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Production and Properties of High-Serviceability Rail
H. MASUMOTO, K. SUGINO, S. NISHIDA, M. HATTORI, AND T. TERADA

In order to improve the serviceability of rails, the service life of a rail was
divided into several elementary processes and the requisites for every process
were investigated. The results of this study proved that increasing the strength
of rails through pearlite refining, austenite grain refining, and preservation of
compressive residual stress was effective in improving rail serviceability. High
strength and a fine pearlitic microstructure increase the wear resistance of rails
and deter the initiation of contact fatigue cracking on the surface of rails. Compressive residual stress delays fatigue crack propagation. One type of rail that
satisfies these requirements is head-hardened rail. The head of these rails is
slack quenched by blown air after austenitizing to cause the isothermal pearllte
transformation. The hardened zone of this rail has a yield stress and tensile
strength that exceed 800 MPa and 1200 MPa, respectively, and very fine pear·
litic microstruct'ure. This head-hardened rail also has a compressiva residual
stress of about 400 MPa on the running surface and on the sides of rail head.
It has also been confirmed that this rail performs well in heavv-load railwavs.

Improving the serviceability of a rail will mean extending the service life of a rail.
The service
life begins at the time when the wheel contacts the
rail for the first time, and the service life ends
when the rail cannot bear the requisite load any
longer due to a reduction of the rail-head area or
when a fatigue crack grows severe enough to cause
brittle fracture.
A rail of high serviceability must perform well
throughout its service life, but it is very difficult to investigate the requisites for this type of
rail simultaneously.
If the service life of a rail
is divided into several elementary deteriorating
processes, the rail characteristics necessary for
withstanding each process can be clarified and these
characteristics can be incorporated in a single
rail. Thus, it should be possible to develop a rail
of high serviceability.
This paper investigates
these requisites and describes the properties of
rails.

plastic deformation or work hardening should not be
ignored.
It is said that the wear resistance of a rail can
be improved by increasing its strengthi therefore, a
Nishihara-type wear test (1) was performed on specimens cut from high-strength rails of representative
microstructures.
Figure 3 shows the Nishihara-type
wear-test method.
In Figure 4 the weight loss of
the specimen after 500 000 rotations is plotted
against the hardness before the test.
This weight
loss correlates well with the amount of rail-head
wear in the actual track.
Figure 4 clearly indicates that weight loss decreases when hardness is
incr<>a,.,.d and , at th .. sam.. tim .. , if the hardness is
constant, pearlite shows the least weight loss among
the three types of microstructure.
One of the reasons why pearlite shows the least wear is its high
work hardenability and its large volume of iron carbide.
In Figure 5, weight loss of another test
specimen is plotted against the superficial hardness of the specimen after the wear test.
The
weight loss is nearly determined by this superficial
hardness, and the Vickers hardness increase through
the wear test is about 150 and 240-300 for tempered
martensite and pearlite, respectively, irrespective
of initial hardness.
These results indicate that
the increase in strength through pearlite refining
is very effective in improving wear resistance and
that the morphology of cementite provides a valuable
clue to the wear mechanism.
The initiation of defects on the rail surface in
contact with train wheels is a problem of lubricated
rail of less wear on railways with rather light axle
loads.
But the initiation of surface defects was
also investigated on rails of the same kind of wear
test by a rolling-contact fatigue test (1,2). Figure
6 shows the rolling-contact fatigue-test method,

INVESTIGATIONS INTO REQUISITES FOR HIGH
SERVICEABILITY
The service life of a rail can be divided into the
elementary processes shown in Figure l.
Although
the rate of each deterioration process is not necessarily clear, the deformation of the rail head and
fatigue-crack propagation obviously must figure decisively in the determination of service life.
The
i dil
d1aracter ls tics necessary for uelay lny these
two processes were mainly investigated in laboratory
and track tests.
First,
increasing
strength
(especially yield
strength) is indispensable for the prevention of
plastic deformation on metal flow of the rail head.
Increasing strength, together with increasing the
rail section, has been an effective means of helping
rails withstand increasing axle load and train speed
and will continue to be a fundamental measure for
prolonging rail service life in the future.
At
present, high-strength rails are classified into two
groups:
(a) one is as-rolled alloy-steel rails,
which contain such alloying elements as Si, Mn, er,
Mo, v, and Nb, and (b) the other heat-treated
(either by full- or head-hardening)
carbon-steel
rails.
According to the production methods employed, the microstructure of the rails changes into
fine pearlite, tempered martensite, and bainite.
These rails are shown in Figure 2.
In this paper,
investigations were made on high-strength rails with
tensile strength more than 1100 MPa. In view of the
increase in the superficial hardness of the rail
head in service, the increase in strength through

Figure 1. Elementary processes of service life of rail.
Ro ll Life and Serv ic.eabih tr

1. Metol Flow

Q
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Figure 2. High-strength rails in Japan classified by production method and
microstructure.
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(0.4-0.6%) (Fine)

x
0

,____

•

High C
Pearlite
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Figures 4. 5, and 7.
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which is a modification of the Nishihara-type weartest method.
The number of specimen rotations
before the first surface crack is detected on the
specimen is processed according to the Weibull probability distribution; the results are shown in
Figure 7.
The longest service life up until the
first crack initiation was obtained by high-strength
rail of very fine pearlitic microstructure.
Therefore, fine pearlite proved to be effective in preventing surface-defect initiation due to contact
fatigue.
Besides surface-crack initiation, the internal
initiation of fatigue cracking can also be a problem.
These cracks generally initiate from large

Figure 3. Nishihara-type wear·
test method.

Figure 4. Effect of hardness
and microstructure on weight
loss by wear test.

Sample
Steel
Carbon
1 percent
Cr

f
0.68
o. 75

Si
0.22
0.30

Mn
0.87
0.30

f.

0.017
0.018

s

Cr

0.016
0.020

1.00

[In Tables 1, 3, and 5 and in Figure 15, the following abbreviations are used:
grain size number
(GSN), proof stress (PS), tensile strength (TS),
elongation (El), reduction of area (RA), and Vickers
hardness number (VHN).)
The sample plate microstructure is pearlite except sample G, which is tern3'0.8

~ 0.5

:::

Ol

~ 0. 2

~so

Figure 5. Relation between
weight loss by wear test and
superficial hardness after testing.

nonmetallic inclusions and cause transverse f ractures (1,!l.
When the strength of a rail is increased, the steel becomes more sensitive to crack
initiation from inclusions.
Therefore,
measures
should be adopted to reduce the numbers of inclusions and control the shape of inclusions.
By the application of a cyclic load, the crack
starts its growth as a fatigue crack.
Next, the
fatigue-crack propagation rate was investigated for
the sample plates and high-strength rails
(~).
Specimen preparation is shown in Figure 8.
At
first, the crack-propagation rate was measured on
the plates whose strength and austenite grain size
were changed by heat treatment. Details about these
sample plates are shown in Table 1, and the chemical
composition of the pearlite-steel samples is given
in the table below (in percent):

c;, 2
:; 1.5

:g

300

LOO

350

Hardness I H8 !

Figure 7. Relation between service life
until surface-crack initiation by rollingcontact fatigue testing and rail·steel
properties.

ID' 2

-~T
emp. 1 ~1
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5 10

2
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0

-fo.s .
0

_,

I

Figure 8. Preparation of fatigue·crack propagation test specimen.

Pearl.

~00
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Hardness after
Wear Test IHvl

Figure 6. Rolling-contact fatiguetest method.

-

JOfl

300

-

-

RCF In!

·-c::::.:;···

·l~-f

l

~
7o::\C
~

(@Q

Crack initiation

Lubrica t ed
Rapid,800rpm 720rpm.~ow--.
WHEEL

Table 1. Pearlitic·steel samples
for fatigue-crack propagation
(heat treatment and mechanical
properties).

B&b.

K= a-/w tan (1'1'.l /W)

Sample
Steel

Symbol

Heat Treatment•

GS Nb

PS 0 (MPa)

TS (MPa)

El(%)

RA( %)

VHN

Carbon

A

I I00°C AC
900°C AC
900°C to 550°C IT
900°C to 650° C IT ,
1 l00°C to 550°C IT
1100°c to 65o"'c IT
900°C Q to 550° C T

4.3
5.9
7.4
7.4
3.5
3.5

526
476
946
777
963
630
1032

920
875
1279
1153
1258
1038
1213

15
18
15
19
7
12
16

24
26
40
44
8
23
35

261
243
382
346
398
308
370

B

1%Cr

c
0
E
F
G

Note: AC= air c ooled; IT= isothermaUy transfor med in salt bath; end Q, T = quenched and tempered.
c 0.2 percent.
Aus ten itizlng temperature.
b American Society of Testing and Materials (ASTM) austenite.
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Table 2. As-rolled rails for fatigue-crack
propagation rate and fracture toughness
measurements: chemical composition.

Rail Steel

c

Si

Mn

p

s

C"

0.78
0.54
0.72
0.74
0.77
0.76
0.38

0.23
0.37
0.92
0.29
0.30
0.15
0.33

0.97
1.43
1.37
1.30
1.34
0.86
1.20

0.018
0.021
0.022
0.021
0.018
0.014
0.018

0.025
0.006
0.010
0.011
0.004
0.006
0.008

MC
HS
CV

eve
CRM
LCb
1

Table 3. As-rolled rails for fatigue-crack
propagation rate and fracture toughness
measurements: mechanical properties.

Standard carbon-steel rail.

Cr

Others

Mo

1.01

0.05V

0.79
0.83
0.69
1.17

0.12V
O.l4V
0.18
0.20

0.07V , B

bLow-carbon bainltlc~teel rail.

Rail Steel

Rail Size

PS (MPa)

TS (MPa)

El(%)

RA(%)

VHN

owb 8 (MPa)

c
MC
HS
CV

902
101 3
1010
1110
1200

16
19
16
18
II

365
484
424
503
582

136RE

LC

JRS60

26
3Q
31

302
296
288
327
358

CRM

502
624
565
699
750
686
812

31
36
22

eve

JRS60
JRS60
JRS60
JRS60
136RE

8

1125

1080

10
17

33

'I/;~

sn

324

493

Rotating bending fatigue strength.

Figure 9. Fatigue-crack propagation rates
of pearlitic steels.

Figure 11. Fatigue-crack propagation rates of
annealed specimens of as-rolled rails.
~
.!,!

Annealed
at 520'C

ici' l---H<µ--l (Web)
..

E 5,10

_g

-51i
10

L•\010 20 40 60
LIK IMPa.lm )

R=O

10 20 40 60
Ll K (MPafrii)

Figure 10. Fatigue-crack propagation
rates of as-rolled rails.

-·- c
- '" -MC
- - HS

---CV

pered martensite.
The results are shown
Thus, Equation 1 holds true:

in Figure

9.

dl/dn = C(t.K)m

(I)

where
t.K = MVWtan{'ITl /W)

{2)

where
1
W

half the length of crack,
specimen width, and
a = gross weight.

The stress ratio is kept at zero.
The crack propagation rate of each sample plate is nearly equal and
is hardly affected by austenite grain size and
strength, The broken line in Figure 9 shows the re-

sults for sample G, whose propagation rate is nearly
the same as that of pearlitic steel.
Next, the propagation rate was measured on the
specimen cut from the web of as-rolled alloy-steel
rail.
The details of this specimen are shown in
Tables 2 and 3.
The results are shown in Figure
10.
The same equation holds true on every rail but
the propagation rates are slightly different, especially in the region of small 6K and, as a
whole, slower than those of Figure 9.
In Figure 11, the propagation rates measured on
the annealed specimens of the as-rolled rail are
shown.
These specimens were annealed at s2o•c for
3 0 min for stress relief.
The propagation rate of
the annealed specimen is higher than that of the asrolled one, especially in the range of small 6K.
Figure 12 illustrates an example of the longitudinal residual-stress pattern of an as-rolled rail
specimen and an annealed specimen.
The annealed
specimen has been nearly relieved of all residual
stress but, as in the as-rolled specimen, a fairly
large amount of stress remains and, in particular,
compressive stress exists in the vicinity of crack
tips. This means that the difference in crack-propagation rates between as-rolled and annealed specimens is closely correlated to the residual stress,
and the compressive residual stress retards crack
propagation.
With the growth of cracks, residual
stress is gradually relieved, although compressive
stress still remains at the tips of the crack.
Therefore, the effect of residual stress becomes
small in the region of a large 6K.
This effect
can be well-understood if it is assumed that residual stress changes the stress ratio.
The fatigue fracture toughness, KifC• at room
temperature and the fracture toughness, K 1 c, at

5
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o•c, and the material constants of fatigue of the
samples in Tables 1-3 are listed in Table 4.
The Kifc at room temperature for pearlitic
steel is as follows (the number for G is for ductile
fracture of tempered martensitic steel):

Symbol
A
B
c
D
E
F
G

Krfc• as
Received
!MPa ,/iii)
53.7
61.5
36.2
40.6
30.9
38.6
>92.9

requisites for high serviceab.i lity.
One type of
rail that satisfies these requisites is the headhardened rail.
In this section, the production
procedure of a head-hardened rail is reviewed. The
chemical composition of this rail is the same as
that of American Railway Engineering Association
(AREA) standard rails and is as follows: C = 0.700.82 percent; Si = 0.10-0.25 percent; Mn= 0.701.00 percent; P = 0.040 percent, maximum and; S =
0.050 percent, maximum.
After steelmaking by the
Linz and Donawetz basic oxygen process (LD process),
the steel is rolled into the shape of a rail by the
same procedure as that for standard carbon-steel
rails, which is as follows:
Steelmaking by the LD process,
vacuum degassing and full killing,
Ingot making with hot top,
Blooming followed by slow cooling,
5. Bloom surface conditioning,
6. Reheating of blooms and rail rolling by universal mill,
7. Air cooling of the rail on cooling bed,
8. Roller straightening, and
9.
Inspection and end conditioning.
1.

KifC
and
Kic
are
plotted
against
tensile
strength in Figure 13.
KifC decreases with an increase in tensile strength and, at the same strength
level, the finer the austenite grain size, the
highe r the Kifc •
Ki c s hows t he same t endency as
that of Ki f C' and each sampl e has K1 c nea rly
equal t o Ki fC '
The r eason why KifC is hardly
cha nged by annealing at 5 20° C is that , i f the crack
grows enough, the residual stress is almost completely relieved and has little effect on the asrolled specimen. It is as if the stress in the asrolled rail specimen had been relieved.
PRODUCTION OF HEAD-HARDENED RAIL AS HIGHSERVICEABILITY RAIL
In
the preceding
section,
increasing
strength
through pearlite refining, the reduction of nonmetallic inclusions, compressive residual stress,
and austenite grain refinement were described as
Figure 12. Longitudinal residual stress
distribution of as-rolled or annealed crack
propagation specimen (steel HS in Tables
2 and 3).
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Through these procedures, a clean and homogeneous
ingot is secured and the shape of the rail is kept
accurate. Recently, the production of the blooms by
continuous casting has been increasing. The rollerstraightened and inspected rail is transferred to
the heat treatment works and head-hardened.
First the rail head is austenitized to a depth of
about 25 mm from the running surface and on both
sides by induction heating.
Then this part is
quenched by blown air so that the pearlite transformation proceeds nearly isothermally at 570-600°C in
the circumferential zone at least 10 mm deep from
the surfaces. It is noticeable that the temperature
neither drops below 570°C nor rises above 600°C during pearlite transformation.
This leads to the
formation of an extremely fine pearlite and a specified hardness distribution.
After heat treatment,
bending or distortion hardly remains.
PROPERTIES OF HEAD-HARDENED RAIL

c;-30

~

- 60,>--- - - ---<

Fig11re 13. Relation between fracture
toughness and tensile strength.

