCr ) 7.39 12.9* 16.66 19.79 22,01 23,61 23.-10 26.29

•' TRUCK TOTAL 1939,23 2898,17 9193*69 5292.95 6339,66 7191,96 7623,93 6929,96
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TABLE 5-2A. EQUIVALENT ANNUAL EXPENDITURE ON ALL
REPAIRS FOR UNION PACIFIC ROLLER BEARING 
CARS

NORMAL SERVICE HIGH MILEAGE SERVICE
A N N U A L  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 . 8 7 5 0 0 . 1 U U 0 0 0 ,

B H A H L S  ( T L S T .  P R C S S u h E S Y S T E M ,  f H a N O  B R A K E S ) 3 7 . b H 7 9 , 8 3 1 2 0 . 9 2 0 9 . 5 9 1 0 8 . 9 8 1 3 0 . 3 9 1 5 9 . 0 9 1 7 9 . 7 7
c o u p l e r s * y o k e s , * d r a f t  g e a r 1 3 . 0 0 9 3 . 8 9 7 8 . 2 3 7 3 . 9 5 9 8 . 6 6 1 2 2 . 0 9 1 9 8 . 3 b 1 7 1 . 5 3
m i s c e l l a n e o u s  l a b o r  A m a n u f a c t u r e d  m a t e r i a l 3 9 . 0 8 1 1 7 , 1 8 1 8 6 . 1 0 7 5 . 5 8 9 8 . 3 9 1 1 9 . * 6 1 9 2 . 6 5 1 6 2 . 8 9
O T H E R  c a m  R E P A I R S 2 8 . 3 6 7 9 . 3 6 1 2 7 . 1 1 1 2 0 . 5 1 1 6 3 . 7 8 2 0 1 . 6 1 2 9 2 . 5 2 2 7 8 . 3 9
T R U C K  B R A K I N G  S Y S T E M  ( M O S T L Y  B R A K E  S H O E S ) 6 7 . V O 1 9 8 . 9 9 2 3 9 . 0 0 2 2 8 . 9 0 2 9 5 , 0 8 3 5 8 , 0 6 9 2 5 , 8 1 9 6 5 . 9 9
h m e e l s e t s 1 1 2 . 5 0 2 9 9 , 7 8 3 6 7 . 5 0 3 9 9 , 5 2 9 2 7 , 5 7 5 0 6 . 5 6 5 9 3 , 5 2 6 6 9 . 9 6
O T H E R  T m U L K  r e p a i r s 1 9 . 7 6 6 3 . 8 1 1 1 3 . 1 1 2 9 . 2 0 3 8 . 1 5 9 6 . 7 9 5 5 . 8 b 6 3 . 8 0
h e a v y  R E P A I R S 6 2 .  feb 1 6 2 . 2 1 2 1 7 . 5 6 1 6 . 2 5 1 8 . 2 9 2 0 . 5 5 2 3 . 5 3 2 5 . 8 9

t o t a l 3 7 5 , 8 9 9 3 5 . 0 1 1 9 9 9 . 0 9 9 7 2 , 7 9 1 2 9 8 . 3 5 1 5 0 5 . 2 1 1 7 6 6 . 3 0 2 0 3 2 , 6 2

A S S U M E D  C A R L I F E  I N  Y E A R S 3 0 , 0 0 3 0 , 0 0 3 0 . 0 0 3 0 . 0 0 2 8 . 8 0 2 9 . 0 0 2 0 . 5 7 1 8 . 0 0

C A R  R E P A I R S !

B R A K E S  i T t S T ,  P R E S S U R E  S Y S T E M ,  A H A N D  B R A K E S )

1 2 5 0 0 .  

3 7 . 6 9

2 5 0 0 0 .

7 9 . 8 3

3 7 5 0 0 .

1 2 0 . 9 2

a n n u a l  m i l e a g e
5 0 0 0 0 ,  6 2 5 0 0 .  

8 9 . 5 9  1 0 8 . 9 8

7 5 0 0 0 .

1 3 0 . 3 9

6 7 5 0 0 ,

1 5 9 . 0 9

1 0 0 0 0 0 ,

1 7 9 . 7 7

C O T A S 7 . 3 0 1 8 . 5 6 2 9 . 2 0 1 0 . 0 9 1 3 . 3 9 1 6 , 9 6 1 9 . 6 7 2 2 . 6 1
I O T A S 1 9 . 0 7 3 7 . 9 6 5 5 . 2 2 9 5 . 7 6 5 7 . 1 1 6 7 , 2 6 7 6 . 3 1 6 7 . 7 7
P R E S S U R E  S Y S T E M 9 . 0 1 . 1 9 . 3 8 3 0 . 9 9 2 5 . 9 5 3 9 . 3 2 9 2 . 1 1 5 0 . 7 0 5 8 , 1 6
H A N D  B R A K E S 2 . 2  5 3 , 9 3 5 . 5 1 2 , 7 8 3 , 6 5 9 . 9 9 5 . 9 1 6 . 2 2

C O U P E E R S *  Y O K E S ,  A  D R A F T  G E A R 1 3 . 0 0 9 3 . 8 9 7 8 . 2 3 7 3 , 9 5 9 6 . 6 6 1 2 2 , 0 9 1 9 6 . 3 6 1 7 1 . 5 3

C O U P L L R  B O D I E S •♦.62 1 5 . 3 0 2 7 . 6 2 3 6 , 2 9 9 8 . 9 8 6 0 . 9 7 7 9 . 3 3 8 6 . 2 6
C O U P L E R  K N U C K L E S 2 . 2 7 7 . 9 1 1 2 . 7 8 9 . 9 8 1 3 . 0 1 1 5 . 9 2 1 9 , 1 6 2 1 . 9 9
O T H E R  C O U P L E R  P A R T S •♦.16 1 1 , 6 9 1 9 . 0 3 1 3 . 0 8 1 6 . 7 5 2 0 . 2 5 2 9 . 1 6 2 7 , 9 6
Y O K L S 0 . 5 8 2 , 8 9 5 . 6 7 3 . 7 5 5 , 0 6 6 , 3 0 7 . 6 8 8 . 9 1
D R A M  G E A R S ,  C A R R I E R S ,  A N D  F O L L O W E R S 1 . 3 9 6 , 5 5 1 3 . 1 9 1 0 . 8 6 1 9 . 6 5 1 8 . 6 6 2 3 . 0 3 2 6 . 8 8

M I S C E L L A N E O U S  L A B O R  A M A N U F A C T U R E D  M A T E R I A L 3 9 . 0 8 1 1 7 . 1 8 1 8 6 . 1 0 7 5 , 5 8 9 8 . 3 9 1 1 9 , 2 6 1 9 2 . 6 3 1 6 2 . 8 9

o t h e r  c a r  r e p a i r s 2 8 . 3 6 7 9 , 3 6 1 2 7 . 1 1 1 2 0 . 5 1 1 6 3 . 7 8 2 0 1 , 6 1 2 9 2 . 5 2 2 7 8 . 3 9

o t h l r  C A R  R E P A l H S 1 9 . 6 8 3 7 . 3 5 6 6 . 5 2 6 9 . 0 3 9 6 . 2 3 1 2 0 . 0 0 1 9 5 , 8 1 1 6 8 . 5 8
w e l d i n g 6 . 0 b l b .  77 3 1 . 9 d 2 7 . 6 9 3 6 . 9 1 9 9 . 9 2 5 3 . 6 0 6 0 . 9 9
N O N  B I L L A B L E  I N S P E C T I O N S 7 . 6 2 1 8 . 2 5 2 8 . 6 1 2 3 . 7 8 3 0 . 6 9 3 6 . 6 6 9 3 . 1 1 9 8 . 7 8

C A R  T O T A L 1 1 8 , 0 8 3 1 5 . 2 1 5 1 1 . 8 7 3 5 9 . 6 2 9 6 9 , 2 6 5 7 3 . 3 0 6 6 7 . 6 0 7 8 7 . 9 8

NORMAL SERVICE__________________HIGH MILEAGE SERVICE
a n n u a l m i l e a g l 1 2 5 0 0 • 2 5 0 0 0 . 3 7 5 0 U . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 . 8 7 5 0 0 . loooou.

T R U C K  B R A K I N G  S Y S T E M  (M O S T L Y  B R A K E S H O E S ) 6 7 . 9 0 1 9 0 . 9 9 2 3 9 . 0 0 2 2 8 . 9 0 2 9 5 . 0 8 3 5 8 . 0 6 9 2 5 . 6 1 9 8 5 . 9 9

B R A K E  B E A M S 6 . 5 0 1 8 . 3 2 3 5 . 6 1 2 9 , 6 1 9 2 . 9 8 5 5 . 9 3 6 9 . 9 9 6 2 . 2 2
b r a m . b l a h  r e a r  p l a t e s 0 . 0 2 0 . 0 9 0 . 0 6 0 . 0 1 0 . 0 1 0 , 0 1 0 . 0 1 U . U 1
B R A n L  H A N G E R  O R  C O N N E C T I O N  P I N 0 . 3 0 0 . 6 6 1 . 0 3 0 . 9 5 1 . 2 1 1 . 9 9 1 . 7 1 1 . 9 9
h o t i u h  r o d  s a f c t y  S u p p o h t 0 . 1 1 0 . 3 0 0 . 5 2 0 . 7 1 0 , 9 8 1 . 2 1 1 . 9 0 1 . 7 1
B R A K E  B E A M  S A F E T Y  S U P P O R T 0 . 0 3 0 . 0 8 0 . 1 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2
B R A K E  C O N N E C T I O N ,  B O T T O M 0 . 2 5 0 . 9 5 0 • b 3 0 . 6 5 0 . 7 9 0 . 9 3 1 . 0 9 1 . 2 2
B R A K E  C O N N E C T I O N ,  T O P 0 . 2 6 0 . 6 2 0 . 9 9 1 . 3 7 1 . 8 0 2 . 2 0 2 . 6 1 2 . 9 9
b R A K E  L E V E R 0 . 1 8 0 . 3 1 0 . 9 9 0 . 9 9 0 , 5 3 0 , 6 3 0 , 7 b 0 . 8 3
B R A K E  L E V E R  G U I D E  O R  C A R R I E R 0 . 0 1 0 . 0 2 0 . 0 2 0 . 0 1 0 . U 1 0 . 0 1 O . o i 0 . 0 2
D E A U  L E V t R  G U I D E 0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 9 0 , 0 7 0 , 0 9 O.u 0 . 1 3
U E A U  L E V E R  G u I O E  B R A C K E T 0 . 0 0 0 , 0 1 0 . 0 2 0 , 0 5 0 . 0 7 0 . 0 8 0 . 1 0 0 . 1 2
b r a k e  s h o e s 5 9 , 8 2 1 2 7 . 3 2 1 9 3 . 3 1 1 9 3 , 8 0 2 9 5 , 6 6 2 9 9 . 3 6 3 9 7 . 0 7 3 9 3 , 2 5
b r a k e  s h o e  K E Y S 0 . 9 1 0 . 8 3 1 . 2 2 0 . 7 6 0 . 9 6 1 . 1 5 1 . 3 5 1 . 5 2

WHEELS E T S 1 1 2 . 5 0 2 9 9 , 7 6 3 6 7 . 5 0 3 9 9 . 3 2 9 2 7 . 5 7 5 0 6 . 5 6 5 9 3 . 5 2 6 6 9 . 9 6

l u b r i c a t e  r o l l e r  B E A R I N G S 2 . 1 1 9 . 7 5 6 . 7 0 5 . 9 0 6 . 9 5 7 . 9 5 8 . 5 b 9 . 5 3
H O L L L H  B E A R I N G S 1 5 , 7 8 3 3 . 9 9 5 1 . 2 7 9 8 , 9 6 6 0 , 9 8 7 2 . 9 9 8 6 . 1 9 9 7 . 9  2
r o l l e r  B E A R I N G  C A P  S C R E W S o.oi 0 . U 2 0 . 0 9 0 , 0 9 0 . 0 5 0 , 0 6 0 . 0 6 0 . 0 7
p e o l s t a l  a d a p t e r s 2 . 1 9 7 . 1 6 1 2 . 1 9 8 . 2 8 1 0 . 6 0 1 3 . 1 5 1 5 . 7 1 1 7 . 9 8
w h e e l s 3 7 . 8 1 0 2 .  U 3 1 2 9 . 1 8 1 1 7 . 3 8 1 9 6 . 0 9 1 7 9 , 6 9 2 0 6 . 3 0 2 3 9 . 3 0
w h e e l  l a b o r 5 9 , 1 0 1 1 5 , 6 1 1 7 1 . 3 9 1 6 2 . 5 1 2 0 1 . 0 3 2 3 5 . 7 2 2 7 3 . 6 3 3 0 6 . 1 7
a x l e s , r o l l e r  b e a r i n g s 0 . 5 6 1 . 2 1 1 . 6 3 1 . 7 9 2 . 1 7 2 , 6 0 3 . 0 7 3 . 9 9

o t h e r  t r u c k  r e p a i r s 1 9 , 7 6 6 3 , 8 1 1 1 3 . 1 1 2 9 . 2 0 3 8 , 1 5 9 6 . 7 9 5 5 , 6 b 6 3 . 8 0

T r u c k  b o l s t l r s 9 . 1 2 1 9 . 2 1 3 9 . 7  6 7 . 5 5 1 0 , 0 0 1 2 . 9 0 1 9 . 8 1 1 7 . 0 3
t r u c k  b o l s t e r s  (r e p a i r e d ) 0 . 1 0 0 . 6 7 1 . 2 2 0 . 3 5 0 . 5 0 0 . 6 3 0 . 7 5 0 . 8 7
c e n t e r  P I N S 0 . 2 7 0 . 7 9 1 . 3 9 0 . 7 6 0 , 9 7 1 . 1 8 1 . 3 9 1 . 5 9
C E N T E R  P L A T E S 0 . 1 7 0 . 9 0 0 . 9 7 0 . 0 5 0 . 0 7 0 . 0 9 O . U 0 . 1 3
C E N T E R  P L A T E  L I N E R S 0 . 7 3 3 . 0 5 5 . 3 7 3 . 9 2 5 . 0 9 6 . 1 3 7 . 1 9 8 ,  1 8
T r u c k  s i d l  b e a r i n g s 0 . 6 6 1 . 9 2 3 . 0 3 1 . 1 9 1 . 5 2 1 . 8 1 2 . 1 2 2 . 9 0
F R 1 L I 1 0 N  C A S T I N G S 1 . 9 0 5 . 9 6 9 , 1 6 2 . 1 7 2 . 7 3 3 . 2 6 3 . « 2 9 . 3 2
S I U L  H E A R I N G  S H I R 0 . 0 3 0 . 2 3 0 . 3 9 0 . 0 8 0 . 1 0 0 . 1 2 0 . 1 5 0 . 1 7
s i u e  f r a m e s 5 . 2 5 23.72.- 9 3 . 0 1 7 . 1 9 9 . 8 8 1 2 . 5 7 1 5 . 5 b 1 8 . 0 0
s i d l  M a n e s  (r e p a i r e d ) 0 . 0 7 0 , 5 0 0 . 8 3 0 . 0 6 0 , 0 8 0 . 1 0 0 . 1 2 0 . 1 3
S P R I N G  P L A N K S 0 . 0 0 0 . 0 0 0 . 0 0
o u t e r  s p r i n g s 0 . 8 0 3 . 3 0 5 . 9 0 1 . 8 9 2 . 2 1 2 . 5 9 2 . 8 9 3 . 1 7
i n n e r  s p r i n g s G . 9 5 1 . 7 9 2 . 8 3 1 . 1 9 1 . 3 3 1 . 5 3 1 . 7 3 1 . 9 0
s t a b i l i z e r  s p r i n g s 0 . 3 5 1 . 9 1 2 . 3 2 0 . 5 5 0 . 6 6 0 . 7 6 0 . 8 6 0 . 9 8
T R U C K  S P R I N G  F R I C T I O N  S N U B B E R O . O U 0 . 0 1 0 . 0 1
S T E E L 0 . 0 1 0 . 0 2 0 . 0 3 0 . 2 9 0 . 3 7 0 . 9 3 0 . 5 3 0 , 6 0
M A N U F A C T U R E D  M A T E R I A L  ( T R U C K ) 0 . 3 3 1 . 3 2 2 . 3 7 2 . 0 7 2 . 6 9 3 . 1 9 3 . 8 1 9 . 3 3

T R U C K  T O T A L 1 9 5 . 1 6 9 5 7 . 5 0 7 1 9 . 6 1 6 0 1 . 9 2 7 6 0 . 8 0 9 1 1 . 3 6 1 0 7 5 . 1 6 1 2 1 9 . 2 5
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TABLE 5-2B. EQUIVALENT ANNUAL EXPENDITURE ON ALL 
REPAIRS FOR EASTERN RAILROAD ROLLER 
BEARING CARS

s u m m a r t  t a b l e :

HHAKLS (ILST» PRESSURE SYSTEM, g HftNO BRAKES1 
COUPLERS* YOKES. * UKAFT GEAR 
MISCELLANEOUS LABOR g MANUFACTURED MATERIAL 
OTHER car REPAIRS
TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES I 
UHEELSEIS
other truck repairs
HEAVY REPAIRS

total

ASSUMED CAR LIFE IN YEARS

ANNUAL H1LLAOE
12300. 23000. 37300* 30000. 62300* 73000. 87300,
6?, 37 119,02 161*92 208,75 257,03 301,24 399,32
29.97 76.03 130.93 189,?0 290.13 293,90 350,66
31,77 117.17 173.33 2*5.61 277,69 326.61 360.02
92.?1 93, bO 136*26 160,75 223,1.3 261,35 303,27
9 *.99 87.68 129,79 170,62 212.1U 250,76 ?93.bl
100,39 195.b6 272.93 392.35 909,3l 973,66 599, 12
7,39 ?3,89 36.66 98,95 59,60 70,21 61.27
90,90 211.32 289*29 339.39 376,63 916,69 965.65

929,90 922,37 1326.52 1695,96 205b,18 2396,39 2766.13
30.00 30*00 30*00 30,00 28,60 29,00 20,57

CAR REPAIRS! annual mileage
12500, 25000* 37500. 50000* 625U0* 75000* 87500,

BRAKES (lESTi PRESSURE STSTEM, A HAND BRAKES) 62.37 119.02 161.92 206.95 257.05 301.23 399.32
COTAS 19.90 27,82 39,35 50,17 61,23 71.57 82.91
idt&s 29,26 59.19 77.69 101.99 125.73 197,26 171.12
PRESSURE. SYSTEM 13.22 ?9.0l 33.69 92,82 52,19 61.03 70.85
hand brakes 9,97 7,99 11*20 19,97 17;93 21,36 25,19

COUPLERS* YOKES, 1 ORAFT GEAR 29.97 78,83 130.93 189,20 290,13 293,90 350.66
COUPLEH BODIES 9,39 29,52 91.52 59,57 78,69 96,97 116*90
COUPLER KNUCKLES 9.63 11.12 17.50 23,61 29,97 36,09 92.69
OTHER COUPLER PARTS 7.51 16.82 2b.28 35.75 95,52 59,76 69.92
TOKt-S 2,28 7,00 11.66 16,71 21.69 26,32 31.18
ORAKf GEARS, CARRIERS, ANO FOLLOWERS 6.21 19,37 33.76 98,56 69.23 79,*9 99.97

MISCELLANEOUS labor a MANUFACTURED material 51.77 117,17 173*53 225,61 277,89 326,61 380*02
OTHER can REPAIRS 92.21 93,60 136*26 180,75 223,13 261,35 303*27

OTHlK CAR REPAIRS 31,87 67.26 98.36 127,86 157,93 189,39 213.80
welding 10,33 26.39 39.90 32,90 65,70 77.01 89.97

CAR TOTAL 186,33 903*61 609,69 799,71 998,19 1182,60 1383*98

)
THUCK KLPaIHS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
BRAKE BEAMS
BRAKE BEAM Ut&H PLATES
BRAKE BCAM HANGERS
BRAKE HANGER BRACKET WEAR PLATE
BRAKE HANLLK BRACKET WEAR PLATE SECUREMENT
BRAKE HANGER OR CONNECTION PIN
bottom roo safety support 
BRAKE BEAM SAFETY SUPPORT 
BKAKL CONNECTION, BOTTOM 
BRAKE CONNECTION. TOP 
BRAKE LEVER
BRAivt lever liUlOE OR CARRIER 
UEAU LEVER GUIDE 
UEAU LEVER GulOE BRACKET 
BRAKE SHOES 
BRAKE SHOE KEYS

UHECLSCTS
LUBRICATE-ROLLER BEaKINGS 
RULEEH BEARINGS 
ROLLER BEARING CAP SCREUS 
PEDESTAL AOAPTERS 
wheels
WHEEL LABOR
axles* roller bearings

other THUCK REPAIRS
truck bolsteks
truck bolsters (repaIreoi
CENTER PINS 
CENTER PLATES 
CENTER PLATE LlNEHS 
TRUCK SIDE BEARINGS
friction castings 
SIDE HEARING SHlh.
SIDE FRAMES
SIDE FRAMES (REPAIRED)
spring planks (repaired)
UUTlM SPRINGS
JNNErt SPRINGS
STABiLWEK SPRINGS
TRUCK SPUING FRICTION SNUBBER
truck spring shim* wood
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

ANNUAL MILLAbL
125U0. 25000. 37500. 50UOO. b ? 5 (i 0 . 75000. 87500,
9?. 99 07.88 129.79 170.b2 212.10 250.78 293,bl
7. *3 19.17 20.06 25.59 31,12 . 3b.55 92.97
0.00 0.01 0.01 0.01 U, 02 0.02 0.0?
U . uo u.o? U .09 0.07 u.iu 0,13 U.lb
O.ilU 0.00 0.01 0.02 0,03 0*09 0,06
0.00 0.00 0.01 0.02 0.03 0,09 0.0b
0.99 0.93 1.92 1.93 2.50 3.02 3.57
0.91 0.77 1.11 1.97 1.82 2.17 2.5h
0.05 0,12 0.21 0.3? 0,99 0,59 0.650,39 0.93 1.21 1.97 1.7b 2.02 2,3?
0.99 0.96 1.59 2.29 3,00 3.66 9.93
1*36 1.99 2.17 2.36 2.57 2.60 3.08
0,03 0.09 0.19 0.16 0.21 0,29 0.27
0.01 0.02 . 0.03 0.09 0.U5 0,06 0.07
o.oi 0.02 0.02 0.03 0.03 0,03 0,04
31 .98 67.16 100.70 133.59 166.67 197,b9 231.79
0.37 0,71 1.00 1.28 1,55 1, Hi 2.06

100.39 195.66 272.98 392*35 909,31 973,66 599.12
2.93 8,59 6.99 8,2b 10.06 11,72 13,56
19.93 28*73 39.69 98,98 57,65 66,32 75.62
0,02 0,09 0.08 0,13 0,19 0,29 0,30
2.79 6.59 10.0? . 13,31 16,69 19,86 23.26
30.03 59,65 85.88 110,29 139,37 156,32 189,33;
99.67 95.09 129.39 159.61 168,29 219.93 299.02
0.52 1,01 1.91 . 1,76 2,10 2,93 2*80

9,39 23.89 36.86 98,95 59,60 70,21 81.27
3,26 8*15 11.58 13,96 16,07 18,06 20.05
O.Oo 0.18 U • 29 0,30 0,33 0,47 0.91
0,81 1.70 2.50 3.25 9,00 9,b8 5.94
0.12 0,53 0.66 i.io 1,37 1,59 1.83
1.01 2.8 ? 9.85 6,99 9.26 11.30 13.90
0.98 1.70 2.39 2,93 3,52 9.07 • 9.70
0.99 1.03 1.71 2.90 3.13 3.79 9.52
0.08 0.7-0 1,37 2.13 2.92 3,56 9.31
0,b9 2.9b 3.89 5.0? 5,93 6.00 . 7.6«
0.01 0.11 0.18 0,23 0,27 0.30 0.44
o .on 0.01 0.01 0.01 - 0.02 0.02 0.02
0.70 2.09 3. 70 5.36 7,08 8,71 10.9b0. J1 0.88 1.39 2,39 4,19 4.87 9*66
0.09 0.08 0.11 0,15 U, 16 0.21. 0.?50.09 0.10 0.13 o.ib 0.17 0,19 0.21
o.no 0,00 0.01 0*0) 0.02 0,03 0.03
0.78 1.36 1.79 2.09 2.37 2. b5 2.9s

152.67 307.99 939.58 561.92 681,21 799.85 919.00

1UOOOO,
491.21 
902.57 
•♦2b. 9b  43V.0? 
3 3 U . 8 7  
60b,HO 

9 U . 9 3  
5 09 .6 6

4 0 9 U . 6 9

10,00

100000,
491.21

9 1 , 8 b
191,9679.33
20,39
902*57
139,81 
98,b2 

, -73,89 
3b, 65 

109,60
923*96
437,02
239,07
99,96

1350,76

100UU0,
3 3 0 . 8 7

9 /. 7 1  
0 . 0 2  
U, 19 
U, 07 
U.Ub 
9 , 0 7  2.OH 
0 , 7 5  
2 . 3 8  
3 , 1 0
4 . 4 1  
0 . 3 0  
U, (IS 
0 . 0 4

2 6 1 * 3 9
2 . 4 2

6 0 3 * 9 0

1 3 . 1 2
6 9 . 0 6

U . 3 6
2 6 , 4 9

2 0 1 * 5 5
2 6 8 . 8 9

4 * 1 2

90,93
21.75

0 , 9 5  
b. 10 
2, U9 
lb.31 
3.29 
3.13 
9,93
6 ,9 ?
0,48 U.O? 
12,01 
3.37 
0 . 2 6  

' 0.23 
0.09 
4.21

1027,20
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5.2.3 Data Required

T his su b se c tio n  d iscu sse s  th e  d a ta  used to  c a lc u la te  the  
in fo rm a tio n  p resen ted  ear lier  in  T a b les 5 -1  and 5 -2 . 
S u b seq u en tly , th e  tw o -s te p  procedure fo r  t h e s e  c a lc u la 
tio n s  is th en  describ ed  in paragraphs 5 .2 .4  and 5 .2 .5 .

Car R ep a ir  D ata

1. Car R epair  B illin g  (CRB) E xch an ge T ap es - th e  
c o n so lid a ted  repair b illin gs fo r  a  railroad's cars  
o f f  l in e . T hese ta p es  are u n iv ersa lly  a v a ila b le  on  
a m onth ly  b asis through th e  A A R  M ech an ica l 
In sp ection  D ep a rtm en t. T h ese  reco rd s form  the  
b a sis  fo r  b illing  a railroad  for  rep a irs done o f f  
l in e .

2. Car R epair  B illin g  F o rm a tted  T ap es -  on lin e  
repairs for  a railroad's ca rs. T h ese  record s are  
n ot u n iversa lly  a v a ila b le  on a ll ra ilro a d s. T hey  
are o f te n  av a ila b le  for th e  purpose o f  m on itor in g  
o n e -sp o t p erform an ce  or c a r -ty p e  p er fo rm a n ce . 
Car lin es  have no on lin e  repairs and h ave th e  
n e c e ssa r y  data a v a ila b le  to  th em .

3. H eavy  or Program m ed R epair  R eco rd s - t h e s e  
record s are not u n iversa lly  a v a ila b le  on a ll ra il
roads or car lin e s . T h ese reco rd s co n ta in  a 
d e ta ile d  d escr ip tion  o f  rep a irs by car fo r  a ll th o se  
rep a irs w hich do not q u a lify  as "light" car repairs  
under th e  AAR d e fin itio n  o f  a p p ro x im a te ly  20 
labor hours m axim um . If th e s e  reco rd s are not 
a v a ila b le , it is not e sp e c ia lly  s ig n if ic a n t . T h ese  
repairs are n orm ally  done r e la t iv e ly  la t e  in the  
l i f e  o f  a car and do not d ra m a tica lly  a f f e c t  the  
r e su lts . The record s are o fte n  a v a ila b le  for th e  
purpose o f  m onitoring h eavy  repair  fa c i l i ty  per
fo rm a n ce  or car ty p e  p erfo rm a n ce .

C ar D escr ip tio n s

T he U n iv ersa l M achine L anguage E qu ipm ent R e g is te r  
(UM LER) -  th is  f i le ,  organ ized  by car in it ia l  and  
num ber, is a v a ila b le  a t any railroad  or ca r  lin e . It is 
required  a s part o f  th e  AAR CRB s y s te m . It was used  
to  o b ta in  car a g e  and car ty p e  for th is a n a ly s is .

C ar M ilea g e  D a ta

1. T he A A R  Per D iem  R ep o rtin g  S y stem  T a p es -  
m on th ly  car m ilea g es  by car by ra ilroad  fo r  cars  
o f f  l in e . H ow ever, in the c a s e  o f  car  l in e s , on ly  
load ed  car m ovem en ts are rep o rted . T hey  form  
th e  b asis for paying a railroad  for th e  use o f  its  
c a rs  o f f  i t s  lin e . U su a lly  i t  is  p o ss ib le  to  find  
su m m a ries o f th e s e  reco rd s by A AR  car ty p e , 
a p p aren tly  for th e  purpose o f  rep o rtin g  th em  to  
th e  A A R .

2. On L ine Car M ileage For S y stem  C ars -m o n th ly  
car m ilea g es  by car for  cars on lin e . In m ost  
c a s e s ,  th e s e  record s are a v a ila b le  for  th e  purpose  
o f  p aying s ta te  ta x e s . U su a lly  it  is p o ss ib le  to  
fin d  su m m aries o f  th e se  reco rd s by A A R  car ty p e . 
T his c a te g o r y  d oes not a f f e c t  car lin e s .

5.2.4 First Procedure

T he f ir s t  s te p  is  to su m m a rize  th e  car rep a ir  d ata  by 
car by y ea r  in to  a m ore m an ageab le  s e t  o f  d a ta . In 
doing  th is , i t  b eco m es n e cessa ry  to  "recode" th e  job

co d es  so  th a t  th e r e  a re  le s s  c o d e s . In e f f e c t ,  hundreds
o f  reco rd s are  co m p ressed  in to  one record  in d ica tin g
num bers o f  rep a irs  o v e r  th e  co u rse  o f  a  y ea r .

C a lcu la t in g  Su m m ary  T a b les  by Car

1. R ead  in  th e  n e x t  car  rep a ir  reco rd . A ty p ic a l car  
rep a ir  reco rd  fo r m a t is show n in  F igu re  5 -2 .

2. C h eck  i f  th e  cu rren t sum m ary record  (fo rm a t  
show n in F ig u re  5 -3 ) is fo r  th e  r ig h t car and year  
by co m p a rin g  th e  car in it ia l and num ber from  th e  
tw o  reco rd s and th e  y ea r  o f  th e  repair  (co lum n 31 
from  F ig u re  5 -2 ) w ith  th e  year  in th e  sum m ary  
record  (co lu m n  11 from  F ig u re  5 -3 ). If th e y  are  
not th e  sa m e , find  th e  r ig h t sum m ary record .

3. E x tra c t th e  job  co d e  (co lu m n  58 from  F igu re 5 -2 ) . 
and look  up th e  corresp on d in g  sum m ary record  
"row" num ber from  the re c o d e  ta b le  (T able 5 -3 ). 
E ach su m m a ry  reco rd  "row" num ber is so m e group  
o f  job  c o d e s . For ex a m p le , row 1 is C lean , O il, 
T e s t  and S te n c i l  (COT & S) a ir b rak es. T h ere  are
a  la r g e  num ber o f  job  co d es  d epend ing  on th e  ty p e  
and num ber o f  a ir  b rak es.

4 . E x tr a c t th e  q u a n tity  f ie ld  (co lum n 45 from  F igure  
5 -2 ) or u se  1 fo r  th e  q u a n tity  a s in d ica ted  in  T ab le  
5 -3 . An "R" in  the "count" co lum n in T ab le 5 -3  
in d ic a te s  th a t  reco rd s w ere  co u n ted  ( i .e . ,  ju st u se  
1 for  th e  q u a n tity ). A "Q" for q u a n tity  in d ic a te s  
th e  q u a n tity  f ie ld  shou ld  b e  used .

5. Add th e  q u a n tity  into, th e  sum m ary record  for  
i th e  reco d ed  job  co d e  found in  s t e p  3.

6 . U p d ate  th e  m on th  o f  rep a ir  f ie ld s  (co lum ns 13 and 
15 in F igu re  5 -3 ) by e x tr a c t in g  th e  m onth o f  
rep a ir  from  th e  car repair  record  (co lum n 33 in 
F igu re  5 -2 ).

C a lcu la t in g  A v e r a g e  P r ic e s

1. E x tr a c t th e  r e sp o n s ib ility  co d e  (co lum n 64 from  
F igu re 5 -2 ) . I f  i t  is  n o t ow ner resp o n sib le  (co d e  1) 
or i f  th e  rep a ir  is fo r  a  d if fe r e n t  year , go  back  to  
s te p  1 in th e  a b o v e  paragraph. If th e  resp o n si
b ility  fo r  th e  rep a ir  is . n o t th e  ow ner's, th e  rep a ir  
is n o t b illed  and th e r e  are no ch a rg es in th e  labor  
and m a te r ia l c h a r g e  f ie ld s .

2 . E x tr a c t th e  lab or and m a ter ia l ch a rg es (co lum n 84 
from  F ig u re  5 -2 ) . Include th e  sign  o f  th e  m a te r ia l  
ch a rg es  (co lu m n  97 from  F igure 5 -2 ).

3. Add th e  lab or and m a te r ia ls  ch a rg es in to  th e  p r ice  
ta b le s  (s e e  th e  a v e r a g e  p r ic e  show n in T ab le  5 -3 ). 
A lso , add th e  q u a n tity  in to  th e  p r ice  ta b le s . T hen  
go  b ack  to  s t e p  1 in  th e  a b o v e  paragraph u n til a ll  
input r e co rd s  a re  p ro cessed .
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TABLE 5-3. RECODE TABLE AND AVERAGE PRICES

ROW DESCRIPTION COUNTJOB CODES
NUM

1 COT & S R 1000-1116
2 IDT & S R 1140-1144
3 A ir Brakes & Parts R 1160-1628
4 Hand Brakes, Geared & Non-Geared R 1856-1980
5 Coupler Body, Type E R 2000-2049
6 Coupler Body, Type E/F R 2180-2189
7 Coupler Body, Type F R 2200-2243
8 Coupler Knuckles R 2051-2058
8 Coupler Knuckles R 2252-2254
9 Other Coupler Parts R 2060-2179
9 Other Coupler Parts R 2256-2276

10 Yokes, Type E R 2300-2328
11 Yokes, Type E/F and F R 2350-2366.
12 D raft Gears, Carriers, and Followers R 2400-2468
13 TOFC Indication (Lubricate Hitch or Stanchion) R 2570-2570
13 TOFC Indicator (Bridge Plates) R 5600-5628
14 Other R 4000-4098-
14 Other R 4100-4449
14 Other R 4489-4598
14 Other R .4600-4799
14 Other R 4825-4998
14 Other R 5000-5599
14 Other R 5629-6998
15 Manufactured M aterial (Brakes) R 1999-1999
15 Manufactured Material (Couplers) R 2999-2999
15 Manufactured Materials R 4099-4099
15 Miscellaneous Labor R 4450-4488
15 Manufactured Materials R 4559-4559
15 Manufactured Materials . R 4999-4999
15 Manufactured Materials R 6999-6999
16 Welding R 4800-4824
17 Non Billables R 9900-9999
21 Brake Beams R 1640-1676'
22 Brake Head Wear Plates Q 1692-1692
23 Brake Beam Wear Plates Q 1696-1696
24 Brake Beam Hangers Q 1708-1708
25 Brake Hanger Bracket Wear Plate Q 1720-1720
26 Brake Hanger Bracket Wear Plate Securement Q 1724-1724
27 Brake Hanger or Connection Pin Q 1742-1742
28 Bottom Rod Safety Support Q 1764-1768
29 Brake Beam Safety Support Q 1772-1776
?0 Brake Connection, Bottom Q 1792-1792
31 Brake Connection, Top Q 1796-1796
32 Brake Lever Q 1800-1800
33 Brake Lever Guide or Carrier Q 1804-1804
34 Dead Lever Guide 0 1808-1808
35 Dead Lever Guide Bracket Q 1812-1812
36 Brake Shoes Q 1828-1840
37 Brake Shoe Keys Q 1852-1852
38 Lubricators R 2500-2508
39 Repack Journal Box R 2520-2528
40 Lubricate Roller Bearings (4-Wheel Trucks) R 2550-2550
41 Lubricate Roller Bearings (One Wheelset) Q 2552-2552
42 Lubricate Roller Bearings (6 & 8 Wheel Trucks) R 2554-2558
43 Journals R 2600-2652
44 Journal Wedges R 2670-2722
45 Journal Stops Q 2730-2730
46 Journal Box Lids Q 2750-2774
47 Journal Box Seals Q 2778-2790
48 Journal Box Dust Guards Q 2794-2794
49 Roller Bearings R ‘ 2800-2853
50 Roller Bearing Cap Screws R 2856-2860
51 Roller Bearing Locking Plates R 2864-2864
52 Roller Bearing Lubrication F itting R 2868-2868
53 Pedestal Adapters R 2870-2878
54 Wheels R 3005-3125
55 Wheel Labor (Plain Bearings) R 3150-3150
56 Wheel Labor (Roller Bearings) R 3160-3160
57 Wheel Labor (Turned Under Truck) R 3170-3170
58 Wheel Labor (Assembly by Owner) R 3180-3180
59 Axles, Plain Bearings R 3200-3242
60 Axles, Roller Bearings R 3250-3288
61 Truck Boslters R 3500-3554
62 Truck Bolsters (Repaired) R 3556-3556
63 Center Pins R 3560-3560
64 Center Plates R 3564-3564
65 Center Plate Liners R 3568-3568
66 Truck Side Bearings Q 3572-3580
67 Stabilizer Friction Casting (Ride Control Truck) Q 3582-3582
68 Stabilizer Friction Casting (Stabilized Truck) Q 3584-3584
69 Side Bearing Shim R 3588-3588
70 Side Frames R 3700-3768
71 Side Frames (Repaired) R 3772-3772
72 Journal Boxes R 3776-3796
73 Spring Planks •« R 3850-3858
74 Spring Planks (Repaired) R 3862-3862
75 Outer Springs Q 3900-3914
76 Inner Springs Q 3916-3934
77 Stabilizing Spring Q 3940-3940
78 Truck Spring Package Q 3948-3948
79 Truck Spring Friction Snubber Q 3952-3952
80 Truck Spring Plate Q 3956-3956
81 Truck Spring Shim, Wood Q 3960-3960
82 Steel R 3964-3968
83 Truck Manufactured Materials R 3999-3999

Notes: Count R = Records, Q = Quantity, M = Minutes

AVERAGE
PRICE

217.06
26.30
20.07
67.62 

193.90 
342.83
377.16
44.75
44.75
13.99
13.99 

140.29 
149.48 
287.68

64.81
64.81
31.46
31.46
31.46
31.46
31.46
31.46
31.46

103.14
103.14
103.14
103.14
103.14
103.14 
.103.14

25.41 
6.31

128.18
1.81

10.5811.00
4.36
2.00
7.54

26.54
40.67 
24.51
16.78 
13.48 
14.69 
17.38 
19.25 
11.87

1.72 
7.50

39.19
23.16 

5.79
45.58
21.78
11.17 
9.69

14.99 
2.83 
2.16

43.60
3.41
9.72
2.59 

26.09
96.08 

173.51 
216.. 95

0.00 
80.03 

0.20 
. 6.61 
978.53
285.15 

32.00
148.81

24.41 
21.36 
68.14 
35.56 
34.33

683.00
223.23

60.40
66.68
46.78
11.63

7.60 
18.05

0 .0 0
51.50

6.15
7.56

26.45
14.09
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F IG U R E  5 -2 .  R E P A IR  R E C O R D  F O R M A T

RECORD  id BINARY SUMMARY ROWS -  CA R BODY

C ar
In itia l

C ar
N um ber

Yr
of
R epair

F irs t
MO

L ast
MO

Row 1 

COTAS

Row 2 

IDTAS

Row 3 

AIR
BRAKES

Row 4

HAND
BRAKES

Row S

CO U PLER
BODY

Row 6

C O U PL E !
BODY

Row 7

CO U PLE!
BODY

Row 8

COUPLER
K NUCKLi

R o w 9

OTHER
C O U PLE!

Row 10

YOKES

1 1 i

T  ’ '
10 151 1 1

20 ' » l '  30 35 |

1BINARY SU MMARY R O W S -C A R B O D Y BINARY SUMMARY ROWS - T RU CK

Row 11 

YOKES

Row 12

DRAFT
GEAR

Row 13

TO PC
IND.

Row 14 

O THER

Row IS

MAN.MAI 
A

MIS. LAB.