J

The objective properties of the hardened zone are as
follows:
tensile strength • 1180 MPa (120 kgf/
mm2 ) ,
minimum;
elongation = 14 percent,
minimum
(gauge length = 3.54 x diameter); hardness of running surface = Ha 341-388; and hardness of transverse section = Hv 410, maximum.
The macrostructure of a transverse section of the
rail head and the fine pearlitic microstructure of
the hardened zone are shown in Figure 14. The depth
of the hardened zone exceeds 18 mm. The interlamellar spacing of pearlite is about 0.13 µm.
The
austenite grain size is refined by about 2.5 American Society of Testing and Materials (ASTM) grain
size numbers and, furthermore, the pearlite block
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;
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Table 4. Fracture toughness and matarial constants for fatigue-crack propagation.

y

l ro.;r

o.9 to 1.1

,. . 7,(.,.

~--:-.....

1.2 1.3

Tensile Strength (GRJ)

Constants, m and

c•

Kuc at Room Temperature

Ra.ii Steel

c
MC
HS
CV

eve
CRM
LC

Kie at 0°C,

As Received

As Received
(MPaym)

Annealed
(MPavm>

As Received
(MPaym)

m

c

m

C

51.0
35.8
40.9
42.0
40.1
45.1
45.4

52.3
35.8
40.9
38. 1
38.S
45.4
45.4

49.0
45.7
43 .5
37 .2
40.6
52.3
46.7

3.43
3.27
3.68
3.83
4.09
3.22
3.43

9.62xJO-IO
2.49x!0-9
S.67xlo-10
3.87x10- 10
l.47xl 0- 10
l. 9 lxl0-9
9. 62xJ0- 10

4.10
3.32
3.84
3.62
4.14
3.23
3.43

5.84xl0- 11
l.31xl0-9
l.19x!0- 10
3.72x10- 10
2.94xto- 11
l.30x!0-9
9.62x10- 1 0

8Constants for fatigue-creek propagation rate equation dl/dn

= C(.6.K)m ·(mm/cycle).

Annealed
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Table 5. Example of mechanical properties of head-hardened carbon-steel rail.
Specimen
Condition

PS (MPa)

TS (MPa)

E l (%)

R A(%)

Hs

owb (MPa)

Hardened zone
As rolled

849
57 5

1250
958

16
14

37
20

363

559
343

8

Frac t ure toughness at -20° C.

48
43

0.1 9

bWeight loss by wear t est.

Figure 14. Macrostructure of transverse section of head and microstructure of
hardened zone of head-hardened carbon-steel rail.

Macro-Structure of
Transverse Section

WLb (g)

Figure 17. Bending fatigue strength
of as-rolled or head-hardened rails in
comparison with tensile strength .
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Hardened~
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Figure 18. Comparison of wear depth
of head-hardened rails with that of
as-rolled carbon-steel rails.
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Figure 15. Example of hard·
ness change in transverse
section of head-hardened
carbon-steel rai I.
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Figure 19. Wear depth of gauge side
surface of head-hardened carbon·
steel rails.
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Figure 16. Longitudinal
residual stress on surface of
as-rolled or head-hardened
rails.
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size is also refined through heat treatment.
The
hardness change in a transverse section is shown in
Figure 15.
The hardness is highest at the surface
and then decreases gradually and smoothly inward.
A
hardness of Hv 350 is obtained at the point 10 mm
f r om t he surface .
The mech a nical properties of the
hardened zone are shown in Table 5 with those before
hardening.
The chemical composition of the headhardened carbon-steel rail is as follows:
C = 0. 77
percent, Si = 0.22 percent, Mn = 0 . 95 percent, p =
0.019 percent,
and S = 0.021 percent.
Fracture
toughness is fairly high in spite of high strength.
Weight loss from the Nishihara-type wear test is
about 0.2 g, which coincides well with the expected
value.
The longitudinal residual stress on the rail surface was measured on as-rolled carbon-steel rail and

head-hardened rail. The results are shown in Figure
16 with those of the as-rolled alloy-steel rails.
The as-rolled rails possess tensile residual stress
at the rail head and center of the base.
Compressive stress exists in the web, which caused the retardat i on of fa ti gue-c r ac k propagation, as shown in
Figure 10.
The tensile residual stress on the rail
head turns into a compressive stress of about 400
MPa through head-hardening, but the stress remains
unchanged at the web and base that are not heat
treated.
In order to check how the residual stress on the
rail sur.face affects fatigue strength, actual rails
were fatigue tested by three-point bending with the
rail head subjected to tensile stress (6).
The
bending fatigue strength is plotted against °the tensile strength of the rail head in Figure 17.
Al-
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though some problems remain in this fatigue-test
method in view of actual track conditions, the headhardened
rails
exhibit
fairly
higher
fatiguestrength values than those of the as-rolled rails of
the nearly same tensile strength.
This difference
is caused not only by residual stress but also by
surface conditions, e.g., surface roughness.
The
rotating bending fatigue strength measured on cutout specimens that are free from residual stress and
surface conditions is proportional to their tensile
strength and can be expressed by the following equation, as with other steels:

aw = 0.646 x (tensile strength) - 227(MPa)

(3)

Therefore, the importance of residual stress in fatigue strength should always be taken into consideration.
As stated above, this head-hardened rail satisfies most of the requisites for high serviceability.
The wear behavior of this rail in actual
tracks is as follows.
Figure 18 shows the wear on
the gauge side of high rail under an axle load of
22-25 tons and traffic tonnage of about 40 million
gross tons (MGT) .
The maximum wear of the gauge
corner is less than one-third of that of standard
carbon-steel rail. Figure 19 also shows the wear on
the gauge side of high rail under an axle load of 25
tons and traffic tonnage of about 200 MGT.
The
maximum wear of the gauge corner is about 5-7 mm and
surface defects are hardly observed except for some
flakings on the running surface.
Low side rail exhibits little metal flow.
At the beginning of production, it was not necessarily intended that this rail satisfy the abovementioned requisites, but this rail seems to possess
high serviceability for heavy-load railways and has
exhibited good performance in many railways.
Remaining problems, if they exist, will be in welding
and corrugation.

for rails of high serviceability, increasing the
strength of rails through the refining of pearlite,
compressive residual stress, and austenite grain refinement has proved to be effective in prolonging
the service life of rails.
One type of rail that
satisfies these requisites is the head-hardened
rail, which possesses a tensile strength that exceeds 1200 MPa, a very fine pearlitic microstructure, and a compressive residual stress of about 400
MPa in the hardened zone.
This rail has exhibited
good performance with less wear, fewer defects, and
less metal flow in many heavy-load railways.
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CONCLUSION
As the result of investigations into the requisites
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Rail Manufacture in Great Britain
JOHN D. YOUNG

A review of the history of rail manufacture in Britain, together with current and
future plant and process routes, is presented. British capability to meet current
and predicted future rail requirements is associated with modern steelmaking process routes, specialized rail manufacturing plants, long experience in supplying the
varied needs of railroads internationally, and a market-oriented management philosophy. Current American dimension requirements present no problems, as
routine manufacture meets stricter British and European standards. The continuous casting of rail steel and the prohibition of aluminum deoxidation are claimed
as major factors that limit the size and number of complex alumina-silicate indusions in the production of clean rail steels. Other process-route parameters
also contribute. Future rail requirements of a metallurgical nature (e.g., clean,
low-hydrogen steel) and of a geometric type (e.g., better section and straightness
control) are discussed. The urgent need for better track and vehicle maintenance
standards is strongly emphasized. The large American rail market and the considerable standardization of rails could be expected to encourage specialization
and development of advanced rail-making technology. Low home-market rail
prices and limited involvement in more sophisticated international rail markets
may have inhibited such developments.

The evolution of, and advances made in, rail technology have resulted in more stringent requirements
being incorporated in many rail specifications.
Metallurgical, mechanical, and geometric aspects are
now of greater importance than in the past due to
more severe rail track and traffic conditions, e.g.,
the use of higher axle loads, increased traffic
speeds, the adoption of diesel or electric traction,
and the use of continuously welded track.
The ability of the rail manufacturer to meet the
more stringent requirements is affected, to varying
degrees, by a number of factors, which include the
following:
1. The processes used and plant available for
steelmaking, casting, rolling, and finishing of the
railsi

Transportation Research Record 838

8

2. The overall experience of the manufacturer in
rail productioni the range of rail sections, rail
steel grades, and rail specifications producedi and
the level of experience. in meeting stringent railspecification requirementsi and
3. The priority given by the manufacturer to rail
production and the quality and reliability aspect of
the product, which should be evident in the extent
of the technical support provided to both rail
manufacture and the rail market and the quality
control and assurance systems employed.
An outline of the past history and current situation
of rail production in Great Britain provides the
background for later comments that relate to the
four specific aspects of rail technology chosen for
this study.
HISTORICAL BACKGROUND
Steel rails have been produced in Great Britain tor
more than 100 years and, throughout this century of
experience, a high proportion of this production has
been exported to most countries in the world.
In
the past, many railways ordered to their private
rail specifications and, even today, despite the
emergence of internationally accepted rail specifications
[e.g., British Standards
(BS), American
Railway Engineering Association (AREA), and Union
Internationale des Chemins de Fer (UIC) specifications], there are still many railroads that order to
their own specifications.
Thus, significant participation in the rail export business involves the
manufacturer in the disciplines of both flexibility
and control to meet the various market requirements.
More than 50 years ago in Great Britain there
were 15-20 steel plants and rolling mills that
produced rails. Steelmaking processes included acid
Bessemer, acid, and basic open-hearth plants, all of
which produced a "semikilled" or "balanced" steel
that was directly teemed into open-topped ingots.
In most cases the ingots were rolled to rail in a
"single heat" (i.e., hot ingots charged in soaking
pits and furnaces and rolled directly to rail).
In
a few cases, an intermediate heating of the rolled
bloom was employed, i.e., "rolling in two heats".
In virtually all these works, the rails were produced in multiproduct rolling mills where structural
sections, blooms, billets, etc., were produced in
addition to rails.
Thus, rail production at individual works varied from being the major product to
that of being a minor item, where rail contracts
were accepted merely to balance order load and mill
capacity.
In recent decades, and particularly since nationalization of the British steel industry and
formation of the British Steel Corporation (BSC) in
1967, there has been considerable rationalization of
production. Rail and track products rolling and
finishing are now concentrated at the Workington
Works of BSC Track Products, which now specializes
entirely in the production of rail and smaller
tonnages of track accessories (e.g., joint bars, tie
plates, and steel ties).
RAIL PRODUCTION AT WORKINGTON WORKS
The Workington Works of BSC (formerly Workington
Iron and Steel Company, a branch of the United Steel
Companies) is situated on the northwest coast of
England, with private rail access to the Workington
seaport, which is capable of handling 10 000-ton
ships. The Workington Works celebrated 100 years of
steel-rail manufacture in 1977, and rail, throughout
its long history, has been the major, top-priority
product.

Up to 1974, Workington Works was a fully integrated plant that coverted hematite hot metal (pig
iron) into steel by the acid Bessemer process (two
25- to 30-ton vessels) and also by using a single
25- to 30-ton basic electric-arc furnace for railsteel production. The rail steel was direct teemed
(or top poured) into open-topped semikilled ingots,
which were then hot charged into gas-fired soaking
pits and rolled to rail "in one heat".
This practice had been very satisfactory for the
production of normal grade rails, but it was recognized in the late 1950s that the trend in rail
markets would, in the future, demand the supply of a
larger proportion of higher-strength rails.
The
relatively small demand for high-strength rails in
the late 1950s was satisfied at Workington by the
production of fully killed, acid Bessemer steel,
direct teemed (top poured) into hot-topped (feederhead)
ingots or, alternatively, in manufacturing
fully killed, bottom poured (uphill teemed), hottopped ingots from the basic electric-arc furnace.
In order to meet future requirements, Workington
Works in 1958 commenced trials with fully killed,
hot-topped ingots produced at other works in basicoxygen furnaces (BOFs).
These trials proved the
suitability of BOF steel for rail manufacture.
In 1962, trials with continuously cast
(CC)
blooms for rail manufacture commenced and continued
for several years to establish the optimum continuous casting and subsequent rolling parameters for
the potential new process route and to fully evaluate product quality.
This work confirmed that the
cc process had tremendous potential for the improvement of rail quality, with respect to both surface
and internal quality.
In 1970, the decision was
made to eventually close the Workington acid Bessemer and electric-arc steel plants and to concentrate all rail rolling and finishing at Workington,
the required steel to be supplied from the modern
basic-oxygen steelmaking and bloom CC plant at
Lackenby, Teesside.
This decision was implemented
in July 1974.
CURRENT RAIL MANUFACTURING PROCESS ROUTE
Steelmaking
Rail steel is produced at the BSC Teesside Works
Lackenby BOF plant equipped with three 260-t vessels.
Oxygen blowing is terminated at a minimum
turn-down carbon level of 0 .1 percent, and employs
instrument and computer control.
Turn-down carbon
lf>vels lower than O .1 percent are not favored in
order to avoid high oxide levels in both metal bath
and slag that militate against the good control of
steel
chemistry
and
cleanliness.
Deoxidation,
recarburization, and alloying take place during
tapping from the converter into the steel ladle.
A
fully silicon-killed steel is produced and, in order
to prevent subsequent ladle-nozzle blockage problems
during CC and also to avoid the production of undesirable alumina and complex alumino-silicate inclusions in the steel, the use of aluminum in deoxidation is prohibited.
After tapping the BOF and prior to CC, the steel
ladle is transferred to a gas flushing station where
the steel is gently stirred by using an inert gas
(i.e., argon or nitrogen).
In addition to ensuring
uniformity of metal
temperature
throughout
the
ladle, the stirring action assists in homogenizing
the chemical composition, permits a limited amount
of steel analysis trimming, and also encourages the
flotation of inclusions and deoxidation products
into the slagi i.e., the gas flushing operation
contributes to the production of more uniform and
cleaner steel.
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Twin sliding gate nozzles in the steel ladle
ensure the pouring of slag-free metal into two
tundishes,
each
feeding
four
casting
strands.
Specially selected cefcactocy and thermal insulating
lining materials ace used in ladles and tundishes to
minimize erosion and thus achieve higher plant
availability and security; in addition, the use of
these high-quality refractories minimizes the danger
of pick up of exogenous inclusions in the steel.
The tundishes maintain a constant fecrostatic head
during casting.
In addition, the metal streams--from ladle to
tundish and from tundishes to CC molds--are contained in special refractory tubes to protect the
liquid streams from the atmosphere in order to
minimize the pick up of oxides and undesirable gases
by the liquid steel.
Slag powder mold lubrication
is employed. Shrouding of liquid steel streams and
the submerged pouring practice has been adopted as
standard practice in recent years for the casting of
higher-strength rail steels (e.g., AREA and wear-resisting grades) and for alloy-grade rail steels.
Normal grade
(i.e.,
lower-strength)
rail steels
continue to be continuously cast by the previously
reported open-pour process that employs oil as the
mold lubricant.
After CC and cutting to ordered length and
weight, the hot rail-steel blooms of AREA and the
wear-resisting and alloy-rail grades are charged
into specially insulated containers, and cooling is
r etacded in the temperature range of approximately
600-450°C over a period of at least three days when
temperature loss is l.5°C/h, maximum.
This bloom
cooling
(BC) procedure is controlled to ensure
adequate removal of hydrogen, which guarantees that
the rails subsequently produced will be free from
shatter cracks.
Liquid-steel vacuum-degassing equipment will be
installed during 1982. Each bloom is fully identified and after cooling is transported about 120
miles by rail to BSC Workington Works. The standard
CC bloom cross section used for rail production is
330x254 mm in lengths up to 24. 5 ft designed to
produce a multiple of ordered finished rail lengths.
Ingot Steel
A small proportion of Workington rail production is
based on the use of similar-sized blooms rolled from
ingots of basic-oxygen or electric-arc steel.
This
secondary steel supply source is also based on the
use of fully silicon-killed steel with nil or very
restricted use of aluminum deoxidation, hot-topped
(feeder-head) ingots, and preferably bottom-poured
ingots in order to come as near as possible to the
high-quality standards achieved in the primary steel
supply route (i.e., BOF and CC blooms).
Rail Rolling at BSC Workington
When blooms are received at Workington they ace
marshaled in the bloom stockyard to be rolled
against specific orders.
The rail rolling process
route consists of the following:
1. One large modern five-zone, natural-gas-fired,
bloom reheating furnace;
2. One 42-in blooming mill, which is now used as
a bloom-sizing mill, where in about four or five
passes the standard CC bloom cross section is reduced to that appropriate for the rail section and
size being rolled;
3. One bloom shear for merely trimming the sized
bloom end to facilitate entry into subsequent roll
stands;
4. One 32-in roughing mill where generally in

five passes the rough rail shape is formed, and
5. One 28-in finishing stand where generally
four passes the final rail shape is produced.

in

Both mills are operated as two high stands and the
rail-roll design adopted is invariably based on the
diagonal roll-pass design, which provides better
control of the mechanical working of the steel in
the profile and also of the cross-section dimensions, as compared with older conventional roll-pass
designs.
The effective barrel lengths of the roughing and
finishing mill rolls at 7.0 and 6.5 ft are relatively short, compared with multiproduct mills that
produce both structural sections and rails.
The
shorter roll barrel length results in less spring
(deflection) in the rolls when under load while
forming the steel to profile, and hence contributes
toward achieving good control of rail cross-section
dimensions.
Rolling rates on heavy rails average 120-130
tons/h, which is a rapid tempo that assists in
achieving uniformity of temperature and rolling
conditions in a cross-country mill of relatively
small area.
The short floor time reduces heat
losses, assists in the control of section accuracy,
and reduces the depth of decarbonization on the rail
surface. Each bloom weight is designed to produce a
multiple number of the customer's standard rail
length, the maximum mill run-out length being approximately 250 ft.
Rail Finishing
Currently, the rail finishing department has been
restricted to the cold finishing
(straightening,
cutting, and drilling) of rails of a maximum length
of 60 ft.
Thus, the 250-ft rolled length is hot
!lawn to the customer's length plus cutting margin
(61 ft, maximum), and then passes to the cooling
beds.
Any rails that require controlled cooling
(i.e., where blooms have not been controlled cooled)
are charged by crane into insulated cooling boxes
for hydrogen removal treatment.
The cold rails (at 60°C maximum temperature) are
then roller straightened on one (of two) sevenspindle
roller-straightening
machines,
the
two
machines being of different ranges of spindle centers and straightening load capacity.
The small
machine with spindle centers of 50 in straightens
rails from 50-113 lb/yard and the larger machine
with 60-in spindle centers is used for ll3 lb/yard
and heavier sections.
Any end or general-line
straightness correction that is required is done by
using two-directional hydraulic presses (two machines being available) • Rails are then accurately
cold sawn to length and bolt holes drilled by using
four modern high-speed carbide-tipped sawing and
drilling machines.
A comprehensive range of quality control and
quality assurance
(QA)
procedures are routinely
applied to all operations involved in handling a
customer's order. The codes of practice and operating procedures involved in office routines in processing an order from inquiry to dispatch of the
product--in design, tooling, manufacture, inspection, and testing--are detailed in manuals, readily
available to all personnel involved.
These QA
procedures have been subjected to detailed examination and assessment by the skilled QA assessors of
both British Rail and the British Ministry of Defense and have been officially approved.
Both
groups of assessors regularly and separately make
further audits of the Workington Works QA system.
Currently, virtually all heavy rails more than 113
lb/yard are subjected to automatic in-line ultra-

Transportation Research Record 838

10

sonic testing; the lighter rails are checked by
using manual portable ultrasonic test units.
A completely revised rail finishing layout is
nearing completion and is due to be commissioned in
spring 1982. The new process line will commence at
the hot saws where the as-rolled 250-ft rail length
will be hot sawn to approximately 125 ft in length
and allowed to cool on new, wider cooling beds.
When cold (below 60°C) , the rails will then be
roller straightened directly from the cooling beds
and all rails will be passed through the automatic,
in-line, ultrasonic testing machine.
Thereafter,
the straightened 125-ft (approximate) lengths will
be accurately sawn to a customer's order length and
bolt holes drilled, when required, by using highspeed carbide-tipped saws and drills.
Whereas the new rail finishing facility will
enable Workington to supply longer rail lengths (up
to a maximum of 120 ft), the main objective of the
installation is to achieve improved control of rail
straightness (both end and general-line straightness) , more uniform rail section dimensional accuracy, and reduced handling (thus less risk of
mechanical damage to the rail surface) • References
to the impact of this new rail finishing layout will
be made later in this paper.
DIMENSIONAL ASPECTS
A comparison of the section dimensional tolerances
of the three major internationally accepted rail
specifications
shows
that
the British standard
(BSll) has tighter tolerances than AREA and UIC
specifications in most cases.
Generally, the differences between BS and UIC tolerances are due to
the former being designed and "toleranced" in imperial (inch) units whereas European section designs
and tolerances are in metric units.
However, AREA section dimensional tolerances are
generally much more generous than BS and UIC specifications.
The BSC Workington Works has a long
history of working to British and also UIC rail
specifications and, as outlined elsewhere in this
paper, the combination of equipment, experience, and
refined QA procedures enables Workington Works to
fully meet AREA cross-sectional dimensional tolerances without any problems.
Also, AREA straightness, end squareness, rail
length, and bolt-hole tolerances create no problems
since they are generally wider than British normal
procedures, which are geared to meet BS and UIC
standards.
The tight UIC rail-length tolerances
hnve
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Workington's end-finishing equipment consisted of
old rotary milling machines.
Such orders necessitated the application of stricter supervisory and
quality control measures.
The recent introduction
of high-speed carbide-tipped saws has considerably
improved length control,
and research work
to
achieve even better length control is in process.
It is questionable whether the tight UIC length
tolerances (0,08 in) are necessary for continuously
welded rail (CWR) and, indeed, in BS a length tolerance of ±l in is permitted for CWR.
Also, British
experience has been that ±0 .19 in is an acceptable
length tolerance for jointed track.
Rail verticality and asymmetry are not mentioned
in AREA specifications, but they are in BS and UIC
specifications. When this requirement was initially
introduced some years ago, manufacturing control
problems were experienced but, by diligent investigation of the contributory causes and application of
quality control procedures, this aspect now causes
no problems. Indeed, the rails produced at Workington have been shown in a recent comparison with
other European makers to have an exceptionally high

standard of verticality and asymmetry.
Rail-end straightness requirements in AREA specifications are much more generous than BSll or UIC
specifications.
AREA permits the use of a 3-ft
straight edge with maximum ordinates of 0.025-in
vertical and 0. 030-in horizontal, whereas BSll and
UIC specify 5-ft straight edges with 0.031-in maximum ordinate in both planes.
By assuming smooth
curves at rail ends, the comparison of acceptance
ordinate limits based on using a 5-ft straight edge
are as follows:

Ordinate
vertical
Horizontal

AREA
(in)
0.069
0.083

BSll and
UIC (in)
0 .031
0.031

Meeting AREA standards is therefore no problem,
given BSC's past and current experience of operating
to BSll and UIC specifications.
Roller straightening of rails has been used at
BSC Workington since 1946. Both available machines
are primary straighteners that operate in the major
axis (xx), i.e., with roller contact on the central
part of the rail head and foot. There is sufficient
plasticity induced while loading the rail in the
major axis to enable some correction of straightness
in the minor axis to be made by the roller collars,
Whereas most rail-roller-straightener machine manufacturers offer two-stage rail-roller straighteners,
i.e., a smaller secondary machine with rollers that
engage in the rail fishing chambers to straighten in
the minor (YY) axis, BSC does not consider the
marginal advantages that may be derived justify the
capital and operating expenditure involved.
Advantages of Roller St.raightening
There are several advantages to roller straightening
of rail. Some of these are as follow:
(a) a highly
productive and less labor-intensive operation; (b)
an in-line operation, which is suited ideally to the
straightening of long rail lengths; (c) less handling of the product and therefore less risk of
mechanical damage; (d) a markedly superior straightness standard is achieved
(where deviations do
occur, these tend to be smooth curves rather than
the angular "dog legs" frequently produced by traditional pressing); (e) a reproducible operation, less
dependent on an operator's skill and subjective
standards; and (f) the residual stress pattern in
the roller-straightened rail must be more uniform
along the rail length than in proozed rail.
Disadvantages of Roller Straightening
The disadvantages
the following:

of

roller

straightening

include

1. Marginal section dimensional changes occur in
the roller-straightened rail due to the compressive
bending action, plastic deformation, and redistribution of internal stresses. However, the leading and
trailing ends of the rail, for a distance of half
the machine roller pitch (25-30 in), are affected
little and remain almost at as-rolled size.
The
dimensional differences between the unaffected ends
and
the main
roller-straightener
affected
rail
length are dependent (to varying degrees) on the
rail-steel grade
(yield
strength) ,
the
rollerstraightener practices (applied loads and deflect ions), the rail section design, and the straightening-machine design.
Typical examples of cross-section dimensional
changes on normal grade rails are as follows:
loss
of rail height = 0.025 in, increase in foot width =
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0.025 in, and increase in head width= 0.006 in. Of
the rail height loss, about three-quarters (0 .018
in) appears as tightening of the fishing, and onequarter (0.007 in) in flattening of the head crown
running surface.
The sectional dimensional changes
are
normally smaller with
higher-strength
rail
steels.
2. Entry into the straightening machine rollers
causes a small deformation (batter) at the extreme
running surface leading end.
Thus, a small amount
(say 0.38 in) must be cut off the rail end. This is
essential if the rail is being used for jointed
track, but it is conceivable that this condition may
be acceptable for welded track.
3. Tooling is more costly than for traditional
pressing since each rail section requires at least
one set of rollers.
4. Incorrect machine roller setting or operation
is likely to result in a number of inadequately
straightened rails. However, machine adjustment and
correction can normally be readily made, given
sufficient experience.
5. Machine roller damage or accumulation of mill
scale can result in repetitive cyclic abrasion or
imprinting of the rail surface.
such mechanical
damage is readily seen, and the operation must be
stopped immediately for corrective action. However,
this mechanical damage can result in the affected
rails being scrapped as unsafe for service if notching is severe.
6. The roller-straightening operation markedly
alters the residual stress pattern and levels in the
rail as compared with the as-rolled unstraightened
rail.
However, this internal residual stress pattern should be relatively uniform as the majority of
each rail has been subjected continuously along the
length to the same bending and cold-working operation, as compared with the intermittent application
of traditional pressing.
Whereas most railways insist on the superior
straightness quality standards obtained by roller
straightening, there is some concern about the
residual stress levels and their potential contribution to increased fatigue, more rapid crack propagation, and, ultimately, brittle fracture.
However,
the initial service and work hardening of the running
surface
counteract
the
tensile
residual
stresses in the zone of most concern to track maintenance engineers.
7. There
is
increasing
evidence
that
roller
straightening may be a major contributor to the
production of long wavelength undulations on the
rail running surface
[wavelengths equal to the
roller circumference (say, 66-80 in) and amplitude
of 0.020 in). Such long wavelength undulations have
caused concern to some European railways that operate very high-speed passenger traffic and, hence,
there is some pressure to establish limiting acceptance criteria.
In BSC's experience, this feature
can be kept under control by close attention to
roller-straightening machine maintenance and close
control of fits and alignments.
BSC Workington has a long experience with, and
intends
to
continue
the
use
of,
rail-roller
straightening, which to date is the only feasible
and economic production method to achieve the high
straightness standards expected and required by most
railroads.
The inevitable change in rail section
dimensions can be limited by due care and control in
the straightening operation.
Rail section dimensions are generally checked at the rail ends, due to
the importance at rail ends of section profile
accuracy for both jointed and welded track.
The
marginal changes in section dimension in the main
part of each rail length are considerably less than
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the permitted tolerance ranges and are also generally within the dimensional tolerance ranges of
associated fittings and fastenings.
These generally
do not give reason for concern even if the affected
portion may on occasion be slightly outside a particular dimension m1n1mum or maximum tolerance.
Should it be essential that the complete rail length
be strictly within all dimensional tolerance limits,
then the rail section concerned will be rolled
either to tighter tolerances or to an amended tolerance range to cater for subsequent roller-straightener effects. Another alternative is to cut off the
roller-straightener
unaffected
ends.
All
these
procedures are feasible with BSC's new rail finishing plant and its established QA procedures, but involve additional manufacturing cost, and such policies will only be adopted when necessary by prior
agreement and price compensation.
Other disadvantages of roller straightening can
be dealt with by care and discipline in the control
of the operation, such as the following:
1. End batter--removed in high-speed sawing to
length;
2. Tooling
costs--maximizing
roller
life
by
material selection and judicious use and dressing of
rollers;
3. Production
of
batches
of
inadequately
straightened rail--established machine setting and
adjustment practices and the application of QA
procedures; and
4. Repetitive surface damage--by discipline in
operation.
The residual stress problem is minimized by care
in both rail cooling after rolling and in setting up
the roller-straightening machine.
The objective is
to m1n1m1ze the
internal stresses in the
unstraightened rail by the application of standardized
cooling-bed procedures.
Thereafter, during roller
straightening the deflections and loadings applied
must be sufficient to ensure the production of a
good straightness and yet minimized t o avoid the
production of high residual stresses.
NONMETALLICS AND STEEL CLEANLINESS
The production for general application of a classification of steelmaking and casting parameters in
relative order of their importance that affect the
number and size of complex alumino-silicate inclusions is extremely difficult.
The overall process
route at each manufacturers' works must be considered, as the policy and practice adopted with respect to one parameter may be either compensated for
or aggravated by that adopted with respect to another parameter.
It is the policy of BSC Track Products to eliminate or minimize the presence of alumina and complex
alumino-silicates by tackling the problem at the
source by deliberately avoiding, or in ingot production severely restricting, the use of aluminum in
deoxidation.
However, BSC accepts that clean steel
can be produced by the use of aluminum deoxidants
but the success may depend on other steelmaking and
casting control practices adopted.
The physical
control of the addition of aluminum to liquid steel
does present some severe practical problems, which
can result in variable results; thus, BSC prefers to
avoid such problems and insist on the use of silicon-killed steel.
The study of complex alumino-silicate inclusions
cannot be divorced from general steel cleanliness;
thus, the following comments deal with both aspects.
Also, the subject is discussed in chronological
order of steelmaking and casting, rather than rela-
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tive order of importance, bearing in mind the previous statement that it is the overall process route
that is most significant.
Modern fast steelmaking processes are preferred
for rail steel manufacture. The high rate of carbon
removal and associated bath turbulence encourage the
production of cleaner,
lower-gas-content
liquid
steel.
Thus, the BOF process is preferred rather
than the slower, basic open-hearth process.
In theory, the termination of decarburizing at
near-finished
steel
carbon
specification
should
produce lower oxide contents and cleaner steel.
However, overall steel-composition control is very
important and it was found that the best compromise
is to aim at a turn-down carbon content of 0.10
percent in the BOF process.
Temperature control during steelmaking has a
major influence on the gas and oxide content of the
bath.
A successful cont i nuous cast i ng practi ce is
dependent on good steel temperature control, the CC
process being less tolerant of temperature variations than conventional ingot casting practices.
Th us, the use of CC imposes a stricter temperature
discipline on the steelmaker and contributes to
better steel cleanliness.
comparison of BSC's previous semikilled rail with
current fully silicon-killed rail steel confirms its
opinion that the former process (semikilled open-top
ingot practice) is no longer acceptable for the
production of high-quality rails.
In addition to
excluding the use of aluminum, BSC also regularly
reviews the ferro alloys used and avoids the use of
any batches of above-normal aluminum content.
The
production of rail steel in newly lined converters
and steel ladles is also avoided since deterious
alumina, inclusion, and gas pick-up can occur.
Ladle flushing with a inert gas prior to CC
produces more uniformity of metal temperature and
chemical composition; it also assists in more uniform mixing of deoxidants and recarbonizers and the
coalescence and flotation of solid-liquid deoxidation products, thereby contributing to cleaner steel.
There are various features associated with the
BSC CC process, some of which are necessary for
successful operational control, which also contribute toward the production of cleaner steel and
smaller inclusions, as outlined below:
1. The use of special high-quality refractories
in ladles and tundishes reduces wear and the pick-up
of exogenous inclusions.
2. Pouring via tundishes maintains a constant
ferrostatic head above the metal streams pouring
into the CC molds (i.e., more uniformity in pouring
speed).
Also, the tundishes give the opportunity
for further slag and inclusion separation from the
metal.
3. Shrouding of the ladle to tundish streams
protects the metal from exposure to the atmosphere.
Lack of such protection can result in a marked
increase in the metal oxygen and gas content.
In
addition, submerged tube pouring from tundish to
molds prevents further exposure to the atmosphere.
4. Inherent in the CC process is the absence of
risk of deleterious materials that fall into molds
or adhere to mold walls--a serious risk in ingot
practices.
5. The controlled rapid cooling of the smaller
cast cross sections used in CC markedly reduces the
solidification period and hence the opportunity for
segregation and coalescence of inclusions.
Thus,
combined with the previously noted CC features that
contribute to the reduction of the total inclusion
content, the rapid solidification process assists in
minimizing the risk of large inclusions.
6. The casting speed and cooling water-flow rates