Row 16 

WELDINC

Row 17

NON
BILL

Row 18 Row 19 Row 20 Row 21

BRAKE
BEAM

Row 22

WEAR
PLA TE

Row 23

WEAR
PLA TE

Row 24

BEAM
HANGER

Row 25

WEAR
PLA TE

Row 26

SECURE

Row 27 

SU PPO RT

Row 28

SUPPOR1

1
40

• |
50 “ 1 60 “ 1

' 70

and so on, per Table 5-3

F IG U R E  5 -3 .  S U M M A R Y  R E C O R D  F O R M A T
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5 .2 .5  S eco n d  P roced u re

H aving su m m a rized  th e  r eco rd s  so th ere  is on e  record  
per car per y ea r , a  p r e se n t-v a lu e  eco n o m ic  an a lysis o f  
th e  c o s t  o f  car m a in ten a n ce  can  b e  done a s d escribed  
b elo w .

C a lcu la t in g  C o st by C u m u la tiv e  M ilea g e  T ab les

1. R ead  in th e  UM LER reco rd  for  th e  n ex t car. A 
ty p ic a l UM LER reco rd  fo r m a t is show n in F igure  
5 -4 .

2. C h eck  th e  fo rm a t o f  th e  reco rd  by e x tr a c t in g  the  
reco rd  co d e  (co lu m n  1 in F igu re  5 -4 ). The  
UM LER record  fo r m a ts  ch a n g e  for  d if fe r e n t  ty p es  
o f  ea rs. For th e  su b seq u e n t d iscu ssio n , co d e  1 
fo rm a ts  w ill be used .

3. E x tra c t the b ea rin g  ty p e  fo r  th e  car from  colum n  
59, seco n d  row in F ig u re  5 -4 . If th e  car is not 
equipped  w ith  ro ller  b ea r in g s ( i .e . ,  not "R"), go  
back  to  s te p  1.

A t th is p o in t, cars can  be s e le c te d  on a num ber of 
c r ite r ia . For e x a m p le , on ly  1 0 0 -to n  cars cou ld  be used . 
O ther s e le c t io n s  m igh t b e  m ade on the basis o f  AAR  
c o d e , nom inal c a p a c ity , b ea rin g  ty p e , truck  cen te r  
sp a c in g , m ech a n ica l c la s s , and annual m ilea g e .

4 . E x tra c t the year and m onth  th e  car w as built 
(co lum ns 22 and 28 in F ig u re  5 -4 ) fo r  u se  la te r  a t 
s te p  7. A lso  e x tr a c t  the car's annual m ilea g e  
(co lum n 73, f i f th  row in F igu re  5 -4 ) fo r  u se  la ter  
a t  s te p s  7 and 8 . A nnual m ile a g e  is not usually  in 
th e  UM LER reco rd . It m ust be e s t im a te d  and  
m erged  in to  th e  U M LER  record  i f  i t  is n o t a v a il
a b le .

5. R ead  in the n ex t y ea r  o f  car  repair  sum m ary data  
for th e  car s e le c t e d  (F igu re  5 -3 ).

6 . C h eck  to  s e e  if  th e  car  w as in s e r v ic e  for this 
year  by ch eck in g  th e  m onth o f  repair f ie ld s  
(co lum ns 13 and 15 in  F igure 5 -3 ) . If th ere  w ere  
no record s for  th e  car  ( i .e . ,  thq d a tes  w ere not 
f i lle d  in), ch a n c e s  a re  it  w as not in s e r v ic e . If 
th is  is th e  c a se  g o  b a ck  to  s te p  5.

7. E x tra c t the y ea r  o f  repair  from  the sum m ary  
record  (co lum n 11 in  F ig u re  5 -3 ). A ssum e th e  
repairs w ere  done ab ou t m idyear and ca lc u la te  
th e  age  o f  th e  cars a t th e  t im e  o f  repairs (care  
should  be ta k en  to  av o id  a n e g a tiv e  num ber, as 
cou ld  happen if  rep a ir  w ere  a ssu m ed  to  have been  
done in Ju ly  for a car in tro d u ced  in S ep tem b er). 
M ultip ly by th e  annual m ilea g e  to  e s t im a te  th e  
cu m m u la tiv e  m ile s  th a t  th e  car  has tra v e led .

8 . Find th e  row in T ab le 5 -4  (a c tu a lly  on ly a sm all 
p ie c e  o f  th e  ta b le  is show n; th e r e  is a colum n for  
e a c h  reco d ed  job co d e ) corresp on d in g  to  th is 
cu m m u la tiv e  m ile a g e . Add a ll th e  repairs in 
T ab le  5 -4  for  th e  p a rticu la r  car and y ea r . A lso, 
add th e  car's annual m ile a g e  in to  th e  m iles  
co lu m n . Go back  to  s t e p  5 u n til a ll y ea rs  o f  data  
are p ro cessed . T hen g o  back  to  s te p  1 u n til a ll 
cars are  p ro cessed .

9 . R ead  in th e  a v e r a g e  p r ice  o f  e a ch  reco d ed  job  
c o d e . M ultip ly  th e  p r ic e  by th e  num ber o f  rep a irs  
to  g e t  th e  to ta l  ex p en d itu re  by a ll c a rs  o f  th a t  
cu m m u la tiv e  m ile a g e . D iv id e  by th e  m ile s  
co lu m n  in T ab le  5 -4  and m u ltip ly  by 100 (dollars  
to  c e n ts )  to  g e t  th e  c e n t s /m i le  sp en t on ea ch  c la s s

. o f  rep a ir .

10 . E x tra p o la te  th e  d a ta  to  1 .2 m illio n  m ile s  t o t a l  l i f e  
by a v era g in g  th e  la s t  10 n o n -zero  row s. If th e r e  
are  n o t m any cars to  w ork w ith , i t  m ay be  
n e c e ssa r y  to  in te r p o la te  so m e o f  th e  lo w er  
c u m u la t iv e  m ile a g e  c a te g o r ie s  (w h erev er  0 
m ile s  a re  s e e n  in  th e  c u m u la tiv e  m ile a g e  
c a te g o r y ) .

1 1 . Build new  reco d ed  job  co d e s  by add ing th e  e x is t 
in g  "rows" to g e th e r  per th e  in s tru c tio n s  in  T ab le  
5 -5 .

C a lcu la t in g  P r e se n t  C o st T a b les

To c o n v e r t a co lu m n  o f  T ab le  5 -4  to  p resen t c o s t ,  
p ro ceed  a s fo llo w s:

1. A ssu m e an annual m ile a g e  (e .g .,  2 5 ,000
m ile s /y e a r ) .

2. For th is  annual m ile a g e , e a c h  row in T ab le  5 -4  
corresp on d s to  one year's s e r v ic e . M ultip ly  a ll th e  
num bers in th e  co lu m n  from  T ab le  5 -4  by th e  
annual m ile a g e  (2 5 ,0 0 0  m ile s /y e a r )  and d iv id e  by  
100 to  c o n v e r t  from  c e n ts  to  d o lla rs. This, g iv e s  
th e  e s t im a te d  c o s t  o f  th a t  c la s s  o f  repairs- for  
e a c h  y e a r  o f  th e  car's l i f e .

3. D iv id e  by l / ( l + r ) n w h ere  r is th e  d isco u n t ra te  
(0 .1 0 ) and n is th e  y ea r  for  w hich  th e  repair  is  
b ein g  e s t im a te d  (the num ber o f  th e  row in th e  
ta b le ) . T his g iv e s  th e  d isco u n ted  p resen t c o s t  o f  
th e  fu tu re  rep a irs  a t  th e  t im e  o f  p u rch ase .

4. Add a ll th e  d isco u n ted  p resen t c o s ts  for  ea ch  
y ea r . S top  e ith e r  w hen you  rea ch  th e  end o f  th e  
ta b le  (th e  car has g o n e  1 .2 m illion  m iles) or w hen  
th e  ca r  r e a c h e s  30 y ea rs  o f  a g e , w h ich ev er  co m e s  
f ir s t . In th e  c a se  o f  th e  ex a m p le  o f  2 5 ,000  
m ile s /y e a r , s to p  a t  row  30 w ith  750 ,0 0 0  cu m m u la
t iv e  m ile s . T ab le  5 -6  i l lu s tr a te s  th e  re la t io n sh ip  
b e tw e e n  su m m ary  "rows" in  th e  f in a l ta b le  and  
th e  re c o d e d  job  co d e s  in  T ab le  5 -4 .

Go back  to  s te p  1 u n til a ll m ile a g e  num bers and a ll  
co lu m n s in  T ab le  5 -4  are  co n v e r te d .

5 .2 .6  P ro b lem s E n co u n tered

N o t a ll rep a irs  a re  c o s te d  in th e  CRB r eco rd s . For  
e x a m p le , rep a irs  fo r  w hich  th e  h a n d lin g 'lin e  is resp o n 
s ib le  are  rep o r ted  b u t n ot ch a rg ed . T his w as a d d ressed  
as in d ica ted  in th e  f ir s t  p roced u re  by on ly co m p u tin g  
a v e r a g e  p r ic e s  fo r  ow n er r e sp o n s ib le  rep a irs .

Cars tend  to  b e  ren u m b ered . T his problem  ca u sed  
s ig n if ic a n t  num bers o f  reco rd s to  b e  ign ored , a lth ou gh  
th ere  is no rea so n  to  b e lie v e  th e y  w ould b e  s ig n if ic a n t ly  
d if fe r e n t  th an  th e  reco rd s th a t  w ere  used . S te p  6 in  th e  
seco n d  p ro ced u re  ten d s to  a l le v ia t e  th e  p rob lem .
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T he reco rd s for  a  g iv e n  m onth co n ta in  repairs don e in  
p rev iou s m on th s. T his is handled by using  th e  d a te  o f  
rep a ir  f ie ld  in' s te p  2 o f  th e  f ir s t  procedure and m aking  
m ore than  one year's sum m ary f i le  (F igure 5 -3 ) a v a il
a b le  to  th e  f ir s t  ro u tin e .

C e r ta in  reb illin g  reco rd s in the CRB ta p e s  are not 
id e n t if ie d  by car num ber. T hese w ere dropped from  
th is  a n a ly sis  w hen car num ber 0 cou ld  n ot b e  found . 
T his cou ld  b e  handled by cr e a tin g  a  dum m y ca r  num ber  
0 so  th a t  th e  reco rd s could  k eep  tra ck  o f  i t .  In sp ectio n  
o f  th e s e  reco rd s su g g e s ts  th a t  not a la rg e  sum  o f  m on ey  
is  in v o lv ed .

5.2.7 Remarks

T he v o lu m e o f  d ata  handled in p erform in g  th e s e  c a l
cu la t io n s  is e x tr e m e ly  la r g e . For th is  reason , i t  is  
a b so lu te ly  e s s e n tia l th a t so m e orderly  p roced u re for  
doing  th e  I/O  b e  ad o p ted . In th is  stu d y , th e  UM LER f i le  
and c a r -b y -c a r  sum m ary f i le s  have b een  k ep t in th e  
sa m e  order. The f i le s  w ere  th en  a c c e s s e d  u sin g  a 
h ash ing  proced u re  in  the order th a t  th e  d a ta  ap p eared  
on th e  C RB ta p e s . An eq u iv a len t p roced u re w ould  b e  to  
so r t  th e  CRB ta p e s  in to  car  num ber order and m erg e  it  
w ith  th e  UM LER data .

T he in terp o la tio n  rou tin e used  a t  s t e p  10 o f  th e  seco n d  
proced u re  w as a s fo llo w s . The ta b le  for  a ll a v a ila b le  
c a rs  w as b u ilt , w hich  did not requ ire any in te r p o la tio n . 
T hen th e s e  ta b le s  (s e e  T able 5 -4 ) w ere sa v e d  on d isk  
and used  to  in terp o la te  ca se s  w here th ere  w as a 
p rob lem . T he ta b le  cu rren tly  b e in g  built w as c a lle d  A 
and th e  on e for  a ll ca rs B . A t ea ch  co lu m n , a ll th e  row s  
th a t  have n o n -zero  m ilea g e  in  A w ere added fo r  b o th  A  
and B. T he r a tio  o f  th e se  tw o  sum s w as m u ltip lied  
t im e s  th e  v a lu e  in  B to  in te r p o la te  A .

C er ta in  car repairs (e .g .„  COT&S) are done based  on 
d a te s  ra th er th an  m ile a g e . T h e o r e tic a lly , th e  resu lts  
w ould b e  m ore a c c u r a te  i f  th e s e  repairs w ere tra ck ed  
on th e  b a sis  o f  car a g e  ra th er  than cu m u la tiv e  
m ile a g e . S in ce  th is  d o e s  n o t a f f e c t  tru ck  r e su lts , i t  has 
b een  ign ored  h ere .

T here is c le a r ly  a  d if fe r e n c e  in r e la t iv e  p r ice  grow th  o f  
labor and m a te r ia ls . T his can  be a cco u n ted  for  by 
k eep in g  a v e r a g e  p r ic e s  for  labor and m a ter ia ls  
se p a r a te ly  and u sin g  a  s l ig h t ly  d if fe r e n t  d iscou n t r a te  
fo r  th em . In th e  ta b le s  rep o rted  here, a  3 p ercen t  
d if fe r e n c e  b e tw e e n  th e  r a te s  for  labor and m a ter ia ls  
has b een  u sed .

T he p r esen ta tio n  w ould  b e  h elp ed  by ca lc u la tin g  an 
eq u iv a len t y ea r ly  sa v in g s . T his is done by sum m ing  
l / ( l + r ) n o v er  th e  l i f e  o f  th e  car  and d ivid ing the sum  
in to  th e  p resen t v a lu e . E n g in eers find th is  num ber  
m ore in tu it iv e  th an  th e  p r e se n t c o s t ,  thus T ab les 5 -2 A  
and 5 -2B  w ere  a d ju sted  th is  w ay.

T hroughout th is  d iscu ss io n , i t  should  be apparent th a t  
a ll m ilea g es  o f  c a rs  are u sed  to  c a lc u la te  repair c o s ts .  
T he car's annual m ile a g e  is  u sed  to  d e term in e  w h ere th e  
car is in it s  l i f e  c y c le .  T h ere  is  an im p lic it  a ssu m p tion  
th a t  cars w ear ou t due to  m ile a g e  and th a t a ll cars  
w ear ou t in s im ila r  w a y s. A ppendix  D il lu s tr a te s  r e su lts  
fo r  7 0 -to n  and 1 0 0 -to n  n orm al s e r v ic e  and high m ilea g e  
ca rs.
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FIGURE 5-4. UMLER RECORD FORMAT, CODES 1 AND 4

TABLE 5-4. COST BY CUMULATIVE MILEAGE

CALCULATION FOR ALL ROLLER BEARINO CARS 
---------------------------------------------------------CENTS/MILE

CUMULATIVE
CAR
MILEAGE MILES

CAR
BRAKES

COUPLERS
YOKES
DRAFT GEARS

MISC. LABOR 
MANU. MAT.

OTHER
CAR
REPAIRS

TRUCK
BRAKES WHEELSETS

OTHER
TRUCK
REPAIRS TOTAL

1 T O 25000 7 0 4 5 8 7 7 . 0 .3 7 6 0 7 2 2 8 0 .1 7 3 0 9 4 6 9 0 .20200920 0 ,2 1 1 9 0 6 4 9 0 ,5 7 9 6 9 6 1 8 0 .9 1 6 4 9 0 5 0 0 .0 0 7 7 3 4 0 3 2 .2 6 7 7 9 4 6 1
25001 T O 50000 74106266 . 0 .1 0 6 6 0 6 4 6 0 .0 1 7 6 6 7 1 9 0 ,0 6457704 0 ,0 6 3 2 5 2 5 1 0 ,2 4 0 0 8 7 7 5 0 ,4 5 1 6 4 3 5 9 0 .0 0 9 9 9 2 0 3 0 .6 8 9 2 5 0 3 4
50001 T O 75000 6815 7 6 3 2 . 0 ,1 8 0 4 5 5 8 6 0 .1 2 6 7 8 9 3 9 0 .1 5 0 1 0 4 5 6 0 ,0 9 2 5 4 5 4 5 0 ,3 8 8 4 2 7 3 2 0 ,5 1 6 0 0 5 5 5 0 .2 6 7 2 2 3 6 6 1 ,5 9 3 4 4 7 6 9
75001 T O 100000 169114320 . 0 .1 6 6 7 4 4 6 3 0 .0 9 2 6 6 2 6 3 0 ,13081998 0 ,1 0 3 1 0 0 9 6 0 ,3 7 6 5 3 6 5 2 0 ,5 4 9 7 6 2 1 9 0 .1 0 6 1 4 5 7 1 1 .3 9 9 1 7 2 7 8

100001 T O 125000 194589964 . 0 .1 8 7 3 7 0 4 2 0 .1 0 4 9 1 6 3 6 0 ,18964744 0 ,1 5 3 7 7 0 8 6 0 .3 9 1 5 4 1 1 6 0 .5 2 3 2 1 5 4 7 0 .2 9 0 6 9 8 6 5 1 ,6 5 1 5 1 5 0 1
125001 T O 150000 234Q 04656. 0 .2 0 9 6 7 0 4 2 0 .2 6026360 0 ,22306223 0 .1 5 5 2 0 2 0 3 0 ,4 6 5 5 9 7 0 1 0 ,5 7 0 7 4 2 3 7 0 .4 7 2 0 7 6 5 9 2 .1 6 1 5 5 3 3 6
150001 T O 175000 196155216 . 0 ,2 5 8 0 6 4 2 7 0 .2 0 5 5 0 1 0 6 0 ,3 4502400 0 .2 2 5 7 3 3 8 2 0 ,4 4 6 1 6 3 5 9 0 ,7 1 1 4 5 9 7 6 0 .1 1 8 9 3 1 7 1 1 ,9 6 5 6 5 4 6 4
175001 T O 200000 2 0 8663744 , 0 .2 9 9 9 4 3 3 3 0 .32638150 0 ,6 5769970 0 ,2 6 9 1 4 4 3 4 0 .6 1 7 0 7 1 5 1 0 ,6 3 9 5 5 2 2 6 0 .4 0 9 6 1 8 3 2 2 ,7 6 1 7 1 0 6 2
200001 T O 225000 206 9 9 0 0 0 0 . 0 .3 5 6 1 6 1 9 5 0 .28696630 0 ,06746430 0 ,3 1 9 1 2 1 1 2 0 ,6 1 3 5 1 3 6 5 0 ,8 9 2 6 7 2 6 7 0 ,4 3 5 6 9 0 1 0 2 .9 0 6 3 2 5 3 4
225001 T O 250000 194223072 . 0 ,3 6 1 8 4 3 4 1 0 .3 1 4 7 1 3 6 6 0 ,70370720 0 ,3 0 2 2 1 0 6 3 0 ,7 1 0 1 0 0 2 3 1 ,0 1 7 6 6 0 1 4 0 ,4 4 1 4 5 4 1 1 3 .1 4 7 9 8 1 6 4
250001 T O 275000 193567406 . 0 .3 2 5 0 3 6 5 3 0 .39514616 0 ,6 1 6 9 4 4 1 7 0 ,2 7 0 3 6 5 0 0 0 ,7 0 9 9 9 9 8 0 1 ,0 6 9 4 9 2 3 4 0 ,5 1 7 6 1 0 3 4 3 ,2 6 7 6 5 2 2 9
275001 T O 300000 2 1 1 916336 . 0 .3 7 6 9 6 3 7 0 0 .5 6 2 1 2 6 5 6 0 .5 6 5 1 1 2 5 7 0 ,3 2 0 3 6 0 4 5 0 .6 1 6 6 7 3 6 4 1 ,1 4 3 9 2 1 6 5 0 ,7 2 9 3 7 1 4 9 3 ,9 4 9 4 5 7 1 7
300001 T O 325000 161479792 , 0 .3 5 0 6 9 3 8 0 0 .4 6 8 5 6 2 6 6 0 ,68369630 0 .3 3 5 3 0 2 3 5 0 .6 0 3 4 6 3 0 4 1 ,1 7 2 3 6 6 1 7 0 ,8 7 4 2 9 4 3 4 4 ,0 0 4 9 0 1 8 9
325001 T O 350000 173915326 . 0 .3 4 5 6 2 7 1 9 0 .57792461 0 .60437435 0 .3 1 1 3 8 8 1 3 0 ,8 5 2 7 6 5 8 6 1 ,1 2 8 4 1 4 1 5 1 ,0 1 8 1 2 9 3 5 4 ,2 3 4 2 4 9 1 1
350001 T O 375000 124666144 . 0 .3 1 4 7 3 1 6 6 0 .42309350 0 .6 1 7 6 2 5 1 5 0 .3 3 9 8 9 9 4 2 0 ,6 5 5 5 5 2 8 5 1 ,0 9 0 3 1 7 7 3 0 ,9 7 6 5 0 3 7 9 4 ,0 0 0 0 9 8 2 3
375001 T O 400000 62765520 . 0 .3 9 7 9 5 1 2 5 0 .99661171 0 ,57496693 0 .3 2 0 6 2 9 6 0 1 ,1 5 5 1 2 1 8 0 1 ,1 4 6 0 9 0 5 1 2 ,5 6 4 5 6 5 1 9 6 ,6 0 0 9 9 0 3 0
400001 T O 425000 55305640 . 0 ,3 1 9 6 7 1 3 3 0 .46704571 1 ,0 6 4 1 1 3 6 2 0 .3 0 7 2 1 6 3 7 0 .7 6 2 5 9 6 9 1 0 ,9 1 6 6 3 6 4 4 1 ,5 4 7 7 8 0 9 9 4 ,3 6 2 9 5 1 2 6
425001 T O 450000 58106766 . 0 .2 9 4 7 6 0 1 8 0 .40578955 1 ,0 1 1 9 3 2 3 7 0 .2 6 0 0 5 9 6 1 0 .5 9 6 6 1 0 9 6 0 .7 9 7 4 1 7 7 0 0 .8 9 7 4 7 2 0 2 3 ,2 7 2 1 3 6 6 0
450001 T O 475000 64216768 . 0 .2 6 6 2 0 6 5 3 0 .4 6 5 6 5 7 2 9 0 .7 3 6 0 8 5 8 9 0 .2 6 1 3 0 6 3 5 0 ,7 1 3 8 7 6 2 5 1 ,0 2 4 0 1 4 4 7 1 .0 7 4 6 3 9 3 2 3 ,6 0 5 7 0 2 2 1
475001 T O 500000 56726912 . 0 ,2 3 1 5 7 0 4 8 0 .3 3 8 8 6 6 9 5 0 ,92763700 0 .2 6 7 3 8 9 4 6 0 ,5 3 2 7 9 5 1 9 0 ,9 4 0 2 1 6 0 6 0 .3 6 6 3 0 8 6 3 2 ,6 9 7 1 4 6 4 2
500001 T O 525000 33748632 . 0 ,2 6 7 7 2 2 4 3 0 .2 9 1 6 9 9 0 3 1 ,2 6 4 0 0 5 6 6 0 .4 1 1 2 2 5 0 2 0 ,5 7 9 7 9 2 8 6 0 ,8 9 6 9 9 1 3 1 1 .1 5 5 5 1 7 5 8 3 ,6 0 3 1 4 6 4 6
525001 T O 550000 2879 6 9 4 4 . 0 ,2 0 6 2 6 1 2 8 0 .31431502 0 ,6 2 6 7 4 1 8 9 0 .4 2 1 1 5 3 1 3 0 ,5 2 6 4 9 5 5 8 0 ,7 5 2 9 6 0 0 3 0 ,8 6 1 4 2 6 1 0 3 ,1 0 2 6 1 1 5 4
550001 T O 575000 14096053 . 0 ,3 6 5 8 3 1 7 1 0 .2 9 5 5 2 3 3 5 0 .5 0 7 7 2 3 7 5 0 ,5 9 6 6 6 8 6 0 0 .3 4 6 9 4 9 9 1 0 ,5 3 3 9 3 1 5 5 0 ,0 4 8 9 9 9 6 1 2 ,2 1 0 1 2 5 9 2
575001 T O 600000 2245 6 4 1 6 . 0 .2 5 9 2 9 5 7 0 0 .2 3956313 0 .2 6 3 1 7 2 9 6 0 ,4 6 7 9 2 6 2 9 0 ,2 9 8 7 6 2 8 0 0 ,6 0 1 3 9 9 1 2 0 ,0 2 6 9 2 9 5 5 1 ,6 9 3 6 9 8 9 6
600001 T O 625000 4 7 8 2975 , 0 .3 2 1 1 3 5 7 0 0 .4 1 1 1 3 5 9 7 0 ,4 2 0 4 9 7 7 2 0 ,6 4 1 7 6 2 3 2 0 ,3 0 2 6 4 9 5 9 0 ,7 3 8 8 9 6 7 5 0 ,0 1 7 8 9 1 7 9 2 ,4 3 3 6 7 4 8 1
625001 T O 650000 19694864 , 0 ,3 0 5 3 3 6 7 1 0 .1 1 2 5 1 1 6 1 0 .25660601 0 .3 1 7 9 1 6 4 8 0 ,2 9 7 6 9 6 6 2 0 .6 1 1 6 6 3 8 8 0 .0 1 8 1 6 3 2 2 1 ,6 6 3 5 1 0 3 2
650001 T O 675000 6 6 2 4 4 5 4 . 0 ,2 4 9 2 3 0 9 2 0 .1 5 6 1 3 5 3 8 0 ,26940021 0 ,3 2 0 6 2 6 2 6 0 ,3 3 7 3 2 1 5 2 0 .5 9 1 5 7 7 7 7 0 ,0 5 3 9 0 5 7 6 1 ,7 0 6 9 9 6 6 8
675001 T O 700000 5 9 5 4 1 2 9 . 0 ,2 0 4 7 6 9 4 3 0 .1 4 0 6 6 0 2 3 0 f 59762394 0 ,3 0 1 7 9 1 6 1 0 ,4 0 5 6 8 2 5 4 0 ,4 6 4 6 5 6 8 9 0 ,0 1 2 6 1 9 6 4 1 ,5 3 0 3 6 0 2 5
700001 T O 725000 1 6944544 , 0 ,1 4 0 3 2 6 4 1 0 .2 2 9 2 6 4 6 8 0 .2 6 1 2 1 5 4 9 0 ,1 9 0 9 7 2 9 4 0 ,3 4 9 6 3 9 8 1 0 ,6 3 6 2 7 7 0 4 0 ,1 2 5 7 1 3 2 9 1 ,8 8 2 3 9 6 7 0
725001 T O 750000 1 0112060 , 0 ,2 1 9 3 4 5 0 3 0 .2 4 3 9 0 0 5 6 0 ,1 7 2 3 7 4 9 6 0 ,2 4 0 9 3 6 4 6 0 ,3 4 7 6 2 9 8 6 0 ,7 6 1 1 6 0 0 6 0 .1 3 5 6 1 6 1 2 1 ,9 6 6 7 9 6 7 3
750001 T O 775000 1 9631568 . 0 ,3 0 4 5 9 6 6 9 0 .2 8 6 3 8 3 0 9 0 ,2 2 3 8 1 1 1 5 0 .3 9 6 9 5 7 0 7 0 ,4 6 4 1 4 4 1 7 0 ,5 9 0 9 9 1 5 0 0 .1 0 5 2 2 0 6 0 2 ,1 4 6 3 0 3 9 9
775001 T O 600000 1 0105596 . 0 ,2 5 0 6 7 2 2 6 0 .4 1 0 5 6 7 3 7 0 ,3 2 8 6 4 0 4 6 0 ,5 6 1 5 6 1 6 4 0 ,6 3 1 3 5 6 5 0 0 ,6 9 0 8 0 9 1 9 0 ,6 1 8 6 4 4 3 0 3 ,1 6 3 6 3 3 3 5
600001 T O 625000 3974 5 6 0 . 0 ,1 5 6 7 6 6 2 7 0 .02062291 0 .1 9 4 6 2 5 3 2 0 ,3 3 5 4 2 2 0 4 1 ,4 7 3 5 1 9 3 3 0 ,6 6 0 7 7 7 1 7 0 ,4 3 0 5 7 1 5 0 3 ,0 0 7 6 7 9 6 6
625001 T O 650000 2 4 0 9 3 5 3 . 0 ,2 1 2 5 6 2 5 0 0 .26453900 0 ,2 7 3 9 7 2 3 3 0 ,5 2 7 2 4 9 5 2 0 .7 5 3 2 3 2 0 0 0 ,3 6 2 4 8 9 0 4 0 ,5 0 9 5 5 9 3 9 2 ,6 2 9 6 3 1 0 4
650001 T O 675000

cn 
w

f  0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0,30387782) 0 ,3 6 4 3 4 0 1 7 0 ,5 3 6 3 0 7 5 0 0 ,6 3 3 9 3 0 2 1 0 .2 0 2 7 9 3 4 8 2 ,2 2 1 7 0 0 6 7
675001 T O 900000 0 . 0 ,2 3 6 6 7 4 6 7 0 ,2 2 7 5 7 4 9 4 0 ,30367763 0 ,3 8 4 3 4 0 1 7 0 ,5 3 6 3 6 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 0 2 .2 2 1 7 0 0 6 7
900001 T O 925000 0  £ 0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,3 0 3 8 7 7 6 3 0 .3 6 4 3 4 0 1 7 0 ,5 3 6 3 6 7 5 0 0 ,6 3 3 9 3 0 2 1 0 .2 0 2 7 9 3 4 6 2 ,2 2 1 7 0 0 6 7
925001 T O 950000 W f-n 2 0 . 0 ,2 3 6 6 7 4 6 7 0 .3 2 7 5 7 4 9 4 0 ,3 0 3 8 7 7 6 3 0 ,3 0 4 3 4 0 1 7 0 ,5 3 6 3 6 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 6 2 ,2 2 1 7 0 0 6 7
950001 T O 975000 flQW 0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,30367763 0 ,3 6 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 6 2 .2 2 1 7 0 0 6 7
975001 T O 1000000

z  5
0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2757494 0 ,3 0 3 8 7 7 6 3 0 ,3 6 4 3 4 0 1 7 0 .5 3 6 3 6 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 8 2 .2 2 1 7 0 0 6 71000001 T O 1025000 O “  . 0 . 0 ,2 3 6 6 7 4 6 7 0 ,2 2 7 5 7 4 9 4 0 ,30387703 0 ,3 8 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 6 2 .2 2 1 7 0 0 6 71025001 T O 1050000 P  CO 0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,30387763 0 ,3 6 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 8 2 ,2 2 1 7 0 0 6 7

1050QQ1 T O 1075000 <  O 
J O  
o  >

0 . 0 ,2 3 6 6 7 4 6 7 0 ,2 2 7 5 7 4 9 4 0 ,3 0 3 8 7 7 6 5 0 .3 6 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0 0 .6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 8 2 .2 2 1 7 0 0 6 71075001 T O 1100000 0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2757494 0 ,3 0 3 6 7 7 8 3 0 ,3 8 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 6 2 ,2 2 1 7 0 0 6 71100001 T O 1125000 <  “ 0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,30367763 0 ,3 0 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0  ‘ 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 8 2 ,2 2 1 7 0 0 6 7
1125001 T O 1150000 0 . 0 .2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,30367763 0 ,3 8 4 3 4 0 1 7 0 ,5 3 6 3 6 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 6 2 ,2 2 1 7 0 0 6 71150001 T O 1175000

x  z 0 . 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,3 0 3 6 7 7 8 3 0 ,3 8 4 3 4 0 1 7 0 ,5 3 6 3 8 7 5 0 0 ,6 3 3 9 3 0 2 1 0 .2 0 2 7 9 3 4 8 2 ,2 2 1 7 0 0 6 7
1175001 T O 1200000 U O 0 ,2 3 6 6 7 4 6 7 0 .2 2 7 5 7 4 9 4 0 ,30387783 0 ,3 8 4 3 4 0 1 7 0 ,5 3 6 3 6 7 5 0 0 ,6 3 3 9 3 0 2 1 0 ,2 0 2 7 9 3 4 8 2 .2 2 1 7 0 0 6 7
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TABLE 5-5, DEFINITIONS OF ADDITIONAL ROWS

DEFINITION OF A DDITIO NAL ROWS

86 = 01+02+03+04
87 = 05+ 06+07+ 08+09+10+11+12
88 = 13+14+16+17
89 = 21+22+23+ 24+25+26+27+28+29+ 30+31+32+33+34+35+ 36+37
90 40+ 41+ 42+ 49+ 50+51+52+53+54+ 56+57+58+60 ..
91 = 61+62+63+ 64+65+66+67+68+69+ 70+71+73+74+75+76+ 77+78+79+80+81+82+ 83
92 = 05+06+07
93 = 10+11
94 = 13+14
95 40+41+42
96 = 56+57+58
97 = 67+68
98 ” 86+87+88+89+90+91

For E xam ple: N ew  Job  C ode 86 is  F orm ed  by A dding Job C o d es 1 through  4.

TABLE 5-6. CORRESPONDENCE BETWEEN ROW' NUMBERS 
AND TABLE ENTRIES

R O W  L A B E L
N U M

00
00
- 3  S U M M A R Y  T A B L E-4
00
8 6  B R A K E S  ( T E S T *  P R E S S U R E  S Y S T E M *  & H A N D  B R A K E S )
8 7  C O U P L E R S .  Y O K E S ,  i D R A F T  G E A R
1 5  M I S C E L L A N E O U S  L A B O R  4  M A N U F A C T U R E D  M A T E R I A L
8 8  O T H E R  C A R  R E P A I R S
8 9  T R U C K  B R A K I N G  S Y S T E M  ( M O S T L Y  B R A K E  S H O E S )
9 0  U H E E L S E T S
9 1  O T H E R  T R U C K  R E P A I R S  
00
• !  T O T A L
3 0
• 5  A S S U M E O  C A R  L I F E  I N  T E A R S
00 .
00
00
- 3  C A R  R E P A I R S :
- 4
00
d o  B R A K E S  ( T E S T .  P R E S S U R E  S Y S T E M .  &  H A N D  B R A K E S )
00
0 1  C O T 4 S
0 2  I D T 4 S
0 3  P R E S S U R E  S Y S T E M  '
0 4  H A N U  B R A K E S  
00
8 7  C O U P L E R S . '  Y O K E S *  8  D R A F T  G E A R  
00
9 2  C O U P L E R  B O D I E S
0 6  C O U P L E R  K N U C K L E S '
0 9  O T H E R  c o u p l e r  P A R T S
9 3  Y O K E S
1 2  D R A F T  G E A R S *  C A R R I E R S .  A N D  F O L L O W E R S  
00
1 5  M I S C E L L A N E O U S  L A B O R  &  M A N U F A C T U R E D  M A T E R I A L  
00
8 8  O T H E R  C A R  R E P A I R S  
00
9 4  O T H E R  C A R  R E P A I R S
1 6  W E L O I N G
1 7  N O N  B I L L A B L E  I N S P E C T I O N S  
00
. 1  C A R  T O T A L

ROW LABEL
NUM •
• 2
-3 TRUCK REPAIRS
-4
0089 TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
00
21 BRAKE BEAMS
22 BRAKE HEAO WEAR PLATES
23 BRAKE BEAM WEAR PLATES
24 BRAKE BEAM HANGERS
25 BRAKE HANGER BRACKET WEAR PLATE
26 BRAKE HANGER BRACKET WEAR PLATE SECUREMENT
27 BRAKE HANGER OR CONNECTION PIN
28 BOTTOM ROD SAFETY SUPPORT
29 BRAKE BEAM SAFETY SUPPORT
30 BRAKE CONNECTION* BOTTOM
31 ' BRAKE CONNECTION, TOP
32 .BRAKE LEVER , •
33 BRAKE LEVER GUIDE OR CARRIER
34 DEAD LEVER GUIDE
35 GEaO LEvER GUIDE BRACKET
36 BRAKE 'SHOES
37 .BRAKE SHOE KEYS
00
90 WHEELSETS

•00
95 ’ LUBRICATE ROLLER BEARINGS
49 ROLLER BEARINGS
50 ROLLER BEARING CAP SCREWS
51 ROLLER BEARING LOCKING PLATES
52 ROLLER BEARING LUBRICATION FITTING
53 PEDESTAL AOAPTERS
54 WHEELS
96 WHEEL LABOR
60 AXLES. ROLLER BEARINGS
00
CO
91-OTHER TRUCK REPAIRS 
00 '
61 TRUCK BOLSTERS
62, TRUCK BOLSTERS (REPAIRED)
63 CENTER PINS
64 . CENTER PLATES
65 CENTER PLATE LINERS •
66 TRUCK SIDE BEARINGS
97 FRICTION CASTINGS
69 .SIDE BEARING SHIM
70 SIDE FRAMES
71 SIDE FRAMES (REPAIRED)
• 73 SPRING PLANKS
74 SPRING PLANKS (REPAIRED)
75 ' OUTER SPRINGS
76 INNER SPRINGS
77 STABILIZER SPRINGS
73 TRUCK SPRING PACKAGE

. 79 TRUCK SPRING- FRICTION SNUBBER
60 TRgCK SPRING PLATES -
81 TRUCK SPRING SHIM. WOOD
82 STEEL
83 MANUFACTURED MATERIAL (TRUCK)
00
-1 TRUCK TOTAL
00 •"

N O T E S R O W  - 1  P R I N T S ' A N D - C L E A R S  T O T A L S  
R O W  - 2  P A G E  E J E C T S  
R O W  - 3  P R I N T S  " A N N U A L  M I L A G E "  
R O W  - 4  P R I N T S  V A L U E  O F  M I L A G E  
R O W  - 5  P R I N T S  V A L U E  O F  C A R  L I F E
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F u el con su m p tion  is an a rea  w here sa v in g s  a re  p o ss ib le  
from  a T ype n  tru ck . B e c a u se  a  ra d ia l tru ck  s te e r s  
around cu rv es  in stea d  o f  b e in g  dragged  on its  lead in g  
o u ter  f la n g e , a  rad ia l (or s te e r in g )  tru ck  s ig n if ic a n tly  
red u ces th e  fo r c e s  e x p e r ie n c e d  during cu rv in g . This 
p rod u ces s ig n if ic a n t  fu e l sa v in g s on ro u te s  w ith  high  
c u r v e -to -ta n g e n t r a tio s . On th e  o th er  hand, th e  in
c r e a se d  w e ig h t o f  m ost o f  th e s e  tru ck s p rod u ces fu e l  
lo s se s  on ro u tes w ith  lo w  e u r v e -to -ta n g e n t  ra tio s . 
W hile th e  sa v in g s /lo sse s  in v o lv ed  are r e la t iv e ly  sm a ll 
(on th e  order o f  0 .001  g a llo n s /c a r  m ile ), s ig n ific a n t  
am o u n ts o f  m on ey  can  b e  in v o lv ed  fo r  h igh m ile a g e  cars  
w ith  tod ay 's rap id ly  in c r e a s in g  fu e l c o s ts .

T he approach  to  m easu rin g  th e  ro llin g  r e s is ta n c e  in
v o lv ed  th e  u se  o f  in stru m en ted  co u p lers on b o th  ends o f  
th e  t e s f  ca r . The e f f e c t s  o f  grad e  and a c c e le r a tio n  
w ere rem o v ed  from  th e  ro llin g  r e s is ta n c e  u sin g  a sp e
c ia l ly  f i lte r e d , D C -co u p led , lo n g itu d in a l a c c e le r o m e te r .  
T he tra in  sp eed  w as m a in ta in ed  r e la t iv e ly  co n sta n t  
during ea ch  te s t  run, thus D a v is's fo rm u la tio n  o f  the  
ro llin g  r e s is ta n c e  w as e s s e n t ia l ly  co n sta n t o v er  th e  
co u rse  o f  a  te s t  run. T he o n ly  rem a in in g  v a r ia b le  th a t  
w as co r r e la te d  w ith  cu rvatu re  w as th e  cu rv in g  fo r c e .  
T his m easured  curving  fo r c e  w as f i t  to  a  th e o r e t ic a l  
eq u ation  ex p ress in g  th e  e f f e c t  o f  vary in g  cu rv a tu re  and 
o f f  b a la n ce  sp eed  p er fo rm a n ce . N e x t  a  fu e l consum p
tio n  s im u la to r  w as u sed  to  e s t im a te  th e  fu e l sa v in g s  per  
ear m ile  e x p e c te d  as a fu n ctio n  o f  c u r v e -to -ta n g e n t  
track  ra tio . F in a lly  th e s e  sa v in g s  w ere co n v er ted  to  
d ollar  sa v in g s  under a  v a r ie ty  o f  a ssu m p tio n s ab ou t the  
annual car m ilea g e  and rea l r a te  o f  in c r e a se  o f  fu e l 
p r ic e s  ( i .e . ,  r e la t iv e  to  th e  r a te  o f  in f la tio n ).