and various other parameters in CC can be readily
controlled and adjusted to maintain a high standard
of surface and internal bloom quality.
Some inclusions are inevitably present in all
steels, no matter how clean, and hence it is BSC's
aim to ensure that these are of the least objectionable type.
BSC aims to produce calcium manganese
silicates that, when present in the product, will be
of a rounded, nonangular shape. This inclusion type
is more readily self cleansing, it floats into the
slag more easily, and when present in the solid
steel is less injurious.
The shattered clusters
(often experienced with complex alumina-silicates),
which under stress can unite and act as a single
very large inclusion and stress raiser, are not
experienced with calcium-manganese-silicate inclusions.
Also, BSC's low-aluminum content ensures that the
sulfides present are of the least injurious, nonangular type.
ALcnough n1gn suirur and sulfide
contents are avoided for rail steel, it is BSC's
policy to avoid ultra-low sulfur levels and maintain
sulfur and sulfide levels sufficient to minimize
hydrogen and shatter-crack problems.
The use of rolled blooms "ex" ingots is a very
minor steel supply route for rail production at
Workington.
Similar control principles are applied
to those stated above for CC steel.
The policy is
to use fully silicon-killed steel, bottom poured
into feeder-head
(hot-top)
molds of proven and
acceptable shape and design.
In addition to the control of these steelmaking
and casting parameters, BSC considers that a routine
cleanliness assessment of the rails is essential for
efficient quality control.
Multiprobe (16 probes)
ultrasonic testing equipment, specifically designed
for rail testing by BSC research and technical
departments, is applied to obtain the routine general cleanliness assessment of all rails.
The data
are used mainly as a feedback into the QA and quality control system, rather than merely as an inspection and acceptance/rejection tool.
SERVICEABILITY
In considering the features required of rails in the
future, one must question the future service conditions,
track
standards,
and
maintenance-of-way
standards.
Some ideas on the future rail requirements in an environment of 100- to 125-ton freight
cars, which represent axle loads in the range of
33-40 tons, will be discussed.
There have been
various comments in recent years in the technical
press and at conferences questioning the wisdom of
adopting 125-ton cars, alleging that the track and
car maintenance costs escalate so rapidly as to
outweigh any potential operating cost advantages.
Thus, one must raise the question as to whether or
not the adoption of heavier freight cars (with axle
loads of 33-40 tons) is inevitable and advantageous
economically.
A comparison of the maximum axle load, rail
section weight, and tensile strength used by various
railways raises various queries (see Table 1). Why
can British Rail use a lighter rail section and
lower tensile rail steel than European continental
railways, despite their higher maximum axle loads?
The North American railroads, with higher axle
loads, use both higher tensile strength rail steel
and much heavier rail sections.
Is this necessary?
In supplying United Kingdom (U.K.) steelworks that
operate very heavy axle loads of 51-74 tons, BSC has
experienced most problems at the site that uses the
lower (i.e., 51 tons) axle loads. The factors, some
of which cannot be quantified, that result in these
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Table 1. Comparison of axle load, section weight, and tensile strength of
various railways.
Railway
European continental railway
British Rail
North America
U.K. steelworks
3

differing rail requirements are associated with
other track, traffic, and maintenance aspects.
Thus, in addition to questioning future axle
loads, one must also question future policies that
relate to track and maintenance conditions.
It is
difficult to quantify in economic terms the differences in problems experienced by ~adly maintained
railroads with those of well-maintained railroads
(maintenance in this context includes vehicles and
wheels in addition to maintenance-of-way).
Nevertheless, BSC's experience as a rail supplier to
railroads throughout the world confirms that experiences differ markedly and that in the best conditions the metallurgical properties possessed by the
rail will be less important than with a badly maintained railroad.
Taking account of the variability of railroad
operating and maintenance standards, and assuming
that the rail section selected (used) is of adequate
beam strength, then there would appear. to be two
main types of requirement for rails in the future-metallurgical and geometric.
Metallurgical Requirements
The rail steel must be of adequate tensile and yield
strength to withstand contact stresses; the metallurgical structure at the running surface must be
capable of withstanding considerable cold work
without exhibiting excessive wear or developing
fatigue
failure.
The
rail-steel chemistry and
process route will determine the tensile properties--hardness
and
metallurgical
structure.
Although some research work is in progress throughout the world on different metallurgical structures,
it is BSC' s opinion that, from both technical and
economic aspects, a fine pearlitic structure will
remain the optimum.
However, as wear resistance and rail life increase, resistance to fatigue damage becomes increasingly important, and it is predicted that rail
steel cleanliness in all steel grades and tensile
strengths will be a future focus of attention.
In
addition, the need for stricter control of steel
hydrogen content will be important, as the type and
number of inclusions present can affect the tolerance level for hydrogen of the rail steel, which is
of particular importance if rail life increases.
Whereas all current rail steels have an inherently low notch ductility and fracture toughness,
this appears to be an inevitable compromise in order
to achieve adequate wear resistance.
Most railroad
engineers have learned to live with the low fracture
toughness of rail steels; thus, future trends are
likely to be an extension of current policies,
namely to minimize the initiation and propagation of
surface or internal cracks.
It is considered that the rail suppliers' contribution will be to ensure the elimination of
surface and subsurface defects and produce uniform
internal quality by minimizing segregation inclusions and hydrogen.
Rails of the future must also
be capable of being handled and transported, welded,

Maximum
Permitted Axle
Load (tons)

Rail Section
Weight
(lb/yard)

Grade of Rail,
Minimum Ultimate
Tensile Strength (psi)

24.3

121

128 000

27.5
33-40
51-74

113
132 + 136
113

103 000
128 ooo•
156 000

Plus some 156 000 psi.

repaired, and machined by routine, standard techniques. Under good track and traffic conditions, it
is expected that the present standard AREA rail
grade will continue to have wide application if
produced according to the best up-te>-date manufacturing practices.
However, there are likely to be
some extensive demands for an improved carbon rail
for more onerous applications.
Likewise, the trend toward the increased use of
premium grade rail steels for very severe service
conditions is likely to continue.
The current
attempts to meet the demands for premium grade rails
include the use of fully heat-treated carbon-steel
rails,
head-hardened
carbon-steel
rails,
alloy
rails, and some head-hardened low-alloy rails.
The
improvement in wear resistance has resulted, in
varying degrees, in a reduction of fracture toughness.
A modification of the residual stresses from
tensile to compressive occurs in and below the
in-service rail running surface by the work-hardening action of traffic; thus, in practical use, the
reduction of fracture toughness in the upper part of
the premium rail head is of least significance. The
fracture toughness of the center and lower part of
the rail head, web, and flanges are therefore more
important. Hence it is suggested that the hardness
and fracture toughness of these latter zones of the
rail cross section will require more attention in
the future.
Thus, one can visualize future interest being
concentrated in the development of a rail that has
web,
flange,
and lower head areas of tensile
strength, fracture toughness, and weldability that
approximates the standard AREA carbon rail but with
upper head areas of increased wear resistance,
albeit lower fracture toughness.
The low fatigue
and yield strengths that are associated with the
intermediate head zones of some head-hardened rails
must be avoided, since ultimately the wearing of the
hardened top zone exposes these intermediate structures to contact stresses and limits total rail
life.
Although · none of the current high-strength
premium rails meet these requirements, BSC Track
Products is actively pursuing this objective and
limited production batches of special rails are
currently undergoing service trials with a number of
railroads.
Geometric Factors
The extensive amount of laboratory and in-track
research work carried out throughout the world
confirms the importance of geometric factors, which
include track geometry and alignment, wheel and rail
contact area profiles, and bogie design.
The rail
requirements of the future that are likely to contribute to the achievement and control of track
geometry and alignment include the following:
1. Accurate cross-section dimensional control;
2. Limited surface 'decarburization, which may be
of importance in rail head crown radius control
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(alternatively, grinding or machining of head crowns
may be necessary)1
3. Accurate general-line and rail-end straightness;

4. Ability to weld rails to continuously welded
lengths with minimum variation in the hardness and
metallurgical structure in the heat-affected zone
and good weld geometry alignment1
5. Control of longitudinal flatness of rail head
crown (limitation of long wavelength undulations);
and
6. Production of longer standard rail lengths.
However, the potential benefits of such higher
standards of metallurgical and geometric properties
for future rails may be dissipated without major
improvement in track and traffic maintenance conditions, It is suggested that much more attention to
track alignment and track geometry and to the maintenance of rail head and wheel-tire profiles is
essential. The high frequency of wheel flats observed on American trains and freight cars is alarming and must be a major cause of rapid track deterioration and rail failure.
It is BSC's view that
these aspects must receive equal, if not more,
attention in the future to those suggested aspects
that relate to rail metallurgy and geometry.
U.S. MARKET-ENVIRONMENT RELATION TO RAIL TECHNOLOGY
As a foreign rail maker, my comments on the u.s.
market environment may suffer from a lack of detailed knowledge and experience, but they may have
some advantage in being the opinion of an outsider,
viewing the scene from afar.
The most
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is its size--around 1 million tons, which is 8 to 10
times the scale of the British home market for
rails, which is set at about 100 000-120 000 tons/
year. A second feature is that u.s. rail demands
are concentrated on a few major sections and, until
recently, only one family of steel grade and chemical composition was specified.
The factors of market size, a relatively few
standard sections, and single rail-steel grade
should encourage U.S. rail makers to specialize in
rail technology and manufacture and in servicing
their home market. Likewise, the rails appear to be
ordered mainly to AREA specifications (or others
based on them), which should simplify the manufacturers' quality control and inspection procedures.
A further example of the advantage of standardization in manufacturing control is that until recently
a standard length of 39 ft was used, and currently
there appears to be only two standard lengths,
namely, 39 and 78 ft.
Although such a large market, combined with a
high degree of product standardization, may assist
in reducing manufacturing costs, it appears to an
outsider that the U.S. railroads have become accustomed to low rail prices to an extent that it
inhibits rail-manufacturing development. u.s. track
and traffic conditions are extremely severe by
international standards; thus, one would expect
rails of the highest metallurgical quality to be
demanded by the user, albeit at a marginally higher
price.
In metallurgical terms, this has not been
the case.
I am amazed to find that a high proportion of
rails are still manufactured by what Europeans
consider to be obsolete steelmaking and casting
processes,
namely the semikilled, or aluminum
capped, open-topped-ingot practice.
The potential
piping, segregation, inclusions, and surface defects
associated with this practice must inevitably contribute to service problems.

The following facts that relate to the U.K. rail
market and manufacturing environment may be of
interest. They are provided for comparison with the
position in the United States to show what effect a
limited home and varied export market and foreign
competition can have on product quality and manufacturing standards.
The BSC Track Products' Workington Works has a
rail and associated track products capacity of
250 000-330 000 tons/year. The British home market
averages 100 000-120 000 tons/year.
Thus, between
150 000 and 210 000 tons/year of rail are exported
to a wide variety of railroads throughout the world.
This involves a large number of rail sections (say,
50), a range of chemical compositions, standard rail
lengths that vary from 12 to 60 ft (and ultimately
to 120 ft), the use of imperial and metric dimensions and tolerances, and a variety of rail specifications and customer requirements.
Frequently,
this export rail order load consists of a number of
small contracts for 2000-5000 tons each of a rail
section of special quality and specification.
In
meeting customer requirements and providing the
required technical and commercial services, special
attention and control are necessary.
In order to meet these varied customer requirements and be capable of meeting foreseeable future
demands, the more significant policies (some mentioned previously) that have been adopted by BSC
Track Products include the following:
l. All rails roller straightened since 1946;
2. Higher tensile rails produced as fully killed
ingots since the 1950s;
3. Semikilled rail-ingot production ceased in
lQ74 Rnd thereafter the maioritv of rails were
produced from BOF and CC blooms, with marked quality
improvement;
4. Rail production gradually rationalized at
fewer works and, since 1970, the policy has been to
concentrate production at Workington Works, a single
product mill well-suited to specialize in rail and
track products manufacture;
5. The evolution of a comprehensive QA system;
6. The ultrasonic inspection of all rails for
quality control purposes, and the development of
BSC's own type of automatic in-line ultrasonic test
equipment specially designed for rail testing1 and
7. The maintenance of efficient technical and
research departments that specialize in rail technology.
BSC Track Products has, in re".'ent y<;><1r,., ""t"r"n
the U.S. market to a very limited degree, but the
experience gained has given it some appreciation of
the market environment.
Despite earlier comments
about the high degree of standardization of rail
requirements, BSC appreciates that there are considerable differences between American and British
markets.
In Great Britain and most of BSC' s export markets, BSC negotiates generally with a single state
railroad authority that generally owns or controls
its own traffic, whereas in the United States there
is a multiplicity of railroad companies, any of
which may be handling freight cars owned by, or
which have originated from, other railroads or
private owners.
Standards of track and traffic
maintenance appear to vary considerably.
One technical difference that BSC found by bitter
experience was that in the U.K. it generally produces a rail flange base that, in accordance with
BSll, is either flat or concave, whereas generally
American-produced rails average a slightly convex
rail base. This marginal difference in profile is
of great significance in the environment of American
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high axle loads, generally inferior track conditions, and severe traffic conditions and led initially to some rail flange failures. Having learned
from this experience, BSC now produces rails for
u .s. markets in the flat or slightly convex rail
base condition.
This experience has also demonstrated that the long periods of heavy axle load and
heavy unit train operations on u.s. railroads has
resulted in a track memory being imprinted on the
subgrade of many U.S. railroads, and this is likely
to continue to cause many future track maintenance
problems that demand considerable continuing maintenance-of-way expenditure and the best possible rail
quality consistent with economic operation.
Although the pressure of some home and international markets and intense supplier competition have
resulted in BSC Track Products, and indeed most
European rail producers, adopting modern manufacturing process routes to improve rail quality for the
more sophisticated markets, it is found to be more
economic and practical to apply the improved procedures to the entire rail production, thus benefiting
all customers and establishing routine standard
manufacturing procedures.
CONCLUSIONS
The increased international consciousness of the
need to conserve high-cost energy use has led to a
resurgence of awareness of the important role of
rail transport and railroads.
This, in turn, has
renewed worldwide interest in rail technology and
the need to upgrade railroads to meet current and
predicted future traffic demands.
The need for
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better track standards is resulting in increased
pressure on suppliers for higher-quality rails.
I believe that the complete rail manufacturing
process route and the individual supplier's experience in and commitment to high-quality rail manufacture are the major factors that determine its
ability to meet current and future predicted rail
quality requirements. It is claimed that the development and adoption by BSC of CC rail steel, the
long experience and specialization of BSC Track
Products' Workington Works in rail manufacture,
Workington Works' routine production of rails to
tighter specifications than those of AREA, plus the
ongoing rail finishing plant reconstruction, enable
BSC Workington Works to meet current AREA rail
specification requirements and to be relatively
confident of its ability to meet predicted future
specifications.
However, it must be emphasized that rails are
hot-rolled products of complex shape, which are
required in increasingly greater length of high
straightness standard.
There are likely to be
technical manufacturing limits to the capability of
manufacturers to economically meet ever-increasing
stringent rail properties (metallurgical, mechanical, and geometric).
Thus, it is emphasized that there is ample scope
for railroad engineers to improve track and vehicle
maintenance standards in order to match and fully
use the high quality of rails currently available
and likely to be developed in the short-term future.
Publication of this paper sponsored by Committee on Track Structure System
Design.

Rail Technology and Development in Federal Republic
of Germany
W. HELLER, E. KOERFER, AND H. SCHMEDDERS

In the Federal Republic of Germany, rails are made along the lines of Union
Internationale des Chemins de Fer and American Railway Engineering Associa·
lion specifications that are within narrow tolerances of chemical analysis,
mechanical properties, and profile dimensions. To meet the stringent require·
menu of heavy-duty transportation, rails should present a high degree of resis·
tance to wear, shelling, and fatigue within the wheel-affected zone, as well as a
high overall resistance to fracture. It was for this reason that an as-rolled,
alloyed special grade rail was developed, with its hardness and fatigue strength
being definitely higher than that of standard grade. Modern steel making processes, which are followed by vacuum treatment, are used to make rail steel in
Germany. This permits obtaining low hydrogen and oxygen contents. The
absence of flakes and nonmetallic inclusions in the rails is monitored by ultra·
sonic testing prior to shipment.

in the Federal Republic of Germany (FRG), rails are
made along the lines of Union Internationale des
Chemins de Fer (UIC) and American Railway Engineering Association specifications. This paper examines
German rail specifications, behavior, and manufacturing processes.

RAIL REQUIREMENTS CONTAINED IN AREA AND UIC
SPECIFICATIONS
Chemical Analysis
The AREA specifications mention one standard grade
only, with its chemical composition varying slightly
with the nominal weight of the rail (in pounds per
yard) (.!_). The UIC specifications list three rail
grades: one grade with 690 MPa (100 000 psi) minimum tensile strength (grade 70) and two grades with
880 MPa (128 000 psi) minimum tensile strength
(grades 90A and 90B) • Grades 90A and 90B, which
present identical strength, differ from each other
in their chemical analysis 11>· compared with '\!fade
90A, grade 90B presents a higher percentage of
manganese and a lower percentage of carbon. As far
as their service behavior is concerned, we feel
there is no difference between grade 90A and grade
90B.
Grade 90A is comparable to rails made in
accordance with AREA specifications.
The table below shows a comparison between the
specified AREA and the grade 90A analyses:
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Rail

Alloying Elements (%)
Mn
0.69-0.82
0.75-1.05

Si
0 .10-0. 35

0.80-1.30
0. 92-1.12

0.10-0.50
0.22-0.29

Mechanical Properties

.£

~

Area (>121
lb/yard)
UIC 90A
0.60-0.80
UIC 90A
0.70-0.78
[section
UIC 60 (120
lb/yard) I

It can be seen from these analyses that UIC allows
wider analysis margins than AREA. However, it must
be taken into consideration that the UIC analysis
encompasses the entire field of rail profiles.
It
is up to the manufacturer to narrow down the analysis for each of the profiles on the basis of their
specific manufacturing conditions and the necessary
mechanical properties.
Line 3 of the above table
represents the analysis narrowed down for the UIC 60
rail profile.

th~

A comparison of

tant1lys:Ls margins

reveals that only half of the UIC margin was used
for making this grade and that the margin was also
definitely reduced with respect to the AREA analysis.

Figure 1. Mechanical properties of rail steels [sampling 17 mm (0.66 in) below
surface].
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Tensile strength and hardness of rails show a
very good linear relation, as demonstrated in Figure
2. Thus, for UIC rail, the minimum tensile strength
of 880 MPa corresponds to a hardness of 260 HB.
Tolerances
Figure 3 provides a general idea of the most important UIC and AREA cross-section tolerances.
It can
be seen from this figure that the tolerances are
practically identical for rail height and rail web
thickness. For the width of the rail head and base,
UIC specifies a more narrow tolerance than ARF.A.
The straightness requirements for rail ends are
nearly identical to each other.
According to UIC,
the entire length of the rail must be straight on
visual inspection.
However, some railway administrations go far beyond this requirement. Thus, the
German Federal Railways specifies a straightness
deviation of 0.3 mm (0.012 in) for approximately 2 m
(2.2 yards) in length, with a fraction of 5 percent
being allowed to present a deviation of 0.3-0.4 mm
(0.012-0.016 in). Such requirements can be met only
by means of roller straightening. In this respect,
particular importance is being attached to the
adjustment of the roller straightener.
The narrow straightness tolerances are caused by
the high speeds of passenger trains.
Since roller
straightening confers internal stresses on the rail,
the question is whether or not the straightness
requirements can be relaxed for low-speed freight
trains in order to obtain less internal stresses by
milder roller straightening.
In summary, it can be stated that the propertieR
required by AREA and UIC can be complied with by
German rail producers without any difficulties.
SERVICE BEHAVIOR

Brinell hardness HB

Figure 3. Dimension tolerances
(in inches).

Although AREA specifications specify only Brinell
hardness (HB), UIC specifications call for distinct
mechanical properties.
For shipment to the United
States, we have produced rails that we feel represent an improved AREA standard grade. Instead of a
Brinell hardness of 248 HB, we have observed a
minimum hardness of 269 HB and, in addition, we have
conducted tensile tests on samples taken from the
rail head.
Figure 1 shows the O. 2 percent proof
stress, the tensile strength, and the elongation at
fracture for the improved AREA standard grade in
comparison to UIC grade 90A. The mechanical properties of both grades correspond almost completely.
In this connection, note that, at the same tensilestrength level, UIC grade 90B exhibits an elongation
at fracture that is on average 1 percent higher due
to its lower carbon content. However, this does not

AREA
VIC

To withstand high loads that frequently occur in
heavy-duty transportation, rails should exhibit a
high degree or resistance to wear, plastic deformation, and fatigue damage within the wheel-affected
zone. In addition, they are expected to have a high
resistance to fracture.
Resistance to Wear

t-0.04 . 0.02

t-0.03 - 0.015

·0.04 -0.02

·0.024 -0.024

Wear resistance of a rail is governed by its microstructure and tensile strength (or hardness).
All
rails under review present a pearlitic structure so
that only their tensile strength or hardness is of
importance for the assessment of their wear behavior.
For example, by using measurements made on high
rails in the curved tracks of Deutsche Bundesbahn
(DB) , Schweizerische Bundesbahnen (SBB), and Rhein-

Transportation Research Record 838

Figure 4. Wear in high rails
of pearlitic steels with different tensile strength.
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Figure 5. Mechanical properties of rail steels for the United States [sampling
17 mm (0.66 in) below surface].
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against those of the improved AREA standard grade.
Compared with the improved AREA standard grade,
0.2 percent proof stress and tensile strength of the
special grade are increased by approximately 200
MPa. This increase in strength is accompanied by an
improvement in fatigue strength and thus by an
improvement in the resistance to fatigue damage.
Related to service behavior, this means the rails
should remain exempt from plastic deformation of the
rail head and from fatigue damage.
In addition,
service life should increase two to three times
through reduced wear.
In Figure 6, this special grade is once again
compared with as-rolled standard and other special
grades and with heat-treated rails.
Within the
framework of as-rolled grades, the FRG special grade
represents the latest development.
The comparatively narrow scatter band of its tensile strength
coincides with the mean tensile strength of heattreated rails and anticipates comparable service
behavior.
In addition, for resistance to fatigue damage in
the rail head, a high degree of cleanness with
respect to nonmetallic 'inclusions is of crucial
importance (~).
As shown in the next section,
cleanness is obtained through modern production
processes and sensitive ultrasonic testing prior to
shipment. The lower the rail wear, the more important high resistance to fatigue damage is because
the stress maximum in the rail head due to the wheel
effect strains the same volume of material more
frequently.

~

350~

300~
o;
250~

I
I
I

I

ische Braunkohlenwerke (RBW) (with a 38-ton axle
load), Figure 4 demonstrates that wear diminishes by
roughly 50 percent if the tensile strength increases
by 200 MPa (30 000 psi) and the hardness by 65 HB,
respectively
(}).
By
increasing
the
tensile
strength and by using suitable lubrication, wear
remains low, even in narrow curves.
Related to the
overall load, loss of area can be kept below 100
mm 2 (0.15 in 2 ) per 100 million tons.
Since such
a loss of area corresponds to 2 mm (0.08 in) in
lateral wear, more than 500 million tons in overall
load are attainable by high-strength steels.
Te ns ile Strength
Based on the experience gained from rails that
operate under high loads (4), German mills developed
for the U.S. market an improved, as-rolled, alloyed
special grade that presents a definite increase in
yield
strength,
tensile
strength,
and
fatigue
strength over the standard grade (5).
Figure 5
illustrates the mechanical properties-of this grade

The fracture-mechanics concept is a useful assessment of the rail's resistance to fracture since the
rail-steel properties (as demonstrated by recent
investigations) can be used quantitatively to determine the fracture behavior of the rail as a construction element (7). The critical depth of a rail
surface crack that tends to produce a brittle fracture right across the entire rail can be calculated
if the fracture toughness and the effective stresses
of the rail steel are known.
In pearlitic rail steels, the fracture toughness
remains constant within a wide scatter band, in
spite of increasing tensile strength, as shown in
Figure 7, which summarizes the results contained in
several papers (8).
rt ranges from 1000 to 2000
MPa'/ 2 •
In
this
respect,
even
maximumstrength rails with good wear resistance are accompanied by a high resistance to fracture.
MANUFACTURING PROCESSES (NONMETALLICS)
Steelmaking
In the FRG, rails are manufactured along the lines
of the basic-oxygen-furnace (BOF) and, in part, the
open-hearth (OH) processes.
In all cases, steelmaking is followed by vacuum treatment (~,lQ.). In
Germany, the usual vacuum treatment is aimed mainly
at the removal of hydrogen from the steel. Figure 8
illustrates the frequency distribution of hydrogen
content in OH and BOF steels, with and without
vacuum treatment. Hydrogen distribution in OH steel
with no vacuum treatment presents such contents in
all heats so as to require retarded cooling.
Standard BOF heats have hydrogen percentages that require retarded cooling only for about 50 percent of
the heats.
Regardless of the initial hydrogen
content, vacuum treatment ensures obtaining such
low-hydrogen contents that, even in cases of normal,
unretarded cooling, a sufficiently large safety
margin is provided in relation to critical contents
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within the framework of a joint investigation monitored by the rail committee of verein Deutscher
Eisenhuttenleute in cooperation with DB.
The testing methods used make sure that the
A-type rails are qualitatively equivalent to the
standard rails made from conventional or strand-cast
ingots. we feel that, when using these methods in
combination with continuous ultrasonic testing, the
nick-and-break test required in AREA specifications
can be dispensed with •

Figure 7. Fracture toughness and tensile strength of rail steels.
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that tend to cause flake formation (11).
This
allows the rails to be cooled on the c~ling bed
without
taking
any particular precautions.
It
brings the full effect of the chemical analysis to
bear on the strength properties.
Besides, unretarded cooling is a prerequisite for a rational
production flow, in particular for the manufacture
of rails up to 60 m (65.2 yards) in length.
Combined with suitable deoxidation, vacuum treatment also leads to oxygen contents as low as 0.00250.005 percent.
This means that only minor percentages of oxidic, nonmetallic inclusions are still
present in the finished rail.
Pour.ing
Rail steel is either strand-cast or poured in hottop molds (12) •
Both methods ensure good surface
conditions that are important for rails. The use of
hot-top molds leads to a steel with reduced segregationi the antipiping powder keeps the ingot top in a
liquid state until complete solidification so as to
prevent piping within the used ingot part, thus
allowing inclusions to precipitate into the hot top
during solidification. The hot top is cropped after
blooming.
continuous
casting produces a
bloom
almost
free
from
segregations.
Suitable steps
ensure good cleanness, with the rapid solidification
of the strand-cast material also providing a fine
distribution of the inclusions.
The absence of flakes and coarse nonmetallic
inclusions in the rails is monitored by way of
ultrasonic testing prior to shipment.
So far, no
damage has been observed on rails as a result of
inclusions that would have been detectable through
ultrasonic testing.
The question as to whether or
not minor inclusions below ultrasonic detection
sensitivity are likely to cause fatigue damage under
extreme conditions is being studied at present

We feel that the German rail producers are capable
of fully meeting the rail requirements of the U.s.
market. compliance with close tolerances is possible as a result of stable and partially prestressed
rolling stands. Roller straightening ensures a high
degree of straightness.
For normal operating conditions, the improved
AREA standard grade can be supplied.
For operating
conditions with more stringent requirements, such as
heavy-duty transportation that uses 100- to 125-ton
cars and, in particular, on railway lines with many
curves and a great number of trains, an as-rolled,
alloyed special grade is supplied that is identical
in its service behavior to heat-treated rails.
The
fracture toughness of the standard grade is obtained
in spite of the great tensile strength, so that
sufficient resistance to fracture is also warranted.
Appropriate steelmaking and casting processes
lead to obtaining low hydrogen and oxygen contents.
This ensures the absence of shatter cracks and
coarse nonmetallic inclusions.
It is the high
degree of cleanness with respect to nonmetallic
inclusions that, combined with the enhanced fatigue
strength, confers a high degree of resistance to
fatigue damage on the alloyed special grade.
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Analytical Descriptions of Track-Geometry Variations
A. HAMID AND T-L. VANG

Track-geometry variations can be divided into two broad categories: (a) typical variations that account for random waviness in the rail and periodic behavior at joints, and (b) isolated variations that occur occasionally but do have
regular patterns. An overview of analytical descriptions of track-geometry
variations found in U.S. track is given. These descriptions provide mathematical representations required for simulations and design studies. Time-seriesanalysis techniques were applied to develop the statistical descriptions of
typical track-geometry variations. Models based on autospectral densities are
presented along with the parameters of these models for the current Federal
Railroad Administration track classes. Various shapes of isolated variations
as found in U.S. track are identified. Mathematical functions for these shapes
are given along with the values of parameters of these functions. Also discussed are the relations between track-geometry parameters. This includes
correlations between gage and alignment, cross level and alignment, and cross
level and profile.