T he co n v en tio n a l th in k in g  is  th a t  th e  added ro llin g  
r e s is ta n c e  due to  cu rv in g  is a p p ro x im a te ly  0.8 
p o u n d /to n /d e g r e e  o f  cu rv a tu re . T his v a lu e  is  bu ilt in to  
m ost ra ilroad s in th e  form  o f  grad e co m p en sa tio n  o f  
cu rv es ( i .e . ,  w herever  p r a c t ic a l, th e  grad e is  red u ced  to  
co m p e n sa te  for  th e  cu rv e). T his v a lu e  is a lm o st e x a c t ly  
th e  resu lt ob ta in ed  from  th e  TDO P P hase II te s t in g  o f  
T ype I tru ck s . F igure 5-5  i l lu s tr a te s  th e  added ro llin g  
r e s is ta n c e  per ton  a t  b a la n ce  sp eed  as a fu n ctio n  o f  
tra ck  cu rv a tu re  for th e  co n v en tio n a l re su lt  o f  0.8 
p o u n d /to n /d e g r e e  and th e  TDO P resu lt o f  0.68  
p o u n d /to n /d e g r e e  p lus .08 p o u n d /to n /d e g r e e  squared .

F u e l con su m p tion  sa v in g s are p o ss ib le  from  T ype II 
tru ck s. T his is  not on ly tru e  o f  s te e r in g  tru ck s but a lso  
tru e  o f  a t  le a s t  one r ig id  tru ck  in  th e  t e s t  program . 
H o w ev er , m ea n in g fu l fu e l sa v in g s  should  on ly  be e x 
p e c te d  w ith  ro u tes  o f  high c u r v e -to -ta n g e n t  track  
ra tio s  u sin g  high m ilea g e  ca rs w here th e  e n tir e  c o n s is t  
has T ype II tru ck s.

T he v a lu e  o f  th e  fu e l sa v in g s  a lo n e  th a t  can  rea so n a b ly  
be e x p e c te d  is not high enough to  w arrant th e  added  
p u rch ase  p r ice  o f  any o f  th e s e  tru ck s under a n y  reason 
a b le  co n d it io n s . H o w ev er , i f  ta k en  in  con ju n ction  w ith  
sa v in g s  in  car m a in ten a n ce  and e sp e c ia lly  in  ra il w ear, 
i t  is  p o ss ib le  th a t  one or m ore o f  th e s e  tru ck s m ight be  
p r o fita b le .

5.3 FUEL CONSUMPTION ANALYSIS

TDO P P h ase  II f u e l  co n su m p tio n  r e su lts  co m e  in tw o  
parts: m ea su red  cu rv in g  r e s is ta n c e  re su lts  and co m 
p u ter s im u la tio n  r e su lts  th a t  e s t im a te  fu e l co n su m p tio n  
sa v in g s . T he m ea su red  cu rvin g  r e s is ta n c e  d ata  are  
m uch harder to  o b ta in  than th e  s im u a ted  fu e l sa v in g s .'  
It appears th a t  p rev io u s  e s t im a t e s  o f  fu e l sa v in g s  h a v e  
b een  based  on v e r y  lim ite d  cu rvin g  r e s is ta n c e  d a ta . 
E stim a te s  h a v e  o f t e n  b e e n  m ad e b a sed  on z e r o  cu rv in g  
r e s is ta n c e  fo r  a  s t e e r in g  tru ck .

C urving R e s is ta n c e

T hree s t e e r in g  tru ck s w ere  t e s te d  a s part o f  th e  
program : th e  B a r b e r -S c h e ffe l,  th e  D e v in e -S c a le s , and  
th e  D resser  D R -1 . A ll th r e e  s te e r in g  trucks s ig n if i
c a n tly  red u ced  th e  cu rv in g  r e s is ta n c e  o f  th e  t e s t  car  
com p ared  to  th e  T y p e  I tru ck . F igu re  5 -6  i l lu s tr a te s  
th e  m easu red  cu rv in g  r e s is ta n c e  a s a  fu n ctio n  o f  cu rv a 
tu re  o b ta in ed  fo r  e a c h  o f  th e  th ree  tru ck s and a lso  for  
th e  T ype I tru ck  sh ow n  in  F ig u re  5 -5 . A s can  b e  seem  
from  F igu re  5 -6 , e a c h  o f  th e  s te e r in g  tru ck s e x 
p er ien ce d  lo w er  cu rv in g  fo r c e s  a t  ev ery  cu rv a tu re  in  
th e  ran ge t e s te d . T he r e su lts  fo r  th e  o th er  four (non
s teer in g ) T ype II tru ck s  t e s te d  a re  m uch c lo se r  to  T ype  
I tru ck s than to  th e  s t e e r in g  tru ck s , as illu s tr a te d  in 
F igu re  5 -7 .

O ff b a la n ce  sp e e d  p er fo rm a n ce  o f  th e s e  tru ck s w as a lso  
e s t im a te d . T he term  u sed  to  e s t im a te  th is  p er fo rm a n ce  
w as Wd (v 2 -  vjj2 ), w h ere  W is th e  car w e ig h t, d is  th e  
d eg rees  o f  cu r v a tu r e , v is th e  tra in  sp eed , and vb  is th e  
b a la n ce  sp eed . O ff  b a la n ce  sp eed  r e su lts  for th e  
s te e r in g  tru ck s as o p p o sed  to  T ype I trucks are illu s
tra ted  in F igu re 5-8  fo r  a 6 -d e g r e e  cu rve  w ith  a  b a la n ce  
sp eed  o f  35 m ph. T his s itu a tio n  is ty p ic a l o f  th e  t e s t  
d a ta . S im ila r ly , th e  o f f  b a la n ce  sp eed  beh avior o f  th e  
o th er  tru ck s in th e  program  is illu s tr a te d  in F ig u re  5 -9 .  
A s can  be s e e n  from  F ig u res  5-8 and 5 -9 , the s teer in g , 
trucks e x p e r ie n c e d  su b s ta n tia lly  m ore v a r ia tio n  th an  
th e  n o n -s te e r in g  tru ck s .

T abular r e su lts  fo r  th e  cu rv in g  r e s is ta n c e  o f  th e  tru ck s  
te s te d  are show n in  T a b le  5 -7 . The curving  r e s is ta n c e  
r e su lts  show n are  b a sed  on a  le a s t  sq u ares cu rve f i t  o f  
th e  eq u a tio n  sh ow n  a b o v e  th e  n um bers. T he num bers in  
p a ren th eses  b e lo w  th e  e s t im a te d  c o e f f ic ie n t s  a re  sta n 
dard error e s t im a t e s  fo r  ea ch  c o e f f ic ie n t .  T he co lum n  
e n t it le d  sta n d a rd  error  is an o v e r a ll e s t im a te  fo r  th e  
en tire  eq u a tio n . T he co lu m n  e n t it le d  r 2 is an o v e r a ll  
"goodness o f  fit"  e s t im a t e  for  th e  eq u a tio n . An R 2 o f  
100 p e r c e n t is  a  p e r f e c t  f i t .  

o
W h ile , th e  R r e su lts  are n ot good  by co n v e n tio n a l  
en g in eer in g  sta n d a rd s, th is  is n o t a c o n v en tio n a l en 
g in eer in g  cu rv e  f i t .  N o rm a lly  on e w ould e x p e c t  an R2 
o f  a t le a s t  70 p e r c e n t  on a  cu rve f i t  o f  a v a lid  
en g in eer in g  e q u a tio n . T his cu rve  f i t  is based  on a  
s t a t is t ic a l  tec h n iq u e  know n as a "staged  reg ress io n ."  
T he c o e f f ic ie n t s  are  f i t t e d  to  th e  resid u a l o f  a  f ir s t  
s ta g e  reg ress io n  th a t  e lim in a te s  F = m a term s fro m  th e  
d a ta . U sin g  th is  te c h n iq u e , th e  r 2 r e su lts  o b ta in ed  a re  
rather g ood  (e .g . ,  30 to  40 p e r c e n t) , in  g en era l.

5.3.1 Results
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Simulated Fuel Savings

The second set of TDOP fuel consumption results are 
computer simulations indicating what the changes in 
curving resistance mean in terms of the economic 
performance of freight cars. It is very difficult to do 
this in a generally applicable format. In the first place, 
there are several types of train simulators in use today. 
Second, there are very many possible routes that might 
be simulated. Each route would be expected to give 
different answers. Third, there are a very large number 
of consists that might be simulated. Each consist would 
be expected to give different answers.

Under these circumstances, the best that can be 
achieved is an indication of the savings that might 
reasonably be expected and an insight into the situa
tions which might warrant further investigation on an 
individual basis. To accomplish this, data as a function 
of curve-to-tangent track ratio (defined as miles of 
curved track divided by miles of tangent track) and 
annual car mileage were used. These are both very 
important parameters in determining the fuel savings to 
be expected from the use of a premium truck. The 
time during which curving forces are present is directly 
proportional to the curve-to-tangent ratio of the route, 
and the annual savings associated with a given truck is 
in direct proportion to the annual car mileage.

The estimated savings were calculated in two parts: 
first, the fuel consumption simulator was used to 
calculate fuel consumption for the Type I and Type II 
trucks under each curve-to-tangent track ratio. The 
difference between each Type II truck and the Type I 
truck divided by the number of car miles represented in 
the simulation yields an estimate for the gallons saved 
per mile. These results are shown in Figure 5-10 for 
the steering trucks and in Figure 5-11 for the non
steering trucks. No Type I truck result is shown since 
the numbers are relative to a Type I truck. The savings 
shown are a very small percentage of the overall fuel 
consumption, which was in the range of 0.1 gallons/car 
mile. The car mile shown includes both empty and 
loaded miles and is for an "average" car (as opposed to 
70-ton or 100-ton) at this point.

FIGURE 5-5. TYPE I TRUCK CURVING RESISTANCE VS CURVATURE

The tendency of many of the results to be negative 
(i.e., showing losses) at low curve-to-tangent ratios 
reflects the fact that most of these trucks weigh more 
than a conventional truck. This results in more fuel 
consumption when there are very few curves.

The second step taken to convert to fuel savings was to 
multiply by an annual mileage to convert the savings to 
gallons saved per year and to multiply by the price of 
diesel fuel per gallon to convert to dollar savings per 
year. The price of diesel fuel was taken as 85C/gallon 
and annual mileages in 12,500 miles/year increments 
were estimated up to 100,000 miles/year. This result is 
tabulated in Tables 5-8 through 5-13 at the top of each 
table.

Finally, to estimate the value of this savings, it is 
necessary to choose a rate of return and a rate at which 
the price of fuel will increase relative to all other 
goods. A reasonable choice would be a 10 percent rate 
of return and a 4 percent inflation rate. In other words, 
it is postulated that at least a 10 percent return should 
be realized on an investment and that the price of 
diesel fuel should increase at around 16 percent next 
year. Further, suppose that diesel fuel will increase in 
price by about 4 percent more than the consumer price 
index for the foreseeable future. Under these condi
tions, the dollar value that should be used is the one 
under the 6 percent discount rate in Tables 5-8 through 
5-13. It should be 6 percent because the price of fuel in 
the numerator will increase at 4 percent and the rate of 
return in the denominator is 10 percent, (see subsection 
5.3.5, Use of Tables). Part of the two terms cancel and 
it is the same as a 6 percent discount rate.

Obviously this result is almost impossible to predict 
(since it depends strongly on the price of diesel fuel), so 
other discount rates are available in the tables. To help 
visualize these results, constant investment lines on a 
plot of curve-to-tangent ratio versus annual mileage, 
are shown for the three steering trucks and one rigid 
truck in Figures 5-12 through 5-15. These figures are 
contour plots of the results in Tables 5-8 through 5-13 
using the 6 percent discount rate.

0 1 2  3 4 5 6

Curvature (Deg)

FIGURE 5-6. STEERING TRUCK CURVING RESISTANCE VS CURVATURE
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Curvature (Deg)

FIGURE 5-7. NON-STEERING TRUCK CURVING 
RESISTANCE VS CURVATURE

FIGURE 5-8. STEERING TRUCK CURVING RESISTANCE 
VS TRAIN SPEED

FIGURE 5-10. STEERING TRUCK FUEL SAVINGS VS 
CURVED/TANGENT RATIO

FIGURE 5-9. NON-STEERING TRUCK CURVING RESISTANCE 
VS TRAIN SPEED

FIGURE 5-11. NON-STEERING TRUCK FUEL SAVINGS VS 
CURVED/TANGENT RATIO
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FIGURE 5-12. FUEL SAVING CONTOURS FOR THE ACF 
FABRICATED TRUCK

FIGURE 5-14. FUEL SAVINGS CONTOURS FOR THE 
DEVINE-SCALES TRUCK

Annual Mileage

FIGURE 5-13. FUEL SAVING CONTOURS FOR THE 
BARBER-SCHEFFEL TRUCK

Annual Mileage

FIGURE 5-15. FUEL SAVINGS CONTOURS FOR THE 
DR-1 TRUCK

TABLE 5-7. CURVING COEFFICIENTS

Curving Resistance -  [b. Wd + b_ Wd2 + b- Wd (v2-v  2 )]  ± St Err 
i  l 5 b

Where: b^, b^. and the standard error are tabulated below
W * weight o f the car in tons v * tra in  speed in xailes/hour
d • degrees o f curvature in degrees v^* balance speed in m iles/hour

2
R is  a measure o f goodness o f f i t ,  100% is  a perfect f i t .  Numbers in () are the standard errors o f the individual c o e f f ic ie n ts .

b i
Curve

b2
Curve Sq

b 3
Off Bal

Standard
Error R2

Type 1 0.680
(0.025)

0.081
(0,004)

0.00041
(0.00001)

(195.7 Lb) 53.0%

ACF 0.632
(0.033)

0.044
(0.006)

0.00051
(0.00001)

(244.2 Lb) 34.3%

Alusuisse 1.051
(0.043)

-0.031
(0.007)

0.00042
(0.00002)

(241.7 Lb) 34.9%

Barber-Scheffel -0.040*
(0.045)

0.191
(0.009)

0.00032
(0.00002)

(386.2 Lb) 23.0%

Devine-Scales 0.182
(0.039)

0.056
(0.007)

0.00022
(0.00002)

(295.2 Lb) 10.1%

DR-1 0.327
(0.028)

0.077
(0.005)

0.00056
(0.00001).

(228.0 Lb) 41.6%

Maxiride 0.772
(0.032)

0.067
(0.006)

0.00056
(0.00001)

(276.4 Lb) 39.9%

Swing Motion 0.673
(0.044)

0.077
(0.008)

-0.00006
(0.00001)

(297.6 Lb) 34.4%

* not s t a t is t ic a l ly  d iffe ren t from zero
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TABLE 5-8. FUEL SAVINGS FOR ACF FABRICATED TRUCK
UULLARS/YEAn BY ANNUAL MILEAGE

ANNUAL niL CAUL 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5U U . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 100000.
CURVE/lArtGLNTs 0 • 124 1 . 0 5 2 , 1 0 3 . 1 5 4 . 2 1 5 . & 6 6 , 3 1 7 . 3 6 6 . 4 1
CURVE/ 1 AUbE >11 = b . l B 5 1 ,  69 3 . 3 6 5 . U 7 6 , 7 6 6 .  * 5 1 0 . 1 4 1 1 . 8 3 1 3 . 3 2
CURVE/ IA NGL NTs 0 . 3 6 b 4 . 0 0 6 . 0 1 1 2 . 0 1 1 6 . 0 2 2 0 , 0 2 2 4 , 0 2 2 6 . 0 3 3 2 , 0 3
C U H V E /» «N b £. j f  = l) ,  7 * 7 7 . 3 0 1 4 , 6 0 2 1 . 9 0 2 9 .  cO 3 6 . 5 0 4 3 , 8 0 5 1 . 1 0 5 6 , 4 0
C U R V E /1ANGEN f  = 1 . 1 0 5 9 . 1 3 1 6 , 2 6 2 7 , 3 9 3 6 . 5 2 4 5 . 6 5 5 4 , 7 6 6 3 . 9 1 7 3 , 0 4

DOLLAR VALUE AT 10S DISCOUNT RATE BY ANNUAL MILEAGE

ANNUAL MILEAGE 1 2 5 0 0 , 2 5 0 0 0 , 3 7 5 0 0 , 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , d 7 5 0 0 . 100000.
c u h v e / i a n g e n t s 0 . 1 2 4 9 . 9 1 1 9 . 8 2 2 9 . 7 3 3 9 . 6 4 4 9 . 2 5 5 6 . 6 7 6 3 . 6 5 6 6 . 9 6
c u r v e / i a n g e n T s 0 . 1 6 5 1 5 ,  * 3 3 1 . 8 5 4 7 , 7 8 6 3 . 7 0 7 9 . 1 5 9 1 . 0 7 1 0 2 . 2 6 1 1 0 , 6 5

c u r v e / i a n u e n t = 0 . 3 b8 3 7 . 7 4 7 5 . 4 9 1 1 3 . 2 3 1 5 0 . 9 8 1 8 7 . 5 8 2 1 5 . 6 4 2 4 2 . 4 0 2 6 2 . 7 0

C U R V E /1 ANBENTs 0 . 7 3 7 6 6 . 8 2 1 3 7 . 6 3 2 0 6 , 4 5 2 7 5 . 2 7 3 4 1 . 5 9 3 9 3 . 5 3 4 4 1 . 9 5 4 7 6 . 9 6
C U R V E /1ANGENTs 1 . 1 0 5 3 b .  U7 1 7 2 . 1 4 2 5 6 . 2 1 3 4 4 . 2 6 4 2 7 . 7 3 4 9 2 . 2 0 5 5 2 , 7 5 5 9 9 . 0 3

OOLLAK VALUE AT 8#  DISCOUNT Ra TE BT a n n u a l  m i l e a g e

ANNUAL MILEAGE 1 2 5 0 0 . * 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0  « 6 2 5 0 0 . 7 5 0 0 0 , 6 7 5 0 0 . 100000.
c u r v e / ' a n g e n t = 0 . 1 2 4 1 1 . 6 4 ■ 2 3 . 6 7 3 5 . 5 1 4 7 . 3 4 5 6 . 6 5 6 6 . 4 1 7 3 . 7 1 7 8 . 6 2
C U R V E /1ANGENTs 0 . 1 8 5 1 9 . 0 2 3 6 . 0 4 5 7 . 0 6 7 6 . 0 6 9 4 . 2 6 1 0 6 . 7 3 1 1 8 . 4 6 1 2 6 . 6 7
c u r v e / i a n g e n t ? 0 . 3 6 6 4 5 , 0 8 9 0 . 1 5 1 3 5 . 2 3 1 6 0 . 3 0 2 2 3 . 3 9 2 5 2 . 9 4 2 8 0 . 7 5 3 0 0 . 1 9

CURVE/ IA NGL NTs 0 . 7 3 7 6 2 . 1 8 l b 4 , 3 6 2 4 6 . 5 5 3 2 8 . 7 3 4 0 7 . 2 6 4 6 1 . 1 6 5 1 1 . 8 6 5 4 7 . 3 2
CURVE /IA NGENT s 1 . 1 0 5 1 0 2 , 7 9 2 0 5 . 5 7 3 0 6 . 3 6 4 1 1 . 1 5 5 0 9 . 4 0 5 7 6 . 7 6 6 4 0 , 1 9 6 6 4 . 5 4

OOLLAK VALUE AT £>* DISCOUNT RATE BY ANNUAL MILEAGE
ANNUAL MILEAGE 1 2 5 0 0 , 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 6 7 5 0 0 . 100000,
CURVE /IA NGENT s 0 . 1 2 4 1 4 . 4 7 2 8 , 9 4 4 3 . 4 1 5 7 , 6 8 7 1 . 4 4 7 9 , 1 6 6 6 . 5 7 9 1 . 0 6
C U R V E /1ANGENTs 0 . 1 6 5 2 3 , 2 5 4 6 . 5 1 6 9 , 7 6 9 3 , 0 2 1 1 4 . 6 0 1 2 7 . 2 2 1 3 9 . 1 2 1 4 6 . 3 4

CURVE/1ANGENTs 0 . 3 6 6 5 5 . 1 1 1 1 0 . 2 3 1 6 5 . 3 4 2 2 0 . 4 5 2 7 2 . 0 8 3 0 1 . 5 0 3 2 9 . 7 2 3 4 6 . 6 2
C U R V E /1ANGENTs 0 . 7 3 7 1 0 0 , 4 6 2 0 0 . 9 7 3 0 1 . 4 5 4 0 1 . 9 3 4 9 6 . 0 6 5 4 9 . 7 1 6 0 1 . 1 5 6 3 2 . 3 3
CURVE/TANGENTs 1 . 1 0 5 1 2 5 , 6 0 2 5 1 . 3 5 3 7 7 , 0 3 5 0 2 , 7 0 6 2 0 . 4 3 6 6 7 . 5 3 7 5 1 , 6 6 7 9 0 , 6 7

DOLLAR VALUE AT 4X DISCOUNT RATE BY ANNUAL MILEAGE

ANNUAL MILEAGE 1 2 5 0 0 , 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 , 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 100000.
CURVE/TANGENTs 0 . 1 2 4 1 6 . 1 6 3 6 . 3 6 5 4 . 5 4 7 2 . 7 1 8 9 . 2 7 9 6 . 1 7 1 0 3 * 2 4 1 0 6 . 4 7
CURVE /IA NGENT s 0 . 1 6 5 2 9 . 2 1 5 6 . 4 3 8 7 . 6 4 1 1 6 , 8 5 1 4 3 . 4 6 1 5 4 , 5 5 1 6 5 . 9 1 171.10
CURVE/1ANGENTs 0 . 3 6 6 6 9 . 2 4 1 3 6 , 4 7 2 0 7 . 7 1 2 7 6 . 9 4 3 4 0 . 0 1 3 6 6 . 2 9 3 9 3 . 2 0 4 0 5 , 4 9
CURVl / I A N G E N T s 0 . 7 3 7 1 2 6 . 2 3 2 5 2 . 4 b 3 7 Q . 7 o 5 0 4 , 9 3 6 1 9 . 9 1 6 6 7 , 6 2 7 1 6 . 8 9 7 3 9 , 3 1

c u r v e / i a n g e n t = 1 . 1 0 5 1 5 7 . 8 8 3 1 5 . 7 b 4 7 3 . 6 i * 6 3 1 . 5 2 7 7 5 . 3 3 6 3 5 . 2 5 8 9 6 . 6 3 9 2 4 . 6 6

DOLLAR VALUE AT 2 *  DISCOUNT RATE BY ANNUAL MILEAGE

ANNUAL MILEAGE 1 2 5 0 0 . 2 5 0 0 0 , 3 7 5 0 0 , 5 0 0 0 0 . 6 2 5 0 U . 7 5 0 0 0 . 6 7 5 0 0 .  . 100000.
CURVE/IA NGENT s 0 . 1 2 4 2 3 . 5 4 4 7 , 0 9 • 7 0 . 6 3 9 4 . 1 6 1 1 4 . 6 2 1 1 9 . 3 0 1 2 5 . 1 6 1 2 6 , 0 9
CURVE/IA NGENT s 0 . 1 6 5 3 7 , 0 4 7 5 , 6 7 1 1 3 . 5 1 1 5 1 . 3 5 1 6 4 . 5 2 1 9 1 , 7 2 2 0 1 . 1 7 2 0 2 . 6 2

CURVE /IA NGLNTs 0 . 3 6 6 0 9 . 6 7 1 7 9 , 3 5 2 6 9 . 0 2 3 5 8 , 6 9 4 3 7 . 3 2 4 5 4 . 3 6 4 7 6 . 7 8 4 0 0 , 2 2
CURVE/IA NGENT s 0 . 7 3 7 1 6 3 , 4 9 3 2 6 . 9 9 4 9 0 . 4 6 6 5 3 , 9 8 7 9 7 . 3 2 6 2 6 . 4 3 8 6 9 . 2 8 6 7 5 , 5 4

CURVE/IA NGENT s 1 . 1 0 5 2 0 4 , 4 9 4 0 8 . 9 7 6 1 3 . 4 6 8 1 7 . 9 4 9 9 7 . 2 2 1 0 3 6 . 1 3 1 0 6 7 i 2 2 1 0 9 5 . 0 5

DOLLAR VALUE AT 0 *  DISCOUNT RATE BY ANNUAL MILEAGE
ANNUAL MILEAGE 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 • 6 2 5 0 U . 7 5 0 0 0 , 6 7 5 0 0 , 100000.
CURVE /IA NGENT s 0 . 1 2 4 3 1 . 5 4 b3 • Ob 9 4 . 6 1 1 2 6 . 1 5 1 5 2 . 4 4 1 5 1 . 3 6 1 5 4 , 5 4 1 5 1 . 3 6
CURVE/ IA NGL NTs 0 . 1 8 5 5 0 , 6 8 1 0 1 , 3 7 1 5 2 . 0 5 2 0 2 . 7 3 2 4 4 . 9 7 2 4 3 . 2 0 2 4 6 * 3 5 2 4 3 . 2 6
CURVE/ IA NGL NTs 0 . 3 b 6 1 2 0 . 1 2 2 4 0 . 2 4 3 6 0 . 3 5 4 8 0 . 4 7 5 6 0 . 5 7 5 7 6 . 5 7 5 6 6 . 5 6 5 7 6 . 5 7

C U R V E /1ANGENTs 0 . 7 3 7 2 19 .  U 0 4 3 6 . 0 0 6 5 7 . UU d7b.O O 1056. ' ->1 1 0 5 1 . 2 1 1 0 7 3 , 1 1 1 0 5 1 . 2 1

C U R V E /1ANGENTs 1 . 1 0 5 2 7 3 . 9 1 5 4 7 . 6 2 6 2 1 . 7 2 1 0 9 5 . 6 3 1 3 2 3 . 6 9 1 3 1 4 . 7 6 1 3 4 2 , 1 5 1 3 1 4 , 7 6

a s s u m e d  c a r  l i f e 3 0 . 0 3 0 . 0 3 J .  0 3 0 . 0 2 8 . 6 2 4 . 0 2 0 . 6 1 6 . 0

T A B L E  5 - 9 . F U E L  S A V I N G S  F O R  A L U S U I S S E  T R U C K

DULLARS/YEAR BY ANNUAL MILEAGE
ANNUAL MILEAGE 1 2 5 0 0 . 2 5 0 0 0 . 5 7 5 0 U . 5 0 0 0 0 . 6 2 5 0 U . 7 5 0 0 0 . 6 7 5 0 0 . 1 0 0 0 0 0 .
C U R V E /1ANGENTs 0 . 1 2 4 - 0 . 0 9 - 1 . 7 9 - 2 . 6 0 - 3 . 5 6 - 4 . 4 7 - 5 . 3 6 - 6 . 2 6 - 7 , 1 5
CURVE/TANGENTs 0 .  I b 5 - 1 . 5 0 - 5 . 1 b - 4 . 7 4 - 6 . 3 2 - 7 . 9 0 - 9 . 4 0 - 1 1 . 0 6 • 1 2 . 6 4
CURVE/TANGENT= 0 . 3 6 8 - 1 . 9 7 - 3 . 9 5 - 5 . 9 2 - 7 . 8 9 - 9 . 6 7 - 1 1 . 6 4 - 1 3 , 6 1 - 1 5 . 7 9
CURVL/IANGC-JTs 0 . 7 3 7 - 3 . 2 1 - 6 . 4 1 - 9 . f a 2 - 1 2 . 6 3 - 1 6 . 0 3 - 1 9 . 2 4 - 2 2 . 4 5 - 2 5 . 6 6
CURVE/ IA NGL NTs l . l U S - 2 . 6 0 - 5 . 2 0 - 7 . flu - 1 0 . 4 0 - 1 3 . 0 0 - 1 5 . 5 9 - 1 6 . 1 9 - 2 0 , 7 9

DOLLAR VALUE AT 10X DISCOUNT RATE BY ANNUAL MILEAGE
ANNUAL MILEAGE 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 U • 7 5 0 0 0 . 8 7 5 0 0 , 1 0 0 0 0 0 .
CURVE /IA NGENT s 0 . 1 2 4 - 8 . 4 3 - 1 6 . 6 5 - 2 5 . 2 6 - 3 3 . 7 0 - 4 1 . 6 7 - 4 6 . 1 6 - 5 4 . 1 1 - 5 6 . 6 4
CURVE /IA NGENT s 0 . 1 6 5 - 1 4 . 9 0 - 2 9 . 6 0 - 4 4 . 6 9 - 5 9 . 5 9 - 7 4 . 0 4 • 8 5 . 2 0 - 9 5 . 6 6 - 1 0 3 . 6 9
CURVE/ IA NGL NTs 0 . 3 6 0 - 1 6 . 6 0 - 3 7 . 2U - 5 5 . 6U - 7 4 . 4 0 - 9 2 . 4 4 - 1 0 6 . 3 7 - 1 1 9 . 4 6 - 1 2 9 , 4 6
CURVE/IA NGENT s 0 . 7 3 7 - 3 0 , 2 3 - 6 0 . 4 6 - 9 0 . 6 9 - 1 2 0 . 9 3 - 1 5 0 . 2 4 - 1 7 2 . 0 8 - 1 9 4 . 1 5 - 2 1 0 . 4 1
CURVE/ IA NGL NTs 1 . 1 0 5 - 2 4 . 5 0 - 4 9 . 0 0 - 7 3 . 5 0 • 9 6 . 0 0 - 1 2 1 . 7 6 - 1 4 0 . 1 1 - 1 5 7 . 3 5 - 1 7 0 . 5 3

DOLLAR VALUE AT 6X OISCOUNT RATE BY ANNUAL MILEAGE
ANNUAL MILEAGE 1 2 5 0 0 , 2 5 0 0 0 , 3 7 5 0 0 , 5 0 0 0 0 , 6 2 5 0 0 . 7 5 0 0 0 . 6 7 5 0 0 , 1 0 0 0 0 0 .
CURVE/1AN(,ENTs 0 . 1 2 4 - 1 0 . 0 6 - 2 0 . 1 2 - 3 0 . 1 9 - 4 0 . 2 5 - 4 9 . 8 7 - 5 6 . 4 6 - 6 2 , 6 7 • 6 7 . 0 1
CURVE/IA NGENT s 0 . 1 0 5 - 1 7 . 7 9 - 3 5 . 5 8 - 5 3 . 3 8 - 7 1 . 1 7 - 6 6 . 1 7 - 9 9 , 6 4 - 1 1 0 . 8 1 - 1 1 8 . 4 9
CURVE /IA NGENT s 0 . 3 6 8 - 2 2 . 2 1 • 4 4 . 4 3 - 6 6 . 6 4 - 6 8 , 8 5 - 1 1 0 . 0 9 - 1 2 4 . 6 5 - 1 3 6 . 3 5 - 1 4 7 , 9 4
CURVE /IA NGENT s 0 . 7 3 7 • 3 6 . 1 0 - 7 2 . 2 1 • 1 0 6 . 3 1 - 1 4 4 . 4 1 - 1 7 8 . 9 2 - 2 0 2 . 5 9 - 2 2 4 . 6 6 - 2 4 0 . 4 4
CURVE/IA NGENT s 1 . 1 0 5 - 2 9 , db • 5 6 . 5 2 - 8 7 . 7 8 - 1 1 7 . 0 4 - 1 4 5 . 0 1 - 1 6 4 . 1 9 - 1 6 2 . 2 4 - 1 9 4 . 6 6

DOLLAR VALUE AT 6X DISCOUNT RATE BY ANNUAL 1MILEA6E
ANNUAL MILEAGE 1 2 5 0 0 , 2 5 0 0 0 , 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 .
CURVE /IA NGLNTs 0 . 1 2 4 - 1 2 . 3 0 - 2 4 , 6 1 - 3 6 . 9 1 • 4 9 . 2 1 - 6 0 . 7 4 - 6 7 , 3 0 - 7 3 . 6 0 - 7 7 , 4 2
CURVE /IA NGENT s 0 . 1 6 5 - 2 1 . 7 5 . - 4 3 . 5 1 - 6 5 . 2 6 - 8 7 . 0 2 - 1 0 7 . 3 9 - 1 1 9 . 0 1 - 1 3 0 . 1 4  - - 1 3 6 . 9 0
CURVE /IA NGENT s 0 . 3 6 6 - 2 7 . 1 6 - 5 4 , 3 2 - 8 1 . 4 8 - 1 0 8 . 6 4  . - 1 3 4 . 0 6 - 1 4 6 . SO - 1 6 2 . 4 9 - 1 7 0 . 9 2
c u r v e / i a n g e n T s 0 . 7 3 7 - 4 4 . 1 4 • 8 6 . 2 9 • 1 3 2 , 4 3 - 1 7 6 . 5 7 - 2 1 7 . 9 2 - 2 4 1 . 4 9 - 2 6 4 . 0 8 - 2 7 7 . 7 9
CURVE /IA NGENT s 1 . 1 0 5 - 3 5 . 7 8 - 7 1 . 5 5 - 1 0 7 . 3 3 - 1 4 3 . 1 0 - 1 7 6 . 6 1 - 1 9 5 . 7 1 - 2 1 4 . 0 3 - 2 2 5 . 1 3

DOLLAR VALUE AT 4X DISCOUNT RATE BY ANNUAL 1m i l e a g e
ANNUAL MILEAGE 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 . 8 7 5 0 0 , 1 0 0 0 0 0 .
CURVE/TANGENTs 0 . 1 2 4 - 1 5 . 4 6 - 3 0 . 9 1 - 4 6 . 3 7 • 6 1 . 8 2 - 7 5 . 9 0 - 8 1 . 7 7 - 6 7 . 7 7 - 9 0 . 5 2
CUHVE/IA NGENT s O . l 0 b - 2 7 . 5 3 - 5 4 . 6 6 - 8 1 . 9 6 • 1 0 9 . 3 1 - 1 3 4 , 2 1 - 1 4 4 . 5 6 - 1 5 5 . 2 0 - 1 6 0 . U S
CURVE /IANGENTs 0 . 3 6 8 - 3 4 . 1 2 - 6 6 . 2 4 - 1 0 2 . 3 6 - 1 3 6 . 4 8 • 1 6 7 . 5 6 - 1 6 0 , 5 1 - 1 9 3 . 7 7 - 1 9 9 . 8 3
CURVE /IA NGENT s 0 . 7 3 7 - 5 5 . 4 5 - 1 1 0 . 9 1 - 1 6 6 . 3 6 - 2 2 1 . 8 2 - 2 7 2 . 3 3 - 2 9 3 . 3 7 - 3 1 4 . 9 3 - 3 2 4 , 7 6
CURVE /IA NGLNTs 1 . 1 0 5 - 4 4 . 9 4 - 8 9 . 8 9 - 1 3 4 . 0 3 - 1 7 9 . 7 7 - 2 2 0 . 7 1 - 2 3 7 . 7 7 • 2 5 5 . 2 4 - 2 6 3 . 2 2

DOLLAR VALUE AT 2X DISCOUNT RATE BY ANNUAL 1MILEAGE
ANNUAL MILEAGE 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 , 7 5 0 0 0 . 8 7 5 0 0 , 1 0 0 0 0 0 .
CURVE /IA NGENT s 0 . 1 2 4 - 2 0 . 0 2 - 4 0 . 0 4 - 6 0 . 0 5 - 8 0 , 0 7 - 9 7 . b2 - 1 0 1 . 4 3 - 1 0 6 * 1 3 - 1 0 7 . 2 0
CURVE/ IA NGL NTs 0 . 1 8 5 - 3 5 . 4 0 - 7 0 . 7 9 - 1 0 6 . 1 9 • 1 4 1 . 5 8 - 1 7 2 . 6 1 - 1 7 9 . 3 5 - 1 6 8 . 1 9 - 1 6 9 . 3 5
CURVE/ IA NGL NTs 0 . 3 6 6 - 4 4 , 1 9 - 8 8 . 3 8 - 1 3 2 . 5 7 - 1 7 6 . 7 7 - 2 1 5 . 5 1 - 2 2 3 . 9 2 - 2 3 4 . 9 6 - 2 3 6 . 6 9
CURVE /IA NGLNTs 0 . 7 3 7 -  7 1 . 8 2 - 1 4 3 . 6 5 - 2 1 5 . 4 7 - 2 8 7 . 2 9 - 3 5 0 . 2 7 - 3 6 3 . 9 3 - 3 8 1 . 8 7 - 3 8 4 , 6 3
CURVE/ IA NGL NTs 1 . 1 0 5 - 5 8 . 2 1 - 1 1 6 . 4 2 - 1 7 4 . 6 3 - 2 3 2 . 6 4 - 2 6 3 . 0 7 - 2 9 4 . 9 5 - 3 0 9 . 4 9 - 3 1 1 . 7 2

DOLLAR VALUE AT OS DISCOUNT. RATE BY ANNUAL 1MILEAGE
a n n u a l  m i l e a g e 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 , 6 2 5 0 U . 7 5 0 0 0 . 6 7 5 0 0 , 1 0 0 0 0 0 .
c u r v e / i a n g e n T s 0 . 1 2 4 - 2 6 . 0 1 -  b 5 , b 3 - 6 0 . 4 4 - 1 0 7 . 2 6 - 1 2 9 . 6 0 • 1 2 6 . 7 1 - 1 3 1 . 3 9 - 1 2 6 . 7 1
c u r v e / i a n g e n T s U . 1 8 S - < * 7 . 4 1  - - 9 4 . 0 2 - 1 4 2 . 2 4 - 1 0 9 . 6 5 • 2 2 9 . 1 6 - 2 2 7 . 5 8 - 2 3 2 . 3 2 - 2 2 7 . 5 6
c u r v i . / i a n g l u Ts 0 .3 h Q -  j  9 , 1 9 - 1 1 A . 3 9 - 1 7 7 . 5 8 - 2 3 6 . 7 0 - 2 6 6 . 1 1 - 2 8 4 . 1 3 - 2 9 0 . 0 5 - 2 3 4 . 1 3
c u r v e / i a n g e n T s 0 . 7 3 7 - 9 6 . 2 1 - 1 9 2 . 4 2 - 2 8 0 . b2 - 3 0 4 . 8 3 - 4 6 5 . 0 0 - 4 6 1 , 8 0 - 4 7 1 . 4 2 - 4 6 1 . 6 0
CU RVE /IA NGL NT s 1 . l u b - 7 7 . 9 7 - 1 5 5 . 9 4 - 2 3 3 . 9 2 - 3 1 1 . 8 9 - 3 7 6 . 6 6  ‘ - 3 7 4 . 2 6 - 3 8 2 . 0 6 - 3 7 4 , 2 6

a s s u m e d  CAR l i f e 3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0 2 6 . 6 2 4 , 0 2 0 . 6 1 8 . 0
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TABLE 5-10. FUEL SAVINGS FOR BARBER-SCHEFFEL TRUCK
o o l l a r s / y e a r B Y  A N N U A L M I L E A G E

A N N U A L  MI L E AGE . 1 2 5 0 U . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
C U R V E / I A N g E N T s 0 . 1 2 9 - 3 . 3 * 4 - 6 . t > 9 - 1 0 . 0 3 - 1 3 . 3 d - 1 6 . 7 2 - 2 0 . 0 7 - 2 3 . 9 1 - 2 6 , 7 6
c u k v e / i a n g l w t = 0 . 1 6 5 - 1 . 7 9 - 3 . 5 8 - 5 . 3 7 - 7 . 1 6 - 8 . 9 5 - 1 0 . 7 9 - 1 2 . 5 3 - 1 9 . 3 2
C U K V E / r A N G E N T = 0 . 3 b t t  ■ l . b < 4 3 . 2 8 9 . 9 2 6 . 5 5 8 . 1 9 9 . 6 3 1 1 . 9 7 1 3 . 1 1
C U H V E / I A N G E N T s 0 . 7  57 1 1 . 9 6 2 3 . 9 6 3 5 . 9 9 9 7 . 9 2 5 9 . 9 0 7 1 . 6 6 8 3 . 8 6 9 5 . 8 9
C U R V L / I A N G E N T s 1 . 1 0 5 1 6 . 7 2 33.<4*4 5 0 . 1 5 6 b  . 6 7 6 3 . 5 9 1 0 0 . 3 1 1 1 7 , 0 2 1 3 3 . 7 9

D O L L A R  V A L U E A T  1 0 *  D I S C O U N T  R A T E BY ANNUAL MILEAGE
A N N U A L  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 . 8 7 5 0 0 . 1 0 0 0 0 0 .
C U R v t / 1 a n g e n  r = 0 . 1 2 9 - 3 1 . 5 3 - b 3 . 0 6 - 9 9 . 6 0 - 1 2 b . 1 3 - 1 5 6 . 7 0 - 1 8 0 . 3 2 - 2 0 2 . 5 0 - 2 1 9 . 9 6
C U R V E / 1A N G E N T s 0 . 1 6 5 - 1 6 . 8 7 - 3 3 . 7 * 4 - 5 0 . 6 2 - b 7 , 9 9 - 8 3 . 8 5 - 9 6 . 9 9 - 1 0 8 . 3 6 - 1 1 7 , 9 3
C U R V E / I A N G E N T s 0 . 3 G 6 1 5 ,  *45 3 0 , 6 9 9 6 . 3 * 4 6 1 . 7 9 7 6 . 7 7 6 6 . 3 9 9 9 . 2 1 1 0 7 . 5 1
c u r v e / t a n g e n t = 0 . 7 3 7 1 1 2 . 9 3 2 2 5 . 8 7 3 3 6 . 6 0 9 5 1 . 7 3 5 6 1 . 2 3 6 9 5 . 8 2 7 2 5 . 2 7 7 8 6 , 0 2
C U R V E / I A N G E N T = 1 . 1 0 5 1 5 7 . 5 9 3 1 5 . 1 9 9 7 2 . 7 8 6 3 0 . 3 6 7 8 3 . 1 8 9 0 1 , 2 1 1 0 1 2 . 0 9 1 0 9 6 . 6 5