Track-geometry variations are the primary dynamic
inputs to rail vehicles.
In order to study vehicle-track interaction, it is essential to provide
quantitative descriptions of track-geometry variations.
Analytical descriptions of track-geometry
variations are essential in performing simulation
studies for improved rail safety. Such descriptions
are also needed for evaluation of track quality,
vehicle performance, passenger comfort, and lading
damage.
Since an infinite number of track-geometry
variations can occur in the railway track, a statistical approach is used in the characterization of
track-geometry variations.
Track
irregularities or variations
in track
geometry are the result of cumulative forces that
have shaped the track structure during its lifetime.
These variations often begin with small imperfections in materials and tolerances and errors in the
manufacture of rail and other track components.
Terrain variations and survey errors during the
design and construction of track also add to the
variations.
Progressive deterioration
of
track
geometry occurs under traffic and environmental
factors.
various deformations may sometimes be
induced by maintenance operation intended to correct
poor geometry.
Most track can be separated into segments that
are constructed and maintained in a uniform manner.
These segments exhibit similar track-geometry variations that consist of random waviness with relatively large amplitudes at joints and welds.
Such
variations are called "typical" variations in this
paper.
Track-geometry variations not covered by typical
variations will be called "isolated• track-geometry

variations.
Isolated variations usually occur at
special track work or at physical features such as
switches, turnouts, crossings, and bridges.
These
variations occur occasionally, but they do have
regular patterns.
A track-geometry data base that represents a
reasonable sample of track in the United States was
established for the analytical characterization of
track-geometry variations.
The data base consists
of approximately 500 miles of track-geometry data
selected from approximately 70 000 miles of data
collected by Federal Railroad Administration (FRA)
track-geometry cars during 1980 and 1981.
The data
base consists of 5-10 sections of track-geometry
data in each of the current FRA track classes (FRA,
Track Safety Standards, 1973).
Each section varied
from 5 to 10 miles in length.
These sections were
broadly distributed throughout the United States and
reflected various types of operating conditions and
maintenance practices of different railroads.
Analytical descriptions of track-geometry variations were developed under a track characterization
program directed by the Transportation Systems
Center in support of the FRA improved track structures program.
This program was initiated in 1976
and two interim reports have been published (1,2).
This paper gives an overview of the results of-this
program.
TYPICAL TRACK-GEOMETRY VARIATIONS
Time-series-analysis techniques (1_) were applied to
track-geometry data to obtain analytical representations of typical track-geometry variations.
It was
shown that a periodically modulated random process
provided an adequate representation of typical
track-geometry variations (4).
This process consists of a stationary random process that accounts
for the random irregularities in the rail and a
periodic process that describes the regularly spaced
rail joints that have a non-zero mean amplitude.
The amplitude of joints varies randomly while the
joint spacing stays the same.
The power spectral density (PSD) is a useful tool
for analyzing the periodically modulated random
process.
In track-geometry PSDs, the stationary
random process produces the smooth continuum and a
non-zero mean in joint amplitudes (periodic process)
causes spectral peaks.
Figure 1 shows a typical PSD of the profile
geometry of bolted track.
The power density is
plotted as a function of spatial frequency (!/wave-

Transportation Research Record 838

20

length) • Note the pronounced peaks on a relatively
smooth continuum. These peaks appear at wavelengths
that correspond to the rail length (about 39 ft) and
its harmonics indicate the existence of a periodic
component.

where
PSD,
spatial frequency,
roughness constant, and
break frequencies.

Stationary Random Process
The PSD continuum that represents the stationary
random process can be modeled by even-powered laws
as a function of break frequencies and a roughness
parameter. For example, over a wavelength range of
5-1000 ft, the profile and alignment PSD can be
modeled as
(!)

The break frequencies are functions of the specific track-geometry parameter and do not change
significantly for different track classes.
For
example,
profile
~l
is
0.0071
cycle/ft
and
~
is 0.04
cycle/ft
for
all
track
classes.
2
Therefore, the stationary random process is adequately described by the roughness parameter, A.
The roughness parameter is strongly dependent on
track class. This is illustrated in Figure 2 for
the roughness parameter of mean profile.
Models

based

on

PSDs

were

de 1eloped
1

for

all

Figure 1. Typical PSD of profile.
Figure 2. Profile roughness parameter versus track class.
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Table 1. Analytical characterization of typical track-geometry variations.
Values of Parameters by Track Class

Parameter
Process

Track
Geometry

Stationary random

Gage
Cross level

Model

Same as gage

Periodic

Unit

104
10 3
102
104
10 3
102
104
10 3
10 2
I 04
10 3
102

</!1
</!2
A

</!1
</!2

Profile
Alignment

Symbol
A

A

Same as profile

Profile

y(x) = C exp(-klxD

Alignment

Same as profile

</!1
</!2
A

</!1
</!2
'C"
k

in
ft_,

k

in
ft"'

c

4

6
in 2 cycle/ft

cycle/ft
cycle/ft
in 2 cycle/ft
cycle/ft
cycle/ft
in 2 cycle/ft
cycle/ft
cycle/ft
in 2 cycle/ft
cycle/ft
cycle/ft

0.3
8.9
7.1
0.3
7.1
4.0
0.5
7.1
4.0
0.3
10.0
5.6
0.11
0.25
0.08
0.57

0.5
8.9
7.1
0.5
7.1
4.0
0.8
7.1
4.0
0.5
10.0
5.6
0.14
0.20
0.11
0.46

0.9
8.9
7.1
0.7
7.1
4.0
1.4
7.1
4.0
0.9
10.0
5.6
0.19
0.15
0.15
0.35

2

3

1.6
8.9
7.1
1.1

7.1
4.0
2.5
7.1
4.0
1.6
10.0
5.6
0.25
0.14
0.20
0.20

2.8
8.9
7.1
1.6
7.1
4.0
4.5
7.1
4.0
2.8
10.0
5.6
0.33
0.13
0.27
0.15

5.0
8.9
7.1
2.3
7.1
4.0
7.9
7.1
4.0
5.0
10.0
5.6
0.45
0.13
0.35
0.12

Transportation Research Record 838

21

track-geometry parameters, i.e., gage, alignment,
cross level, and profile. These models, along with
the values of the roughness constant and break
frequencies for all current track classes, are given
in Corbin (j) and summarized in Table 1.
Periodic Process
A cusp behavior is observed in the track geometry at
joints.
Analyses of track-geometry data indicate
that the rail profile or alignment at a joint can be
adequately represented by a cusp shape of the form:

tions of two parameters--amplitude A and a duration-related parameter k. Note that the duration of
a signature is proportional to l/k.
Table 2 gives a range of values of A and k as
found in the track-geometry data analyzed in this
study. Note that the values of these parameters are
a function of track class, track-geometry parameter,
and the signature itself. In general, the values of
A and k decrease as the track class increases.
However, the ranges of values overlap considerably
between different track classes.
Typical Occurrences

y(x) = C exp(-klxl)

(2)

where
x

y(x)

c
k

= distance

along the rail,
rail profile or alignment,
joint cusp amplitude, and
decay rate.

Thus, the shape of a joint is defined by its
amplitude and its decay rate. The duration (inverse
decay rates) of the joint cusp is on the order of
2-10 ft long and its amplitude for most cases falls
within 0-3 in or more. Both duration and amplitude
increase with degradation, which results from the
structural weakness of the joint, and is accelerated
by loosening of the joint-bar fastenings.
Mean joint amplitudes and decay rates were estimated from the spectral peaks. These values for all
current FRA track classes are given in Corbin (1)
and also included in Table 1.
Track-geometry models based on PSDs are useful to
determine the sustained type of vehicle responses.
The PSDs can be used to calculate mean square values
of
rail deviations,
rail curvatures,
vibration
levels in the vehicle, forces at the wheel-rail
interface, and relative displacements between vehicle components.
The PSD is, however, a limited analysis tool.
Without detailed knowledge of the parent probability
distributions that govern each input and each response mode, mean square values cannot predict peak
values. Another deficiency of the PSD concerns its
averaging property.
Identical PSDs result from a
wide variety of time histories. Therefore, isolated
geometric variations are obscured by the averaging
property of the PSDs.
The isolated variations
represent special cases that occur occasionally but
do have regular patterns.
These variations are
often the causes of undesirable responses and are
the subject of the next section.
ISOLATED TRACK-GEOMETRY VARIATIONS
This section deals with the analytical description
of isolated track-geometry variations.
The key
signatures are first identified.
The mathematical
functions that can be used to describe these signatures are given along with the parameters of these
functions.
Typical occurrences of isolated trackgeometry variations are then discussed as single
events, periodic variations, and combined irregularities in track-geometry parameters.
Key Signatures
Seven key signatures have been identified in isolated track-geometry variations.
These are cusp,
bump, jog, plateau, trough, sinusoid, and damped
sinusoid.
Figure 3 gives the shapes and mathematical functions that can be used to describe these
signatures.
The analytical forms of key signatures are func-

Isolated track-geometry variations usually occur in
spirals, at special track work, and other track
anomalies such as soft subgrade or poor drainage
areas.
Isolated variations have been identified at
such track features as road crossings, turnouts,
interlockings,
and bridges.
Their frequency of
occurrence depends on the number of curves and
special track features.
The table below lists the typical locations where
the key signatures have been seen:
Signature
cusp

Bump

Jogs
Plateau
Trough
Sinusoid
Damped sinusoid

Occurrence
Joints, turnouts, interlockings,
sun kinks, buffer rail, insulated
joints in continuously welded
rail (CWR) , splice bar joint in
CWR, piers at bridge
Soft spots, washouts, mud spots,
fouled ballast, joints, spirals,
grade crossings, bridges, overpasses, loose bolts, turnouts,
inter lockings
Spirals, bridges, crossings, interlockings, fill-cut transitions
Bridges, grade crossings, areas of
spot maintenance
Soft spots, soft and unstable subgrades, spirals
Spirals, soft spots, bridges
Spirals, turnouts, localized soft
spot

These signatures occur as single events, in combination with each other, and in a periodic fashion.
Furthermore,
isolated track-geometry defects can
occur simultaneously in more than one track-geometry
parameter.
Single events provide transitory input to the
vehicle and can cause severe dynamic interaction.
Large-amplitude single events can appear in any
track-geometry parameter
at
isolated
locations.
Figure 4 shows some examples of these events as seen
in the track-geometry data.
The key signatures that occur in succession are
defined as periodic track-geometry variations.
The
amplitude of these signatures may varyi however, the
wavelength remains more or less constant over several cycles.
The periodic variations can cause
severe vehicle-track dynamic interaction.
Largeamplitude vehicle response results when the frequency of these variations coincides with the natural frequency of the vehicles.
The periodic variations have been observed in the
form of cusp, bump, jog, and sinusoid signatures.
The periodic behavior was not observed for other
signatures in the track-geometry data analyzed in
this study.
Perhaps the most familiar example of vehicle
response to periodic behavior is the rock-and-roll
phenomenon due to consecutive low joints.
The
consecutive low joints appear as periodic cusps in
the cross-level traces .
Severe low joints can give

Transportation Research Record B3B

22

Figure 3. Key signatures of isolated variations.
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Table 2. Parameters of
analytical represen1ation
of isolated variations.

Range of Values
Gage

Alignment

Cross Level

k
(ft-1)

A
(in)

k

Signature

A
(in)

Cusp
Bump

0.8-1.4
0.8-l.4

0.016-0.061
0.031-0.040

0.5-3.0
0.5-2.8
0.5-3.3
l.2-1.6
1.4-2.2
0.8-1.2
1.0-2 .2

0.011-0.103
0.009-0.083
0.006-0.025
0.025-0.027
0.013-0.029
0.033-0.020
0.013-0.015

-

a

Jog

-·-•

Plateau
Trough
Sinusoid
Damped sinusoid

0.8-1.3
0.5-1.0

-·
-·-·
-·

0.029-0.08

en-•>

Profile

A
(in)

k
(fCl)

0.9-3.0
l.0-3.0
1.6-2.8
0.6-1.0

0.031-0.095
0.017-0.031
0 .020-0.050
0.026-0 .04

-aa

-0.9-1 .2

-·-·

0.051-0.061

A

k

(in)

ere'>

0.9-3.0
0.5-4.0
0.5-5.0
0.9-3.0
0.7-2 .0
1.0-l.5

0.016-0.095
0.013-0.065
0.008-0 .045
0.009-0.033
0.020-0 .025
0 .020-0.025

_a

-·

BSlgneture not observed in the data.

Figure 4. Examples of signatures of isolated track-geometry variations.
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A vehicle receives simultaneous input from gage,
line, and surface irregularities.
In order to
provide reasonable experimental and analytic simulations of actual railroad operating conditions, it is
therefore necessary to investigate the relations
between track-geometry parameters.
Track-geometry data typical of U.S. track were
analyzed to determine the linear relations between
track-geometry
parameters.
These
analyses
were
conducted in the frequency domain by generating
auto-spectral densities, cross-spectral densities,
coherence functions, and transfer functions (1) •
Gage and Aiignme n t

e. ALIGNMENT TROUGH AT SPIRAL TO
TANGENT TRANSITION

may cause a severe vehicle-track dynamic interaction.
Figure 6 is an example of combined track-geometry
variations in a compound curve.
A plateau in the
cross-level deviations is evident at the transition
point. Both profile and alignment show bump signatures at the same point.
Furthermore, the gage
shows a cuspy periodic behavior throughout the curve.

T,6,,

c

Analyses were conducted to determine the relations
between gage and mean alignment and gage and singler ail alignment (left alignment or right alignment).
No significant correlation was found between gage
and mean alignment variations.
However, gage and
single-rail alignment were found to have a sign if icant linear relation.
Figure 7 is an example of coherence between gage
and single-rail alignment.
The coherence here is
defined as

f. DAMPED SINUSOID IN
ALIGNMENT

(3)
where

y2 (f) = coherence

function,
cross-spectral density between
gage and alignment,
: Gx(f) =average auto-spectral density of gage,
and
average auto-spectral density of alignment.
Gxy

the appearance of saw-tooth cross level.
Periodic
bumps and sinusoids conunonly appear in mean alignment on bridges and spirals.
A periodic cuspy-type
behavior is also commonly observed in gage and
single rail alignment in curves.
The mean profile
can also develop quasi-periodic bumps at mud spots
and periodic jogs in spirals.
Figure 5 shows some
examples of periodic signatures.
For the purpose of this discussion, the combined
track-geometry variations are defined as the ones
that occur simultaneously in more than one trackgeometry parameter.
Some of the track-geometry
parameters such as gage and alignment and cross
level and profile are closely related with each
other. However, large-amplitude isolated variations
may also exist simultaneously in other pairs of
track-geometry parameters. such combined variations

= average

Note that many authors define ordinary coherence as
the square root of y2 (f).
However, y2 (f) will
simply be called coherence here since it has a
direct interpretation.
The values of y2 (f) lie
between zero and one . A value of zero indicates no
linear relation between gage and alignment. On the
other hand, a value of unity indicates a perfect
linear relation. An intermediate value such as 0.75
means that 75 percent of the variations in gage are
explained by the linear relation between gage and
alignment.
Figure 7 indicates strong coherence (~o. 71) for
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wavelengths shorter than 100 ft.
This implies that
there is a significant linear relation between gage
and single-rail alignment.
Figure 8 shows typical coherence between the left
and right alignment variations.
The squared coher-

ence for wavelengths longer than 100 ft is close to
unity for most cases.
The wavelengths shorter than
100 ft show a decrease in coherence.
This would
indicate that variations of both left and right
alignment variations of the two rails become more or
less independent as the wavelength decreases.

Figure 5. Examples of periodic track-geometry variations.

Cross Level and Profile

0.2'1_

a. SINUSOIOAL ALIGNMENT ON A

~

/""'-

l~
256

L___j

/"'

v

1
- - - --

0 ,3"1

b, SAW TOOTH CROSSLEVEL ON TANGENT

A.

(\

/\.

/\.

Cross level showed almost zero coherence with mean
profile. However, interesting results were obtained
for cross level and single-rail profile.
Figure 9
shows the typical coherence between cross level and
the single-rail profile for bolted track.
The
coherence is not very significant except at certain
discrete wavelengths.
The most noticeable is the
peak at the 39-ft wavelength (equal to the rail
length).
This is attributed to relatively severe
surface variations at joints.
Figure 10 is an example of typical coherence
between t:he left and the right rail profile.
A
significant coherence
is
shown for
wavelengths
longer than 20 ft. However, the wavelength of 39 ft
shows a decrease in coherence. For many sections of
class 2 and 3 bolted track, the coherence was almost
zero at this wavelength.
However, there was a
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Figure 11. Coherence between cross level and right alignment.

Figure 9. Coherence between croS$ level and left profile.
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Figure 12. Coherence between gage and mean profile.

Figure 10. Coherence between left and right profile.
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signif
t coherence peak at the 20-ft wavelength.
..,,.
.oe .. omena are due to regularly spaced half.ced joints.
ss Level and Alignment
In general, cross level showed insignificant correlation with alignment.
However, there were exceptions for some track sections.
such an example is
shown in Figure 11, which shows a coherence peak at
a 54-ft wavelength.
This was especially true for
some welded track sections of class 4 or better
track.
In many cases, the most pronounced wavelength was 78 ft where the coherence in some cases
peaked from 0.7 to 1.0. The exact cause for this is
not known at this time.
This can possibly be attributed to combined cross-level and alignment
variations due to certain local structural, traffic,
or maintenance characteristics.
Other Track- Ge ometry '.Parameter s
Typically, there is no correlation between gage and
cross-level variations.
This, in general, is also
true for gage and profile variations as well as
profile and alignment variations.
However, simultaneous degradation of track-geometry parameters may
result in significant coherence at certain wavelengths. The bolted-track sections analyzed in this
study exhibited strong coherence between gage and
profile and between profile and alignment at a

.005

001

0 05

010

FREOUENCY (CY/FT l

wavelength equal to one-half the rail length.
Figure 12 shows an example of coherence between
gage and mean profile.
There is an increase in
coherence for wavelengths between 13 and 39 ft with
a peak at 19.5 ft.
This is believed to be due to
the
simultaneous
degradation
of
track-geometry
parameters at joints.
Note that the degradation
that corresponds to a joint is encountered every
half-rail length on the half-staggered bolted track.
This results in a significant correlation between
gage and profile and profile and alignment variations at a wavelength equal to one-half the rail
length.
SUMMARY AND CONCLUSIONS
This paper gives an overview of analytical descriptions of track-geometry variations.
These descriptions are useful for design and simulation studies
intended to improve track quality.
Track-geometry variations can be divided into two
broad categories:
typical and isolated variations.
TYPical variations can be described by a stationary
random process that accounts for random waviness in
the rail and a periodic process that describes
relatively severe variations at joints.
PSD models
can be used to characterize the stationary random
process. These models are functions of a roughness
parameter and break frequencies. The break frequencies do not change with track class.
However, the
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roughness parameter is strongly related to the
current track class.
A joint can be characterized
by an exponential model with an amplitude parameter
and a decay-rate parameter.
Both parameters increase with track degradation.
The isolated track-geometry variations usually
occur in spirals and at special track features such
as bridges, road crossings, and turnouts.
Most of
the isolated track-geometry variations can be characterized by one of seven key signatures:
cusp,
bump, jog, plateau, trough, sinusoid, and damped
sinusoid. These key signatures can be modeled as a
function of amplitude and duration.
The key signatures can occur as single events, in periodic forms,
and simultaneously in more than one track-geometry
parameter.
There is a significant linear relation between
gage and single-rail alignment.
In general, there
is an insignificant correlation between any pair of
gage, cross-level, mean profile, and mean alignment
values.
However,
long wavelength combined with
variations in cross level and alignment may result
in strong correlations at certain discrete wavelengths between 50 and 90 ft.
Furthermore, simultaneous degradation of track geometry at joints may
result in significant correlation between any pair
of gage, mean profile, and mean alignment values at
a wavelength equal to one-half the rail length.
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Problems and Opportunities in Regulated Market for
Railroad Freight Cars
G.C. WOODWARD AND C.E. PHI LIP

Rail roads are co mpelled by the existing regulatory structure that concerns car
hire and car service to adopt strategies that result in excessive empty miles.
During surplus periods, for example, owning railroads drastically reduce.their
reuse of foreign equipment and instead use system equipment for on-line and
off-line loading in order to maximize short-term per diem income, which results in dramatic increases in the number of empty miles generated on all railroads. The Interstate Commerce Commission and the railroad industry have
responded to this problem recently and have proposed and implemented
changes in both the car-hire and car-service areas. in this paper, the nature of
these changes is described and the actual experience of the industry to date
that remain. More market-oriented solutions can be implemented to replace
the existing set of car-hire and car-service regulations, and several are described
in t his paper. In such an environ ment, appropriate incentives will naturally
evolve to ensure that (a) the minimum necessary fleet investment is made by
car owners and (bl this asset is employed in the most efficient manner by car
users.

Railroads are compelled by the existing regulatory
structure that concerns car hire and car service to
adopt strategies that result in excessive empty
miles. During surplus periods, for example, owning
railroads drastically reduce their reuse of foreign
equipment and instead use system equipment for
on-line and off-line loading in order to maximize
short-term per diem income, which results in dramatic increases in the number of empty miles generated on all railroads.
There is little question that mandatory per diem
c o upled
with
mandatory
interchange
contri but es
directly to this inefficiency.
Owne rs are often
indifferent to the wasted transportation expense of
cross-hauling empty cars because their per diem
revenues are guaranteed under the current regulatory
system and are high compared with that por t ion of
the excess empty miles that they incur.
The Interstate commerce commission (ICC)
has
responded to this problem recently and has proposed
and implemented changes in both the car-hire and the
car-service areas.
In this paper, the nature of
these changes is described and the actual experience
of the industry to date with these changes is analyzed to illustrate the inherent st1uclural problems
that remain.
PRESENT CONDITIONS IN FREIGHT-CAR MARKET
Present levels of efficiency in the use of freight
cars are very low. The results given in Table 1 (1)
document the phenomenon of empty miles on a sample
of railroads, which includes the Consolidated Rail
Corporation (Conrail), during the fir~t half of
1980.
While loaded miles declined substantially in
1980 for each of the railroads shown (except Conrail), the number of empty miles for each carrier
increased markedly. The results for those railroads
show an increase in total mileage to handle substantially less business.
These data are onl y for the
major free-running classes of equipment over which
an individual railroad has a substantial amount of
discretion with respect to t he use of foreign equipment.
There is no inherent reason why the ratio of
empty miles t o loaded miles should change in an
efficiently operated system.
If one assumes that
t he r ail r oads in Tabl e l operated at maximum eff i -

c i ency wi t h resp e ct to freight car use in the f i rst
six months of 1979, it would follow that the same
railroads incurred roughly 75 million unnecessary
empty-car miles in the first six months of 1980.
[This number was arrived at in the following manner.
The ratio of empty miles to loaded miles in the
first six months of 1979 was 180/349. By multiplying that ratio t i mes t he number of loaded miles in
the first six months of 1980 results in a figure of
144 million.
Then subtract that figure from 218
million, which is the number of actual empty miles
in the first six months of 1980.]
In other words,
34 percent of all empty-car miles in the first six
months of 1980 were probably unnecessary.
In fact,
the real waste is probably much higher, since considerably grea t er efficiency would have been possible in 1979 in a free market system.
By assuming
that the present hauling charge of $0.31/empty mile
constitutes a fair measure of the actual cost of
moving empty cars (which was the price negotiated
between members of Trailer Train), these 75 million
empty miles resulted in a wasted expense of about
$23 million.
Another measu~ of efficiency of rail car use is
the ratio of loa8ed to empty (L/E) cars delivered
to, and received from, connecting carriers at interchanges. Table 2, which is taken from the Association of American Railroads (AAR) car service division accounts of interchange activity for 1979 and
1 980 , shows f or severa l ca rr iers the dramatic reduction in these ratios tha t occurred in 1980 as car
surpluses grew.
REGULATORY RESTRAINTS ON OPERATION OF FREIGHT CAR
MARKET
Any effort to introduce competition into the carhire market must proceed from an understanding of
the panoply of regulatory restraints on competition
in the present car-hire system.
The principal
regulatory restraints on the operation of car- rental
markets are mandatory interchange and mandatory per
diem.
Under mandatory interchange, carriers are
required to accept loaded cars at interchanges with
other carriers (provided that the c a r s a re proper l y
en route to a destination for unloading). Although
changes in the rates for transportation of the goods
are generally subject to negotiation, the originating carrier who owns the loaded car may dictate the
car-hire rates [up to the present ceiling levels
established in ICC Ex Parte 33 4 (Car Ser vice Compe nsation, Basic Per Diem Charges, 1980) I without the
concurrence of the receiving carrier. Mandatory per
d i em is the obl i gation of the receiving carrier to
pay the per di em charges at the levels prescribed by
the ICC for the entire time the car is on the receiving carrier's line,
unless
the originating
carrier at its option dictates a different level.
The obligation applies regardless of the receiving
carrier's need for the car once it is unloaded and
regardless of the costs to the receiving carrier of
moving the car (or storing it, if appropriate).
Together, then, mandatory interchange and mandatory per diem clearly give originating carriers
complete market power vis- a - vis their connecting
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Table 1. Comparison of loaded to empty rail miles, 1979 and 1980.
Loaded Miles (000 OOOs)

Empty Miles (000 OOOs)

Railroad

First Six
Months,
1979

First Six
Months,
1980

First Six
Months,
1979

Conrail
A"
B"

162
39
73

116
34
64

c8

...li

..M

87
18
39
J6_
180

Total
3

349

278

First Six
Months,
1980
84
32
52
..2Q.

2 18

Identity withheld to protect confidential data.

Table 2. L/E ratios of cars delivered to and received at interchanges, 1979 and
1980.

Railroad

Year

L/E Ratio of
Cars Delivered
to Interchange

Conrail

1979
1980
1979
1980
1979
1980
1979
1980
1979
1980
1979
1980

1.21
0.83
0.96
0.69
2.25
1.66
2.46
1.20
1.43
1.01
1.52
1.01

D"
Ea

F8

G"
Total

L/E Ratio of
Cars Received
at Interchange
2.57
1.58
2.88
1.90
0.99
0.78
1.16
0.75
1.53
1.09
1.72
1.17

Note: Data are for second quarters of 1979 and 1980 only .
8

with the additional expense of hauling foreign empty
cars off their lines (rather than reloading them) ,
and they do not bear the expense associated with
off-line hauling of their cars.
A recent study by the AAR Freight Car utilization
Program (2) provides additional evidence of the
effect of ;andatory per diem on car use. This study
examined the relative time boxcars spent empty and
under load in a given cycle under several different
restrictions.
Significantly, Railbox cars spent
roughly 30 percent less time empty per cycle than
free running non-Railbox cars (i.e., cars that were
exempt from car-service rules that required return
of empty cars to their owner or source).
(The
actual figures were as follows:
The average ratio
of empty days to loaded days for Railbox cars in a
cycle was 0.671 the same ratio for non-Railbox cars
was O. 86.)
The only pertinent difference between
these two categories of cars was that per diem
payments for Railbox cars were freely negotiated by
participants in Railbox, whereas the non-Railbox
cars were subject to ICC-prescribed incentive per
diem.
The results of this Freight Car Utilization
Program study are consistent with the more general
experience that Railbox cars, on average, operate
loaded-to-total-mileage ratios of 80 to 90 percent
whereas the plain-boxcar fleet in this country, as a
whole, operates a loaded-to-total-mileage ratio of
only 50 to 60 percent. If the national boxcar fleet
operated as efficiently as Railbox,
the annual
reduction in empty-car miles might approach 1 bill ion miles, which represents a potential saving to
the industry of as much as $300 million.

1dentity withheld to protect confidential data.

CHANGES THAT WOULD PROMOTE A COMPETITIVE MARKET FOR
FREIGHT CARS
carriers with respect to hire charges on cars owned
by the originating carrier.
This power is monopolistic in that the originating car owner can force
the car user to both use and pay for the car, regardless of its economic value to the user. Without
some countervailing forces, one would expect orig inating carriers never to dictate rental charges on
their cars below the maximum permitted by law.
This tendency for car-hire charges to remain at
their legal ceiling has been dramatically illustrated during the last year since the ICC formally
authorized reductions. In Ex Parte 334 (Sub. No. 4)
(Order Granting Railroads Flexibility in Setting Per
Diem Levels , August 18 , 1980), the ICC gave railroads the right to make unilateral reductions in
car-hire charges below the prescribed levels of Ex
Parte 334.
The ICC (and Conrail) expected that
during the emergency surplus that existed during
1980 and 1981, railroads would lower their per diem
rates to encourage more off-line use of their cars
and, accordingly, less cross hauling of empty cars.
The results have been nil.
Railroads generally have
maintained their per diem charges at the maximum
permissible limits. Conrail is an exception. Since
October 1980, Conrail has offered to reduce its per
diem charge to zero on the entire loaded movement
for any railroad that loaded a Conrail plain boxcar
to or via Conrail. However, Conrail has experienced
no increase in the number of cars loaded to it.
The regulated system of car-hire charges between
carriers, coupled with mandatory interchange, contributes directly to the inefficient use of cars
cited earlier. Originating railroads have continued
to seek ways to maximize their per diem revenues by
keeping their own cars off-line as much as possible.
They are largely indifferent to the wasted expense
of cross-hauling empty cars because the guaranteed
off-line per diem revenues are high in comparison

The concept of a competitive market for freight cars
is effectively presented by Felton in his book, The
Economics of Freight Car Supply (3).
Short of the
formal establishment of a "commodity's like" market
structure where buyers and sellers would bid for
freight cars, as advocated by Felton, we believe
that a number of changes to the existing regulatory
structure would be effective in stimulating the
creation of a more competitive and efficient freight
car market.
El imination of Ma ndator y Interchange
The most direct and effective way to bring about a
competitive car-hire market would be to formally
declare what Congress has already implicitly decided:
The anticompetitive doctrine of mandatory
interchange is no longer in force, except to preclude irrational economic behavior.
The end result
would free connecting carriers to negotiate carrental terms on an equitable basis. Since carriers
no longer would have any obligation to originate
traffic that is not fully compensatory, the common
interests of connecting carriers in encouraging
interline traffic that is capable of covering their
costs would ensure the negotiation of interchange
agreements that would prevent disruption of traffic
flow (as has been clearly demonstrated by the railroads' experiences with deregulated fresh fruit and
vegetable movements) • Moreover, regulatory methods
are available that could prevent shipper inconvenience without restraining car-rental markets if such
methods prove to be necessary to supplement market
incentives.
Elimination of Mandatory car Hire
Elimination of mandatory car

hire would

result

in
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negotiated car-rental agreements in which car users
could insist on charges commensurate with the benefit of using the car.
Neither owners nor using
carriers would be at an unfair advantage in such
negotiations--both would be constrained by their
interest
in
revenues
from
interline movements.
Deregulated car hire would also tend to increase the
total efficiency of the railroad network.
Where
costs are fairly allocated through the process of
negotiation, both parties would have an incentive to
increase efficiency by eliminating unnecessary empty
mileage and, to the extent the market for transportation would support the acquisition of additional
cars, those cars would be acquired because owners
would be assured of payment by shippers or using
carriers.
Short of total elimination of mandatory car hire,
substantial efficiencies could stiil be achieved by
eliminating prescribed per diem for the period when
t:arts etL~ noi:. under load..
:r·his wuu.Lu provide a
strong incentive for owning railroads to minimize
empty mileage and would relieve using carriers of
the unjust burden of paying for cars when they have
no value to them.
(Fairness and sound economics
also dictate that user carriers have the opportunity
to recover any per diem charges that continue to be
mandatory in their j oint rate divisions and to vary
their division in accordance with changes in per
diem levels.)
Esta bli shme nt o f Empty Mileage Cha r ges
If per diem is deregulated, empty mileage charges
should be allowed.
If per diem is not deregulated,
they should be prescribed.
Charges to owning carriers for costs associated with empty mileage would
both (a) discourage owners from insisting on unnecessary hauling of empty cars and (b) compensate
users for the real cost of empty movements that
provide them no direct benefit.
Although these
charges should ultimately be established by agreement under a deregulated system, the ICC, as an
initial step, could prescribe the $0.31/car-mile
rate that has been agreed on voluntarily by users of
Trailer Train cars.
If car hire is permitted to
fluctuate, this rate should also be permitted to
fluctuate.
The elimination of mandatory per diem and use of
empty mileage charges would promote a sound, competitive environment in which car-hire rates could
be expected to fluctuate with variations in supply
and demand.
(The result of a fully deregulated
car-hire environment might well be the expanded
reliance on pooling agreement s .
The successes with
existing pooling agreements are compelling evidence

of the industry's ability to manage interline use of
freight cars on a consensual basis.)
In such a
system, car owners would assume no greater risk than
is fairly associated with any other business investment in a free market.
Authorization of Bilateral Agreements
Apart from (or in addition to) any other measures,
carriers should be permitted to enter into bilateral
agreements at any level of per diem.
Bilateral
agreements are the mechanism whereby buyers and
sellers in a free market voluntarily match price to
demand. The ICC has already authorized carriers to
enter into bilateral agreements for car hire below
the prescribed levels [Ex Parte 334 (Sub. No. 4)).
If, due to particular supply and demand conditions
on other lines, particula r carriers are willing and
able to agree on fair per diem charges above the
prescribed E~ Parte 334. levels, there is nc rational
basis to preclude them from doing so.
SUMMARY
The regulatory structure that determines how using
railroads compensate owning railroads for the use of
their freight cars has been described.
These rules
encourage individual railroads to use cars inefficiently, which results in both unnecessary empty-car
miles and excessive investment in the fleet as a
whole.
More market-oriented solutions can be implemented
to replace the existing set of car-hire regulations.
In such an environment appropriate incentives will naturally evolve to ensure that (a) the
minimum necessary fleet investment is made by car
owners and (b) this asset will be employed in the
most efficient manner by car users.
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Extraterritorial Impact of U.S. Deregulation on Canadian
Railways and Shippers
R.J. LANDE

The attempt on the part of the Canadian railway industry to obtain immunity
from the extraterritorial reach of U.S. antitrust laws is described. This paper
outlines various areas where conflict between Canadian and U.S. transporta·

tion law exists. Examples are given in such areas as contract rates, surcharges,
limitation of liability, rebates, route cancellations, and Section 229 appeals to
the Interstate Commerce Commission and the special considerations that must
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be given to the corresponding Canadian law in order to implement such ratemaking practices on international movements. A detailed description of the
January 21, 1981, Interstate Commerce Commission decision on Canadian and
American international through routes is given, as well as the contents of the
recent Canadian National Railway and Canadian Pacific Agreement, which attempts to achieve antitrust immunity for Canadian railways and shippers in
virture of Section 5-B of the Interstate Commerce Act. A selection of U.S.
antitrust cases that have been applied to foreign jurisdictions is also described.