D O L L A R  V A L U E A T  8 *  D I S C O U N T  R A T E BY a n n u a l  m i l e a g e
A N N U A L  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0 . 6 2 5 U u . 7 5 0 0 0 . 8 7 5 0 0 . 1 0 0 0 0 0 .
c u r v e / i a n g e n t = 0 . 1 2 9 - 3 7 . 6 6 - 7 5 . 3 1 - 1 1 2 . 9 7 - 1 5 0 . 6 2 - 1 6 6 . 6 2 - 2 1 1 . 3 0 - 2 3 9 . 5 3 - 2 5 0 . 7 8
C U R V E / I A w g E N T s 0 . 1 0 5 - 2 0 . 1 5 - 9 0 . 3 0 - b 0 . 9 b - 6 0 . 6 0 - 9 9 . 6 6 - 1 1 3 . 0 7 - 1 2 5 . 5 0 - 1 3 9 . 1 9
c u r v e / i a n g e n t = 0 • 3bd 1 8 . * 4 5 3 6 . 9 0 5 5 . 3 9 7 3 . 7 9 9 1 . 9 2 1 0 3 . 5 2 1 1 9 . 9 0 1 2 2 . 6 6
C U R V E / 1A N G E N T ? 0 . 7 3 7 1 3 * 4 . 8 7 2 6 9 . 7 3 9 0 9 . 6 0 5 3 9 . 9 7 6 6 6 . 3 8 7 5 6 . 6 0 6 9 0 . 0 0 8 9 8 , 2 0
c u r v e / i a n g e n t ? 1 . 1 U 5 1 6 6 . 2 0 3 7 6 . 9 0 5 6 9 . b l 7 5 2 . 8 1 9 3 2 . 7 0 1 0 5 6 . 0 9 1 1 7 2 , 1 9 1 2 5 3 , 9 0

D O L L A R  V A L U E A T  6 *  D I S C O U N T  R A T E BY a n n u a l  MILEAGE
A N N U A L  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
C U R V E / T A N G E N T S 0 . 12*4 - *46. 0*4 - 9 2 . 0 6 - 1 3 8 . 1 2 - 1 8 9 . 1 7 - 2 2 7 . 3 0 - 2 5 1 . 6 8 - 2 7 5 . < * 9 - 2 8 9 . 7 9
C U R V E / I A N G E N T s 0 . 1 6 5 - 2 9 .  6*4 - 9 9 . 2 7 - 7 3 . 9 1 - 9 6 . 5 5 - 1 2 1 .  t>2 - 1 3 9 . 7 8 - 1 * 4 7 . 3 9 - 1 5 5 . 0 3
C U R V E / I A N G E N T s 0 . 3 6 6 2 2 . 5 6 9 5 . 1 1 6 7 . 6 7 9 0 . 2 2 1 1 1 . 3 5 1 2 3 . 3 9 1 3 9 . 9 9 1 9 1 . 9 9

c u r v e / i a ^ g l n t = 0 . 7 3 7 1 6 * 4 . 9 0 3 2 9 . 6 0 9 9 9 . 7 0 6 5 9 . 6 0 8 1 9 . 0 7 9 0 2 . 1 1 9 8 6 . 5 3 1 0 3 7 , 7 1

c u r v e / t a n g e n t = 1 . 1 0 5 2 3 0 . 1 1 9 6 0 , 2 3 6 9 0 . 3 9 9 2 0 . 9 5 1 1 3 6 . 0 1 1 2 5 8 . 6 6 1 3 7 6 . 6 6 1 9 9 8 . 0 8

D O L L A R  V A L U E A T  9 *  D I S C O U N T  R A T E BY ANNUAL MILEAGE
A N N U A L  m i l e a g e 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . b 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
C U R V E / I A N G E N T s 0 • 12*4 - 5 7 . 8 * 4 - 1 1 5 . 6 8 - 1 7 3 . 5 2 - 2 3 1 , 3 6 - 2 8 9 . 0 9 - 3 0 5 . 9 9 - 3 2 8 .  <*8 - 3 3 8 . 7 5
C u R V E / T A N G L N T s 0 . 1 6 5 - 3 0 . 9 5 - 6 1 . 9 0 - 9 2 . 8 5 - 1 2 3 . 8 0 - 1 5 1 . 9 9 - l b 3 . 7 3 - 1 7 5 . 7 7 - 1 8 1 . 2 6
C U R V E / I A N G E N T s 0 . 3 8 8 2 6 . 3 * 4 5 6 . 6 7 8 5 . 0 1 1 1 3 . 3 9 1 3 9 . 1 5 1 9 9 , 9 1 1 6 0 . 9 2 l b 5 . 9 5
C u r v e / i a n g e n T s 0 . 7 3 7 2 0 7 . l b 9 1 9 . 3 1 6 2 1 . 9 7 8 2 8 . 6 3 1 0 1 7 . 3 2 1 0 9 5 . 9 9 1 1 7 6 . * 4 8 1 2 1 3 . 2 6
C U R V E / T A N G l n T s 1 . 1 0 5 2 6 9 . 0 6 5 7 8 . 1 b 6 6 7 , 2 9 1 1 5 6 . 3 2 1 9 1 9 . 6 3 1 5 2 9 , 3 5 1 6 9 1 . 7 3 1 6 9 3 . 0 6

D O L L A R  V A L U E A T  2 *  D I S C O U N T  R a T E BY ANNUAL MILEAGE
a n n u a l  m i l e a g e 1 2 5 0 0 . 2 5 0 Q U . 3 7 5 0 0 , 5 0 0 0 0 , 6 2 5 0 0 . 7 5 0 0 0 . 8 7 5 0 0 . 1 0 0 0 0 0 .
C U R V E / I A N G E N T s 0. 12*4 - 7 * 4 . 9 1 - 1 9 9 . 6 3 - 2 2 9 . 7 9 - 2 9 9 . 6 5 - 3 6 5 . 3 3 - 3 7 9 . 5 9 - 3 9 8 . 3 0 - 9 0 1 . 1 7
C U R V E / I A N G E N T s O . l t o b - * 4 0 , 0 9 - 8 0 . 1 7 - 1 2 0 . 2 6 - 1 6 0 . 3 9 - 1 9 5 , 9 9 - 2 0 3 . 1 1 - 2 1 3 . 1 3 - 2 1 9 . 6 6
C U R V E / I A N G E N T s 0 • 3 6 6 3 6 . 7 0 7 3 . 9 0 1 1 0 . 1 0 1 9 6 . 8 0 1 7 8 , 9 8 1 8 5 . 9 b 1 9 5 . 1 3 1 9 6 . 5 3
C U R V E / I A N G E N T s 0 . 7 3 7 2 6 8 . 3 1 5 3 6 . 6 1 8 0 9 . 9 2 1 0 7 3 . 2 3 1 3 0 6 . 9 7 1 3 5 9 . 5 2 1 9 2 b . 5 5 1 9 3 6 . 6 2
C U R V E / 1A N G E N T s 1 . 1 0 5 37*4.  *41 7 9 8 . 8 2 1 1 2 3 . 2 9 1 9 9 7 . 6 5 1 8 2 5 . 9 2 1 8 9 7 . 1 6 1 9 9 0 . 6 9 2 0 0 5 . 0 3

O U L L A R  V A L U E A T  0 *  D I S C O U N T  H A T E B Y A N N U A L  M I L E A G E
a n n u a l  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
c u r v e / i a n g e n T s 0 . 1 2 9 - 1 0 0 . 3 5 - 2 0 0 . 6 9 - 3 o l . 0 9 - 9 0 1 . 3 9 - 9 8 5 . 0 1 - 9 6 1 . 6 6 - 9 9 1 . 7 0 - 9 8 1 . G6
C J R V E / 1A N g L N T s 0 . 1 6 5 -  5 3 .  b 9 - 1 0 7 . 3 9 - l b l . 0 8 - 2 1 9 . 7 8 - 2 5 9 . 5 2 - 2 5 7 . 7 3 - 2 6 3 . 1 0 - 2 5 7 . 7 3
c u r v e / i a n g l n T s 0 . 3 f e e * 4 9 . l b 9 6 . 3 2 1 9 7 , 9 8 1 9 b . t > 9 2 3 7 . b l 2 3 5 , 9 7 2 9 0 . 8 8 2 3 5 . 9 /
C U R V E / l A I J G k  N T s 0 . 7 3 7 3 5 9 . 9 0 7 1 6 .  ' 9 1 0 7 8 . 1 9 1 9 3 7 . 5 9 1 7 3 7 . 0 9 1 7 2 5 , 1 1 1 7 6 1 , 0 5 1 7 2 5 . 1 1
C U R V E / I A N G E N T s 1 . 1 0 b 5 0 1 . 5 3 1 0 0 3 . 0 5 1 5 0 9 , 5 6 2 0 0 6 . 1 0 2 9 2 9 . 0 9 2 9 0 7 . 3 2 2 9 5 7 . 9 8 2 9 0 7 . 3 2

A S S U . 1 L U  C A R  L I F T 3 0 , 0 3 0 . 0 3 0 . 0 3 0 . 0 2 6 . 8 2 9 , 0 2 0 . b 1 8 . 0

TABLE 5-11. FUEL SAVINGS FOR DEVINE-SCALES TRUCK
U U L L A K S / Y E A R B Y  A N N U A L M I L E A G E

A N N U A L  M I L E a GL 1 2 5 0 0 . 2 5 0 0 0 . 3 7a in, . b O u O O . 6 2 5 0 0 , 7 5 0 0 0 . 8 7 5 0 0 . 1 0 0 0 0 0 .
c u r v e / i a n g e n T s 0 . 1 2 9 - 5  ,  dO - 1 1 . 3 9 - 1 7 , 3 9 - 2 3 . 1 6 - 2 8 . 5 8 - 3 9 . 7 8 - 9 0 . 5 7 - 9 6 . 3 7
C u R V L / i a n g l n T s u . l f l b - 9 . 3 1 - d . 6 2 -  1 2 . 9 3 - 1 7 . 2 9 - 2 1 . 5 5 - 2 5 . 6 6 - 3 0 . 1 7 - 3 9 . 9 8
C U R V L / I a n g e n T s U . 3 b u 0 . 9  7 1 , 9 3 2 , 9 0 3 . 8 / 9 . 8 3 5 . 6 0 6 . 7 6 7 . 7 3
C U R V E / I A H u t N T s 0 . 7 3 7 1 3 . 3 5 2 6 , b 9 9 0 . 0 9 5 3 . 3 9 6 6 . 7 3 8 0 . 0 8 9 3 . 9 2 1 0 6 . 7 7
C U R V E / I A N G E N T s l . l u s 2 U .  79 9 1 . 5 7 6 2 . 3 6 0 3 . 1 9 1 0 3 . 9 3 1 2 9 . 7 2 1 9 5 . 5 0 1 6 6 . 2 9

D O L L A R  V A L U E A T  1 0 *  D I S C O U N T  R a T E BY a n n u a l  m i l e a g e
a n n u a l  m i l e a g e 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 U 0 0 U . 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 ,
C U R V E / I A N G L N T s 0 . 1 2 9 - 5 9 . b 9 - 1 0 9 . 2 d - I b 3 . 9 2 - 2 1 8 . 5 6 - 2 7 1 . 5 3 - 3 1 2 . 9 6 - 3 5 0 . 9 0 - 3 8 0 . 2 9
C U K V l / T A n G E U T s O . l u b - 9 0 . b 3 - B l , 2 5 - 1 2 1 . 8 8 - 1 6 2 . 5 0 - 2 0 1 . 9 0 - 2 3 2 . 3 2 - 2 6 0 . 9 1 - 2 6 2 . 7b
C U R V E / I A N o L i\|I = 0 . 3 b 6 9 . 1 1 1 6 . 2 2 2 7 . 3 3 3 6 . 9 9 9 5 . 2 7 5 2 . 0 9 5 6 . 5 0 6 3 , 9 0
C U R V E / I A N G E N T s y . 7 3 7 1 2 5 . d l 2 5 1 . 6 3 3 7 7 . 9 9 5 0 3 , 2 6 6 2 5 . 2 5 7 1 9 . 9 8 8 0 0 , 0 0 8 7 5 . 6 7
C U R V L / I A N g L N T s 1 . 1 0 5 1 9 5 . 9 5 3 9 1 , B 9 5 8 7 . 8 9 7 8 3 . 7 8 9 7 3 . 7 7 1 1 2 0 . 5 3 1 2 5 8 . 3 9 1 3 6 3 . 7 8

D O L L A R  V A L U E A T  6 *  D I S C O U N T  H a T E BY A N N U A L  M I L E A G E
a n n u a l  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
c u r v e / i a n G E N T s 0 . 1 2 9 - 6 5 . 2 5 - 1 3 0 . 5 0 - 1 9 5 . 7 5 - 2 6 1 . 0 0 - 3 2 3 . 3 7 - 3 6 6 . 1 5 - 9 0 6 .  *»1 - 9 3 9 . 5 6
C U R V E / I A N G E N T s 0 . 1 6 5 - 9 8 . j 2 - 9 7 . 0 3 - 1 9 5 . 5 5 - 1 9 9 . 0 7 - 2 9 0 . 9 9 - 2 7 2 . 2 5 - 3 0 2 . 1 8 - 3 2 3 . 1 1
c u r v e / i a n g e n T s u . 3 b b 1 0 . 6 8 2 1 . 7 b 3 2 . 6 9 9 3 . 5 1 5 3 . 9 1 6 1 . 0 9 6 7 . 7 6 7 2 . 9 5
C U R V E / I A N G E N T s 0 . 7 3 7 1 5 0 . 2 5 3 0 0 . 5 0 9 5 0 . 7 5 6 0 1 . 0 0 7 9 9 . 6 2 8 9 3 . 1 2 9 3 5 . 8 2 1 0 0 0 . 6 9
C U R V E / I A N G E N T s 1 . 1 0 5 2 3 9 . 0 0 9 6 B . 0 0 7 0 2 . 0 1 9 3 6 . 0 1 1 1 5 9 . 6 8 1 3 1 3 . 0 9 1 9 5 7 .  <*5 1 3 5 8 , 9 2

D O L L A R  V A L U E A T  6 *  D I S C O U N T  K A T E BY A N N U A L  m i l e a g e
a n n u a l  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0 . 6 2 5 0 U . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
C U K V E / T A N G E N T s 0 . 1 2 9 - 7 9 . 7 8 - 1 5 9 . 5 b - 2 3 9 . 3 9 - 3 1 9 . 1 3 - 3 9 3 . 8 6 - 9 3 6 . 9 5 - 9 7 7 . 3 0 - 5 0 2 . 0 6
C U R V E / I A N g E N T s 0 . 1 8 5 - 5 9 . 3 2 - 1 1 8 . 6 9 - 1 7 7 . 9fa - 2 3 7 . 2 8 - 2 9 2 . 0 5 - 3 2 9 . 5 2 - 3 5 9 . 8 9 - 3 7 3 . 3 0
C U R V E / I A N G E N T s 0 . 3 b d 1 3 . 3 0 2 b . 6 0 3 9 . 9 0 5 3 . 2 0 6 5 ,  b 6 7 2 . 7 6 7 9 . 5 7 8 3 , 7 0
c u r v l / i a n g e n t = 0 . 7 3 7 1 0 3 , 7 1 3 6 7 . 9 2 5 5 1 . 1 3 7 3 9 . 8 9 - 9 0 6 . 9 3 1 0 0 5 . 0 1 1 0 9 9 . 0 5 1 1 5 6 . 0 7
c u r v e / t a n g e n t s 1 . 1 0 5 2 8 6 . 1 1 5 7 2 . 2 2 8 5 8 , 3 9 1 1 9 9 . 9 5 1 9 1 2 . 9 7 1 5 6 5 . 2 1 1 7 1 1 . G8 1 8 0 0 . 9 6

D O L L A R  V A L U E A T  9 X  D I S C O U N T  R A T E BY A N N U A L  M I L E A G E
A N N U A L  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 U 0 0 . 6 2 5 0 0 . 7 5 0 0 0 . 8 7 5 0 0 . 1 0 0 0 0 0 ,
c u r v l / i a n g e n t = 0 . 1 2 9 - 1 0 0 . 2 3 - 2 0 0 . 9 5 - 3 0 0 . b B - 9 0 0 , 9 0 - 9 9 2 , 1 9 - 5 3 0 . 2 3 - 5 6 9 . 2 0 - 5 8 6 . 9 9
L U R V E / I A N G E N T s 0 . 1 8 5 - 7 9 . 5 2 - 1 9 9 . 0 9 - 2 2 3 . 5 7 - 2 9 8 . 0 9 - 3 b 5 . 9 b - 3 9 9 . 2 5 • 9 2 3 . 2 2 - 9 3 6 . 9 9
C U R V E / T A N g E N T s 0 . 3 b S 1 6 . 7 1 3 3 . 9 2 5 0 . 1 3 _ 6 b . 8 9 8 2 . 0 6 8 8 . 9 0 9 9 . 9 0 9 7 . 8 6
C U R V E / I A n G E N T s 0 . 7 3 7 2 3 U . 7 9 9 6 1 . 5 7 6 9 2 . 3 b 9 2 3 . 1 9 1 1 3 3 . 3 5 1 2 2 0 . 9 5 1 3 1 0 . G 7 1 3 5 1 . 6 9
C U R V E / I A N G E N T s 1 . 1 0 5 3 5 9 . 9 3 7 1 8 . 8 6 1 0 7 b . 2 9 1 9 3 7 . 7 2 1 7 6 5 . 1 0 1 9 0 1 . 5 2 2 0 9 1 . 2 5 2 1 0 5 . 0 7

D O L L A R  V A L U E A T  2 *  D I S C O U N T  R A T E BY A N N U A L  M I L E A G E
a n n u a l  M I L E A G E 1 2 5 0 0 . 2 5 0 U O . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 . 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .
C U k V E / I A N g L N I s 0 . 1 2 9 - 1 2 9 . B l - 2 5 9 . 6 2 - 3 8 9 . 9 3 - 5 1 9 . 2 9 - 6 3 3 . 0 6 - 6 5 7 . 7 6 - 6 9 0 . 1 9 - 6 9 5 . 1 6
C U R V E / I A N g E N T s 0 . 1 8 5 - 9 6 . 5 2 - 1 9 3 . 0 9 - 2 8 9 . 5 b - 3 8 6 . 0 8 - 9 7 0 , 7 0 - 9 8 9 . 0 7 - 5 1 3 . 1 8 - 5 1 6 . 8 8
C U R V E / I A N G E N T s 0 . 3 g 6 2 1 . 6 9 9 3 . 2 8 6 9 . 9 3 8 6 . 5 7 1 0 5 . 5 9 1 0 9 . 6 6 1 1 5 . 0 7 1 1 5 . 9 0
C U K V E / I A N G E N T s 0 . 7 3 7 2 9 8 . 9 1 5 9 7 . 8 2 8 9 6 . 7 3 1 1 9 5 . 6 9 1 9 5 7 . 7 1 1 5 1 9 . 5 9 1 5 8 9 . 2 6 1 6 0 0 . 7 1
c u r v e / i a n g l n T s 1 . 1 0 5 9 6 5 . 5 3 9 3 1 , 0 6 1 3 9 6 . 5 8 1 8 6 2 . 1 1 2 2 7 0 . 2 6 2 3 5 8 , 8 5 2 9 7 5 . 1 * 4 2 9 9 2 . 9 7

D O L L A R  V A L U E A T  U *  D I S C O U N T  K A T E BY A N N U A L  M I L E A G E
A N N U A L  M I L E A G E 1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . b 2 5 0 u , 7 5 0 0 0 . 8 7 5 0 0 , 1 0 0 0 0 0 .
C U « V E / I A N G E n T s 0 . 1 2 9 - 1 7 3 . o d - 3 9 7 . 7 b - 5 2 1 . b 5 - 6 9 5 . 5 3 - 8 9 0 . 9 3 - 0 3 9 . 6 3 - 8 5 2 . 0 2 - 0 3 9 . 6 3
C U R V E / I A N g E N T s 0 . 1  Mb - 1 2 9 . 2 9 - 2 5 8 . 5 8 - 3 8 7 . 8 b - 5 1 7 . 1 5 - 6 2 9 . 8 9 - 6 2 0 . 5 6 - 6 3 3 . 5 1 - 6 2 0 . 5 6
C U K V L / 1a n g e n Ts U .  3bcJ 2 8 . 9 9 5 7 . 9 b 8 6 . 9 7 1 1 5 . 9 6 1 9 0 . 1 1 1 3 9 . 1 5 1 9 2 . 0 5 1 3 9 . 1 5
C u r v e / i a n g e n T s 0 . 7 3 7 9 0 0 . 0 9 B O O .  78 1 2 0 1 . 1 / l b O l . 5 6 1 9 3 5 . 2 2 1 9 2 1 , 0 8 1 9 6 1 . 9 2 1 9 2 1 . 8 8
c u r v e / i a n g e n t = 1 . 1 0 5 b 2 3 . 5 8 1 2 9 7 . 1 5 1 6 7 0 . 7 3 2 9 9 9 . 3 0 3 0 1 3 . 9 5 . 2 9 9 3 . 1 6 3 0 5 5 . 5 2 2 9 9 3 . 1 6

A S S U M E D  L A R  L I F E 3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0 2 8 . 8 2 9 . 0 2 0 . 6 1 8 . 0
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ANNUAL MILEAGE 
c u r v l / i a n g e n Ts  Q 
CURVE /IA NGENT s  0 
CUKVE/ IAU( iLN T=  0
c u h v e / i a n g e n t = 0
C U R V L /I A N b t N T s  1

ANNUAL H1LEAGE 
C U R V E /1ANGENTs 0 
C U R V E /1 ANGENTs  o 
CURVE/»ANGLN1= u 
C U R V E /I  ANGENTs 0 
CURVE/IAN GEN T=  1

ANNUAL HiLEAGE 
CURVE/TANGENTs  o 
CURVE /IA NGENT s  0 
CURVE/TANGENTs 0 
C U R V E /I  ANGENTs g 
CURVE/TANGENTs  1

ANNUAL HILEAGE 
CURVE/TANGENTs  o 
CURVE/ IA NGL NTs  o 
CURVE /IA NGENT s  u 
C U R V E / t An g En T= 0 
CURVE/TANGENTs  1

ANNUAL HILEAGE  
CURVE/TANGENTs  0 
CURVE/TANGENTs 0 
CURVE/ IA NGL NTs  o 
CURVE/ IANGEN l s  U 
CURVE /IA NGENT s  J

ANNUAL MILEAGE 
CURVE/ IA NGL NTs  0 
CU RVL /IA NGE NT s  0 
CUHVE /IA NGENT s  g 
C U R V E /1 ANGENTs  g 
CURVE /IA NGENT s  l

ANNUAL MILEAGE 
CURVE /IA NGENT s  D 
CURVE/ IA NGL NTs  J 
CURVE/ IA NGL NTs  [r 
C U R V E /  I ANijLTJTs  il 
C U R V L /IA N G l NT=  l

ASSUMED EAR L IF E

ANNUAL HILEAGE  
C U R V E / I A n g ENTs  0 
CU RVE /IA NGL NT s  0 
CURVE/TANGENTs  q 
CU RVL /IA NGE NT s  t) 
CURVE/ IA NGL NTs  1

ANNUAL HILEAGE  
CURVE /IA NGENT s  0 
CURVE/ IANGL NTs g 
CURVE /IA NGENT s  0 
CURVE/TANGENTs  o 
CU RVE /IA NGL NT s  1

ANNUAL HILEAGE  
CURVE /IA NGENT s  o 
CURVE/TANGENTs  0 
CURVE/TANGENTs  Q 
CU RVL /IA NGE NT s  0 
CURVE/ IA NGE NTs  1

ANNUAL HILEAGE  
CURVE /IA NGENT s  0 
CuRVE/TANGENTs  o 
CU RVL /IA NGE NT s  o 
Cu R V E / I A n GEn T s  0 
CURVE/TANGENTs  1

ANNUAL HILEAGE  
CURVE/TANGENTs  0 
CURVE/ IA NGL NTs  g 
CURVL/ IA NGE NTs  0 
CURVL/ IA NGE NTs  0
Cu r v e / i a n g e n t s  i

ANNUAL HiLEAGE  
CU RVE /IA NGL NT s  Q 
CURVE/TANGENTs  (j 
CURVE /IA NG E i4Ts  0 
CURVE/TANGENTs  g 
CU RVL /IA NGE NT s  1

ANNUAL HiLEAGE  
CURVE/TANGENTs  o 
CURVE/IAN OEN Ts 0 
CURVE/1 A N utN Ts 0 
CURVE/ IANGL NTs u 
Cu R V L / l A n o LNT s  1

ASSUHEU CAR L i F L

TABLE 5-12. FUEL SAVINGS FOR DRESSER DR-1 TRUCK
DOLLARS/YEAR BY ANNUAL HILE AGE

1 2 5 0 0 . 2 5 0 0 0 , 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 .  : l o o o o o .
. 1 2 4 > 2 . 4 6 - 4 , 9 3 - 7 . 3 9 - 9 . 8 6 - 1 2 , 3 2 - 1 4 , 7 8 • 1 7 . 2 5 - 1 9 , 7 1
. 1 8 5 - - 1 . 3 5 - 2 . 7 0 - 4 . 0 5 •  5 , 3 9 - 6 , 7 4 - 8 , 0 9 ' - 9 . 4 4 - 1 0 . 7 9

2 . 5 2 5 . 0 5 7 . 5 7 1 0 . 0 9 1 2 . 6 1 1 5 . l q 1 7 * 6 6 2 0 , 1 6
, T 3 7 1 0 . 0 0 2 0 . UO 3 0 . 0 0 4 0 , 0 0 5 0 , 0 0 6 0 , 0 0 7 0 , 0 0 0 0 , 0 0
.11)5 1 4 . 6 6 2 9 . 7 6 4 4 , 6 4 5 9 , 5 3 7 4 , 4 1 8 9 , 2 9 1 0 4 , 1 7 1 1 9 * 0 5

DOLLAR VALUE AT 1UK OISCOUNT RATE BY ANNUAL IHILEAGE
1 2 5 0 U. 2 5 0 0 0 , 3 7 5 0 0 , 5 0 0 U 0 . 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 *

. 1 2 4 - 2 3 . 2 3 • 4 6 . 4 5 - 6 9 . 6 6 - 9 2 . 9 1 - 1 1 5 , 4 3 - 1 3 2 . 8 2 - 1 4 9 * 1 6 - 1 6 1 * 6 6

. 1 6 5 - 1 2 . 7 1 - 2 5 . 4 3 - 3 6 . 1 4 - 5 0 . 6 6 - 6 3 , 1 8 - 7 2 . 7 1 • 8 1 * 6 5 - 8 0 * 4 9

. 3 6 0 2 3 . 7 8 4 7 . 5 7 7 1 , 3 5 9 5 . 1 3 1 1 6 , 2 0 1 3 6 , 0 1 1 5 2 , 7 4 1 6 5 , 5 3

. 737 9 4 . 2 7 1 6 6 . 5 4 2 8 2 , 8 1 3 7 7 , 0 0 4 6 6 , 4 6 5 3 9 , 0 9 6 0 5 , 4 1 6 5 6 . 1 2

. 1 0 5 1 4 0 . 2 6 2 8 6 , 5 7 4 2 0 . 6 5 5 6 1 . 1 4 6 9 7 , 1 6 8 0 2 , 2 3 9 0 0 * 9 3 9 7 6 . 3 6

DOLLAR VALUE AT 8X DISCOUNT RATE BY ANNUAL HILEAGE
1 2 5 0 0 . 2 5 0 0 0 , 3 7 5 0 0 , 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 *

.1 2 4 - 2 7 , 7 4 ‘ - 5 5 . 4 8 - 8 3 . 2 1 - 1 1 0 . 9 5 - 1 3 7 , 4 6 - 1 5 5 , 6 5 - 1 7 2 , 7 6 • 1 0 4 , 7 3

.1 6 5 - 1 5 . 1 8 - 3 0 . 3 7 - 4 5 . 5 5 - 6 0 . 7 3 - 7 5 * 2 5 - 8 5 . 2 0 • 9 4 * 5 7 • 1 0 1 , 1 2

.3 6 6 2 8 , 4 0 5 6 , 8 1 8 5 .  c\ 1 1 3 . 6 1 1 4 0 , 7 6 1 5 9 , 3 6 1 7 6 , 9 0 1 8 9 , 1 6

.7 3 7 i i 2 , b e . 2 2 5 , 1 6 3 3 7 . 7 4 4 5 0 , 3 2 5 5 7 . 9 3 6 3 1 . 7 3 7 0 1 , 1 8 7 4 9 , 7 6

. 1 0 5  . 1 6 7 . 5 3 3 3 5 . 0 6 5 0 2 . 5 9 6 7 0 . 1 3 0 3 0 , 2 6 9 4 0 , 0 9 1 0 4 3 , 4 5 1 1 1 5 , 7 3

OOLLAR VALUE AT 6 >  DISCOUNT RATE BY ANNUAL MILEAGE
1 2 5 0 0 , 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 ,

, 1 2 4 - 3 3 . 9 1 - 6 7 . 6 3 - 1 0 1 . 7 4 • 1 3 5 , 6 6 - 1 6 7 , 4 3 - 1 8 5 , 5 3 • 2 0 2 , 8 9 - 2 1 3 , 4 2
. 1 8 5 - l B . b b - 3 7 . 1 3 - 5 5 . 6 9 - 7 4 . 2 6 - 9 1 . 6 5 - 1 0 1 , 5 6 • 1 1 1 , 0 6 - 1 1 6 , 6 3
■ 3b8 3 4 , 7 3 6 9 . 4 6 1 0 4 . 1 8 1 3 8 . 9 1 1 7 1 , 4 4 1 8 9 , 9 6 2 0 7 * 7 6 2 1 8 , 5 4
, 7 3 7 1 3 7 . 6 5 2 7 5 . 3 0 4 1 2 . 9 5 5 5 0 , 6 0 6 7 9 . 5 4 7 5 3 , 0 3 8 2 3 * 4 9 8 6 6 , 2 2
,1 0 5 2 0 4 , 8 4 4 0 9 , 6 8 6 1 4 . 5 2 6 1 9 , 3 5 1 0 1 1 , 2 4 1 1 2 0 , 6 0 1 2 2 5 * 4 6 1 2 8 9 , 0 3

OOLLAR VALUE AT A * DISCOUNT RATE BY ANNUAL HILEAGE
1 2 5 0 0 . 2 5 0 0 0 . . 3 7 5 0 0 . 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 *

,1 2 4 - 4 2 . 6 0 - 8 5 . 2 1 - 1 2 7 . 8 1 • 1 7 0 . 4 2 - 2 0 9 , 2 3 - 2 2 5 , 4 0 - 2 4 1 , 9 6 • 2 4 9 , 5 2
, 1 6 5 • 2 3 . 3 2 - 4 6 , 6 4 - 6 9 , 9 7 - 9 3 . 2 9 - 1 1 4 . 5 3 - 1 2 3 . 3 8 • 1 3 2 * 4 5 • 1 3 6 , 5 9
, 3b8 4 3 . 6 3 6 7 . 2 5 1 3 0 . 0 6 1 7 4 . 5 1 2 1 4 . 2 5 2 3 0 , 6 0 2 4 7 . 7 6 2 5 5 . 5 1
, 7 3 7 1 7 2 , 9 2 3 4 5 . 6 4 5 1 8 . 7 7 6 9 1 . 6 9 8 4 9 . 1 9 9 1 4 , 6 3 9 8 2 * 0 5 1 0 1 2 . 7 5
, 1 0 5 2 5 7 . 3 3 5 1 4 . 6 6 7 7 1 . 9 9 1 0 2 9 , 3 2 1 2 6 3 , 7 0 1 3 6 1 . 3 7 1 4 6 1 * 4 1 1 5 0 7 , 1 0

DOLLAR VALUE AT 2X OISCOUNT RATE BY ANNUAL MILEAGE
1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 ,

,12 4 • 5 5 . 1 8 • 1 1 0 . 3 6 - 1 6 5 . 5 4 - 2 2 0 , 7 3 - 2 6 9 , 1 1 - 2 7 9 , 6 1 - 2 9 3 , 3 9 • 2 9 5 . 5 0
. 1 6 5 - 3 0 . 2 1 - 6 0 . 4 1 - 9 0 . 6 2 - 1 2 0 . 6 3 - 1 4 7 . 3 1 - 1 5 3 , 0 6 . - 1 6 0 . 6 0 - 1 6 1 , 7 6
, 5 6 a b fa .b l 1 1 3 . 6 1 1 6 9 , 5 2 2 2 6 . U2 2 7 5 , 5 6 2 8 6 . 3 1 3 0 0 , 4 3 3 0 2 , 5 9
,7 3 7 2 2 3 . 9 7 4 4 7 . 9 3 b 7 1 . 9 0 6 9 5 . 6 7 1 0 9 2 , 2 3 1 1 3 4 , 8 5 1 1 9 0 , 6 0 1 1 9 9 . 3 7
,1 0 5 3 3 3 , 2 9 6 6 6 . 5 8 9 9 9 , 8 7 1 3 3 3 . 1 6 1 6 2 5 , 3 7 1 6 8 6 , 7 9 1 7 7 2 . 0 5 1 7 8 4 . 8 1

DOLLAR VALUE AT OX DISCOUNT RATE BY ANNUAL HILEAGE
1 2 5 0 0 , 2 5 0 0 0 . 3 7 5 U 0 . 5 0 0 U U • 6 2 5 0 U , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 ,

,'1?4 - 7 3 , 9 2  - - 1 4 7 . 6 3 - 2 2 1 , 7 5 - 2 9 5 . 6 6 - 3 5 7 , 2 6 - 3 5 4 , 7 9 • 3 6 2 . 1 9 - 3 5 4 , 7 9
,14 b - 4 0 . 4 6 • 0 U . 9 2 - 1 2 1 . 3 6 - 1 6 1 . 8 5  • - 1 9 5 , 5 6 - 1 9 4 , 2 2 - 1 9 8 . 2 6 - 1 9 4 , 2 2
,3b' l 7 5 . 6 9 1 5 1 . 3 B 2 2 7 . 0 7 3 0 2 . 7 6 3 6 5 . d3 3 6 3 , 3 1 3 7 0 , 6 8 3 6 3 . 3 1
, 737 SOI: . ,00 6UU.U1 9 0 0 . 0 1 1 2 U 0 . U 1 1 4 5 0 . U 2 1 4 4 0 , 0 2 1 4 7 0 . 0 2 1 4 4 0 , 0 2
, l u b 4 4n .  44 6 9 2 . 0 6 1 3 3 9 . 3 2 1 7 6 5 .  / b 2 1 5 7 , 0 0 2 1 4 2 • 9 2 2 1 8 7 . 5 6 2 1 4 2 , 9 2

3 0 , 4 3 6 . 0 3 U . 0 3 U . 0 2 8 , 8 2 4 . 0 211.6 1 8 , U

TABLE 5-13. FUEL SAVINGS FOR MAXIRIDE TRUCK
UOLLARS/rEAR BY ANNUAL HILEA GE

1 2 5 0 0 . 2 50 U U . 3 7 5 U 0 , 5 0 0 0 0 . 6 2 5 0 0 , 7 5 0 0 U , 6 7 5 0 0 . 1 0 0 0 0 0 ,
,1 2 4 0 . 4 1 0 . 6 1 1 . 2 2 1 . 6 2 2 . C 3 2 . 4 4 2 . 6 4 3 . 2 5
| 1 6 5 - 0 . 4 4 - 0 . 6 6 • 1 . 3 2 - 1 . 7 5 - 2 , 1 9 - 2 , 6 3 - 3 . 0 7 - 3 , 5 1
,3b 6 - 0 . 4 2 - 0 . 6 5 - 1 . 2 7 - 1 . 7 0 - 2 . 1 2 - 2 . 5 5 - 2 . 9 7 - 3 . 4 0
,7 3 7 - 1 . 9 9 - 3 . 9 7 - 5 . 9 6 - 7 . 9 5 - 9 , 9 3 • 1 1 . 9 2 • 1 3 . 9 1 - 1 5 . 8 9
, 1U5 - 2 . 1 6 • 4 . 3 3 1 - 6 . 4 9 - 8 , 6 5 - l U . o l - 1 2 . 9 8 - 1 5 . 1 4 - 1 7 . 3 0

DOLLAR VALUE AT 10X OISCOUNT KATE BY ANNUAL MILEAGE
1 2 5 0 0 . 2 5 0 0 0 , 3 7 5 0 0 . 5 0 0 0 U , 6 2 5 0 0 , 7 5 0 0 0 , 6 7 5 0 0 , 1 0 0 0 0 0 .

12 4 3 . 8 3 7 . u 5 1 1 . 4 0 1 5 , 3 1 1 9 , 0 2 2 1 , 6 8 ' 2 4 , 5 8 2 6 , 6 3
,1 6 5 - 4 . 1 3 • 6 . 2 7 , - 1 2 . 4 0 • 1 6 . 5 3 - 2 0 , 5 4 - 2 3 , 6 4 • 2 6 , 5 4 - 2 8 . 7 7
,3 6 8 - 4 . 0 1 - 6 , 0 1 { - 1 2 . 0 2 - 1 6 . 0 2 • 1 9 , 9 1 - 2 2 , 9 1 - 2 5 , 7 3 - 2 7 . 8 8
,7 3 7 - 1 8 . 7 3 - 3 7 , 4 5 1- 5 6 . 1 0 - 7 4 , 9 0 - 9 3 , 0 6 - 1 0 7 . 0 9 • 1 2 0 . 2 6 - 1 3 0 , 3 3
.1 0 5 - 2 0 . 3 9 - 4 0 , 7 6 - 6 1 , 1 71 - 8 1 . 5 6 - 1 0 1 . 3 3 - 1 1 6 , 6 0 - 1 3 0 , 9 5 - 1 4 1 . 9 1

DOLLAR VALUE AT 8X OISCOUNT RATE BY ANNUAL MILEAGE
1 2 5 0 0 . 2 5 0 0 0 , I 3 7 5 0 0 . 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 ,

,12 4 4 , 5 7 9 , 1 4 1 1 3 . 7 1 1 6 , 2 8 2 2 , 6 5 2 5 , 6 4 2 6 * 4 6 3 0 * 4 4
,1 8 5 • 4 , 9 4 - 9 . 6 7 ! - 1 4 . 8 1 - 1 9 . 7 4 - 2 4 , 4 6 - 2 7 , 7 0 • 3 0 . 7 4 - 3 2 * 8 7
,3 6 8 - 4 , 7 8 - 9 , 5 7 : - i 4 . 3 b - 1 9 * 1 4 - 2 3 . 7 1 - 2 6 , 6 4 • 2 9 * 8 0 - 3 1 * 8 6
,7 3 7 - 2 2 . 3 6 - 4 4 . 7 3 - 6 7 . 0 9 • 8 9 , 4 5 • 1 1 0 . 8 3 • 1 2 5 , 4 9 • 1 3 9 * 2 9 - 1 4 8 * 9 3
,1 0 5 - 2 4 . 3 5 - 4 8 . 7 0 - 7 3 . 0 5 - 9 7 , 4 0 • 1 2 0 , 6 7 - 1 3 6 , 6 4 - 1 5 1 , 6 6 - 1 6 2 * 1 7

DOLLAR VALUE AT 6X DISCOUNT RATE BY ANNUAL H IL E A 6 E
1 2 5 0 0 . 2 5 0 0 0 , 3 7 5 0 0 , 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 , 1 0 0 0 0 0 *

,1 2 4 5 . 5 9 1 1 , 1 6 1 6 , 7 6 2 2 , 3 5 2 7 . 5 9 3 0 , 5 7 3 3 , 4 3 3 5 , 1 6
,1 8 5 - 6 . 0 4 - 1 2 . 0 7 - 1 8 . 1 1 • 2 4 , 1 4 - 2 9 , 7 9 • 3 3 , 0 2 - 3 6 , 1 1 . - 3 7 , 9 8
,3 6 8 • 5 . 8 5 - 1 1 . 7 0 - 1 7 . 5 5 - 2 3 , 4 0  • - 2 8 , 0 8 - 3 2 , 0 0 - 3 4 . 9 9 - 3 6 . 8 1
,7 3 7 - 2 7 . 3 4 - 5 4 . 6 9 • 8 2 . 0 3 - 1 0 9 . 3 7 - 1 3 4 . 9 9 - 1 4 9 , 5 8 • 1 6 3 . 5 8 - 1 7 2 , 0 7
,1 0 5 - 2 9 . 7 7 - 5 9 . 5 4 - 8 9 , 3 2 - 1 1 9 , 0 9 - 1 4 6 , 9 8 - 1 6 2 , 6 7 - 1 7 6 . 1 1 - 1 8 7 , 3 5

DOLLAR VALUE AT 4X OISCOUNT RATE BY ANNUAL MILEAGE
1 2 5 0 0 , 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 , 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 .

,1 2 4 7 , 0 2 1 4 , 0 4 2 1 . 0 6 2 6 . 0 8 3 4 , 4 7 3 7 , 1 4 3 9 . 8 7 4 1 * 1 1
,1 8 5 - 7 , 5 8 - 1 5 . 1 6 - 2 2 . 7 5 - 3 0 , 3 3 • 3 7 , 2 3 - 4 0 , 1 1 • 4 3 . 0 6 • 4 4 * 4 0
,3 6 8 - 7 . 3 5 - 1 4 . 7 0 - 2 2 . 0 4 - 2 9 . 3 9 - 3 6 . 0 9 - 3 8 , 6 7 - 4 1 . 7 3 - 4 3 . 0 4
,7 3 7 - 3 4 . 3 5 - 6 6 . 7 0 - 1 0 3 . 0 5 - 1 3 7 . 4 0 - - 1 6 8 . 6 9 - 1 8 1 , 7 2 - 1 9 5 . 0 8 - 2 0 1 , 1 8
, l l ) 5 - 3 7 , 4 0 - 7 4 , 8 0 - 1 1 2 . 2 0 - 1 4 9 , 6 1 - 1 8 3 , 6 7 . - 1 9 7 . 8 7 • 2 1 2 . 4 1 - 2 1 9 , 0 5

DOLLAR VALUE AT 2X DISCOUNT RATE BY ANNUAL MILEAGE
1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 , 5 0 0 U U . 6 2 5 0 0 , 7 5 0 0 0 , 6 7 5 0 0 , 1 0 0 0 0 0 .

,1 2 4 9 . 0 9 1 6 . 1 8 2 7 , 2 6 3 6 . 3 7 4 4 , 3 4 4 6 , 0 7 4 0 . 3 4 4 6 , 6 9
,1 8 5 • 9 . 0 2 - 1 9 . 6 4 - 2 9 . 4 b - 3 9 . 2 8 - 4 7 . 0 9 • 4 9 , 7 6 - 5 2 . 2 1 - 5 2 * 5 9
,5b 8 - 9 . 5 2 - 1 9 . 0 3 - 2 b , 5 5 - 3 6 . 0 7 - 4 6 , 4 1 - 4 6 . 2 2 - 5 0 . 6 0 - 5 0 . 9 7
17 3 7  . - 4 4 . 4 9 - 8 8 . 9 6 - 1 3 3 . 4 7 - 1 7 7 . 9 6 - 2 1 6 . 9 6 - 2 2 5 , 4 3 • 2 3 6 . 5 4 - 2 3 8 , 2 5
,1 0 5 - 4 6 . 4 4 • 9 6 . 8 8 • 1 4 5 . 3 3 - 1 9 3 . 7 7 - 2 3 6 , 2 4 - 2 4 5 . 4 6 - 2 5 7 . 8 6 - 2 5 9 , 4 1

DOLLAR VALUE AT OX DISCOUNT RATE BY a n n u a l  m i l e a g e
1 2 5 0 0 . 2 5 0 0 0 . 3 7 5 0 0 . 5 0 0 0 0 . 6 2 5 0 0 , 7 5 0 0 0 , 8 7 5 0 0 . 1 0 0 0 0 0 ,

,12 4 1 2 . 1 6 2 4 . 3 6 3 6 , 5 4 4 6 . 7 1 5 8 . 8 6 5 8 . 4 6 5 9 . 6 7 5 8 , 4 6
.1 8 5 - 1 3 . 1 5 - 2 6 . 3 1 • 3 9 . 4 6 - 5 2 , 6 1 - 6 3 , 5 8 - 6 3 . 1 4 - 6 4 . 4 5 - 6 3 . 1 4

, 3h8 - 1 2 . 7 5 - 2 5 . 5 0 - 3 6 . 2 4 - 5 0 . 9 9 - 6 1 , 6 2 - 6 1 . 1 9 - 6 2 . 4 7 - 6 1 * 1 9
,7 3 7 - 5 9 . 5 9 - 1 1 9 . 1 9 - 1 7 6 , 7 8 • 2 3 b . 37 - 2 8 8 , 0 4 • 2 0 6 , OS - 2 9 2 . 0 1 - 2 0 6 . 0 5
, lU b - 6 4 . 6 9 - 1 2 9 . 7 8 - 1 9 4 . 6 6 - 2 5 9 , 5 5 - 3 1 3 , b 2 ' - 3 1 i ; 4 6 • 3 1 7 . 9 5 - 3 1 1 , 4 6

3 0 , 0 3 0 . 0 3 0 . 0 3 0 , 0 2 8 , 8 2 4 , 0 2 0 . 6 1 8 . 0
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5.3.2 Instrumentation and Testing

The instrumented coupler technique was used to eval
uate the change in curving resistance associated with 
each truck tested. Two instrumented couplers were 
adapted from the Full Scale Aerodynamic Test Program 
conducted at the Transportation Test Center in 1978 
under FRA sponsorship (Reference 1). The couplers 
were upgraded to use load cells capable of + 25,000 
pounds with a nominal accuracy of about + 25 pounds. 
Hysteresis in the couplers was dramatically reduced by 
changing the packing of the coupler and draft gear from 
grease to a mixture of synthetic lubricant and oil. The 
couplers were mounted on the two loaded buffer cars 
located on either side of the test car.

Grade and acceleration effects were measured using a 
Bell & Howell strain gage accelerometer oriented in the 
longitudinal direction on the forward end of the test 
car. The need for accuracy in the measurement of the 
train acceleration was identified before testing began. 
The accuracy problem in measuring train acceleration 
can most clearly be seen by considering the influence of 
grade. The grade in the test zone is 1 percent and 
dominates the rolling resistance. Grade plus train 
acceleration is measured directly by the accelerometer 
because the longitudinal accelerometer is tipped and 
reads a component of the 1 g gravitational field when 
the grade is not zero.

For a 1 percent grade, the accelerometor reads 0.01 g. 
When the train acceleration signal is low pass filtered 
at .25 Hz, it rarely exceeds +0.02 g so the desired signal 
is of the order of +0.03 g. The full scale longitudinal 
acceleration without filtering is of the order of +10 g. 
If the accelerometer signal was digitized using a 12 bit 
A to D converter with full scale at +20 g, each digital 
step would be 40/2^ = 0.01 g and the data would be 
spread over six digital steps. This resolution is inade
quate.

To solve this problem, the accelerometer signal was 
analog filtered at about 1 Hz and run through an 
amplifier to get full scale to be about +0.1 g at the 
digitizer. Although this procedure worked, problems 
were encountered with thermal drifts affecting the 
data. During the course of a test run, the wind and sun 
angles caused the accelerometer to heat or cool, gen
erating a very low frequency extraneous signal. The 
accelerometer was packed in insulating material but 
the data indicate that thermal problems have not been 
eliminated altogether.

In the future, it is recommended that two further 
refinements be used to measure acceleration with the 
instrumented coupler technique. First, an accelero
meter should position along the track from run to run. 
Permanent magnets were installed on the roadbed in 
holes drilled in the ties. A sensor located on the 
instrumentation car detected the magnets and a chan
nel was recorded indicating when the magnet was 
passed. This system provided good discrimination be
tween ALD targets (the magnets) and the normal back
ground.

Train speed was measured at the instrumentation car 
(the Union Pacific's mobile laboratory) using a system 
developed by the Union Pacific Railroad. This speed 
was compared to that obtained from two rotary pulse 
generators on the test car and the results suggest that 
the two measurements (i.e., the instrumentation car

speed and test car speed) were in excellent agreement 
after being filtered at .25' Hz. Brake line pressure 
deviation and notch setting of the throttle were also 
provided as part of the standard instrumentation 
package.

Curvature was estimated from two displacement trans
ducers located around the center bowl to measure truck 
to carbody bolster rotation. Initially, curvature was 
based on track geometry data measured during a 
separate test run using the FRA is T-6 track geometry 
car. During the course of data reduction, it was found 
that the results were more sensitive to small errors in 
aligning the two sets of data (i.e., the track geometry 
run and each test run) than to small errors in estimating 
the local curvature. As a result, truck swivel was 
scaled to estimate curvature.

An automatic location detection system (ALD) was used 
to establish position along the track from run to run. 
Permanent magnets were installed on the roadbed in 
holes drilled in the ties. A sensor located on the 
instrumentation car detected the magnets and a chan
nel was recorded indicating when the magnet was 
passed. This system provided good discrimination be
tween ALD targets (the magnets) and the normal back
ground.

The tests used in calculating the curving resistance 
were those tests run in the curved test zone. Typically 
runs were made under, near, and over balance speed in 
the uphill direction both empty and loaded. In addition, 
the loaded carbody was run in the downhill direction 
near balance speed.

5.3.3 Derivation o f the Curving Resistance Formula

The conventional formulation of the curving force (i.e., 
0.8 pound/ton/degree) assumes the car travels through 
the curve near balance speed. Usually no term is 
included to represent off balance speed behavior. Since 
tests were run below, near, and above balance speed, a 
term was needed to represent this behavior. The term 
adopted is based on the theory used to establish balance 
speed (i.e., at balance speed the centripetal force is 
cancelled by the superelevation).

oCentripetal force is mv /r. Since 1/r is proportional to 
curvature, this is proportional to the car weight times 
the degrees of curvature times the speed squared. This 
force is balanced by the elevation of the high rail. The 
amount of superelevation is just enough to cancel the 
centripetal force at balance speed. Thus, the off 
balance speed term used is proportional to Wd (v^-vb^). 
When the train speed is equal to balance speed (v=Vb), 
the term is zero. If the train speed is higher than 
balance speed, the term is positive. If the train speed 
is lower than balance speed, the term is negative.

During, the early formulations of this equation, the 
negative value below balance speed proved confusing. 
It did not seem possible that the curving resistance 
would be reduced by running below balance speed. The 
curving resistance will increase irrespective of whether 
the train is pushing on the high or low rail. A slightly 
more general formulation of the curving resistance was 
considered:

curving resistance = W f (d,v) 

where f(d,v) is some' unknown function. The curving
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resistance is proportional to car weight, this has been 
confirmed by the TDOP Phase II test results. Expansion 
of f(d,v) in a two dimensional power series gives:

f(d,v) = aiQ d + a20 d2 + ... +

al l dv + a12dv +" '
Terms that depend only on train speed can hardly be 
called curving terms since they are not zero when the 
curvature is zero. Terms that are proportional to v 
instead of v2 should be small from the reasoning 
offered earlier to derive the off balance speed term 
(i.e., the term should represent centripetal force). 
Thus, we see that the leading terms of the power series 
would be:

f(d,v) = bxd + b2d2 + b3d (v2-vb2)

If f(d,v) were ever to become negative, this would 
signify that the truck was pushing on the low rail. The 
absolute value signs belong around the whole expres
sion:

1 2 2 2 Ib^d + b2d + bgd(v -vb )|

In a way this result is somewhat paradoxical. There 
may be a speed at which the curving resistance goes to 
zero, however it is dramatically below balance speed. 
This is consistent with 0.8 pounds/ton/degree of curving 
resistance at balance speed. It is also consistent with 
the data collected during field testing from the L/V and 
angle of attack systems on TDOP.

One interpretation is that the wheelset is displaced at 
balance speed so that the differences in rolling radii of 
the two wheels are just sufficient to take the truck 
around the curve. This ensures minimum slipping of the 
wheels on the rail.

Rolling Resistance Equation. The complete equation 
for the coupler forces of a freight car as modeled in 
TDOP is as follows:

CFf cos (0.01745 Cf) -  CFr cos (0.01745 Cr) =

(2000 W + 8 W ) a + 20 Wg + 88 b + 1.3b2 +

29 + 1.3W + 0.045 Wv + 0.0006 v2 +

s = grade ratio (percentage)

b = brake pressure deficit (psi)

V = car speed (mph)

d = absolute value of 100 ft chord 
curvature (degrees)

Vb = balance speed (mph)

The first line of terms, CFf cos (0.01745 Cf) -  CFr cos 
(0.01745 Cr), represents the difference of the longitudi
nal component of the coupler forces. The coefficient 
0.01745 converts degrees to radians.

The first term on the second line, (2000 W + 8 Ww) a, is 
the inertial term. The coefficient 2000 converts tons 
to pounds. The term 8 Ww is a simple way of 
estimating the rotary inertia of a wheelset. Theoreti
cally, the term should be 4 Irr/rw2 where Irr is the
rotational inertia of the wheelset and r.„ is the radiusw
of the wheel. However,ignoring the axle and treating 
the wheel like a hoop gives Irr = 2Wwrw2 . Thus the 
term 8 Ww is a close approximation to the real rotary 
inertia term.

The next term on the second line, 20 Wg, reflects the 
effect of grade. The coefficient 20 converts tons to 
pounds and percentage grade to grade ratio.

2The last two terms, 88 b + 1.3b , represent the effect 
of applying the air brakes. The reason for including two 
terms is that it would be desirable for the first 5 psi of 
brake line deficit to have a smaller effect than the next 
5 psi. This would give the engineer better control when 
using air brakes to stretch out the train. The two terms 
were included to see if this was really done. The 
positive sign of the second coefficient suggests it was.

The third line of the equation, 29 + 1.3W + 0.045 Wv + 
0.0006 v2, is the original Davis equation. It represents 
rolling resistance on level, tangent track at a constant 
speed. This comes from roller bearing drag, aero
dynamic drag, resistance at the wheel/rail interface, 
energy dissipated in the friction snubbers and center 
bowl, etc. These terms appear virtually as a constant 
in the TDOP Phase II curving runs. As a result, the 
terms are not fitted accurately enougli to provide 
useful information for choosing between the various 
formulations of the equation (Reference 2).

| 0.68 Wd + 0.08 Wd2 + 0.00041 Wd (v2-vb2) |

Where:

CF  ̂ = coupler force on the forward end (pounds)

Cj. = coupler angle on the forward end (degrees)

CFr = coupler force on the rear end (pounds)

Cr = coupler angle on the rear end (degrees)

W = total car weight including trucks
and wheels (tons)

W = weight of a single wheel (pounds)

a = longitudinal ear acceleration (in gravity
acceleration

The last line of the equation is the curving resistance 
formulation described previously.

Curve fit. The rolling resistance equation presented is 
rather difficult to fit. In the test zone used for TDOP 
Phase II curving tests, the second line of the equation 
(i.e., the inertial effects, grade, and braking) com
pletely dominated all other terms. Any error in the 
gain or bias of either the accelerometer or the coupler 
forces obscured the curving forces.

In principle, the following procedure could be used:

a. Form the rolling resistance by taking 
the difference in the coupler forces.

b. Remove grade and acceleration effects 
by multiplying the filtered longitudinal 
accelerometer by the car weight and
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subtracting it from the coupler forces.

c. Remove the rotational inertia of the wheels 
by differentiating train speed, multiplying 
by the rotary inertia of the wheels, and 
subtracting it from the result of step b.

d. Estimate the Davis equation from the train 
speed and car weight and subtract it from 
the result of step c.

e. Fit the remainder to the curving terms using 
a least squares curve fit.

In practice, this procedure does not work very well 
because the accumulation of small errors in gain and 
bias of the data are too great.

To solve this difficulty, a modification of a statistical 
procedure known as a staged regression was used. 
Basically, the acceleration, grade, and rotary inertia 
of the wheels are removed using a least squares curve- 
fit to get them scaled as accurately as possible. Next, 
the bias is removed from the part of the data that is 
left over to get rid of the Davis equation, and the 
curving forces are fit to this residual. Unfortunately, 
the curving forces are highly correlated with the grade 
compensation in the curves, and the curving forces are 
always positive so they can not have a mean of zero. 
For these reasons, a straightforward staged regression 
will not work. Instead, what was done was to estimate 
the curving' resistance values and remove them. Then 
the other terms were fitted and subtracted from the 
original data, and the curving terms were fitted to the 
residual. This process was repeated until the estimate 
at the curving resistance terms was equal to the fitted 
daita. The basic process is illustrated below:

a. Form an estimate for the local curvature 
based on the ALD milepost and the track 
charts. Call this d f . Least squares 
curve fit the equation est

dest = C0 + Cl D13 + C2D14 i
to build the best available curvature j 

channel. Use Cq + Ci D13 + C2 D14 as 
curvature. (D13 and‘ D14 are the test 
identifications of the truck swivel 1 
measurements). Multiply by zero whenever 
dest is zero to force the curvature to zero 
when not in a curve.

b. Estimate the balance speed based on the 
track charts. Multiply by zero whenever 
dest is zero to force the balance speed to 
zero when not in a curve.

c. Estimate the reading of the filtered 
accelerometer (test identification GR) by 
differentiating the train speed and adding it 
to the track chart grade. Call this GRegt. 
Least squares curvefit the equation:

GR - GRegj. = Cq + C  ̂ time + C2 time 3

+ Cg time 3 + C  ̂ time 4 + Cg time3

This estimates the bias of GR and the size 
of the thermal drifts experienced. It is 
useful if time is scaled to be in the range of 
-1 to 1. Remove the estimated bias and 
thermal drifts from GR.

d. Estimate the rolling resistance by taking the 
difference of the two coupler forces.

e. Estimate the Davis equation using the train 
speed and car weight based on the equation 
shown in the previous section.

f. Estimate the curving force term based on 
the equation shown previously using the best 
available estimate for the three coefficients 
for the current truck. Start with Type I 
truck coefficents as the .first estimate.

g. Form the rotary inertia term for the wheels 
by differentiating train speed to get the 
necessary acceleration.

h. Subtract the terms formed in steps e 
through g from the rolling resistance formed 
at step d. Call this result M a^ . Least 
squares curve fit the equation

Ma . = Cn + C. GR + C„ distance est 0 1 2
2 3+ Cg distance + C  ̂distance

to fix any gain or bias errors that remain. 
The polynomial with distance should be 
scaled to be in the range -1 to 1 and helps to 
remove any remaining thermal drift. 
Distance is based on the ALD system and 
shifted to have 0 at the center of the test 
zone.

i. Remove this result from the measured 
rolling resistance (i.e., subtract Co + 
C^GR-D..). Subtract the Davis equation and 
the rotary inertia terms. This is- the 
residual.

j. Fit the curving terms to this residual. If the 
resulting coefficients are different than 
those assumed at step f, go back to step f 
and use these new results until the process 
converges.

This procedure is time consuming. It has the advantage 
that the results compare well with conventional results 
for the Type I truck and the results for the Type II 
trucks make sense. It also is very insensitive to gain 
and bias errors in the test data.

5.3.4 Track, Consist, and Fuel Consumption Simulator

In order to estimate savings/costs associated with the 
measured changes in curving resistance, it is necessary 
to make some assumptions about the track and train. 
Obviously, a train that runs over straight track will not 
experience any benefit from a reduction in curving 
resistance. Similarly, a 70-ton car would be expected 
to have less fuel savings than a 100-ton car. Other 
parameters probably are not as important as weight and 
curve-to-tangent track ratio. For example, a TOFC 
(trailer on flat car) configuration might experience less
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percentage change because increased aerodynamic drag 
causes the fuel consumption to increase. However, the 
savings per mile due to reduced curving coefficients 
would, be expected to remain fairly constant. What is 
important is the integral of force over distance (i.e., 
work). For a constant change in force, one would 
expect to get the same change in work.

Initially the plan for fuel consumption calculations 
called for using an "average" consist and an "average" 
track. However, the TDOP consultants pointed out that 
the average was-not necessarily representative of any 
railroad. Two procedures were proposed to deal with 
this: 1) scenarios, and 2) parameterization. Since the 
problem is relatively easy to parameterize (i.e., cUrve- 
to-tangent track ratio and car weight are the important 
parameters), it was decided to proceed this way.

A statistically "average" track was used as illustrated 
in Table 5—14. To vary curve-to-tahgent ratio, each

TABLE 5-14. STATISTICS FOR AVERAGE TRACK

G R A D E l o f  Track
0 .1 2 5 2 ,6 0
0 .3 8 2 4 .8 5
0 .6 3 1 3 .6 0
0 .8 8 7 .7 3
1 .5 0  , 0 .5 0
2 .0 0 0 .7 2

C U R V A T U R E % o f  Track
0 . 0 7 3 .0 7
0 .5 , 9 .8 8  ■
1 .5 8 .5 7
2 . 5  ' 5 .8 2
3 . 5 0 .8 4
4 . 5 0 .4 7
5 .5 0 .6 4
6 .5 0 .7 1

SPEED % o f  Track
0 0 .6 9

10 4 .5 9
20 5 .0 2
25 1 .2 9
35 4 .9 8
40 2 .4 6
45 1 5 .1 0
55 2 6 .4 8
65 3 6 .7 6
79 2 .6 1

curved section of track was combined with a second 
identical record, effectively doubling the length of the 
curves. Also the train was run out and back so that it 
returned to - the same piace it left (to avoid any 
differences in altitude). Each curved segment was 
repeated three times and the tangent segments were 
repeated two or three times. This procedure provided 
track at a variety of curve-to-tangent ratios with no 
changes in altitude to complicate the data.

Also an "average" consist composed of both empty and

loaded cars was used (see Table 5-15). The measured 
rolling resistance for each truck was used for all the 
cars in the consist (except the locomotives) and the 
consist was run over each curve-to-tangent ratio of 
track. Next the number of locomotives was increased 
(from three to four) and the runs were repeated. The 
number of locomotives was increased again (from four 
to five) and the runs were repeated once again. Finally, 
grade compensation was added to the track models and 
all three locomotive arrangements were rerun for all 
track conditions. All of these modifications produced 
relatively small variations in the savings (i.e., the 
difference between Type I and each of the Type II 
trucks), although substantial differences were observed 
in overall fuel consumption. All the results were 
averaged and were presented earlier as Figures 5-10 
and 5-11. Table 5-16 shows the numerical results.

The average track, average train, and fuel consumption 
simulator were all developed as part of an earlier FRA- 
sponsored study to develop and calibrate a fuel con
sumption simulator (as opposed to a train simulator). 
References 3 through 6 document this effort. Data 
used, in this project were as specified in the references, 
except that the average track model was modified to 
add a separate tangent track as opposed to track of the 
lowest curvature class. Also the fuel consumption 
simulator was modified tp allow the curving resistance 
equation and modified truck weight to be entered 
externally rather than being built into the routine. 
Finally, it proved necessary to reduce the step size of 
the numerical integration routine by a factor of 20 to 
get consistent results for the fuel savings.

5.3.5 Ose o f Tables

The average train used in the study carries 61 tons for 
each 32 loaded cars and also has 35 empty cars. A 
variety of carbody types are used. The gross train 
weight exclusive of locomotives and caboose is 4,318 
tons. The net, train weight is 1,952 tons. Thus the 
average car used in the study runs 48 percent loaded, 
has a light weight of 35 tons, and carries an average of 
61 tons loaded. The average car weight would be 64 
tons.

Since the fuel savings are roughly proportional to car 
weight, it is easy to re-scale the calculated savings for 
a specific car. For example, suppose one wanted to 
know the savings for a 100-ton hopper car that runs 50 
percent loaded -  50 percent empty, has a light weight 
of 33 tons, and carries an average of 99 tons loaded.

Then the average car weight would be calculated as 
follows:

.5 x 33 tons + .5 x (99 tons + 33 tons) = 83 tons

And the scale factor for this 100-ton car would be 
83/64 = 1.3 times the savings reported in the tables for 
an'"average" car.

Given the scale factor, one can proceed to calculate 
the gallons saved per mile for a specific truck from 
Table 5-15. For example, suppose the route has a 
curve-to-tangent track ratio of 0.70 and the truck is 
the Dresser DR-1. Going to the table, for a curve-to- 
tangent ratio of 0.737, there is a savings of 0.00094 
gal/mile. For a curve-to-tangent ratio of 0.368, there 
is a savings of 0.00024 gal/mile. By interpolating, the

5-25



savings is 0.00087 gal/mile for a curve-to-tangent ratio 
of 0.070. Multiplying by the scale factor of 1.3 gives 
0.00113 gal/mile.

If the price of diesel fuel is 8 5 $ /gallon, this is a savings 
of $0.00096/mile. If the ear goes 50,000 miles/year, 
the savings is $48/year. Assuming the price of diesel 
fuel will inflate at 4 percent above the average rate of 
inflation, that a 10 percent rate of return is a break 
even proposition, and that the projected car life is 30 
years, then the value of the savings is as follows:

. V '' $48/year x (i.04)n = $660
n = l  ■■ (1 .1 0 )n  '

Given the 10 percent investment' tax credit, one would 
break even by paying $660 x 1.1 = $726 per car for these 
savings. Of course, this value must be added to any 
savings from rail wear, car maintenance, etc., to calcu
late the warranted investment in a Type n (premium) 
truck.

TABLE 5-15. STATISTICS FOR AVERAGE TRAIN*

Number Number
Cars Loaded Empty jl' , t o t a l

Box Cars 11 . l 2  / • i [ 2 3  ;
Hopper Cars 12 12 1 ::24
F la t  Cars 3 i 3 i | 1 , , 6
Gondola Cars 3 ■ ■ ! , 4  1 .. 7 • 1
Tank Cars 3

:;[
_7

32 1 35 ■!! 1 67
1 _

R e fr ig e ra to r  cars are placed into  the  boxcar c a tegory  f o r  these purposes, 
and the  small portion (2%) o f  th e  rem ain ing  categories  is ignored.

TABLE 5-16. GALLONS SAVED/CAR MILE BY CURVE/TANGENT RATIO

TRUCK '

' CURVE TO TANGENT

1.105 : 0 .737 0.368 0.185 0.124

A C F  FA BR IC A TED 0.00086 0.00069 0.00038 0.00016 0.00010

ALUSUISSE (7.0 TONS) -0.00024 -0.00030 -0.00019 -0.00015 -0.00008

B A R B E R -S C H E FF E L 0.00157 0.00113 0.00015 -0.00017 -0.00055

D EVIN E-SCALES 0.00196 0.00126 0.00009 -0.00041 -0.00055

DRESSER DR-1 T R U C K 0.00140 0.00094 0.00024 -0.00013 -0.00023

M AXIRIDE T R U C K -0.00020 -0.00019 -0.00004 -0.00004 0.00004
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5.4 ROADWAY MAINTENANCE ANALYSIS

Reduced roadway maintenance is an area where signifi
cant savings might be achieved with an improved truck 
design. The Canadian Institute of Guided Ground 
Transport (CIGGT) under sponsorship of Transport 
Canada has agreed to undertake such a study of the 
TDOP Phase II test data and to publish a report 
available through National Technical Information 
Service later in the year. CIGGT has done several 
similar studies in the past. The most recent of these 
studies was done for the Track-Train Dynamics 
Program (References 7 and 8) and is the basis for the 
material that follows.

In the CIGGT analysis, rail of tangent and low curva
ture classes tends to wear out due to fatigue or rail end 
batter; in high curvature classes, it tends to wear out 
due to plastic flow at the high rail gauge face and low 
rail head. There is potential for savings due to 
improved truck design in both failure modes. The 
tangent and low curvature track life might be increased 
by reduction in the dynamic vertical loads, which could 
be achieved by reducing the unsprung mass acting on 
the rail (e.g., by using a primary suspension system). 
Also the axle spacing, spring rates, and snubbing would 
have some affect on the vertical dynamic load. On the 
other hand, the steady state vertical load would tend to 
be slightly higher due to the increased weight of these 
trucks. Of course, the exception would be when the car 
is fully loaded. Under these conditions, the car would 
have to carry slightly less lading to avoid exceeding the 
total rail weight limits.

Based on TDOP Phase II test results, the ease for 
lengthening rail life on tangent and low curvature track 
does not appear good. In general, the test data show 
that dynamic vertical loads are higher rather than 
lower. Only one primary suspension truck showed major 
decreases in the dynamic vertical load. It appears that 
increased rail life on tangent track due to reduced 
dynamic vertical loads will not be realized with most 
Type II trucks.

In the high curvature classes, one would expect signifi
cant savings due to the decrease in lateral curving 
stresses associated with radial (steering) trucks and, 
possibly, rigid trucks. Stress level, not simply lateral 
force, wears out both the wheels and the rail. For this 
reason, the product of angle of attack and lateral force 
is often suggested as an index for wear. If the angle of 
attack is higher, it implies that the contact area is 
smaller and that the stresses are higher for the same 
lateral force. This mechanism is modeled in the CIGGT 
analysis for multiple contact patches on the rail head 
and gauge faces.

The test data show that a steering truck can achieve a 
significant reduction in the steady state lateral load on 
intermediate curvature track. Potentially large savings 
can be achieved with high annual mileage cars operat
ing on routes with high eurve-to-tangent ratios.

Finally, there is a potential for savings in the area of 
lessened gauge widening from a truck that does not 
hunt. Results from performance testing in TDOP have 
provided lateral forces and durations during hunting for 
a number of circumstances. These results have the 
potential to be further developed into a gauge widening 
model. However, a significant effort is needed to 
calibrate these results to the real world situation. If

gauge widening on tangent track is caused primarily by 
hunting, the tendency of the gauge to widen should 
increase with increased speed. Data showing the inci
dence of gauge widening with posted speed need to be 
gathered to build a model of this type. The savings 
could be potentially significant not only in the area of 
rail maintenance but also in reduction of number of 
spike-killed ties.

5.4.1 Savings on Tangent Track

Reduction in dynamic vertical loads due to reduction in 
the unsprung mass of the truck, changes in axle spacing, 
spring rates, damping, etc., offer a potential for savings 
in the tangent and low curvature track classes. TDOP 
Phase II used strain gaged pedestal adapters to measure 
vertical loads for the standard Type I, Barber-Scheffel, 
Devine-Scales, Dresser DR-1, and National Swing 
Motion trucks. Since the Maxiride-100 truck did not 
have conventional adapters, spring group displacement 
was used to measure vertical loads in it. In the case of 
the DR-1, modified pedestal adapters with an elasto
meric pad (part of the truck design) had to be used 
instead of the conventional, instrumented adapters. 
The Devine-Scales truck used different strain gage 
instrumentation on the adapter. Details of the instru
mentation and associated data reduction can be found 
in Section 2 of this report.

While the trends in the mean vertical loads are probably 
fairly representative (i.e., the data suggest how the 
vertical load is redistributed as the car goes through a 
curve), care needs to be taken that the standard devia
tions are not over-interpreted. For example, there is a 
tendency for the standard deviation to decrease as the 
load on the wheel increases with the Type I truck in the 
loaded car configuration. This probably has more to do 
with the nonlinear calibration of the adapter than the 
Type I truck dynamics. The simplest thing to do is to 
average all the standard deviations, calling that typical 
of the truck. Using this procedure, it is possible to 
compare the Type I, National Swing Motion, and 
Barber-Scheffel trucks (all of which use the same 
measurement system). Differences between the Type I 
truck and the Devine-Scales, Maxiride-100, or Dresser 
DR-1 must be evaluated in the context of the 
differences in the measurement system.

Table 5-17 and Figure 5-16 illustrate these results for 
loaded cars. As expected, the result for the 
Maxiride-100 truck is lower. The Devine-Scales result 
is somewhat surprising in that it has primary suspension 
and reduced unsprung mass. However, the pockets that 
hold the suspension seized up during testing and very 
little vertical motion was observed.

Comparison of results from the Barber-Scheffel and 
National Swing Motion trucks with results from the 
Type I truck is consistent with the idea that the 
unsprung mass affects the dynamic vertical loads. Each 
of these Type II trucks mount extra equipment on the 
side frame, thus increasing the unsprung mass. Each of 
them seems to have a slightly greater dynamic vertical 
load than a Type I truck. In the ease of the Barber- 
Scheffel truck, there are elastomeric pads between the 
shear pad housing and the side frame pedestal roof. 
These might be expected to provide some primary 
suspension action, but do not appear to do so.

The Dresser DR-1 truck result shows a slightly reduced 
dynamic vertical load comnared to the Type I truck,
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which is counter to the idea that an increased unsprung 
mass will increase the dynamic vertical load (the DR-1 
has slightly greater unsprung mass). However, the 
DR-1 does feature an elastomeric pad at the bearing 
adapter which may perform the functions of a primary 
suspension element, thus, reflecting the influence of 
reduced vertical dynamic loads.

Turning to the economic issue of how much a change in

dynamic loading will save, estimates in Appendix E of 
Reference 8 are reproduced here as Table 5-18. For a 
traffic density of 15 MGT/year with a 100-ton car, 
there is a very significant annual savings from a reduc
tion of 25 percent in the vertical dynamic loads. The 
equivalent annual benefit due to increased rail life is 
$231/mile for track below 2 degrees curvature. How
ever, a Type II truck traffic of 15 MGT/year seems 
extremely high.

TABLE 5-17. STATIC AND DYNAMIC VERTICAL LOADS FOR LOADED CARS

Truck Type

Static Loads, 
Average 

Weight/Axle
Dynamic Loads, 
Standard Deviation

% Relative* 
to Type I

Type I 33,000 Lb +2,144 Lb 100%

Barber-Scheffel 33,250 Lb +2,577 Lb 120%

Devine-Scales 33,375 Lb +2,979 Lb 139%

DR-1 33,156 Lb +1,943 Lb 91%

Maxiride 32,982 Lb +1,312 Lb 61%

Swing Motion 33,250 Lb +2,513 Lb 117%

* For example, % relative to Type I for. the Barber-Scheffel = (2577/2144) x 100.

P EA K  V ER T IC A L  W H EEL/R  AIL L 0 A D  (1000. LB)

FIGURE 5-16. CUMULATIVE PROBABILITY DENSITY FUNCTIONS 
FOR VERTICAL LOADS FOR LOADED CARS
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For example, a 75,000 mile/year unit coal train with 
100 cars averaging one trip out and back each week 
would have a route 721 miles long (75,000 miles/104 
trips). If the gross load on the rails was ,132 tons, this 
would be 0.86 MGT/year (100 cars x .132 tons x 52 
loaded trips + 100 cars x 32 tons x 52 empty trips). 
Scaling the savings/mile down gives $13.2/mile ($231 x 
0.86/15). If a curve-to-tangent ratio of about 1 to 3 is 
assumed, then there are 541 miles of track; in this 
category (.75 x 721 miles) and a total annual benefit of 
$71/car/year (i.e., 541 miles x $13.2/100 cars). Assum
ing the remainder of the track is predominately in the 2 
to 5-degree category, carrying out the same calculation 
for this category gives a savings of $47/car/year. 
Adding these result^, the total (rail) savings from a 25 
percent reduction in vertical load would be 
$118/car/year.

While the differences here are rather dramatic in terms 
of dollars/car/year it should be pointed out .that there 
were procedural problems with the CIGGT analysis and 
it seems likely these numbers will be subject to change 
based on additional analysis of the TDOP - Phase II 
performance data being conducted by CIGGT.

5.4.2 Savings on Curved Track

Reduction in lateral curving stresses at the wheel/rail 
interface due to reduced lateral force or a reduced 
angle of attack offers the potential for significant rail 
life increases on curved track. The savings come from 
a net reduction in the steady state lateral curving force 
or steady state angle of attack as a function of 
curvature (see Figures 5-17 and 5-18). There is also a 
dynamic lateral force and dynamic angle of attack. 
This is the random variation about the steady state 
force and can be represented by a standard deviation as 
in the case of the dynamic vertical force. The lateral

dynamic environment is quite large compared to the 
steady state environment for low degrees of curvature 
and should not be ignored.

Lateral load, L/V, and angle of attack data for the Type 
n trucks have been sent ,to CIGGT in the form of means 
and standard deviations, The test data for Type II 
trucks were taken with the CN profile. This profile is 
intended to cause single point contact between the 
wheel and rail., The,contact patch assumptions in the 
CIGGT model might need to be reconsidered for these 
trucks. The Type I truck was tested with a new AAR 
profile. Based on the results already shown in Figure 5- 
18, the prospects for reducing the steady state lateral 
loads by factors of about 50 percent appear excellent 
for steering trucks. The appropriate data are 
reproduced in Table 5-19 from the economic analysis in 
Reference 8.

Considering the case developed earlier for vertical 
dynamic loads (i.e., a 100-car. unit coal train, operating 
over 721 miles of track, etc.), the scaled annual bene
fits due to the change in traffic density is $82.3/mile 
for the two degree to five degree track category ($1435 
x 0.86/15). Under the assumptions given earlier (i.e., 
curved/tangent = 1/3), there are 180 miles of track in 
this category, thus, the total annual benefit for rail 
wear is $148/car/year ($82.3 x 180 miles/100 cars).

5.4.3 Savings Other Than Rail Life

Savings other than in rail life have been classified in 
two categories in the analysis in Reference 8. These 
are savings in tie life and "other" savings. The' values 
projected for these savings were shown in Tables 5-18 
and 5-19 and are often larger than the savings projected 
for increases in rail life. Although not originally 
planned for inclusion in TDOP Phase II, these savings 
have been estimated based on Reference 8 and included 
in the cost/benefit analysis.

TRACK CURVATURE, DEGREE TRACK CURVATURE, DEGREE

FIGURE 5-17. AVERAGE LATERAL FORCE VS CURVATURE FOR LEFT 
HAND CURVES FOR LOADED STEERING TRUCKS

FIGURE 5-18. AVERAGE LATERAL FORCE VS CURVATURE FOR LEFT 
HAND CURVES FOR LOADED NON-STEERING TRUCKS
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TABLE 5-18. ECONOMIC IMPACT OF VARIATIONS 
IN VERTICAL DYNAMIC LOADS

TRAFFIC 15 MQT/YR.

BASE CAR 100 TON (263,000 lb. gross load on rails)

TRIAL CAR - Base car with reductions in static and dynamic loads as listed below:

a) vertical dynamic reduced by 25 percent

. b) lateral dynamic reduce by 0 percent

c) static load reduced by 0 percent

BENEFITS OF TRIAL CAR OVER BASE CAR

CURVATURE TAN 0°-2° 2°-5°

oCO1o
l

o

Rail Life (MGT) Base Car . 347.9 . 347.9 193.6 128.1

Trial Car
i

399.2 399.2 2,25.4 147.7

Advantage $/Mile Present Value 2,570 2,570 5,070 7,525

Equivalent Annual Benefit 
. $/Mile -  Rail 231 231 . 456 677

Tie Life (Yrs) Base Car .24.8 22.7 16.8 15.9

Trial Car 25.0 22.9 17.1 16.2

Advantage $/Mile Present Value 141 169 458 510

Equivalent Annual Benefit .. ■ 

$/Mile -  Ties 1 13 15 41 46

Other Cost Base Car ! 
Relative Factor 1.235 1.342 1.643 1.689

Trial Car 1.190 1.294 1.582 1.626

Advantage $/Mile Present Value 3,455 3,689 4,688 4,833

Equivalent Annual Benefit 
$/Mile -  Other 311 332 422 435

Equivalent Annual Benefit 
$/Mile -  TOTAL 555 578 919 1,153
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TABLE 5-19. ECONOMIC IMPACT OF VARIATIONS IN LATERAL LOADS

TRAFFIC 

BASE CAR 

TRIAL CAR

15 MGT/YR.

100 TON (263,000 lb. gross load on rails)

Base car with reductions in static and dynamic loads as listed below:

a) vertical dynamic reduced by 0 percent

b) lateral dynamic reduced by 50 percent

c) static load reduced by 0 percent

BENEFITS OF TRIAL CAR OVER BASE CAR

CURVATURE TAN

001 o 2°-5° 5°-8°

Rail Life (MGT) Base Car 347.9 347.9 193.6 128.1

Trial Car 347.9 347.9 347.9 249.5

Advantage $/Mile Present Value ' 0 0 15,939 26,428

Equivalent Annual Benefit 
$/Mile -  Rail 0 0 1,435 2,379

Tie Life (Yrs) Base Car 24.8 22.7 16.8 15.9

Trial Car 24.8 24.6 19.9 19.1

Advantage $/Mile Present Value 0 1,491 4,064 4,618

Equivalent Annual Benefit 
$/Mile -  Ties 0 134 366 415

Other Cost Base Car 
Relative Factor 1.235 1.342 1.643 1.689

Trial Car 1.235 1.245 1.485 1.526

Advantage $/Mile Present Value 0 7,444 12,132 12,510

Equivalent Annual Benefit 
$/Mile -  Other 0 670 1,092 1,126

Equivalent Annual Benefit 
1 $/Mile -  TOTAL. 0 804 2,892 3,920
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5.5 LADING DAMAGE & DERAILMENT ANALYSIS 

5.5.1 Lading Damage

Reduced lading damage is another area where economic 
savings may be realized from a Type II truck. Several 
of the trucks have dramatically altered suspension 
characteristics (either dual spring rates to provide a 
different ride when empty than when loaded, or primary 
suspension where the spring nest is over the roller 
bearings, or in one case, leaf springs as the primary 
means of suspension). These modifications are intended 
to attenuate the track excitation and thus provide a 
better ride.

With regard to the vertical dynamic environment, small 
variations in rms levels between the trucks were 
observed (see Figures 5-19 through 5-24). None of the 
trucks performed dramatically better than Type I 
trucks.

Considerable savings could be realized through reduced 
lading damage claims. Claims that might have some
thing to do with trucks appear in one of three "cause" 
categories in the AAR lading damage reports. These 
are cause 3 (all damage not otherwise provided for), 
cause 4 (defective or unfit equipment), and cause 9 
(derailment). Of these, cause 3 is the only one that is 
significant. Comparing the commodity codes from the 
AAR lading damage reports to the 1 percent waybill 
sample, it is possible to estimate the damage costs per 
mile (after making an assumption that the cars travel 
50 percent empty and. 50 percent loaded). Typical 
results are shown in Table 5-20.

It is widely reported that longitudinal dynamics, not 
vertical or lateral dynamics, is the primary cause of 
lading damage (see Reference 9). There are probably 
specific cases where vertical and lateral dynamics 
contribute to lading damage. If Type II trucks could 
carry the right commodity, the savings might be sub
stantial. Table 5-20 shows that there are a number of 
commodities that have lading damage costs in the 
W/mile range. If a Type II truck were to reduce this 
cost by 509-6, assuming the car travelled 25,000 
miles./year, this would be an annual savings of

$125/year. The savings could be very comparable to 
the savings from car maintenance, fuel consumption, or 
rail wear. Of almost equal importance, an improved 
truck with better ride characteristics might be able to 
draw new commodities to the railroads.

Reduction of hunting amplitudes and increases in hunt
ing speeds will reduce lading damage for lightly loaded 
or partially loaded cars. All the Type II trucks tested 
produced significant improvements in these areas. The 
potential is there to reduce lading damage due to 
improved lateral dynamics. However, it is very diffi
cult to be quantitative about these savings in any 
general way. On specific trains with specific routes 
and types of commodity, it would be somewhat easier 
to identify how much might be saved in lading damage.

5.5.2 Derailment

To the extent that Type II truck reduces the L/V ratio, 
it would tend to derail less often. Thus, it might seem 
reasonable that a Type II truck would experience lower 
derailment costs. Unfortunately, this is probably not 
the case. Most of the cars that are involved in large 
derailments are mechanically sound and would not have 
derailed if the. car in front of them had not derailed. 
Since an improved truck will not improve the perfor
mance of the cars ahead of it, it seems unlikely that 
much savings could be realized in this area by the 
owner of the car.

Rather, a Type II truck will tend to reduce the overall 
incidence of derailments. Even this effect will be 
fairly distant. One might.typify derailment' as the 
weakest car encountering the weakest track with catas
trophic results. It will take a number of years for a car 
introduced into service now to become the weakest car. 
Under the circumstances, savings from derailments are 
probably not a major economic factor to be considered 
in purchasing a Type II truck.

On the other hand, there are certain car series (e.g., 
the 100-ton covered hopper) that have statistically 
significant increases in the incidence of derailment. 
Under these circumstances, it might make sense to 
consider a Type II truck as part of an overall design 
strategy when redesigning such a car series (see 
Reference 10).

\
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FIGURE 5-19. RMS VERTICAL ACCELERATION VS SPEED -  0-20 HZ 
FREQUENCY BAND/LOADED CARS/PRIMARY 
SUSPENSION TRUCKS

FIGURE 5-20. RMS VERTICAL ACCELERATION VS SPEED -  0-20 HZ 
FREQUENCY BAND/LOADED CARS/SECONDARY 
SUSPENSION TRUCKS
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FIGURE 5-21. RMS VERTICAL ACCELERATION VS SPEED -  
0-20 HZ FREQUENCY BAND/LOADED CARS/ 
PRIMARY + SECONDARY SUSPENSION TRUCKS
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FIGURE 5-22. RMS LATERAL ACCELERATION VS SPEED -  
0-20 HZ FREQUENCY BAND/LOADED CARS/ 
PRIMARY SUSPENSION TRUCKS

FIGURE 5-23. RMS LATERAL ACCELERATION VS SPEED -  
0-20 HZ FREQUENCY BAND/LOADED CARS/ 
SECONDARY SUSPENSION TRUCKS

' SPEED, MPH

FIGURE 5-24. RMS LATERAL ACCELERATIONS VS SPEED -  
0-20 HZ FREQUENCY BAND/LOADED CARS/ 
PRIMARY + SECONDARY SUSPENSION TRUCKS
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TABLE 5-20. LADING DAMAGE PER MILE BY COMMODITY TYPE

PERCENT 
ALL CLAIMS

01 FARM PRODUCTS 10.7
01121 COTTON IN BALES 0.8
0113 GRAIN 0.401144 soybeans 1.1
01195 POTATOES 0.8
012 FRESH FRUIT & NUTS 2.3
013 fresh vegetables *.8
10 METALLIC ORES 0.7
11 COAL 1.4
14 NUMtTALLIC MINERALS 0.5
20 FUUU 20.8
201 MEAT 1.6
2033 canned fruit or veg 0.7
2037 FROZEN FRUIT OR VEG 0.5
2039 MIXED CANNED GOODS 0.6
204 grain mill products 7.3
2062 REFINEO SUGAR 1.1
20821 BEER 0.9
209 MiSC FOOD PREPARATIONS 4.7
21 TOBACCO PRODUCTS 0,8
24 LUMBER OR WOOD 3.5
2432 PLYWOOD OR VENEER 0.8
25 furniture or fixtures 1.8
26 PAPER, PULPt ETC. 4.9
26213 PRINTING PAPER 1.1
28 chemicals 3,9
29 peiroleum or coal prod 1.0
32 CLAY, GLASS* STONE 2.6
322 glassware 0.2
32511 BRICK 0.4
33 PRIMARY METAL PRODUCTS 2.2
34 FAB METAL PRODUCTS 1.5
35 MACHINERY (NOT ELECT) 2.4
36 ELECTRICAL MACHINERY 3.1
363 HOUSEHOLD APPLIANCES 1.9
37 transportation equip 20,<+
3711 MOTOR VEHICLES 10.5
3714 motor VEHICLE parts 1.3

IS WAYBILL 3
CAUSE SYMBOL 4

10Q0 MI 1000 $ 1000 $
0709, 5453. 3202.
405. 16. 14.
4996, 72. 7306,
364. 2. 374.
674. 402, 22.
571. 1673. 75.
1130. 2482, 94.
2457. 191, 316.
11657, 98. 468.
3300. 634. 257.

12929, 38812. 2685.
567. 540. 246.
802, 1611. 21.
969, 228, 15,
448, 1322. 9.
4006, 16948. 1119,
594. 2604, 123,
1121. 1782. 13.
2449. 8533. 582.
239, 1214, 71.
9718. 5718. 97.
2047. 1457, 19.
1273, 3722. 125,
7862. 10902. 167.
888. 2724, 65.

8452. 4689, 487,
3277. 1456, 105,
4271. 5399. 101,
265, 428. 13,
263. 1132. 5.
3803, 4321. 213.
1240. 3060, 37.
1010, 4016, 40.
1366. 4663. 90.
1020. 3354, 17,
9021. 47090. U!

4667, 44562, 17.
3767. 2108. 29.

CAjSL symbol
9 3 4 9

1000 $ CENTS/MI CENTS/MI CENTS/MI
10374. 0.31 0.18 o-O

o

1286. 0.02 0.02 1.596909. 0.01 0.73 0,691376. 0.00 0.51 1.8967. 0.30 0.02 0.05267, 1.46 0,07 0,23723. 1.10 0.04 0.32
863. 0.04 0.06 0.18
2521. 0.00 0.02 0.11
393. 0.10 0.04 0.06

8112. 1.50 0.10 0.31
394. 0.46 0.21 0.34255. 1.00 0.01 0.16154. 0.12 0.01 0.08219. 1.48 0.01 0.242268. 2.12 0.14 0.28477. 2.19 0.10 0.40413, 0.79 0.01 0,18
2197. 1.74 0.12 0.45
251. *in•CM 0,15 0.53
2748. 0.29 0.00 0.14
723. 0.36 0.00 0.18
452. 1.46 0,05 0.16
2069. 0.69 0.01 0.13419, 1.53 0,04 0.24
4622. <oCM•o 0.03 0.27
1051. 0.22 0.02 0.16
1060. 0.63 0.01 0.12
44. 0.81 0.02 0.06
52. 2.15 0,01 0.10

961. 0.57 0.03 0.13
305, 1.23 0,01 0.12

2244. 1.99 0.02 1.11
1621. 1.71 0.03 0,593112. 1.63 0.01 1.51
8112. 2.61 0.00 0.45
5053. 4.77 0.00 0.631534. 0.28 0.00 0.20

Note: Categories are the same as cause symbols.
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5.6 COST/BENEFIT ANALYSIS

The results of the component elements of economic 
analysis covered in subsections 5.2 through 5.5 are 
assimilated and discussed in this subsection. The major 
parameters that govern the profitability of Type II 
trucks have been identified as:

' a. Annual car mileage
b. Curve-to-tangent ratio of the route
c. Number of trucks purchased
d. Car weights
e. Empty-to-loaded ratio
f. Captive versus interchange service
g. Lading sensitivity to damage
h. Added cost of the truck

5.6.1 Results

Reviewing the different areas where savings might 
reasonably be achieved (car maintenance, roadway 
maintenance, fuel consumption, lading damage, and 
derailment), it is clear that with the exception of car 
maintenance, the handling line receives most of the 
benefits from improved trucks. The owner (if he is not 
the handling line) pays for benefits someone else 
receives. For this reason, Type II trucks can only be 
profitably used in some type of captive service.

For the same reason, car lines and private owners are 
not likely to be very interested in Type II trucks. The 
railroad receives the benefits from a Type II truck, not 
the private owner. If the railroad is willing to pay 
higher fees to the car line or charge lower fees to the 
private owner they might be willing to purchase these 
trucks, however, there is still the problem of getting 
nonstandard parts to the truck in a timely way. The 
owner generally will have to pay for lost car days. In 
order for a private owner or car line to profitably 
purchase a Type II truck, the railroad has to actively 
cooperate in controlling the costs of maintaining non
standard trucks.

Private owners (especially utility companies and Trailer 
Train) control a significant portion of the cars (such as 
these in unit coal trains) that might reasonably be 
equipped with premium trucks. There are 26 pages of 
prime candidate cars in the 1977 Official Railway 
Equipment Register belonging to utility companies and 
Trailer Train alone. The railroads will have to take the 
initiative in getting maximum benefits from a Type II 
truck. If railroads are convinced of such benefits, they 
must play an active role in equipping appropriate cars 
with improved trucks.

In order for a Type II truck to be profitable, it must be 
on a car with high annual mileage because the benefits 
from such a truck accrue sooner on a high mileage car 
and are consequently worth more. All the benefits, 
such as savings from reduced rail wear and fuel con
sumption, are more or less proportional to annual car 
mileage. The annual benefits get larger with larger 
annual mileage.

One of the reasons that Type II trucks cost more than 
Type I trucks is because Type I trucks are produced in 
very large quantities. The Type I truck costs 65e a 
pound. A price this low is only possible in very large 
quantities. The nonstandard parts in a Type II truck 
cost around $1 a pound. This is a fairly typical price 
for iron products produced in normal production quanti

ties. If the truck manufacturer tries to recover his 
development costs, the price/pound is even higher. 
Several of the Type II truck manufacturers have taken 
advantage of these facts. Retrofit kits or trucks that 
are already in production have distinct cost advantages 
since they take advantage of the economies of scale in 
producing a Type I truck.

The advantages of a Type II truck have to be dramatic 
to overcome the built-in cost advantages of a Type I 
truck. Also, the advantages of standardization work 
against a Type II truck. The cost of introducing a set of 
nonstandard parts to many repair sites throughout the 
United States is quite significant.

Under the circumstances, it is fairly surprising that any 
Type II truck has a chance to enter the railroad market. 
However, it appears that there are two scenarios in 
which a Type II truck may be profitable. First,' a 
steering (i.e., radial) truck may be able to pay for itself 
on routes with high curve-to-tangent ratios using high 
annual mileage cars. The savings come primarily from 
reduced rail wear of curved track. Doing a worst-case 
analysis of one of the steering trucks and varying the 
annual mileage and curve-to-tangent ratio, the 
boundary (between profitable and marginal) shown in 
Figure 5-25 was obtained in which the net present value 
of the benefits was positive.

As can be seen by considering the values of the 
parameters at which the steering truck is clearly pro
fitable, there are relatively few cars in this situation; 
however, they do exist. The marginal area is more 
encouraging. Again, these are not the 'normal cars 
being purchased today (the annual mileage is too high). 
However, significant numbers of cars with these com
binations of annual mileage and curve-to-tangent ratio 
do exist. Also, the requirement for routes with unrea
sonably high curve-to-tangent ratios has been reduced 
well into the normal railroad range.

The second scenario with a profitable Type II truck,is 
more questionable. A primary suspension truck reduces 
the unsprung mass of the truck and may experience 
lower vertical dynamic loads. This leads to reduced 
track wear irrespective of curvature. The boundary 
with curve-to-tangent track ratio is not very meaning
ful because the savings are insensitive to it (see Figure 
5-26). A more interesting case is the boundary with 
loaded car weight because of the potential for savings 
in reduced lading damage due to hunting (see Figure 
5-27). Normally, loaded cars on Type I trucks hunt at 
very high speeds, and since they are not run at such 
speeds, one would not expect lading damage due to 
hunting. However, particularly in intermodal service, 
there are a reasonably large number of unit trains that 
carry relatively light loads.

The boundary with loaded car weight shown in Figure 
5-27 is quite encouraging. No savings from lading 
damage were assumed in computing the boundary and a 
number of losses were excluded (e.g., small fuel losses) 
yet there is enough track wear savings to pay for the 
truck improvement even with a lightly loaded car. 
While it is virtually impossible to calculate how much 
savings there would be due to reduced lading damage, 
substantial savings seem likely.

Depending on the assumptions one makes about car 
maintenance and truck prices, a very similar scenario 
can be constructed for rigid trucks in which savings 
come from car maintenance and reduced lading 
damage, and losses are due to increased track wear.
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FIGURE 5-25. BOUNDARIES WITH CURVED TO TANGENT 
RATIO FOR STEERING TRUCK SCENARIO

Annual Car Mileage (1000 Miles/Year)

FIGURE 5-26. BOUNDARIES WITH CURVED TO TANGENT RATIO 
FOR PRIMARY SUSPENSION TRUCK SCENARIO
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FIGURE 5-27. BOUNDARIES WITH CAR WEIGHT FOR
PRIMARY SUSPENSION TRUCK SCENARIO

5.6.2 Procedure 5.6.3 Annual Incremental Benefit Calculation

The basic procedure used to assess the economic per
formance of Type II trucks is illustrated in Table 5-21. 
The approximate costs and weights of the Type I and 
Type II trucks are shown in Table 5-22. The data shown 
are estimated data for a steering truck using the 
economic methodology developed under Phase I of 
TDOP (References 11 through 13). The assumptions 
about the car and route are:

Empty weight 
Loaded weight 
Empty to loaded ratio 
Annual mileage 
Curved/tangent ratio

32 tons 
132 tons 
0.5
80,000 miles/year 
0.667

Several other assumptions are made implicitly. Since 
the rail and fuel benefits have been included, this must 
be a captive service car (i.e., it only runs on the car 
owner’s own line). No provision has been made to add a 
lading damage benefit, thus the lading is assumed to be 
insensitive, as for example, coal.

The definition for empty to loaded ratio is miles 
traveled empty/total miles traveled. The curve-to- 
tangent ratio is miles of curved track (any 
curvature)/miles of tangent track.

In Table 5-21, under the heading, Incremental Net Cash 
Investment Calculation, the incremental gross cash 
investment is shown as $3000/car. The next line shows 
the 10% investment tax credit of $300; the difference 
($3000-$300) shown on the following line is the incre
mental net cash investment of $2700/car. This is the 
amount of extra money that the buyer would invest in 
the truck when it was purchased.

5.6.3.1. Car Maintenance Savings. Under the next 
heading in Table 5-21, Annual Incremental Net Cash 
Renefits Calculation, the first category is annual car 
maintenance savings (subsection 5.2 on car maintenance 
presented total car maintenance costs by part and by 
annual mileage). The equivalent annual expenditure 
data are reproduced here as Table 5-23. Appendix D 
presents the same results by 70 or 100-ton cars and 
could be used to further refine the estimates. How
ever, for the purposes of this analysis, that degree of 
detail is not required.

a. Wheel Life. The largest single maintenance 
change from a Type II truck is expected to 
be a significant increase in wheelset life. 
The evidence from the TDOP Phase II per
formance testing and wear data collection 
program supports this conclusion. It would 
be possible to estimate the changes in 
wheelset life by using ratios of lateral curv
ing forces from the performance testing; 
however, in this case better data are avail
able from the wear program. The relevant 
table from the wear program (Reference 
14) is reproduced here as Table 5-24. These 
estimates are developed by linear extrapola
tion of measured wear rates. Although 
better estimates are desirable, these esti
mates are used in the economic analysis 
methodology for lack of better available 
data. Also, since the objective is to 
demonstrate the methodology, these esti
mates are used without prejudice.
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TABLE 5-21. WORST CASE BENEFIT/COST ANALYSIS OF A STEERING TRUCK

ASSUMPTIONS

Empty Weight 32 Tons
Loaded Weight 132 Tons
Empty to Loaded Ratio 0.500
Annual Mileage 80,000 Miles/Year
Curved/Tangent Ratio 0.667

INCREMENTAL NET CASH INVESTMENT CALCULATION

Incremental Gross Cash Investment 3000.00
Less: Investment Tax Credit of 1096 -300.00
Incremental Net Cash Investment 2700.00

ANNUAL INCREMENTAL NET CASH BENEFITS CALCULATION

Car Maintenance Savings:
Wheel Life 133.71
Steering Arm -61.35
Side Frame -13.76
Adapter -28.35
Inventory Adjustment -5.00

TOTAL 25.25 25.25

Roadway Maintenance Savings:
Vertical Forces 110.30
Curving Forces 333.90

TOTAL 444.20 444.20

Fuel Savings 97.26

Gross Cash Benefits Before Depreciation 566.71
Depreciation ($3000./22.6 Years) (Non Cash Item) -132.58
Gross Accounting Profit 434.13
Tax at 50% 217.06
Net Accounting Profit 217.06

Gross Cash Benefits Adjusted to Net Cash:
Gross Cash Benefits 566.71
Less Tax at 50% 217.06

Annual Incremental Net Cash Benefits 349.64

NET PRESENT VALUE CALCULATION -

Present Value of Benefits
($349.64 x 8.80 P.V. of $1 at 1096 for 22.6 Yr) 3075.67
Less: Incremental Net Cash Investment -2700.00
Net Present Value 375.67
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TABLE 5-22. WEIGHT AND COST OF TYPE II TRUCKS

Trucks
Weight

per
Car Set

Cost
per

Car Set

Type I 21,000 lb $13,350

ACF Fabricated 20,944 lb N/A

Alusuisse N/A N/A

Barber-Scheffel 23,000 lb $21,300

Devine-Seales 24,000 lb $21,000

DR-1 23,620 lb $16,350

. Maxiride 20,856 lb $14,400

Swing Motion 22,850 lb $15,767

•The weight end cost o f a standard 3-piece truck, namely 21,000 lb and $13,350 for a 
Barber S-2 truck, have been added to the numbers quoted for the DR-1 steering arms 
in arriving at the given figures.

NOTE: All of the above figures are based on the best information available in TDOP 
Project files; the information on file has been gathered as submitted by the 
manufacturers on a voluntary basis. As far as can be determined, all weight and cost 
figures given above include one car set of two trucks with the associated sets of brake 
gear and wheelsets and other auxiliaries.

TABLE 5-23. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS FOR * 
UNION PACIFIC ROLLER BEARING CARS

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
BRAKE BEARS 
Brake Beam hear plates 
BRAKE HAN6ER OR CONNECTION PIN 
NOT1UH ROO SAFETY SUPPORT 
BRAHE BEAM SAFETY SUPPORT 
BRAKE CONNECTION* BOTTOM 
BRAKE CONNECTION* TOP 
BRAKL.LEVER
BRAKE:LEVER GUIDE ON CARRIER 
OEAU LEVER tUlOE 
UEAU LEVER 6utOE BRACKET 
brake shoes 
BRAKE shoe KEYS

mhcelsets

lubricate roller BEaR!N6S
ROLLER BEARINGS
KOLClH BEARING cap screws 
PCOtSTAL AOAPTERSWHEELS 
WHEEL LABOR
axlU *  roller bearings

other truck repairs
truck BOLSTERS
IRUCK BOLSTERS (REPAIRED)CENTER PINS 
CENTER PLATES 
CENTER PLATE LINERS 
truck side bearings 
FRICTION.CASTINGS SIUL BEARING SHIR 
SIDE FRAMES 
SIOE FRAMES (RCpAlRCO)
SPRING PLANKS 
OUTLM SPRINGS 
INNER SPRINGS .
STABILIZER SPRINGS
TRUCK SPRING FRICTION SNUBBERSTEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

NORMAL SERVICE HIGH MILEAGE SCRWICC
12500. 25000. 37500. 50000. 62500. 75000. 07300.
*7.90 190,99 239.00 220.90 295.00 350.06 *23.01
2*50 10,32 35*61. 29,61 92,90 55.93 69.990,02 0,09 0.06 0.01 0*01. 0.01 0.010.30 0.6* 1.03 0*95 1,21 1.** 1.71
0.11 0.30 0.52 0.71 0.90 1.21 1*900.03 0,00 0.11 0.01 0.01 0,01 0*010.25 0,95 0.63 0.65 0.79 0.93 1.090.2* 0.22 0.99 1.37 1.00 2.20 2.610.10 0.31 0.99 0,99 0.53 0.63 0*790.01 0.02 0*02 0.01 0,01 0.01 o.oi
0.00 0*01 0*02 0.09 0.07 0,09 0.110.00 0.01 0*02 0.05 0,07 0.00 0.10

59.92 127.32 193.31 193.00 295,66 299.36 3*7*0?
0,91 0.03 1.22 0.76 0.96 1.1* 1*33

112.50 299.70 367*50 1W.J! *27,57 506.56 501.51
2.11 9.75 6*70 5.90 6.95 7.15 •*5915.72 33.99 51.27 90.96 60,90 72.99 tt.n
0.01 0.02 0*09 0,09 0.05 0,06 0*062.19 7,16 12.19 0,20 10,00 13,15 13.7137.01 02,03 129*10 117.30 1*6,09 179.69 206.30

59.10 115.61 171*39 1*2.51 201.03 235,72 273.63
0.5* 1*21 1*05 1.79 2.17 2.60 3,07

19.7* 63.01 113*11 29,20 30.13 96,7* 53.09
9.12 19.21 39*76 7.55 10,00 12,90 19.01
0.10 0.67 1.22 0,35 0.50 0,63 0.730.27 0,79 1*39 0.76 0.97 i.i« 1*390.17 0.90 0.97 0,05 0.07 0,09 0.11
0,73 3,05 5*37 3,92 5,09 6.13 7.19
0.6* 1.92 3*03 1.19 1.52 1.01 2.121.90 5.96 9,16 2.17 2.73 3.26 3.02
0.03 0.23 0.39 0.00 0,10 0,12 0*135.25 23.72 93.01 7,19 9,00 12.57 13.390.07 0,50 0*03 0,02 0,00 0.10 0*120.00 0,00 0*00
0,00 3.30 5.90 1,09 2.21 2.59 2.09
0.95 1.79 2.03 1.19 1.33 1.53 1*73
0.35 1.91 2*32 0.55 0.66 0.74 0*00
0.00 0,01 0*01
0.01 . 0.02 0.03 0.29 0.37 0,93 0*53
0.33 1.32 2.37 2.07 2.69 3*19 3.01

195,1* 957.50 719*61 *01.92 760,00 911,36 1079*16
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Based on Table 5-24, wheelset wear can be 
estimated in three ways: on the basis of
high flange, on the basis of thin flange, or 
on the basis of metal removed. Using the 
Barber S-2-C truck as the Type I truck and 
the Dresser DR-1 as the Type II truck, the 
following comparisons can be made:

DR-1/S-2-C

High flange: 51.81/36.57 = 1.42

Thin flange: 96.23/38.03 = 2.53

Metal removed: .0374/.0208 = 1.80

It appears from Table 5-24 that the DR-1 
truck wheelsets will ultimately wear out for 
high flange at around 518,100 miles. This is 
just one truck on one specific route; other 
trucks on other routes can be expected to 
behave differently. For this reason, the 
intermediate number of the three estimates 
was used (i.e., 1.8 based on metal removed).

At this point, it is necessary to estimate the 
percentage of wheelsets that fail for wear- 
related reasons. Table 5-25 shows a tabula
tion of wheel constructed. Other railroads 
have different distributions of wheelset re
placements. To get a reasonably accurate 
estimate, it is recommended that the 
equivalent of Table 5-25 for the railroad in 
question be used to perform the analysis.

Simply tabulating why made codes for wheel 
replacements will not give an estimate of 
the percentage of wheels replaced due to 
wear. For example, most wheels are 
removed for why made code 11 - removed in 
good condition on account of associated 
repairs. TDOP's procedure for doing this 
tabulation is illustrated in Table 5-26. 
Individual records from the Car Repair 
Billing tapes (as shown at the top of the 
figure) were assembled into the record 
shown in the middle at the bottom of the 
figure. Reading across the bottom record, 
the data transferred is as follows:

Car initial and number

Wheel diameter and wheel wear 
(from the job code)

LI roller bearing why made code

LI wheel why made code

1 axle why made code

R1 wheel why made code

R1 roller bearing why made code

Wear of the second axle's wheels

The repairs shown in Table 5-26 were 
obviously made for why made code 64 
(i.e., high flange). After tabulating 
wheelsets in this way, causes of

wheelset replacement can easily be
identified as shown in Table 5-25.

The number of wheelsets that fail in the 
thin flange, high flange, and the mixed and 
other categories from the Union Pacific 
data in Table 5-25 is 41 percent of all 
wheelsets. Based on this result, the change 
in overall wheelset life can be calculated as 
follows:

.41 x 1.8 + .59 x 1 = 1.328 longer life

More sophisticated techniques for forming
. this estimate can easily be constructed. 

The chief advantage of this technique is 
that it is simple. However, one 
disadvantage is that it may tend to 
overstate the wheel life somewhat.

The equivalent annual wheelset repair cost 
shown in Table 5-23 for a Type I truck, is 
$506.56 at 75,000 miles/year and $593.52 at
87,500 miles/year. Interpolating this to the 
desired annual mileage of 80,000 miles/year 
gives $541.34/year. Thus, the reduced 
expenditure on wheelsets would be as 
follows: $541.34/1.328 = $407.64, annual
saving of $541.34 -  $407.64 = $133.70. This 
is the number shown on the wheel life 
savings line in Table 5-21.

b. New Repair Categories, e.g., Steering Arms. 
The next entry in Table 5-21 is an example 
of a new repair category that has not 
existed before in the Car Repair Billing 
system. If there are steering assemblies on 
a Type II truck, a new repair category for 
repairing the steering assemblies will have 
to be created. It is very difficult to esti
mate the expense associated with this type 
of change since there are no existing data. 
The steering arm is geometrically similar to 
a brake beam and is located in the same 
part of the truck. The same sorts of 
disassembly and labor should be involved. 
Also, brake beams are replaced fairly 
regularly. Brake shoes wear away and the 
brake beam grinds on the wheels, destroying 
itself. It is difficult to imagine that the 
steering assembly could cause more prob
lems than the brake beams.

, Using this logic, the cost of repairing steer
ing assemblies was estimated to be the same 
as the cost of repairing brake beams. Table 
5-23 shows that brake beam repairs average 
$55.93/year for a 75,000 mile/year car and 
$69.49/year for an 87,500 mile/year car. 
Interpolating to. 80,000 miles/year one gets 
a cost of $61.35/year, which is the number 
shown in Table 5-21.

c. Changes in Repair Frequency, e.g., Side 
Frames and Pedestal Adapters. The 
comments on the Dresser DR-1 truck from 
the TDOP wear measurement report 
(Reference 14) indicate that the side frame 
pedestal adapter jaw and pedestal adapters 
are wearing approximately three times as 
fast as oh the Type I trucks. This would
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appear to be correct since the DR-1 steer
ing arms are attached to the pedestal 
adapter and rotate it to accomplish the 
steering.

Table 5-21 shows repair costs for side 
frames and pedestal adapters. Again the 
results were interpolated from Table 5-23. 
The side frame repairs were doubled and the 
adapter repairs were tripled; these were 
taken as cost items and included as negative 
entries in Table 5-21. The side frame 
number was doubled, not tripled, because 
there are other wearing surfaces on the side 
frame and all of the replacements probably 
do not come from the interface with the 
pedestal adapter.

d. Inventory Adjustment. The next extry in 
Table 5-21 is intended to represent the cost 
of stockpiling new types of parts along the 
railroad's line. In this case, DR-1 steering 
assembly kits would have to be purchased 
and distributed to the repair sites along the 
railroad. Each kit costs $3000. Assuming 
there are 12 places where the parts would 
be stored, an extra $36,000 would be 
required to purchase the required stockpile 
of parts. Since this money could be invested 
in something else with a 1096 rate of return, 
stockpiling these parts will cost 10% of 
$36,000 or $3600 per year for as long as the 
stockpiles of parts are maintained.

At this point, the analysis becomes sensitive 
to the rate at which Type II trucks are 
purchased. If small numbers were 
purchased, the parts could be stored at less 
sites and the railroad would absorb an addi
tional cost in lost car days waiting for the 
parts to arrive. Assuming that a large 
number of cars have been equipped with 
steering arms, it becomes profitable to dis
tribute the parts to all sites. The cost 
shown in Table 5-21 (i.e.. $5/car) corres
ponds to about 720 car sets equipped with 
steering trucks (i.e., $3600/year spread over 
720 cars). For 100 cars purchased as an 
experiment to determine if the modification 
does pay for itself, a charge of about 
$36/car would be appropriate.

Calculating this charge correctly is rather 
complicated. For example, there are other 
expenses involved besides just the loss in 
revenue due to the capital tied up in stock
piling parts. It is necessary to actually buy 
the stockpile (i.e., to spend the $36,000) at 
some point. Also there are transportation 
and labor costs associated with moving the 
parts to the storage sites. Finally, at some 
point, the stockpiles will need to be 
increased from one assembly to two or more 
assemblies due to the demand for the parts. 
All this has been neglected here in the 
interests of simplicity. The inventory costs 
depend strongly on how many storage sites

TABLE 5-24. SUMMARY OF TEST TRUCK WHEEL WEAR

ANTICIPATED MILES BEFORE 
CONDEMNING LIMITS ARE 
REACHED BASED ON CURRENT 
TRENDS (X10.000 MILES)

TRUCK TYPE SERVICE
MILES

HIGH
FLANGE

THIN
FLANGE ■

NOTES

National 
Swing Motion

II 125,701 73.57 43.13 i)

Barber
S-2-C

I 100,094 
(avg. wheel)

36.57 38.03 2)

Dresser DR-1 II 90,116 51.81 96.23 1)

Barber S-2 
Heavy Duty

131,493 75.51 67.06 3)

ASF Ride 
Control

I 59,813 47.85 41.21 1)

Barber-
Scheffel

H 92,709 .60.74 . 111.25 1).

Devine-Scales II 31,613 N/A N/A 4)

NOTES:

N/A - NOT AVAILABLE

1) ALL ORIGINAL WHEELS CONTINUE IN SERVICE.

2) FOUR WHEELS REMOVED AT 83,000 MILES FOR SHELLED-OUT TREAD:
TWO WHEELS REMOVED AT 116,000 MILES FOR GROOVED TREAD 
(WITH BRAKE SHOES NOT NORMAL TO CAR): TWO ORIGINAL WHEELS 
CONTINUE IN SERVICE.

3) ALL ORIGINAL WHEELS IN SERVICE UNTIL FEB. 5, 1981;
TWO WHEELS REMOVED FOR CAUSES NOT RELATED TO WHEEL 
WEAR (LOOSE BEARING SEAL BACKING RINGS) AND 
REPLACED WITH NEW WHEELS FOR SERVICE CONTINUATION.

4) TRUCK REMOVED FROM PROGRAM AFTER 31,613 MILES.

ALL WHEELS CLASS "U" UNTREATED CAST STEEL, TWO WEAR TYPE CJ36 
FOR FREIGHT SERVICE, EXCEPT BARBER-SCHEFFEL WHEELS WHICH ARE 
CLASS "U" UNTREATED CAST STEEL, TWO WEAR TYPE WITH SPECIAL PROFILE.
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TABLE 5-25. UNION PACIFIC WHEELSET REPLACEMENT

% ALL 
WHEELSETS

WHEELSET
DOLLARS

ALL REPAIRS 
DOLLARS

• Thin Flange 23.6% $ 433,154 $ 511,561

• Slid Flat 11.1% $ 43,380 $ 68,038

• Mixed & Others 10.7% $ 175,930 $ 209,661

• Car Set Derailment 9.4% $ 5,146 $ 8,058

• Tread Buildup 9.3% $ 115,015 $ 128,700

• Bearings & Axle 8.7% $ 81,422 $ 109,581

• High Flange 8.1% $ 130,979 $ 158,791

• Truck Set Derailment 5.9% $ 11,687 $ 19,350

• Tread Shelled 3.7% $ 37,789 $ 41,905

• Brakes Failed 3.7% $ 73,679 $ 83,560

94.2% $1,108,181 $1,339,205

TABLE 5-26. WHEELSET FAILURE IDENTIFICATION METHODOLOGY

All Repairs to : 
Railroad Car

Why Job
Date Site Loc Made Code

1 CN UP 960109 770616 04 3 2 2 6 R1 64 3 0 8 5 W HEEL, 36” 2W  S T E E L

1 CN UP 960109 770616 0 4 3 2 2 6 R1 11 2816 R O LLER  BEARING, G R OU

1 CN UP 960109 770616 0 4 3 2 2 6 L1 11 2816 R O LLER  B EAR IN G ,G R O U

1 CN UP 960109 770616 04 32 26 L1 6 4 3 0 8 5 W H EEL, 36" 2W  S T E E L

1 CN UP 960109 770616 0 4 3 2 2 6 1 0 9 3160 W H EEL LABOR. ROLLER

1 CN UP 960109 770616 0 4 3 2 2 6 1 11 3276 A X LE -R W S -R O LL E R  b r g

Axle 1 Axle 2 Axle 3 Axle

UP 160406 

UP 960109 
UP 960195

3 3  2

36 2 
3 3  M

11:64-11-11 :11 

11:64-11-64:11 
11: 11-11-64:11

2 93:64-11-11:11 2 11:64-11-11:11 : -  -
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exist along a given railroad. For this 
reason, inventory costs by railroad are prob
ably highly variable.

e. Total Car Maintenance Savings. The wheel 
. life savings minus the added car 

maintenance costs gives the $25.25/year 
savings shown in Table 5-21. Considerably 
more sophistication could easily be 
employed to form this estimate. This is 
particularly true of the wheelset ' life 
estimate and the inventory analysis. During 
the early stages of TDOP Phase II there 
were plans to build a statistical wheelset 
life model based on the large amounts of car 
maintenance data available. Procedures for 
doing this were developed and checked out. 
Also there were plans to build an inventory 
control model of the Union Pacific Railroad. 
However, as it became obvious that car 
maintenance simply was not going to pay for 
a Type II truck, it was decided to invest the 
remaining time and resources in fuel and 
rail savings rather than in further refining 
the car maintenance methodology.

5.6.3.2. Roadway Maintenance Savings. The 
methodology for estimating savings in rail life was 
discussed in subsection 5.4 on roadway maintenance and 
is summarized here. The Canadian Institute of Guided 
Ground Transportation performed the analysis on which 
the estimates here are based for a Track-Train 
Dynamics study (References 7 and 8). CIGGT has 
agreed to undertake a similar study based on TDOP 
Phase II test data. This effort is to be funded by 
Transport Canada and the results are to be made public 
through the joint information exchange agreement 
between the U.S. and Canada. The results should be 
available through NTIS at the end of 1981.

The CIGGT estimates are in two parts: savings from a 
reduction in vertical dynamic loads on all track curva
tures and savings from a reduction in static lateral 
loads during curving. In both cases, the dollar savings 
per mile of track in several curvature categories, 
including estimated savings from rail, ties, and "other" 
track costs, are considered. The two relevant tables 
from the roadway maintenance subsection are Tables 
5-18 and 5-19. In order to convert these estimates to 
an annual savings per car, it is necessary to 
considerably adjust the assumptions on which the 
analysis is based. Since the CIGGT analysis is highly 
nonlinear, the result should be viewed with some 
skepticism. It would be preferable to refer to the on
going CIGGT analysis of the TDOP performance data 
when it becomes available later in the year.

a. Vertical Dynamics. The next item in Table 
5-21 is savings in rail wear from decreased 
vertical loads on tangent track. This sav
ings is based on the vertical dynamic load 
results from CIGGT shown in Table 5-18. 
Test results from TDOP performance test
ing were given in the subsection on roadway 
maintenance (see Table 5—17). Referring to 
the Dresser DR-1 result, there was 9 per
cent reduction in vertical dynamic loads 
measured during TDOP testing.

Referring to the CIGGT results in Table 
5-18, the bottom line equivalent annual

benefit for tangent track is $555/mile and 
the corresponding benefit for the 2 -  5 
degree category is $919/mile. These were 
the only two track categories used for this 
analysis.

The procedure for converting the data to a 
different set of assumptions was illustrated 
in subection 5.4 with the example of a 
75,000 mile/year unit coal train. The train 
contains 100 cars and averages one trip out 
and back each week. It can be shown 
algebraically that the number of trips or 
cars assumed has no effect on the ultimate 
savings. In general, the procedure is as 
follows:

Tangent track savings/year ($/year) =

37 x 10 6 sA [WEe + WL (1-e)] /  (c + 1)

Curved track savings/year ($/year) =

61.3 x 10-6 s c A [WEe + Wj (1-e) j /  (c + 1)

Where:

WE = • the empty weight in 
tons

WL = the loaded weight in 
tons

e = the empty/loadedratio

A = the annual mileage

c = the curved/tangent ratio

s = the ratio of the reduc
tion of the dynamic 
vertical loads (i.e., 9 
percent as shown in 
Table .5-18) to the value 
assuming in calculating 
the CIGGT data (i.e., 
25 percent).

Evaluating these expressions with the 
assumptions presented at the top of Table 
5-21 and adding them together gives the 
result shown in the table as the vertical 
dynamic load savings (i.e., $110.30).

b. Curving Dynamics. The next line in Table 
5-21 is the savings due to reduction in the 
static lateral curving force of a car in a 
curve. It is calculated in the same way as 
the savings for the vertical dynamic loads 
except that the CIGGT data is from Table 
5-19. In this case, savings are only 
experienced on curved track. Using a re
duction in lateral force of 1/3 (i.e., the 
force is 2/3 of what it was for Type I), the 
result shown in Table 5-21 ($333.90) is ob
tained.

c. Total Roadway Maintenance Savings. Add
ing the two categories, the total annual 
saving for the track is $444.20. These 
results undoubtedly will be revised when
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Scale FactorCIGGT finishes its analysis of the TDOP 
Phase II performance test data. The treat
ment of the several nonlinear effects in the 
analysis illustrated above can be improved 
in a more complex and thorough analysis. 
For example, there is considerably more 
effect from varying the empty/loaded ratio 
than just changing the MGT the car puts on 
the rail. Separating the rail wear data of 
empty cars from loaded cars would allow 
this to be considered.

5.6.3.3 Fuel Savings. Fuel savings were discussed
earlier in subsection 5.4. The results are summarized in 
the table showing fuel savings per mile, reproduced
here as Table 5-27. To convert these savings to annual 
savings, it is necessary to re-scale them to the specific 
situation involved. In general, the following equation 
can be used:

.85 s A e WE + (1-e) WL /64

Where:

.85 = price per gallon of diesel fuel

s = interpolated savings from Table 5-27 
based on curved to tangent ratio

A car's annual mileage

e = empty/loaded ratio

wE = empty weight of the car

WL = loaded weight of the car

64 average tonnage on which the analysis 
for Table 5-27 was based

Because the price of fuel has been increasing more 
rapidly than overall inflation, this value should be 
inflated to reflect the net present value of the increase 
in fuel prices. Put another way, the price today of 
diesel fuel probably does not reflect the true savings. 
Referring to the tables from the fuel consumption 
subsection, the value of the savings at a 10 percent 
discount rate and at a 6 percent discount rate are 
shown. Taking the ratio between the two sets of 
values, the following table by annual mileage was 
developed:

Annual Mileage

12.500 1.46
25.000 1.46
37.500 1.46
50.000 1.46
62.500 1.45
75.000 1.40
87.500 1.36

100,000 1.32

Interpolating from the table and multiplying times the 
savings from the equation gives the total annual savings 
($97.26/year) from fuel shown in Table 5-21.

5.6.3.4 Tax Adjustment. Adding all the benefits 
from the line items above gives a gross-cash benefit of 
$566.71, which represents the additional' money at the 
end of the year if all the estimated savings actually 
were realized.

Since the equipment costs more, it will have a higher 
depreciation value. Taking the same estimated life as 
was used all through the calculation, and assuming 
straight line depreciation, one would depreciate ' the 
extra $3000 investment at $132.58/year. This tax 
shield reduces the amount of taxes that have to be paid. 
Subtracting it from the gross cash benefits gives the 
accounting profit ($434.13) which is the amount of 
money on which corporate taxes are paid. At a 50 
percent tax rate, $217.06 would appear on the books as 
profit.

Going back to the $566.71 gross cash benefits, if 
$217.06 was paid to the government in taxes, then 
$349.64 must have been retained as cash by the rail
road. Thus the annual incremental net cash benefits 
are $349.64. Every year the Type II truck operates, the 
railroad is $349.64 ahead.

5.6.4 The Net Present Value Calculation

At this point it is necessary to compare the railroad's 
cost of the improvement to the annual benefits. The 
accepted procedure for doing this is to compute the 
present value of the annual benefits.. Calculating the 
present value of a dollar over 22.6 years at a 10 percent 
rate, each dollar of annual savings is worth $8.80 of 
expenditure today. Multiplying the $349.64/year by 
$8.80 gives a net present value of $3075.67, the amount 
that could be spent to break even on the investment. In 
this case, all that was spent was $2700, so the railroad 
stands to make $375.67 on this investment.

TABLE 5-27. FUEL SAVINGS PER MILE

GALLONS SAVED/CAR MILE BY CURVE/TANGENT RATIO

CURVE/TANGENT 1.105 0.737 0.368 0.185 0.124

AC-F FABRICATED 0.00086 0.00069 0.00038 0.00016 0.00010

ALUSUISSE (70 TONS) -0.00024 -0.00030 -0.00019 -0.00015 -0.00008

BARBF.R-SCHEFFEL 0.00157 0.00113 0.00015 -0.00017 -0.00031

DEVINE-SCALES 0.00196 0.00126 0.00009 -0.00041 -0.00055

DRESSER DR-1 TRUCK 0.00140 0.00094 0.00024 - -0.00013 -0.00023

MAXIRIDE TRUCK -0.00020 -0.00019 -0.00004 -0.00004 0.00004
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5.6.5 Remarks

The analysis outlined above is intended as an illustra
tion and is not meant to be an endorsement of the truck 
involved or even a fair assessment of its relative 
merits. Some simplifications were made in the 
interests of automating the results (e.g., using only 
curved and tangent track categories in the roadway 
analysis). Further information at higher mileages 
should be available at a later date from the TDOP wear 
program which is ongoing under the sponsorship of the 
FRA. As better information becomes available, this 
analysis could well need revision.

This economic analysis contains several very conserva
tive assumptions that should be reviewed in light of 
further data. There is no effect of curve-to-tangent 
ratio on the car maintenance analysis. However, there 
is obviously an effect in the case of wheel life. A 
further refinement might be to assume that thin flange 
wheel life varies in the same way with curvature as rail 
wear on curved track (the rail is the other wearing 
surface).

The assumption that a steering arm will have repair 
costs similar to a brake beam is obviously a worst-case 
assumption. Further data from the wear measurement 
program, or from any of the unit trains equipped with 
steering trucks that are now in service, will provide 
additional information on the actual costs. There are 
obviously going to be repairs done on the nonstandard 
equipment. The issue is how serious a problem these 
repairs will be. The assumed rates of wear of the 
adapter and side frame should similarly be reviewed as 
data become available.

The inventory analysis offered is probably not as con
servative as it ought to be. The inventory costs 
preclude the profitable operation of a small number of

premium trucks. If a railroad is going to buy these 
trucks, it should have some strategy for controlling the 
inventory cost of the new parts. For example, parts 
could be distributed only along the route the cars are 
intended to take, or the nonstandard parts could be 
repaired only at one facility on a regular schedule.

Other savings seem possible. In keeping with the worst- 
case assumption about the steering arm, there is no 
provision for decreases in the number of lost car days. 
Data on the performance of these trucks are not 
available at this time. As it becomes available, some 
effect from lost car days should be considered. At this 
point, lost car days could be increased or decreased 
depending on what kind of maintenance problems are 
uncovered.

The preceding analysis was set up in an attempt to 
demonstrate in which situations, (such as specific 
curve-to-tangent ratios or annual mileages), a specific 
kind of Type II (premium) truck, such as a steering 
truck or a primary suspension truck, might pay for 
itself. A better analysis of an actual situation could be 
made. For example, fuel savings for an actual, rather 
than a hypothetical, unit train could be calculated with 
train performance calculators. The curving resistance 
data on which to base such an analysis was provided in 
subsection 5.4 and would provide a much more accurate 
estimate than the procedure for calculating fuel savings 
outlined in that section. On the other hand, analysis of 
an actual situation is tedious and expensive. It is fairly 
easy to identify the cases in which a detailed analysis 
might be appropriate by following the steps given in the 
example. If the result looks promising, for example, if 
the net present value does not show a loss greater than 
50 percent of the added investment cost, it is worth
while considering a detailed analysis in the larger 
benefit areas.

5-46



5.7 REFERENCES

1. Hammitt, Andrew G. and Associates, "Aero
dynamic Forces on Freight Trains -  Volume III, 
Correlation Report -  Full Scale Tests of Trailers 
on Flatcars and Comparison with Wind Tunnel 
Results," Federal Railroad Administration Report 
No. FRA/ORD 76-295.III, September 1978.

2. Bersteen, S.A., Uher, R.A., and Romualdi, J.P., 
"The Interpretation of Train Rolling Resistance 
from Fundamental Mechanics," Transportation 
Research Institute, Carnegie -  Mellon University, 
IEEE Report CH 1567-7/80/0000-0041, 1980.

3. Muhlenberg, John D., "Resistance of a Freight 
Train to Forward Motion, Vol. I -  Methodology and 
Evaluation," Federal Railroad Administration 
Report No. FRA/ORD-78/04.I, NTIS Accession 
No. PB280969, April 1978.

4. Muhlenberg, John D., "Resistance of a Freight 
Train to Forward Motion, Vol. II - Implementation 
and Assessment," Federal Railroad Administration 
Report No. FRA/ORD-78/04.II, NTIS Accession 
No. PB80118326 April 1979.

5. Muhlenberg, John D., "Resistance of a Freight 
Train to Forward Motion, Vol. Ill - Economic 
Analysis and Correlation of Predictions with Field 
Data," Federal Railroad Administration Report 
No. FRA/ORD-78/04.III, NTIS Accession No. 
PB81191017 September 1980.

6. Muhlenberg, John D., "Resistance of a Freight 
Train to Forward Motion, Vol. IV - Users' Manual 
for Freight Train Fuel Consumption Program," 
Federal Railroad Administration Report No. 
FRA/ORD-78/04.IV, NTIS Access No. PB81195810 
and PB81199556 (data tapes) February 1981.

7. Hargrove, M.B., "Economic Evaluation Method
ology: High Perforrnance/High Cube Covered 
Hopper Car, Volume I -  Evaluation," Track-Train 
Dynamics Technical Documentation, Association 
of American Railroads, March 1980.

8. Roney, M.D. et al., "Economic Evaluation
Methodology: High Performance/High Cube
Covered Hopper Car, Volume II -  Analysis of 
Roadway Benefits," Track-Train Dynamics 
Technical Documentation, Canadian Institute of 
Guided Ground Transport, Kingston, Ontario, 
March 1980.

9. . Guins, S.G., and Tack, C.E., eds., "Freight Car
Impact, Anthology of Rail Vehicle Dynamics," 
Vol. I, Rail Transportation Division, ASME, New 
York, 1971.

10. Hargrove, M.B., "Economic Evaluation
Methodology: High Performance/High Cube
Covered Hopper Car, Volume I -  Evaluation," 
Track-Train Dynamics Technical Documentation, 
Association of American Railroads, March 1980.

11. April, David, "Freight Car Truck Design
Optimization: Methodology for a Comprehensive 
Study of Truck Economics," Federal Railroad 
Administration Report No. FRA-OR&D 75-58, 
April 1975.

12. April, David, "Freight Car Truck Design
Optimization: Truck Economic Data Collection 
and Analysis," Federal Railroad Administration 
Report No. FRA-OR&D 75-58A, March 1976.

13. Southern Pacific Transportation Company,
"Freight Car Truck Design Optimization:
Economic Analysis Report-Phase I," Federal 
Railroad Administration Report No. FRA/ORD- 
76/287.1, July 1976.

14. Bakken, G.B., Jones, C.W., and Schmidt, W.R.,
"Truck Design Optimization Project (TDOP) Phase 
II: Wear Data Collection Program Report,"
Federal Railroad Administration Report No. 
FRA/ORD-81/37.I/II, May 1981.

5-47



SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

The major results obtained from experimental and 
analytic studies undertaken during TDOP Phase II are:

• Definition of the performance characteris
tics of Type I trucks.

• Development of performance specifications 
for Type II trucks.

• Development of guideline field and labora
tory test specifications for freight car 
trucks.

• Development of a methodology for truck 
evaluation.

• Development and implementation of a field 
test program to collect wear data on freight 
car trucks.

• Establishment of a plan for collecting eco
nomic data on costs of acquiring, operating, 
and maintaining freight car trucks.

• Development of an economic methodology 
for the evaluation of costs and benefits 
associated with improved designed freight 
car trucks.

Some conclusions, on the basis of the results, arrived at 
through the engineering and economic studies under the 
program are summarized below.

• The improved design features in the Type II 
trucks achieve a degree of qualified success 
in attaining improved performance from 
freight car trucks. These successes, how
ever, are limited to some of the domains of 
performance rather than comprehensive, 
all-around improvement in all aspects.

• One of the significant engineering findings 
from the field test data related to a definite 
trend of asymmetry with regard to 
wheel/rail lateral forces. As the various 
test trucks traversed a curve in the test 
zone, they almost uniformly experienced 
lateral forces consistently higher or lower 
depending on the orientation of the curve in 
a left- or right-handed sense. Analysis of 
data from six independent channels has con
firmed a definite trend with respect to such 
asymmetry. Further detailed studies are 
necessary to determine the sources which 
give rise to these asymmetric trends.

• Performance evaluation of freight car 
trucks needs to be undertaken under well- 
defined sets of conditions relating to the 
state of wear and deterioration of vehicle 
and track structure in order to address fully

all aspects of performance. For example’, 
wheel and rail contact geometry, to which 
vehicle performance is extremely sensitive, 
needs to be thoroughly documented through 
the bulk of the wheel and rail life cycles and 

_ their representative conditions used in any 
comprehensive evaluation program.

• On the basis of the analysis of available car
maintenance data, costs associated with car 
maintenance alone do not warrant or justify 
the levels of increased capital investment 
demanded by the Type II trucks. On the 
other hand, improved rolling and curving 
resistance and consequent reduction in fuel 
consumption seem to be very promising 
areas which indicate that the additional 
investments warranted by the Type II trucks 
could be advantageous. Specific
considerations, such as an intermodal 
scenario, also point to an advantageous 
outlook with respect to investment in Type 
II trucks with rigidized frame/primary 
suspension features.

• Significant economic benefits from the uti
lization of Type II trucks seem to accrue 
more in the area of the track structure, in 
general, and the rail, in particular. Reduced 
rail wear as well as retardation in rail and 
track structure deterioration are potential 
benefits from improved truck prformance. 
These economic implications, if properly 
accounted for through a systematic rail 
wear and track deterioration study, could be 
significant.

The project treated all Type II trucks as a single group, 
in terms of evaluating them relative to the Type I 
trucks. However, within the Type II truck group, 
significant design features, such as self-steering and 
rigid-frames, set some of the trucks apart from the 
others. Each of these groups, e.g., self-steering, rigid, 
primary suspension, and secondary suspension, seek to 
achieve a definite set of objectives with respect to 
performance improvements. For example, the 
objective of a rigid frame truck is to eliminate hunting, 
rather than to improve curve negotiability. Therefore, 
an evaluation program geared to address specific 
design features in the context of stated performance 
improvement objectives would be likely to yield more 
responsive results. Furthermore, if it can be shown 
that a specific design feature does succeed in its 
objectives, then the industry could attempt to incorpo
rate more than one, if not all, of these features into a 
single design as an integrated suspension system which 
then could lead to overall improvement in freight car 
truck performance. The engineering and economic 
methodologies developed in TDOP Phase II provide a 
framework for the evaluation of the freight car trucks.
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APPENDIX A
PHASE I TEST EQUIPMENT AND CONDITIONS 

INTRODUCTION

This appendix contains a brief summary of the equip
ment tested during TDOP Phase I to generate field test 
data.

TEST TRAIN

The test train was made up of a locomotive, the SP-250 
instrument ear, the test car, and a caboose, in that 
order. This consist reflects the intent to study freight 
car truck performance with the test car approximating 
a free body with no extraneously imposed longitudinal 
forces.

EQUIPMENT TESTED * •

The cars tested were a 70-ton mechanical refrigerator 
car, a 70-ton boxcar, a long, low-level "stac-pac" 
flatcar, a 100-ton boxcar, and a 100-ton covered hopper 
car. The data on these cars are given in Table A-l.

Trucks tested were 70-ton ASF Ride Control trucks, 70- 
ton Barber S-2-C trucks, 70-ton ASF low-level Ride 
Control trucks, and 100-ton Barber S-2-C trucks. The 
data on these trucks are given in Table A-2.

Wheel profiles used in the Phase I test program, data 
from which were used in quantifying performance char
acterizations under the Phase II effort, are listed 
below.

• CM-33 1/20 taper profile wheels on the 70- 
ton ASF Ride Control and Barber S-2-C 
trucks

• CM-33 worn profile wheels on the 70-ton 
ASF Ride Control trucks

• CJ-36 1/20 taper profile wheels on the 100- 
ton ASF Ride Control and Barber S-2-C 
trucks

• CD-28 1/20 taper profile wheels and CB-28 
worn profile wheels on the 70-ton ASF Ride 
Control low-level trucks

• CM-33 TDOP cylindrical profile wheels on 
the 70-ton ASF Ride Control trucks

• CJ-36 TDOP cylindrical profile wheels on 
the 100-ton Barber S-2-C trucks

High-speed jointed rail test track consisted of a 7.8- 
mile westbound section of track between Suisun- 
Fairfield and Bahia (MP 48.5 to 40.7). This track has 
alternate staggered rail joints of 39-foot, 132-pound per 
yard rail.

Medium-speed jointed rail test track consisted of a 5- 
mile section of the Schellville branch beginning near 
Cordelia and ending near Suisun-Fairfield. This is a 
section of alternately staggered joints of 39-foot, 132- 
pound per yard rail (second-hand rail within serviceable 
limits).

A 3.3 mile section of track in Niles Canyon (MP 30.5 to 
33.8) was selected for curve negotiation testing. The 
test track consisted of 12 curves ranging in curvature 
from one degree to nine degrees.

A short section of the Schellville branch near Lombard 
was selected for distortion by instituting 0.75-inch 
cross level differences at the rail joints.

The track geometry cars were used to measure and 
record track characteristics at the high-speed and 
medium-speed test sites. The track geometry measured 
included profile, alignment, gage, cross level and curva
ture.

TEST MATRICES

The test matrices for high-speed and medium-speed 
jointed track used during Phase II in quantifying the 
performance characteristics of Type I trucks are given 
in Tables A-3 and A-4. For the shimmed track test, a 
loaded 70-ton mechanical refrigerator car equipped 
with a 70-ton ASF Ride Control truck, and a loaded , 
100-ton boxcar equipped with a 100-ton Barber S-2-C 
were used. The two test trucks were equipped with 
cylindrical wheels.

INSTRUMENTATION

The various test cars were instrumented to obtain 
information for quantifying ride quality, and for mea
suring track input, track energy transmission through 
the truck, and movement between truck components. 
These objectives were accomplished by application of 
displacement transducers, accelerometers, and force 
transducers at strategic locations on the trucks. To 
obtain information on reaction of the carbody, 
accelerometers were placed at optimum locations to 
record body movement.

Truck-mounted instrumentation was heavily concen
trated on the B-end truck, which was the leading truck 
in the direction of motion during all tests. A lesser 
amount of instrumentation was on the trailing truck.

TEST TRACK
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TABLE A -l. CARBODY CHARACTERISTICS

7 0 -T o n  C a p a c i t y  
M e c h a n ic a l  

R e f r ig e r a t o r  C a r

7 0 - T o n  C a p a c i t y  
G e n e r a l  S e r v i c e  

B o x c a r

7 0 - T o n  C a p a c i t y  
L o n g  L o w - L e v e l  

F la t c a r

1 0 0 -T o n  C a p a c i t y  
A u t o - P a r t s  

B o x c a r

1 0 0 -T o n  C a p a c i t y  
C o v e r e d  

H o p p e r  C a r

L ig h t  W e ig h t ,  lb 8 9 ,1 0 0 6 1 ,2 0 0 5 6 ,3 0 0 8 7 ,3 0 0 6 4 ,5 0 0

C a p a c i t y ,  lb 1 3 0 ,9 0 0 1 5 4 ,0 0 0 1 2 2 ,0 0 0 1 7 4 ,0 0 0 1 9 7 ,5 0 0

L e n g th  O v e r  P u ll in g  
F a c e  o f  C o u p le r ,  f t

6 3 .7 0 5 5 .3 8 9 3 .6 7 6 8 .2 5 5 4 .2 9

T r u c k  C e n t e r s ,  f t 4 5 .7 2 4 0 .0 0 6 4 .0 0 4 6 .2 5 4 0 .8 3

C a r  W h e e l B a s e ,  f t 5 1 .3 9 4 6 .8 3 6 9 .0 8 5 2 .0 8 4 6 .2 5

O v e r h a n g ,  f t 9 .0 0 7 . 2 9 1 4 .8 3 1 1 .0 0 7 .2 9

C e n t e r  o f  G r a v i t y -  
L o a d e d ,  f t

7 .3 3 7 .0 3 7 . 1 7 7 . 8 3 7 .0 3

C e n t e r  o f  G r a v i t y -  
E m p t y ,  f t

5 .5 5 4 .5 8 1 .9 7 5 . 1 7 4 .5 8

C e n t e r p la t e  D ia m e t e r ,  f t 1 .1 7 1 .1 7 1 .1 7 1 .3 3 1 .2 5

TABLE A-2. TRUCK CHARACTERISTICS

7 0 -T o n  A S F  R id e  
C o n t r o l  T r u c k

" 7 0 - T o n  B a r b e r  
S - 2 - C  T r u c k

7 0 -T o n  A S F  
L o w - L e v e l  T r u c k

1 0 0 -T o n  A S F  . 
R id e  C o n t r o l  T r u c k

1 0 0 -T o n  B a r b e r  
S - 2 - C  T r u c k

W h e e l B a s e , f t 5 .6 7 5 .6 7 5 .0 8 5 . 8 3 5 .8 3

W h e e l D ia m e t e r ,  f t 2 .7 5 2 .7 5 2 .3 3 3 .0 0 3 .0 0

B o ls t e r  C e n t e r p la t e  
D ia m e t e r ,  f t

1 .1 5 1 .1 7 1 .1 7 1 .2 5 1 .3 3

C e n t e r p la t e  H e ig h t , f t 2 .1 5 2 .1 5 1 .6 8 2 .0 7 2 .1 5

W e ig h t ,  lb 9 ,0 8 0 9 ,1 0 0 7 ,6 0 0 1 0 ,5 4 0 1 0 ,5 6 0

G r o s s  R a i l  L o a d , lb 2 2 0 ,0 0 0 2 2 0 ,0 0 0 1 7 9 ,0 0 0 2 6 3 ,0 0 0 2 6 3 ,0 0 0

V e r t i c a l  S p r in g  R a t e  
(P e r  C a r ) ,  l b / i n

9 4 ,4 6 6 8 9 ,6 5 3 9 7 ,4 5 0 1 0 8 ,3 3 3 1 0 9 ,3 6 7

L a t e r a l  S p r in g  R a t e  
(P e r  S p r in g  N e s t ) ,  l b / i n

4 , 6 6 5 ( a t  9 .4 7 " )*  
7 ,7 9 5 ( a t  7 .5 6 " ) *

3 , 4 7 0 ( a t  9 .4 7 " )  
9 , 0 8 0 ( a t  7 .5 6 " )

4 , 7 5 5 ( a t  9 .0 6 " )  
1 2 , 0 1 5 ( a t  8 .3 1 " )

3 , 6 5 5 ( a t  9 .4 7 " )  
9 , 5 6 0 ( a t  7 .5 6 " )

2 , 7 0 5 ( a t  9 .4 7 " )  
1 0 , 2 8 5 ( a t  7 .5 6 " )

F r i c t i o n  S n u b b e r  C o lu m n  
L o a d ,  lb

3 ,1 4 0 V a r ia b le
(L o a d - D e p e n d e n t )

3 ,1 1 0 4 ,5 1 0 V a r ia b le
( L o a d -D e p e n d e n t )

• S p r in g  N e s t  H e ig h t
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TABLE A-3. HIGH-SPEED JOINTED TRACK TEST MATRIX

TDOP PHASE I TEST MATRIX 
USED DURING PHASE H ANALYSIS

0  TEST DATA AVAILABLE 

□  NO TEST CONDUCTED

Truck Carbody Empty Loaded

Wheel Profile

New AAR 1/20 Worn New AAR 1/20 Worn

70-Ton 
ASF Ride 
Control

Refrigerator
Car • • • •

70-Ton 
Barber S-2-C

Refrigerator
Car

• •

70-Ton Boxcar • •

70-Ton
Low Level ASF 
Ride Control

89-ft Flatcar • • •

100-Ton 
Barber S-2-C

100-Ton Boxcar • •

100-Ton 
ASF Ride 
Control

100-Ton Covered 
Hopper Car • •

TABLE A-4. MEDIUM-SPEED JOINTED TRACK TEST MATRIX

TDOP PHASE I TEST MATRIX 
USED DURING PHASE H ANALYSIS

0  TEST DATA AVAILABLE 

□  NO TEST CONDUCTED

Truck Carbody Empty Loaded

Wheel Profile

New AAR 1/20 Worn New AAR 1/20 Worn

70-Ton 
ASF Ride 
Control

Refrigerator
Car • • •

70-Ton 
Barber S-2-C

Refrigerator
Car

• •

70-Ton Boxcar • •

70-Ton
Low Level ASF 
Ride Control

89-ft Flatcar • •

100-Ton 
Barber S-2-C

100-Ton Boxcar • •

100-Ton 
ASF Ride 
Control

100-Ton Covered 
Hopper Car • •
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APPENDIX B -  TEST TAPES

The following test data tapes are available through the 
National Technical Information Service.

TDOP Phase I, Type I Truck Test Data Tapes

NTIS Accession No. PB 250 163 through 
345/AS.

TDOP Phase II, Type I Truck Test Data Tapes

FRA/ORD/MT -  81/12.1 through 81/12.16

NTIS Accession No. PB 81 181695, 1703, 
1711, 1729, 1737, 1745, 1752, 1760, 1778, 
1786, 1794, 1802, 1810, 1828, 1836, 1844.

TDOP Phase 
FRA/ORD/MT

II, Type II Truck Test Data Tapes - 
-  81/38-1 through VII

I - Dresser DR-1

II - National Swing Motion

m - Barber-Scheffel

IV - MTS Maxiride 100

V - Devine-Scales

VI - ACF Fabricated

VII _ Alusuisse

TDOP Phase II, Friction Snubber Force Measurement 
System Test Data Tapes

FR.A/ORD/MT-8 0/72-12 6

NTIS Accession No. PB 81 122764, 772, 788, 
798, 806, 814
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APPENDIX C

DATA REDUCTION EQUATIONS 

WHEEL/RAIL FORCES

Typical Vertical Axle Bending Moment Calculations:

(VA) = { [ ( RMSR1/RMSG116) G116] 2 + 1

[ ( r m s r 1/ r m s g 1 1 2 ) G112J2]

(VB) = { [ (  r MSr i / rm sg h 5 J G115j 2 + 1
[ ( r m s r 1/ r m s g 1 1 1 ) G ill  J

(VC) = { [ ( RMSR1/RMSG113 ) G113] 2 + 1
[(RMSR1/RMSG109) G109 J‘

(RV1) = [(VA) + (VB) + (VC)] /3

Where RMSR. is the average RMS value for the bending 
moment gages located at the right side of axle 1 (Rl) 
and RMSq j16 is the RMS value for gage G116.

Similar calculations were made for (LV1), (RV2), and 
(LV2).

WHF.F.L UNLOADING INDEX

FVT = FVR1 + FVL1 + FVR2 + FVL2

MINV , = Minimum of (FVR1, FVL1, FVR2, FVL2)

WUI = 1 -  3 x MINV/ (FVT -  MINV)

ANGLE OF ATTACK

LRS1 = .5 (P2 + P4)

LWS1 = .5 (PI + P3)

LWR1 = LWS1-LRS1

LRS2 = .5 (P6 + P8)

LWS2 = .5 (P5 + P7)

LWR2 = LWS2-LRS2

ARS1 = Cl x(P2-P4)

AWS1 = C2 x (P1-P3)

AWR1 = AWS1-ARS1

ARS2 = Cl x (P6-P8)

AWS2 = C2 x (P5-P7)

AWR2 = AWS2-ARS2
PRIMARY SPRING VERTICAL DISPLACEMENTS 
(MAXIRIDEj

XR1 = 0.8333 D15 + .0834 (D15 + D17)

XL1 = 0.8333 D17 + .0834 (D15 + D17)

XR2 0.8333 D16 + .0834, (D16 + D18)

XL2 = 0.8333 D18 + .0834 (D16 + D18)

Using these displacements, vertical forces and moments 
were calculated using nonlinear spring constants pro
vided by the manufacturer.

LATERAL AND VERTICAL FORCE CALCULATIONS

FVR1 = 1500.+ .03333 [(R V l)-(L V l)] +VLA1

FVL1 = 1500. - .03333 [(RV1) -  (LV1)] + VLA2

FLR1 = 156.45 - .05556 x BMA1 + .05556 x (LV1)
+ 0.081944[(RV1) - (LV1)]

FLL1 = 156.45 -  .05556 x BMA2 + .05556 x (RV1)
- 0.081944 [(RV1) - (LV1)]

QUR1 = FLR1/FVR1

VLA1 is the vertical load on bearing adapter number 1 
(Rl) and is determined either from an instrument
bearing adapter or 
m ents.

from the primary spring displace-

QUL1 = FLL1/FVL1

AXL1 = FLR1-  FLL1

AXV1 = FVR1 + FVL1

Same calculations are repeated for axle 2.

See Table C-l for values for Cl & C2. 

TRUCK AND TRUCK/CARBODY MOTIONS

SWIV C3 (D13 - D14)

TRAM = C4 (D6 - D5)

SGVD (D1 + D2 + D3 + D4)/4.

SGRL C5 (D1 + D2 - D3 - D4) or 
C5 (D15 + D16 -  D17 - D18)

CBBL C6 (Dll - D12)

CBSF SGRL + CBBL

CARBODY MOTIONS

PTCH = C7 (A1 - A2)

VERT = 0.5 (A1 + A2)

AROL = C8 (A2 - A4)

BROL = C9 (A7 -  A3)

ROLL = 0.5 (AROL + BROL)

TWST = BROL -  AROL

ARLL = CIO x (A16 -  A6) + C ll x YAW

BRLL = C12 x (A15 - A5) - C13 x YAW

RLLL = 0.5 (ARLL + BRLL)

LAT = C14 x (A5 + A6) + C15 x (A15 + A16) 
(EMPTY)



LAT = C16 x (A5 + A6) + C17 x (A15 + A16) FVL2 _ Vertical wheel/rail force -  L2
(LOADED)

FLR1 Lateral wheel/rail force -  Rl
YAWB = C18 x (A5 -  A6)

FLL1 Lateral wheel/rail force -  LI
YAWT = C19 x (A15 - A16)

FLR2 Lateral wheel/rail force -  R2
YAW = 0.5 (YAWB + YAWT)

FLL2 - Lateral wheel/rail force -  L2

QUR1 _ L/V ratio -  Rl
Table C-2 gives the coefficients for earbody motions.

QUL1 _ L/V ratio -  LI
NOMENCLATURE

QUR2 - L/V ratio -  R2
SWIV -  Truck swivel rotation (earbody to bolster)

QUR2 _ L/V ratio -  L2
TRAM - Truck tram rotation

(bolster to side frame) AXL1 - Total lateral wheel/rail force on axle 1

SGVD - Spring group vertical displacement AXL2 - Total lateral wheel/rail force on axle 2

SGRL - Spring group roll angle AXV1 - Total vertical wheel/rail force on 
axle 1

CBBL - Carbody - bolster roll angle
AXV2 Total vertical wheel/rail force

CBSF - Carbody - side frame roll angle on axle 2

VA - Vertical axle bending moment from XR1
- Primary spring displacement,

the first pair of quadrature gages Rl spring group

VB - Vertical axle bending moment from XL1
- Primary spring displacement,

the second pair of quadrature gages LI spring group.

VC -  Same as VA except third pair of gages XR2 - Primary spring displacement 
R2 spring group

RV1 - Vertical axle bending moment for the
gages near the right wheel of axle 1 XL2 “ Primary spring displacement, 

L2 spring group
LV1 - Same as RV1 except left wheel

FTV Total vertical wheel/rail force
RV2 - Same as RV1 except axle for B-end truck

LV2 - Same as LV1 except axle 2 MINV - Minimum vertical wheel/rail force 
for four wheels of B-end truck

VLA1 - Vertical load on bearing adapter #1
(Rl) WUI “ Wheel unloading index, equal to zero 

implies all four wheels have equal load,
VLA2 -  Vertical load on bearing adapter #2 

(LI)
equal to one implies one wheel has no load

LRSi - Lateral displacement of rail relative to
VLA3 - Vertical load on bearing adapter #3 side frame for axle i, i = 1,2

(R2)
LWSi - Lateral displacement of wheel relative to

VLA4 -  Vertical load on bearing adapter #4 side frame for axle i, i = 1,2
(L2)

LWRi - Lateral displacement of wheel relative to
BMA1 - Bending moment due to VLA1 rail for axle i, i = 1,2

BV1A2 - Bending moment due to VLA2 ARSi - Angular displacement of rail relative to
side frame for axle i, i = 1,2

VMA3 - Bending moment due to VLA3
AWSi - Angular displacement of wheel relative to

BMA4 - Bending moment to VLA4 side frame for axle i, i = 1,2

FVR1 -  Vertical wheel/rail force -  Rl AWRi - Angular displacement of wheel relative 
to rail for axle i, i = 1,2

FVL1 - Vertical wheel/rail force -  LI
PTCH Carbody pitch acceleration

FVR2 - Vertical wheel/rail force -  R2
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VERT

AROL

- Carbody vertical acceleration

- Carbody A-end roll acceleration

BRLL -  Carbody B-end roll acceleration 
(from lateral accelerometers)

BROL

(from vertical accelerometers)

- Carbody B-end roll acceleration

RLLL -  Carbody roll acceleration 
(from lateral accelerometers)

(from vertical accelerometers) LAT -  Carbody lateral acceleration at CG

ROLL - Carbody roll acceleration 
(from vertical accelerometers)

YAWB - Carbody yaw acceleration near 
bottom of carbody

TWST - Carbody twist acceleration 
(from vertical accelerometers)

YAWT -  Carbody yaw acceleration near top 
of carbody

ARLL -  Carbody A-end roll acceleration 
(from lateral accelerometers)

YAW - Carbody yaw acceleration near center 
of carbody

TABLE C-l. CALCULATION

COEFFICIENT

COEFFICIENTS - TRUCK AND TRUCK/CARBODY MOTIONS

TRUCK

ASF-100 DR-1 Swing
Motion

Barber-
Scheffel

Maxiride
100

Devine-
Scales

ACF Alusuisse

C l 126.17 126.17 126.17 126.17 122.79 122.79 122.79 N/A

C2 171.90 171.90 171.90 171.90 158.07 158.07 125.59 N/A

C3 2.117 2.117 2.491 2.491 2.491 2.451 2.547 2.388

C4 2.12 2.12 2.08 2.08 N/A N/A N/A N/A

C5 0.2812 0.2979 0.2979 0.2979 0.2979 0.2979 0.3247 0.3247

C6 0.5715 0.5715 0.5715 0.5715 0.5715 0.5715 0.5715 0.626

TABLE C-2. CALCULATION COEFFICIENTS - CARBODY MOTIONS

COEFFICIENT 100-TON 70-TON
HOPPER CAR HOPPER CAR

C7 45.1 53.9

C8 402.1 402.1

C9 199.0 206.7

CIO 207.0 271.0

C l l 0.450 0.674

C12 209.0 277.3

C13 0.456 0.690

C14 0.470 N/A

C15 0.0298 N/A

C16 0.305 0.358

C17 0.195 0.142

C18 45.32 54.48

C19 37.81 42.86
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APPENDIX D
CAR REPAIRS USING 10% DISCOUNT RATE

TABLE D-l. PRESENT VALUE AT TIME OF PURCHASE OF ALL 
REPAIRS FOR ALL ROLLER BEARING CARS

4

4

summary table

BRAKLS (TEST, PRESSURE SYSTEM. & HAND BRAKES) 
COUPLERS. YOKES. A DRAFT GEAR 
MISCELLANEOUS LABOR i MANUFACTURED MATERIAL 
OTHER CAK REPAIRS
TRUCK SHAKING SYSTEM (MOSTLY BRAKE SHOES) 
UHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

TOTAL
ASSUMES CAR LIFE IN YEARS

CAR repairs:

BRAKES (TEST. PRESSURE SYSTEM. A HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HaNU BRAKES

COUPLERS. YOKES. A DRAFT 6EAR
COUPLER BOOIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS 
YOKES
draft sears, carriers, ano followers 

MISCELLANEOUS labor a manufactured material 
OTHER CAK REPAIRS

OTHER CAR REPAIRS 
UELUING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
brake beams
Brake BEAM HEAR PLATES
brake beam hangers
BRAKE HANGER BRACKET WEAR PLATE
brake hanger bracket weah plate securement
brake HANGER OR CONNECTION PIN
botium rod safety support
BRAKE BEAM SAFETY SUPPORT 
BRAKE CONNECTION, BOTTOM 
BRAKE CONNECTION, TOP 
BKAKt LEVER
Brake lever guIOE OR CARRIER 
ueau lever guide
UEAU LEVER GuIOE BRACKET 
brakl shoes
BRAKE SHOE KEYS 

WHEELSETS
LUBRICATE ROLLER BEARINGS
KOLLLK BEARINGS
ROLLER BEARING CAP SCREWS
ROLLER BEARING LOCKING PLATES
ROLLER BEARING LUBRICATION FITTING
PEOESTAL adapters
WHEELS
WHEEL LABOR
AXLLS, ROLLER BEARINGS

OTHER TRUCK REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CEN1LK PINS 
CENTER PLATES 
CENTER PLATE LINERS 
TRUCK SIDE BEARINGS
friction castings
SIDL BEARING SHIM
side frames
Side FRAMES (REPAIRED)
SPRING PLANKS 
OUTER SPRINGS 
1NNLR SPRINGS
stabilizer springs
truck spring friction snubber
TRUCK SPRING PLATES 
truck spring shim, hood
STEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

Data shown using 10% discount rate

annual mileage
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TABLE D-1A. EQUIVALENT ANNUAL EXPENDITURE ON ALL
REPAIRS FOR ALL ROLLER BEARING CARS

summart table

BRAKES I TEST« PRESSURE SYSTEM. t HAND BRAKES) 
COUPLERS. YOKES. 1 ORAFT BEAR 
MISCELLANEOUS LABOR 1 MANUFACTURED MATERIAL
other car repairs
TRUCK SHAKING SYSTEM (MOSTLY BRAKE SHOES) 
WHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

TOTAL
ASSUMED CAR LIFE IN YEARS

CAR REPAIRS!

BRAKES (TEST. PRESSURE STSTEM. S HAND BRAKES)
COT1S
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS. YOKES. I DRAFT BEAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS 
YOKES
ORAFT SEARS, CARRIERS, AND FOLLOWERS

MISCELLANEOUS LABOR I MANUFACTURED MATERIAL
OTHER CAR REPAIRS

OTHER CAR REPAIRS 
WELDING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
BRAKE BEAMS
brake bear wear plates
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROO SAFETY SUPPORT 
BRAKE BEAR SAFETY SUPPORT 
BRAKE CONNECTION. BOTTOM 
BRAKE CONNECTION, TOP 
BRAKE LEVER
BRAKE LEVER GUlOE OR CARRIER
OCAU LEVER GUIDE
DEAL LEVER GUIDE BRACKET
brake shoes
BRAKE SHOE KEYS 

WHEELSETS
LUBRICATE roller BEARINGS 
ROLLER BEARINGS
roller bearing CAP screws 
PEOESTAL ADAPTERS WHEELS 
WHELL LABOR
axles, roller bearings

OTHER TRUCK REPAIRS
TRUCK bolsters
TRUCK BOLSTERS (REPAIRED)
CENTER PINS
CENTER PLATES
CENTER PLATE LINERS
truck sxoe bearings 
friction castings
SIDE BEARING SHIM
sxol frames .
SZOL Frames (REPAIRED)
SPRING PLANKS
OUTER SPRINGS
INNER SPRINGS
STABILIZER SPRINGS
TRUCK SPRING FRICTION SNUBBER
STEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

Data shown using 10% discount rate

/-i
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TABLE D-2. PRESENT VALUE AT TIME OF PURCHASE OF ALL
REPAIRS FOR HIGH MILEAGE ROLLER BEARING CARS

SUMflART TABLE

BRAKES (TEST* PRESSURE SYSTEM, l HANO BRAKCSI 
COUPLERS* YOKES, 1 DRAFT GEAR 
MISCELLANEOUS LABOR | MANUFACTURED MATERIAL 
OTHER CAM REPAIRS
TRUCK 8KAKIN6 SYSTEM (MOSTLY BRAKE SHOES) 
WHEEL5ETS
OTHER TKUCK REPAIRS
heavy repairs

TOTAL
ASSUMED CAR LIFE IN YEARS

CAR REPAIRS)

BRAKES (TEST, PRESSURE SYSTEM, A HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS, YOKES, 1 DRAFT GEAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHEK COUPLER PARTS 
YOKES
DRAFT GEARS, CARRIERS, ANO FOLLOWERS

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 
OTHER CAK REPAIRS

OTHEK CAR REPAIRS 
WELDING
NON billable inspections

CAR TOTAL

TRUCK REPAIRS

truck shaking system (mostly brake shoes)
BRAKE BEARS
brake beam me.ar plates
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROD SAFETY SUPPORT 
BRAKE BEAM SAFETY SUPPORT 
BRAKE CONNECTION, BOTTOM 
BRAKE CONNECTION, TOP 
brake lever
BRAKE LEVER GUIOE OR CARRIER 
DEAD LEVER GUIDE 
OEAU LEVER SUlDE BRACKET 
BRAKE SHOES 
BRAKE shoe KEYS

UHEELSETS
LUBRICATE ROLLER BEARINGS
ROLLER BEARINGS
KOLLbK BEARING CAP SCREWS
ROLLER BEARIN6 LOCKING PLATES
HOLLER BEARING LUBRICATION FITTING
PEDESTAL ADAPTERS
WHEELS
WHEEL LABOR
AXLES| ROLLER BEARINGS

OTHER TRUCK REPAIRS 
TRUCK BOLSTERS
truck bolsters (repaired) 
CENTER PINs 
CENTER plates
CENTER PLATE LINERS 
TRUCK SIDE BEARINGS
friction castings
SIOE BEARING SHIM
SIOL FRAMES
SIDL FRAMES (REpAlREO)
outer springs
INNER SPRINGS 
STABILIZER SPRINGS
truck spring friction snubberSTEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

ANNUAL MILEAGE 
50000. 62500.

5,11 124.65 
1.39 531.50 
».fa6 319.43 
5,24 53,96

697.10 916.19
>.06 455,65 
(.10 121.11 
5.27 155.91 
5,31 47.13 
2,36 138.19

75000. 67500, 100000,
1171.07 1311.65 1436,361096.97 1263.ll 1406,751071,52 1214;32 1335,51
1611,37 2064,67 2262.613217.04 3625.11 3985.764551,26 5052.93 5490.52419,97 475.40 523.26164,64 200.33 212.32

13523,66 15207.72 16670.32
24,00 20.57 16,00

75000* 67500, 100000.
1171,07 1311.65 1433.36
147,91 167,4s 105.40
604,52 666.71 719.84376,33 431.63 477.14
40,32 46,08 51.00

1096,97 1263,11 1906,75
547,64 632.7s 707.42
143,00 163.15 160.39
161,92 205.67 225.4056,57 65.42 73.06167,64 196.09 220.46

1071,52 1214.32 1335.51
1611,37 2064,6? 2262.61
1076,20 1241,33 1362.57
403,61 456.32 500.17
329.55 367,01 400.07

343.51
285,16

5343.00 4567.16 5150,93 5653,95 6456.45

ANNUAL mileage
50000, 62500. 75000. 67500. 100000,
21S3.12 2746.14 3217,04 3625.11 3985.7(
279.15 399,97 502,46 591,6* 67A,3i
0,07 0.06 0,09 0.09 o.ic6,94 11.22 12,96 14,59 15.91
6,74 9,10 10.91 1 2 . 6 0 14. OC
0,09 . 0,11 0.12 0.12 0.12
6,11 7,39 6,36 9.29 10.01
12,93 16.79 19.73 22.25 24,5«
4,12 4,96 5.65 6.29 6.76
0.06 0.10 0,11 0.13 0.14
0,40 0,61 0,76 -0.94 1.060,44 0,62 0,75 0.6s 0,97

1626.90 2266,24 2644,75 2954.61 3225.23
7.15 6.93 10.30 11.40 12.49

3245,64 3979.21 4551,28 5052,93 5490.52
50,93 60.02 66,90 72.72 76.2i)

461,49 567,51 655,30 733,79 603.10
0.39 0,46 0.51 0.54 0.57
0.02 0.03 0,03 0.03 0.03
0,02 0.02 0,02 0.02 0.02
76,10 100,47 118,13 133.7S 147.43

1106,52 1359,56 1569,12 1756,34 1921,56
1531.93 1670.91 2117,91 2329.56 2510,99
16,45 20.23 25,35 26,15 26.62

275,23 855,06 *19.97 475,40 523.26
71.16 98,09 111,36 126.12 139.67
3.26 4.63 5,66 6.41 7.14
7,13 9,07 10,57 11.65 13.03
0,44 0,64 0,79 0.94 1.05
36,95 47.34 55,06 6 1 . 2 0 67,09
11.25 14,14 16,30 16.02 19.71
20,46 25,42 29,25 92,51 35.41
0,73 0,93 1.10 1.26 1.37
67,27 91,99 112,96 132,32 147,61
0.56 0,77 0,91 1.01 1.10
17,77 20,52 22,61 24.56 2 6 , 0 0
10,77 12,41 13,70 14.76 15.57
5.19 6,13 6,07 7.46 8,01
0,03 0,03 0,03 0,03 0.04
2.71 3,44 3.67 4.5<t 4,914
19.52 24,54 26,65 32.42 35.53

5674.20 7060,44 6166,30 9153.44 9999,56

Data shown using 10% discount rate
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TABLE D-2A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS
FOR HIGH MILEAGE ROLLER BEARING CARS

SUMMARY TABLE

brakes (Test, pressure system, a hand brakes)
COUPLERS. YOKES. * DRAFT GEAR 
MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 
OTHER CAN REPAIRS
TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
HHEELSETS
OTHER TRUCK REPAIRS 
HEAVT REPAIRS

TOTAL
ASSUMED CAR LIFE IN TEARS

can repairs:

BRAKES (TEST. PRESSURE SYSTEM. A HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HANU BRAKES

COUPLERS. YOKES. A DRAFT SEAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS YOKES
draft 6ears. carriers, and followers

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL
OTHER CAR REPAIRS

OTHER CAR REPAIRS 
WELDING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
BRAKE BEAMS 
BRAKE BEAR WEAR PLATES 
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROD SAFETY SUPPORT 
BRAKE BEAM SAFETY SUPPORT 
BRAKE CONNECTION, BOTTOM
brake connection, top
BRAKt LEVER
Brake LEVER GUlOE OR CARRIER
UEAU LEVER GUIDE
DEAD LEVER GUIDE BRACKET
brake shoes 
brake shoe keys

WHEELsETS
lubricate roller bearings
KOLLEK BEARINGS
KOLUK BEARING CAP SCREWS
PEOLSTAL ADAPTERSWHEELS
WHEEL LABOR
AXLES. ROLLER BEARINGS

OTHER TRUCK REPAIRS
truck bolsters
TRUCK BOLSTERS (REPAIRED) 
CENTER PINS 
CENTER PLATES 
CENTER PLATE LINERS 
TRUCK SIDE BEARINGS 
FRICTION CASTXN6S 
SIDE BEARING SHIM 
SIDE FRAMES
side frames (repaired)
OUTlK springs 
inner springs 
STABILIZER springs 
steel
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

972.79 1298,SS
90.00 26,80

ANNUAL MILEAGE
50000, 62500. 79000. 67500. 100000.
69.59 106,96 130,39 159.09 179.77
10,09 19.39 16.96 19.67 22.6195.76 57.11 67,26 76,3i 87,7725.95 39.32 92.11 5o,7q 56.162,76 3.65 9,99 5.91 6.22
79.95 96.66 122.09 196.36 171.53
96,29 98,96 60.97 79,33 66.269.96 13.01 15,92 19.16 21.9913.06 16.75 20.25 29.16 27.969,75 5,06 6.30 7.6a 6.9110.66 19.65 16.66 23.03 26.6a
75,56 96.39 119,26 192.63 162.69
120.51 169,76 201.61 292.52 276,39
69.03 96,23 120.00 195.61 168.5627.69 36.91 99.92 53.60 60.9923.76 - 30,69 36,66 93.11 96.76

959,62 969.26 573.30 667.60 767.98

ANNUAL MILEAGE
50000. 62500. 75000. 67500, 100000,
226.90 295.06 356.06 925.61 965.99
29,61 92,96 55,93 69.99 62.22
0.01 0.01 0.01 0.01 u.oi
0,95 1.21 1,99 1.71 1.990,71 ' 0.96 1.21 1.96 . 1.71
0*01 0,01 0.01 0,01 0.02
0.65 0.79 0.93 1.09 1.22
1.37 1,60 2.20 2.6l 2.99
0.99 0.53 0.63 0.79 0.63
0.01 0.01 0.01 0.01 U.02
0.09 0,07 0.09 0.11 0.13
0.09 0,07 0.06 O.lO 0.12193.60 295,66 299.36 397,07 393,25
0.76 0.96 . 1.15 1.35 1.52

999,32 927,57 506,56 593.52 669.96
9,90 6.95 7,95 6.59 9.53
96.96 60,96 72,99 66.19 97.92
0.09 0.05 0.06 0.06 0.07
6.26 10.60 13.15 15.71 17.96

117,36 196.09 179,69 206.30 239.30
162,51 201,03 235.72 273,63 306,17
1.79 2.17 2.60 3.07 3.99

29.20 36,15 96.79 35.69 63.60
7.55 10.00 12.90 19.61 17.03
0.35 0,50 0.63 0,7s 0.67
0.76 0.97 1.1G 1.39 1.39
0.05 0.07 0.09 O.ll 0.13
3.92 5.09 6,13 '7.19 6.16
1.19 1.52 1.61 2.12 2.90
2,17 2,73 3.26 3.62 9.32
0.06 0.10 0.12 0.15 0.17

. 7.19 9.66 12.57 15.59 18.00
0,06 0.08 0,10 0.12 0.13
1.69 2.21 2.59 2.69 3.17
1.19 1,33 1,53 1.73 1.90
0.55 0.66 0.76 0.66 0.96
0,29 0,37 0.93 0,33 0.60
2,07 2.69 3,19 3.61 9.33

601.92 760,60 911.36 1075.16 1219,25

Data shown using 10% discount rate
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TABLE D-3. PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR 100-TON, NORMAL SERVICE, ROLLER BEARING. CARS

SUMMARY TABLE

BRAKES (TESTi PRESSURE SYSTEM, J HAND BRAKES) 
COUPLERS* YOKES I 1 DRAFT GEAR 
MISCELLANEOUS LABOR l MANUFACTURED MATERIAL 
OTHER CAH REPAIRS
TRUCK BRAKING STSTCN (MOSTLY BRAKE SHOES) 
WHEELSEIS
OTHER TKUCK REPAIRS 
HEAVY REPAIRS

TOTAL
ASSUKEO CAR LIFE IN TEARS

CAR REPAIRS)

BRAKES (TEST* PRESSURE SYSTEM* A HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS* YOKES. A DRAFT GEAR
COUPLER BODIES 
COUPLER knuckles 
OTHER COUPLER PARTS 
YOKES
DRAFT GEARS, CARRIERS, AND FOLLOWERS 

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 
OTHER CAH REPAIRS

OTHER CAR REPAIRS 
WELUIN6
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
BRAKE BEAMS
BRAKE BEAK WEAR PLATES
brake beak hangers
BRAKE HANGER OR CONNECTION PIN 
BOTTUR ROD SAFETY SUPPORT
brake beak safety support
BRAKE CONNECTION, BOTTOM 
BRAKE CONNECTION, TOP 
BRAKE LEVER
BRAKE LEVER GUIDE OR CARRIER
ueau lever guide
DEAU LEVER GuIOE BRACKET
brake shoes
BRAKE SHOE KEYS 

WHEELSCTS
lubricate roller bearings
ROLLER BEARINGS
ROLLER BEARING cap screws
ROLLEH BEARING lubrication fitting
PEOtSTAL ADAPTERS
Wheels
WHEEL LABOR
AXLES, ROLLER BEARINGS

OTHER TRUCK REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENTER PINS
CENTER PLATES
CENTER PLATE LINERS
TRUCK SIDE BEARINGS
friction castings
side BEARING SHIR
SIDE FRAMES
Slot FRAMES (REPAIRED)
SPRING PLANKS
OUTER SPRINGS
INNER SPRINGS
STABILIZER SPRINGS
TRUCK SPRIN6 FRICTION SNUBBER
STEEL
manufactured material (truck)

TRUCK TOTAL

Data shown using 10? discount rate

7*60,60 11660,69 
30,00 8 0 .0 0

925.G6 712.36 1093.0*
37,11 126.*1 221.51
177.65 353,72 515,57
90.18 199,16 315.*5
20,93 81.0* *0.53
67,*5 35*.58 650*55
27.25 1 2 1 . 2 6 221,1*
15.55 60.63 110.25
30.1* 93.12 156.07
6.21 26,96 56.07
10.29 52.33 107,02

2**,39 633.39 971.13
236.*6 667.63 1133,**
120.62 296.90 510.6*
*7.61 167.15 330.99
70.23 161,56 291,61
696.16 2367.90 36*6,17

12500, 25000. 37500.
6**.92 1*52.*6 2299.02
5*.22 1*7.82 266,67
0.13 0,29 o.*o
0.01 0.01 0.01
2.** 6.02 9,73
0,96 3.5* 6.53
0.0* 0.13 0,16
2.56 *.77 6.69
3.02 7.6* 12,67
1.65 3.60 5.23
0.07 0.26 0.*2
0.01 0.13 0.61
0,01 0.0* 0.06

575.56 1270.36 1956.61
*•01 7.6* 10.99

961.27 230*.16 3579,65
19,10 *2,55 59,76
139.39 319.59 500.65
0.09 0.26 o.*o
0.02 0.02 0.03

11.70 *6,66 82.53
333.66 769.75 1206.75
*72.1* 1113.95 1709.*8
*,9S 11,36 17.65

*3.65 257.*6 *76.59
7.09 *7.66 92.62
0. *6 10.30 20.21
1.62 5.1* 6.9*
0,55 3,3* 6.32
*.9* 30.60 37.11
*•19 10.67 16.51
6.96 29.12 51.51
0.19 *,S* 6.*6
6 . 1 6 51. *3 98.96
0.36 6.03 13.97
0.01 0.01 0.01
3.67 26.56 *6.91
1.96 13.16 22.72
1.27 6.61 11.65
0.01 0.02 0.02
0.01 0.01 0.02
2.13 9.99 18,63

1669.6* *01*.10 6355.27
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TABLE. D-3A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS FOR
100-TON, NORMAL SERVICE, ROLLER BEARING CARS

SUMMARY table

BRAKES (TEST* PRESSURE SYSTEM* S HAND BRAKES! 
couplers* YOKES* A draft GEAR 
MISCELLANEOUS LABOR 1 MANUFACTURED MATERIAL 
OTHER car repairs
TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
WHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

total

ASSUMED CAN LIFE IN TEARS

CAR REPAIRS!

BRAKES (TEST* PRESSURE SYSTEM* 1 HAND BRAKES!
COTAS
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS* YOKES* S DRAFT SEAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHLH COUPLER PARTS 
YOKES
DRAFT GEARS, CARRIERS, ANO FOLLOWERS

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL
OTHER CAR REPAIRS

OTHER CAR REPAIRS 
WELUING
NON BILLABLE INSPECTIONS

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
brakl beams
BRAKE BEAM WEAR PLATES 
BRAKE HAN6ER OR CONNECTION PIN
bottom rod safety support
BRAKE beam SAFETY SUPPORT 
BRAKL CONNECTION. BOTTOM 
BRAKE CONNECTION, TOP 
BRAKE LEVER
BRAKL LEVLR GUIDE OR CARRIER
BEAU LEVER GUIDE
UCAU LEVER GU10E BRACKET
Brake shoes
BRAKE SHOE KEYS

LUBRICATE ROLLER BEARINGS
KOLLLK BEARINGS
ROLLER BEARING CAP SCREWS
PEDESTAL ADAPTERSWHEELS
WHELL LABOR
axles, roller Bearings

OTHER TRUCK REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAlRCO)
CENTER PINS
CENTER PLATES
CENTER PLATE LINERS
TRUCK SIDE BEARINGS
friction castings 
sioe bearing shim 
side frames 
side frames (REPAIRED!
OUTER SPRINGS
Inner springs
STAB1LI2ER SPRINGS 
MANUFACTURED MATERIAL (TRUCK)

Data shown using 10% discount rate

TRUCK TOTAL
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TABLE D-4. PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR 100-TON, HIGH MILEAGE, ROLLER BEARING CARS

summary table

BRAKES (TEST, PRESSURE SYSTEM* A HAND BRAKES) 
COUPLERS* YOKES* S ORAFT SEAR 
MISCELLANEOUS LABOR * MANUFACTURED MATERIAL 
OTHER can repairs
truck BRAKIN6 SYSTEM (MOSTLY BRAKE SHOES) 
UHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

TOTAL
ASSUMEO CAR LIFE IN YEARS

CAR REPAIRS!

BRAKES (TEST* PRESSURE SYSTEM* I HANO BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS* YOKES* S DRAFT 6EAR
COUPLER BODIES 
COUPLER knuckles 
OTHtH COUPLER PARTS 
YOKES
ORAFT BEARS, CARRIERS, AND FOLLOWERS 

MISCELLANEOUS LABOR l MANUFACTURED MATERIAL
OTHEK CAN REPAIRS

OTHtH CAR REPAIRS 
WELUiN6
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BKAKIN6 SYSTEM (MOSTLY BRAKE SHOES)
BRAKE beams 
BRAKE BEAM HEAR PLATES 
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROO SAFETY SUPPORT 
BRAKL BEAM SAFETY SUPPORT 
BRAKt CONNECTION, BOTTOM 
BRAKt CONNECTION, TOP 
BRAKt LEVER
BRAKE LEVER GUIDE OR CARRIER
oeau lever guide 
UEAU LEVER GUIDE bracket 
Brake SHOES 
BRAKE SHOE keys

UHEELSETS
lubricate roller bearings
KOLLLK BEARINGS
holler BEARING cap screws
ROLLER BEARING LOCKING plates
roller BEARING LUBRICATION FITTING
PEObSTAL ADAPTERSWHEELS
WHEtL LABOR
AXLES, ROLLER BEARIN6S

other TRUCK REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENIbR pins
CENTER PLATES 
CENTER PLATE LINERS 
TRUlK side bearings 
FRICTION CASTINGS
side bearing shim
SIOE FRAMES
SIDE FRAMES (REPAIRED)
outlh springs
INNEK SPRINGS 
STABILIZER SPRINGS
truck spring friction snubber 
steel
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

SO.00 26,00

annual mileage
50000, *2500

f9U0U•

663 91 977 *6 1060 69
902 52 1031 •2 1192 91712 07 799 56 679 13916 95 1022 60 1115 562693 10 3169 03 3962 91

9662 80 5906 Si 5869 97
291 9* 320 7* 395 59
20T 30 229 93 239 00

11*19 *2 12969 69 19150 29
' 29 6o 20 57 16 00

67900, i00000, 
977,66 1060,69

162,55 
609.72 
267.6* 
26, 7*

537.00
193,32
292,97

679.13
1115.56
566.55
209.56 
917,96

2319,56 2936,55 3919,95 3631,66 9196,32

ANNUAL MILEAGE
50000, 62500. 75000. ^,87500. 100000,

1996,32 2950.15 2693,10 3169.03 3962.91
235,67 326,11 909.59 971,93 532.93
0.05 0,05 0,05 0.05 0,067.06 6,52 9,62 10.63 11.972,60 3,90 3.69 9,30 9,67
0,10 0.12 0.13 0.19 ' 0.1*.9,96 5.79 6.92 7.00 .7.9!
10.96 13.99 16.29 16.19 19.9*3.69 9,29 9.78 5.26 3,6;
0.05 0,07 0.06 0.0* 0.0<
0,29 0,36 0.95 0.55 0,6;
0.99 0,70 0,65 0.99 1.1,1675,09 2075,79 2365,77 2653.91 2886.3,
7.22 9,00 10.32 11.98 12.96

3930,96 9237.70 9662,60 5906.31 5669.97
52.90 *2.36 69.50 75.60 , 61.36

966.93 607,99 709,66 791.59 666,21
0,91 0,99 0,59 0.59 0.62
0,01 0,01 0,01 0.02 0.020,02 0.02 0,02 0.02 0,02

61.*5 76.90 67.60 97.65 106.61
1170,76 1952,95 1669,69 1890.97 2073,25
1636,39 2016,36 2290.11 2523.53 2723.93
17,92 21,69 25.11 26.20 30,95

211,00 257,17 291.96 320.75 395.5?
52.15 *3,59 72.26 78.93 65.2
S.ll 7.25 6.66 10.09 11.1-
6,63 6,39 9,66 10,76 11.6:
0,26 0,37 0.96 0.53 0.5-
35.51 95.22 52.51 58.11 63.58
6.96 . 10,66 12.21 13.21 19.28
17.39 20,69 23,53 25.70 27.7t
0.29 0,26 0,31 0.35 0.37

31,57 37,91 91,33 95.79 97.95
0.91 1.20 1.93 1.56 1.73
16.67 19,09 20.92 22.26 23.36
10,66 12.16 13,31 19.23 19,93
5,06 5,67 6,99 6,96 7,95
0,03 0,03 0.03 0.03 0,09
0,01 0.01 0,01 0.02 0,02
19.67 29.56 26.59 32.27 35.33

5569.77 6995.02 7997.66 6913.06 9712.97

3

Data shown using 10% discount rate
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TABLE D-4A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS
FOR 100-TON, HIGH MILEAGE, ROLLER BEARING CARS

SUMMARY TABLE

BRAKES <7EST« PRESSURE sTSTCMi l HMD BRAKES! 
COUPLERS* YOKES* S DRAFT GEAR 
RISCCLLANEOUS LABOR * MANUFACTURED MATERIAL 
OTHER CAR REPAIRS
TRUCK BKAKXN6 SYSTEM (MOSTLY BRAKE SHOES) WHEELSETS
OTHER TKUCK REPAIRS 
HEAVT REPAIRS

TOTAL
A8SUME0 CAR LIFE IN TEARS

CAR REPAIRS)

BRAKES <TEST« PRESSURE STSTEM* I HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
NANO BRAKES

COUPLERS* YOKES* I ORAFT 6EAR
COUPLER BOOIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS 
YOKES
DRAFT SEARS* CARRIERS* AND FOLLOWERS

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 
OTHER CAR REPAIRS

OTHER CAR REPAIRS 
WEEDING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
BRAKE BEAMS
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROD SAFETY SUPPORT 
BRAKE BEAM SAFETY SUPPORT 
BRAKE CONNECTION. BOTTOM 
BRAKt CONNECTION. TOP 
BRAKE LEVER
BRAKE LEVER GUlOE OR CARRIER 
UEAu LEVER SuIOE 
OCAU LEVER GUlOE BRACKET 
BRAKE SHOES 
BRAKE SHOE KEYS

WHCCESET8
LUBRICATE ROLLER BEARINGS 
HOLLER QEARIN6S
rolllk bearing cap screws 
PEOESTAL ADAPTERS 
WHEELS 
WHEEL LABOR
axles* roller bearings

OTHER TRUCK REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENTER PINS
CENTER PLATES
CCNTtH PLATE LINERS
TRUCK SIDE BEARINGS
FRICTION CASTINGS
SIOE BEARING SHIh
SIDE FRAMES
SIDE FRAMES (REPAIRED)
OUTEK SPRIN6S 
Inner springs 
STABILI2ER SPRINGS 
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

656,76 1062,32 1293,27 1523,9* 1725.35
30.00 26.60 2*. 00 20.37 16,00

iNNUAL MILEAGE
50000, 62500. 75000. 67500, 100000,
66,32 62,90 96,32 11*.6* 129,33
9,09 11,69 19,61 17.30 19.6239,*7 *6,6* 56,92 65.90 73.6116,06 20.31 29.33 26.75 32.6*1,66 2.06 2,96 2.66 3,26
62,65 62.12 100.95 121*20 139,36
30.*1 39.69 *6.69 59.05 66.017.26 9,27 11.23 13,35 13.2710,60 13.17 15.67 16.96 20.633,95 *.60 5,66 6.69 7.9611,09 15,20 16,99 23.95 27.26
50.** 65,51 79,25 93.92 107.19
65,93 65.01 102,00 .120.1* 136.02
35.55 •3.69 53,15 63.06 71.7612.69 16,33 19,39 22.7i 25.5519,51 '29.76 29, *6 39,35 36.71

2*5,53 315.5* 360,03 *50,09 511.90

kNNUAL MILEAGE
50000. 62500. 75000, 67500, looooo.
206,66 263,27 316.9* 379,00 *2*.6l
25.00 35,26 *5.03 55.AT 6*.92
0.75 ■ 0,92 1.07 1.25 1.90
0.30 0.37 0,93 0.51 0.56
0.01 0,01 0,01 0,02 0.02
0.53 0,62 0.71 0 . 6 2 0.91
1.16 1,50 1,61 2.1* 2.*3
0.39 0,96 0.53 0 . 6 2 0.69
0.01 0,01 0.01 0.01 0.01
0.03 0*0* 0,05 0.06 0.06
0.05 0.06 0.10 0.12 0.1*

177.69 223.0* 265,5* 311.73 351.9*
0.77 0.97 1.13 1.35 1.52

365,90 *55,35 3*1.23 635.26 717.56
5.61 6.70 7,7* 6.66 9.92
51.67 65.27 76,93 92.97 105,66
0.0* 0,05 0,06 0.07 0,06
6.5* 6,21 9,77 ll.*9 13.00

129.20 156.12 167.52 222.li 252.79
173,79 216,66 259,69 296.91 332.13
1.65 2.33 2.79 ' 3.31 3.77

22.36 27.63 32.50 37.67 •2.1*
5,53 0.5l| 
0.70 O.OS 
5.77 
0.95 
1,6* 

. 0.05 3.35 
0.10 
1*79 
1.13 
0,5* 
2.09

6.S3 
0,76 
0,90 0,0* 
9,66 
1.17 
2.25 
0.03 
*.02 
0,13 
2.05 
1,31 
0.63 
2 . 6*

6 .0*
0.99
1 , 0 6
0,05
5,6*
1.36
2,62
0. 03 
*,60 
0,16 
2,331. *6 
0,72 
3.16

9.27
1.16
1.26
0,06
6.6S
1.55
3.020.0*
5,37
0*19
2.62
1.67
0 . 6 2
3.79

10.*0
1.36 1.** 
0.07 
7,75 
1.7*
3.36
0 . 0*
5.65
0.21
2.65 
1,62 
0.91 
*»3l

592.96 7*6.25 690,16 10*6.95 116*.3l

6 >

Data shown using 102  discount rate
0
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TABLE D.-5. PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR 70-TON, NORMAL SERVICE, ROLLER BEARING CARS

J

■V

*

SUMMARY TABLE

brakes (Test* pressure system* i hand brakes) 
COUPLERS* YOKES* A 0R*FT GEAR 
MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 
OTHEK CAN REPAIRS
TRUCK SHAKING SYSTEM (MOSTLY BRAKE SHOES) 
UHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

TOTAL
ASSUMED CAR LIFE IN YEARS

CAR REPAIRS)

BRAKES I TEST* PRESSURE SYSTEM* 1 HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HANU BRAKES

COUPLERS* YOKES* A DRAFT 6EAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS 
YOKES
DRAFT GEARS, CARRIERS, AND FOLLOWERS 

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL
OTHER CAK repairs

OTHEK CAR REPAIRS 
WELUING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK SHAKING SYSTEM (MOSTLY BRAKE SHOES)
BRAKE beams
BRAKE HEAD HEAR PLATES
brake beam wear plates
BRAKt BEAM HANGERS
BRAKE HANGER BRACKET WEAR PLATE
brakl hanger bracket wear Plate securehent
brake hanger or connection PIN
bottom rod safety support
brake beam safety support
brake CONNECTION* BOTTOM
BRAKE CONNECTION* TOP
brake lever
BRAKL LEVCR GUlOE OR CARRIER 
OCAU LEVER GUIDE 
DEAU LEVER GUlOE BRACKET 
BRAKE SHOES 
BRAKE SHOE KEYS

WHEELSCTS
LUBRICATE ROLLER bearings
ROLLER BEARINGS
ROLLER BEARING CAP SCREWS
ROLLER BEARING LOCKING PLATES
ROLLER BEARING LUBRICATION FITTING
PEDESTAL AOAPTCRS
WHEELS
WHEEL LABOR
AXLES, ROLLER BEARINGS

OTHER TRUCK REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENTER PINS 
CENTER PLATES 
CENTtK PLATE LINERS 
TRUCK SIDE BEARINGS 
FRICTION CASTINGS 
SIDE BEARING SHIM 
SIDE FRAMES 
SIDE FRAMES (REPAIRED)
SPRING PLANKS
OUTER SPRINGS
INNER SPRINGS
STABILIZER SPRINGS
TRUCK SPRING FRICTION SNUBBER
TRUCK SPRING PLATES
truck spring shim* woodSTEEL
MANUFACTURED MATERIAL (TRUCK)

_ *«» TRUCK To™ -
Data shown using 10% discount rate
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TABLE D-5A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS FOR
70-TON, NORMAL SERVICE, ROLLER BEARING CARS

SUMMARY table

DnAKba I IL$(•1 .  "  "  _  '  i iib vv u n b  o > a ib n >  • 1-nnv o n k n iaCOUPLERS* YOKES* A ORAFT GEAR 
MISCELLANEOUS LABOR a MANUFACTURED MATERIAL OTHER CAR REPAIRS
TRUCK OHAKINB SYSTEM (MOSTLY BRAKE SHOES) WHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

total

ASSUMED CAR LIFE IN YEARS

CAR REPAIRS)

BRAKES (TEST. PRESSURE SYSTEM* A HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS* YOKES* A DRAFT GEAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS YOKES
DRAFT SEARS, CARRIERS, AND FOLLOWERS

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL 
OTHER CAR REPAIRS

OTHER CAR REPAIRS 
WELDING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
BRAKE BEAMS
brake beam wear plates
BRAKE BEAM HANGERS 
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROD SAFETY SUPPORT 
HRAKt BEAM SAFETY SUPPORT 
BRAKE CONNECTION, BOTTOM 
BRAKE CONNECTION, TOP BRAKE LEVER
BRAKE LEVER GUlOE OR CARRIER 
OEAU LEVER GUIDE
dead lever guide bracketBRAKE SHOES 
BRAKE SHOE KEYS

WHEELSETS
LUBRICATE roller BEARINGS 
ROLLER BEARINGS 
ROLLER BEARING cap screws 
pedlstal AOAPTERS
WHEELS 
WHEtL LABOR
axles* roller bearings

OTHER truck repairs
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENTER PINS
CENTER PLATES
CENTER PLATE LINERS
truck side bearings
friction castings
side BEARING shim
Slot FRAMES
SIDE FRAMES (REPAIREO)
spring planks
OUTER SPRINGS
INNER SPRINGS
stabilizer SPRINGS
Truck SPRING FRICTION SNUBBER
TRUCK SPRING PLATES
STEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

Data shown using 10Z discount rate
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TABLE D-6. PRESENT VALUE AT TIME OF PURCHASE OF ALL REPAIRS
FOR 70-TON, HIGH MILEAGE, ROLLER BEARING CARS

«

SUflNARY TABLE

BRAKES (TEST* PRESSURE SYSTEM' 1 HaNO BRAKES) 
COUPLERS* YOKES. A DRAFT GEAR 
MISCELLANEOUS LABOR I MANUFACTURED MATERIAL 
OTHER CAR REPAIRS
TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) WHEELSEYS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

TOTAL
ASSUMED CAR LIFE IN YEARS

CAM REPAIRS)

BRAKES (TEST' PRESSURE SYSTEM' | HaNO BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HAND BRAKES

COUPLERS' YOKES' A DRAFT GEAR
COUPLER BODIES 
COUPLtR KNUCKLES 
OTHEK COUPLER PARTS 
YOKES
DRAFT GEARS. CARRIERS, ANO FOLLOWERS

MISCELLANEOUS LABOR A MANUFACTURED MATERIAL
OTHEK CAN REPAIRS

OTHEK CAR REPAIRS 
WELU1NG
NON BILLABLE inspections

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES)
BRAKE BEAMS
BRAKE BEAM UEAR PLATES
BRAKE HANGER OR CONNECTION PIN
BOTTOM ROO SAFETY SUPPORT
BRAKE BEAM SAFETY SUPPORT
BRAKE CONNECTION, BOTTOM
BRAKE CONNECTION, TOP .
BRAKE LEVER r
BRAKE LEVER GUIDE OR CARRIER
UEAU LEVER GUIDE
UEAU LCVER GUIDE BRACKETBRAKL shoes
BRAKE SHOE KEYS

WHEELSCTS
LUBRICATE ROLLER BEARINGS
HOLLEK BEARINGS
ROLLER BEARING CAP SCREWS
ROLLER BEARING LOCKING PLATES
ROLLER BEARING LUBRICATION FITTING
PEDESTAL ADAPTERS
WHEELS
WHEEL LABOR
AXLES, ROLLER BEARINGS

OTHER truck REPAIRS
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENTER PINS
CENTER PLATES
CENTER PLATE LINERS
TRUCK SIDE BCARIN6S
FRICTION CASTINGS
SIDE BEARING SHIM
SIDE FRAMES
SIDE FRAMES (REPAIREO)
OUTER SPRINGS 
INNER SPRINGS 
STABILIZER SPRINGS STEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

•2500. 750 0. 67500, 100000,
1016 09 2196 11 2467 46 2796

1490 14 1690 7a16 5A66 25 69952957 69 9150 a i 9669 99 9119
6059 67 6606 06 7950 Si

9791 66 6962 69 7015
946 75 977 95 569 02 699

50 79 09. 99 99 105 53 116 53
0099 96 24197 10 27306 67 90097 02 32926 91

90 00 26 60 24 00 20 57 16 00

ANNUAL MILEAGE 
500 0 0 ' 42500* 57500, xODOOO,

1616,09 2196.11 2467,46 2736.61 2950,46
113.52

1050,30
606 ,07

96 ,20

147.09
1226,56

756,51
62,00

172,66
1359,44

661 ,59
7 3 ,7 7

194.65
1469,74

966,49
93 ,76

213.93
1569,90
1079,21

9 2 .5 ?

927 ,66 1205,20 1*30 .14 1630.76 1906,92

275 .96  
295 ,51
166.96  

95 .62
121.60

966,17
856,69
236,03

60 ,56
161,73

461 ,66
406,37
276,13

70 .95
192,91

964.49 
452,09  
312.96

90.59
2 2 1 .50

637,13
490,76
542.04

69.26
247.22

9572,66 9296,16 5*66,25 6355,99 6796,72

2957,69 3150,91 5669,49 4113.57 4496.73
1266,26

666,91
502,94

1699,96
646,31
609,04

2010,94
960,51
676,04

2290.19
1092,59

790,66

2513.62
1166,96

796.15

9776,25 11647.79 19499,36 14916,93 16012,94

ANNUAL MILEAGE
50000, 62500, 75000. 67500. 100000

5089,75 6054,67 6606,06 7450.51 8 0 3 1 ,7 ’
615 .21 615.52 967.02 1099.02 1 2 2 2 ,S<

0,23 0,27 0,31 0,33 0.3*
10 .64 -13 ,61 16 ,39 16,59 2 0 .4«
11 ,65 15,96 19,47 22.46 2 5 . IS

0 .04 0,06 0,07 0.0$ 0.0<
6 .6 6 6 .6 2 10,07 11.34 1 2 ,4(

11 ,00 14 ,49 17 .33 19 , Tfl 2 1 ,9 ;
3 ,7 6 4 .7 7 5,61 6 ,3 3 6,9*
0 ,1 2 0,15 0.17 0.19 0.21
0,45 0.70 0,69 1.06 1*22
0.30 0.44 0.55 0.64 0 .7 !

4416.07 5169,06 5752,43 6251,26 6698,57
13 ,36 15,62 17,76 19,37 2 0 , 6 0

4741,22 5677,66 6992,89 7015,02 7545.76
2 7 ,3 3 33 ,36 36,29 42.25 45.23

665,01 919,57 926,61 1025.24 1108.62
0 ,0 6 0 .0 9 0,11 0.12 0.13
0 ,1 1 - 0 ,12 0 ,13 0.15 Q.1E
0.01 0,01 0,01 O.Oi 0,01

175.17 216,60 246.43 275.34 299.19
1625,64 1940,93 2195,26 2425.25 2621.26
2205,42 2637,70 2942.79 3210.05 3431,56

2 4 ,4 6 29 ,27 39,10 36,61 39 .59

366,75 477.95 569,02 6 4 9 ,0 i 720.04

97 .50 115,54 139.26 159 ,4? 177,77
1 ,1 0 1.47 1 .7 3 1 .9 6 2 .1 6
5 .4 2 7 ,0 6 6 .3 7 9.53 10.50
0,50 0,71 0,69 1.04 i . i e

36 ,95 47 ,96 56.40 63 ,56 69 ,89
13 ,34 16.90 19,64 22,23 24,44
19.24 24 .52 26,70 32 ,33 35 ,57

1,51 1,90 2,20 2 ,4 5 2 .6 9
137,67 161,94 219,26 251.49 260 ,23

0 ,7 9 1 .0 5 1,24 1.40 1,54
11,01 13 ,73 15,66 17.7& 19.38

5 ,0 2 6 ,2 3 7.16 6.01 6,70
2 .3 5 2 .9 6 3,46 3.92 4,30

25 ,72 31 .66 35.96 40.96 45 .16
16 ,43 2 4 ,0 6 26 ,64 32,65 36 ,52

0197,72  12210,27  19759,97 15114,54 1*297,55

Data shown using 10% discount rath
«r

\
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TABLE D.-6A. EQUIVALENT ANNUAL EXPENDITURE ON ALL REPAIRS 
FOR 70-TON, HIGH MILEAGE, ROLLER BEARING CARS

SUMMARY TABLE

BRAKLS (TEST. PRESSURE SYSTEM, * HAND BRAKES)
COUPLERS* YOKES< * ORAFT GEAR 
MISCELLANEOUS LABOR t MANUFACTURED MATERIAL 
OTHER CAK REPAIRS
TRUCK BKAKIN6 SYSTEM (MOSTLY BRAKE SHOES)
UHEELSETS
OTHER TRUCK REPAIRS 
HEAVY REPAIRS

total

ASSUMEO CAR LIFE IN YEARS

CAK REPAIRS)

BRAKES (TEST. PRESSURE SYSTEM, A HAND BRAKES)
COTAS
IOTAS
PRESSURE SYSTEM 
HANO BRAKES

COUPLERS* YOKES, A DRAFT SEAR
COUPLER BODIES 
COUPLER KNUCKLES 
OTHER COUPLER PARTS 
YOKES
ORAFT 6EARS, CARRIERS, AND FOLLOWERS

miscellaneous labor a manufactured material
OTHER CAK REPAIRS

OTHER CAR REPAIRS 
WELDING
NON BILLABLE INSPECTIONS

CAR TOTAL

TRUCK REPAIRS

TRUCK BRAKING SYSTEM (MOSTLY BRAKE SHOES) 
BRAKE BEAMS
brake beam wear plates 
BRAKE HANGER OR CONNECTION PIN 
BOTTOM ROD SAFETY SUPPORT 
BRAKE BEAM SAFETY SUPPORT 
BRAKE CONNECTION. BOTTOM 
BRAKE CONNECTION, TOP 
BRAKE LEVER
BRAKE LEVER GUIDE OR CARRIER 
OCAU LEVER GUIDE 
UEAU LEVER GUIDE BRACKET 
BRAKE shoes 
BRAKE SHOE KEYS

UHEELSETS '
LUBRICATE ROLLER BEARINGS
ROLLLK BEARINGS
KOLLLH BEARIN6 CAP SCREWS
ROLLER BEARING LOCKING PLATES
PEDESTAL AOAPTERS
WHEELS
WHEEL ‘LABOR
AXLES, ROLLER BEARINGS

OTHER TRUCK REPAIRS .
TRUCK BOLSTERS
TRUCK BOLSTERS (REPAIRED)
CENTER PINS 
CENTER PLATES 
CENTEK PLATE LINERS 
TRUCK SIDE BEARINGS
friction castings
SIDE BEARIN6 SHIM 
SIDE FRAMES
siol frames (repaired)
OuTEK SPRINGS 
INNEK SPRINGS 
STABILIZER SPRINGS STEEL
MANUFACTURED MATERIAL (TRUCK)

TRUCK TOTAL

321**7
191,55
7** ,23*63.16 
675,14 623,96 
76,23 12. *0

359,75 
220,26 
62*•09 
9*6,29 
979,31 
920,06 
67,79 
19,22

2125,1* 2593.57 3039,*6 3526,15 3953,77
30,00 26,60 2*,00 20.5? 16.00

annual mileage
50000, 62500, 75000. 67500, *00000,
192,66 235.97 276.66 321,*7 359.75
12,0* 15,60 19,22 22.69 26,07

111.*2 132,01 151,31 172.6* 190,61
6*.29 61.50 96,12 116.10 131,59
5.11 6,66 6,21 9,6* 11.26
98, *3 129,50 159.17 192.55 220,26
29.26 *1,71 53.63 66.30 77,69
31.35 36,35 *5,23 53.10 59,6*
20,0* 25,56 30,96 36,69 *1,70
*.66 6,*9 7,90 9,*6 10,66
12.90 17,36 21.*6 25.99 30,1*

*65,07 569,06 653,1* 7**,23 62H.09
240,71 336,51 *06,*1 *63.16 5*6,29
136,66 162,66 223,62 267,62 306.*9
70,69 90,9* 109,13 126.3* 1**.73
53,35 6*.91 75.*7 67.00 97.06

1037,06 1273,06 1*97,86 17*0.*0 1952,39

ANNUAL MILEAGE
50000. 62500, 75000, 67500, 100000,
539,92 650,56 757.7* 675,1* 979,31
65,26 67,63 107,63 129,09 1 *9 ,ii
0.02 0.03 0.03 O.Oh 0.0*
1.13 l.*e 1.62 2.16 2.50
1.2* 1.72 2,17 2.6* 3,06
0,00 0,01 0.01 0,01 0.01
0.73 0,93 1.12 1.33 1.511*17 1.56 1,93 2.32 2.67
o.*o 0.51 0.62 0.7* 0.650,01 0,02 0,02 0.U2 0.03
0.05 0.07 0,20 0.13 0.150.03 0,05 0,06 0.06 0.09*66,*5 55*.69 6*0,25 73*.27 616,76
1,*2 1.70 1.96 2.26 2.5*

502,95 610,07 710.*2 623,96 920,06
2.90 3.56 *.25 *.96 5.52
72.67 66.06 103,15 120.*2 135.17
0,01 0.01 0,01 0.01 0,02
0,01 0,01 0,01 0.02 0.02
16,56 23.27 27,65 32,3* 36,*6

172,23 206,56 2**,11 26*.67 319,61
233,95 263,*2 327,53 377,05 *16,*1
2,59 3.1* 3.66 *.30 *.63

36,90 51.36 63.33 76,23 67.79
9,26 12.*1 15.50 16,73 21.66
0,12 0,16 0,19 0,23 0.26
0,57 0,76 0,93 1,12 1.26
0,05 0,06 0.10 0,12 0.1*
3,92 5,16 6 , 2 6 7,*7 6.52
l.*l 1.62 2,21 2 . 6 1 2.96
2.0* 2,63 3,19 3.60 *,3*
0,16 0.20 0.2* 0,29 0,33
1*,63 19,55 2*,*1 29,5* 3*.17
0,06 0,11 0.1* 0,16 0,19
1.17 ’ 1, *6 1.77 2,09 2.36
0,53 0.67 0,60 0.9* 1.06
0.25 0,32 0,39 0,*6 0.52
2,73 3. *2 *,00 * . 6 1 5.51
1.95 2,56 3.19 3.66 *.*S

1061,77 1312,01 1531,*9 1775.35 1967.17

Data shown using 101 discount rate
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