This paper shows the extraterritorial impact of
railroad deregulation in the United States and its
impact on Canadian railways and shippers.
It outlines areas where problems exist between Canadian
and U. S. transportation law and gives examples of
many such areas of conflict.
Also given is a description of the Interstate Commerce commission
(ICC) decision on Canadian and American international through routes.
STATUS REPORT ON U.S. ANTITRUST IMMUNITY FOR
CANADIAN RAILWAYS AND SHIPPERS
Background
On October 1, 1980, the enactment of the u.s. Staggers Rail Act brought with it consequences that
deeply affected both Canadian railways and shippers .
Up to that time, the two largest Canadian railroads,
Canadian National Railways (CN) and Canadian Pacific
(CP) , were indirectly protected by a shield from
U. S. anti trust laws created by the Reed-Bullwinkle
Act of 1948.
This latter legislation stated that
all members of the U.S. rate bureaus would enjoy
protection from U.S. antitrust laws, provided that
the rate bureaus' agreements would be approved from
time to time by the ICC as being in conformity with
the national transportation policy of the United
States. CN and CP are members of both the eastern
and western rate bureaus' agreements.
The Staggers Act, by significantly changing the
rules that govern ratemaking activ i ties in U.S. rate
bureaus, left the Canadian railways without the
indirect protection from which they had benefited as
members of these associations. Prior to the passage
of the 1980 U.S. rail-deregulation law, Canadian
railways became aware that rate negotiation in
Canada on international movements could make both
Canadian railways and shippers susceptible to multimillion dollar law suits in virtue of the extraterritorial reach of the u.s. Sherman Antitrust Act.
In brief, this extraterritorial doctrine asserts the
following.
Non-American companies that jointly discuss the
price of their commod i ties, even outside of the
united States, can be liable to u.s. antitrust laws
if the consequences of the discussion have an effect
on the U.S. consumer. For example, when the deregulation of the air industry in the United States
took place a few years ago, the protection from U.S.
antitrust laws that had been enjoyed by the airlines
was severely limited.
The airlines meet in the
International Air
Transport Association
( IATA) ,
which can be considered analogous to a rail rate
bureau, in order to set international fare structure.
Therefore, if Air France, in the IATA setting, would have agreed on a fare from Paris to
Tokyo that was identical to the fare charged by
other international carriers, the fact that u.s .
citizens would have to pay this jointly set price
for air transportation would be sufficient to make
Air France and the other airlines subject to a u .s.
antitrust indictment.
These indictments are of two kinds.
criminal
indictments can mean fines of $1 million per count
to the companies involved in the conspiracy, as well
as three years in prison and $100 000 personal fines
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to the corporate officers who are party to the
collusion.
More common, however, are the civil
antitrust suits of which there were more than 2000
last year, where those complainants who have lost
business due to the collusive activity of competitors can claim treble damages for what they prove to
have been the amount of money that they lost in
consequence. Recently, in the BBD Transport case, a
group of u.s. railways and shippers was taken to
court by a trucking company that had lost business
due to the agreement reached among the co-defendants
on rates for transporting steel products.
It is
remarkable that American Telephone and Telegraph
(AT&T) , which has a battery of 250 full-time antit rust lawyers, should have been ordered to pay a
quarter of a billion dollars in a recent antitrust
suit.
The antitrust danger perceived by the Canadian
railways was the following.
If CN and CP were to
meet collectively,
in conformity with Canadian
legislation, in order to determine international
rates destined for the United States, then CN and
CP, as well as those shippers involved, would be
susceptible to a multimillion dollar U.S. antitrust
suit.
For those who are skeptical of the possible
application of a u.s. law against Canadian companies
who are meeting in Canada in accordance with their
own legislation, I would like to cite the following
jurisprudence.
The American Banana case in 1909
held that the principle of international "comity"
should applyi in other words, an act should be
determined according to the law of the place where
it occurs.
This principle, however, was expressly
repudiated by the u.s. Supreme Court in 1962.
In 1945, in the case of the U.S. v. The Aluminum
Company of America et al., it was held that a cartel
scheme entirely among non-American firms and that
occurs in Europe would fall within the jurisdiction
of the U.S. Sherman Act if the scheme's intent were
to restrain trade in the United States .
Here, an
agreement between foreign corporations that was
intended to and did affect the price of aluminum
imports into the United States was deemed illegal
under the Sherman Act.
It was held that the Sherman Act had jurisdiction
over the various foreign corporations, irrespective
of whether these actions were contrary to their own
government's commerce legislation.
Furthermore, it
was decided that when the intent to affect imports
by the organization of a foreign cartel was proven,
the burden of proof shifts to the defendants.
Judge Hand concluded that although Congress did
not intend the Sherman Act to prohibit conduct that
had no effect in the United States, it did intend
the Act to apply to conduct that had consequences
within the country--even where the parties concerned
had no allegiance to the United States--if the
conduct is intended to and actually does have an
effect on U.S. imports or exports. This wide-reaching "intended effects" test has been cited subsequently with approval by the U.S. Supreme Court.
In Continental Ore co. et al. v. Union Carbide
and Carbon Corp. et al. (1962, U.S. court of Appeal,
9th Circuit), the court found that there was evidence in violation of the Sherman Act due to a
conspiracy to restrain trade and commerce in ferrovanadium. Justice White states that the fact that a
subsidiary company of the defendant was acting as an
arm of the Canadian government was not pertinent,
since Canadian law did not compel discriminatory
purchasing.
The court also held that a conspiracy
to monopolize or restrain commerce of the United
States is not outside the reach of the Sherman Act
just because part of the conduct complained of
occurs in foreign countries.
Since the activities
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of the defendants, one of whom was the exclusive
selling agent of the Canadian government, had an
impact within the United States, the court held that
there was extraterritorial jurisdiction.
The U.S. v. The Watclunakers of Switzerland Information Center, Inc. (1962 u.s. District court, NY)
case involved the allegation of conspiracy between
the Swiss watch manufacturing industry and its
subsidiaries in the United States, as well as the
Bulova Watch Company of Canada (a wholly owned Swiss
subsidiary) ,
whose
joint actions
had allegedly
resulted in restraint of competition for the manufacture and sale of watch parts in the United
states.
It was held that these corporations, even
though some of them were not American, even though
their discussions might have taken place outside of
the United States, and even though their actions
might not have been contrary to their own respective
government's legislation, were guilty of imposing
unreasonable restrictions on the manufacture of
watches in the United States and, therefore, the
penalties of the Sherman Act applied.
On a more positive note, in the Timberlane Lumber
case of 1976, the u.s. Court of Appeal instructed
the lower court to be aware of "foreign policy
implications" that involve extraterritorial issues.
It was suggested that the degree of conflict with
the foreign law, the nationality of the parties, the
purpose of the collusive activity, and its significance in the United States should all be considered
in
order
to
determine
whether
there
is
extraterritorial u.s. jurisdiction.
In the recent Canadian uranium case, a u.s.
subpoena for documents was not respected by Canadian
uranium companies, as to do so would have been in
direct contravention of the Canadian Official Secrets Act.
Canadian Legislation
The Canadian legisla t ion t ha t r egu l ates collective
ratemaking is quite different from the Staggers
Act.
In virtue of Section 279 o f t he Canadian
Railway Act, Canadian railways can meet together in
order to jointly set rates, without being in contravention
of
Canadian
anticombines
legislation.
Canada has what is known as an "agreed charge",
which is a contract that obliges the shipper to send
a certain percentage of its traffic by a given rail
route. Section 32 of the Canadian Transport Act of
1938 states that one railway in Canada cannot sign
an agreed charge f rom a competitive point without
the concurrence of other competing Canadian carriers.
Therefore, by respecting the Canadian law,
GN and CP would be disrespectin~ U.S. rail legislation
that pr e ve nts compe t i t o rs
f rom discussing
competlng routes.
As CF did not wish to risk being indicted by a
u .s. court f or having r espec t ed Canadian legislation, the Canadian railways presented the case to
its government as well as to the U.S. Senate Subcommittee on Transportation and the Subcommittee of the
u .s. House of Representat i ve s that were considering
the Staggers Act.
CF was able to receive a statement in the Congressional Record by Senator Howard
Cannon and Representative Edward Madigan, the chairmen of the above two subcommittees, directing the
ICC to consider international comity when it was
deliberating on the request of the Canadian railroads for u.s. antitrust immunity. Furthermore , the
ICC was instructed t o recognize the 1978 decision of
the u.s. Civil Aeronautics Board to the effect that
non-American air carriers were given antitrust
immunity for colle ctive fare setting.
The Canadian
government sent a formal diplomatic note to the U.S.
Secretary of State explaining that it fe l t that it

would be harmful to international relations if
Canadian industry was made subject to the extraterritorial reach of certain American laws. There had
already been U.S. antitrust action against several
Canadian uranium companies that had created tension
between the two governments over the extraterritorial intention of the u. s. government in this matter.
The position taken by the Canadian railways
was also supported by major Canadian shipper associations, industry, as well as the U.S. Department
of Transportation.
Faced wi th such heightened awareness of the
dangers of extraterritorial u.s. antitrust liability, the ICC extended immunity to both Canadian
railways and Canadian shippers in its 5(b) decision
of January 21, 1981.
More particularly, the ICC
asserted that Canadian railways were to be considered as "one integrated enterprise".
This would
mean t ha t CF and CN could not be held to have contravened U.S. antitrust laws, since you cannot have
a conspiracy that involves only one enterprise.
In
addition, the ICC stated that u.s. rail carriers
that negotiate with one Canadian railroad need not
fear the antitrust implications that arise from the
fact that the Canadian railroad has talked the same
issue over with competing Canadian railroads.
Last,
the ICC stated that Canadian shippers did not have
to fear the u.s. antitrust penalties when they were
negotiating the Canadian portion of international
through routes with Canadian railways.
The ICC
extended this immunity for a period of 90 days from
the date of the decision.
Unfortunately, the ICC
was under the impression that international throughroute agreements existed in the past, which had
protected the Canadian railways in the same way as
the u.s. rate bureaus' agreements had assured antitrust immunity for its members.
In fact, no such
agreement that specifically involved American and
Canadian through routes existed.
CN/CF Agreement
It was for reasons such as those stated above that
the Canadian railways submitted a CN/CP Agreement to
the ICC that implemented the ICC's January 21, 5(b)
decision. The CN/CP Agreement should not be seen as
constituting a separate rate bureau agreement, since
the Interstate Commerce Act obliges rate bureaus to
take transcripts of the discussions that transpire
at these meetings and submit them for ICC scrutiny.
Canadian legislation specifically prevents documents
from being transported from Canada in such a situation. The Quebec Business concerns Records Act and
the Ontario Business Records Protection Act state
that no document is to be sent in virtue of an order
from a f o r e ign go v e rnme nt wi tho ut the permission of
the Canadian courts.
Moreover, the Canadian draft
bi ll C-41 makes it a criminal offense fer any Canadian to send such documents in virtue o f an order
from a foreign authority.
Th@ CN/CP Agr@@ment, although it is !!ign@d only
by the two major Canadian railways, requests immunity from u.s. antitrust laws for all other Canadian
railways as well as all shippers, both Canadian and
American, and groups of shippers who negotiate rates
with Canadian rail lines.
The agreement explains
the function of the Canadian Freight Association
(CFA) in Canada but does not restrict discussions on
international rate matters to CFA meetings.
In the
event that competing American lines should wish to
discuss international movements of merchandise with
the Canadian roads, they are required to meet separately with the Canadian railways so that the ICC
definition of •practicable participation• is met.
Therefore, the u. S. roads cannot use the immunity
g ranted to the Canadian railways and shippers as an
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indirect means of evading U.S. transportation law.
It is felt that without ICC approval of this agreement,
collective negotiations between groups of
shippers and the Canadian railways will be seriously
hindered, as well as the maintenance of international through rates and the equalization of gateways in Canada.
Following the submission of the CN/CP Agreement
to the ICC in April 1981, the u.s. Department of
Justice, as well as the ICC's Office of Special
counsel, requested severance of the Canadian agreement from the western rate bureau agreement on
grounds that the ICC did not have the jurisdiction
to grant u.s. antitrust immunity to the railways in
such deregulated areas as contract rates, trailer on
flatcar (TOFC) and container on flatcar (COFC), and
exempt commodities.
CP believes that these representations made by the U.S. Department of Justice
were incorrect since the ICC has extended antitrust
immunity that concerns Canadian and American international through-route negotiations since the inception of the U.S. rate bureaus in 1949.
Similarly,
the ICC has extended antitrust immunity in the past
to the trucking industry.
The immunity from the
u.s. antitrust laws from which the Canadian railways
benefited in virtue of the January 21 ICC f(b)
decision expired on April 21, 1981.
IMPACT OF U.S. DEREGULATION ON CANADIAN RAIL
TRANSPORTATION
Several people have asked whether the new U.S.
legislation to date has proved advantageous to
Canadian railways and shippers.
Because of uncertainty on various sections of the Staggers Rail Act,
it is still premature to comment in a definitive
fashion on the pros and cons of U.S. deregulation
for the Canadian rail industry. What I propose to
do is select a few areas where new developments have
occurred subsequent to the u.s. legislation and
evaluate the impact that these developments have
already had on Canadian railways.
Immunity from Antitrust Suits
First, neither the Canadian railways nor the Canadian shippers are certain that they have immunity
from the u.s. antitrust laws at this time. CP does
benefit from the immunity derived from its membership in the eastern and western U.S. rate bureaus.
However,
this special immunity creates definite
limitations for the Canadian railways and its customers since many items are no longer covered in the
u.s. rate bureaus. For example, TOFC and COFC
traffic as well as fresh fruits and vegetables have
been completely deregulated in the United States
and, as a consequence, CP cannot talk with CN on any
movements
related
to
this
traffic.
Similarly,
independent announcements that are outside the scope
of u.s. rate bureau discussions can no longer form
the subject matter of joint discussions between the
railways in Canada or discussions between shippers
and both Canadian railways.
CP has received telephone calls from shippers that are displeased with
the lengthy delays that rate bureaus proceedings
take compared with independent actions, and CP has
been obliged to explain to its customers that once
CP and CN commence processing a docket through the
CFA, it cannot switch over to the independent announcement course so as to shorten the tariff publication delays that would assist their customers.
In other words, once CP has jointly discussed a
matter intending that it be processed through the
u.s. rate bureaus, the risks of u.s. antitrust
penalties prevent CP from switching to the independent announcement channel.
Certain U.s. rail car-

riers have approached CP legal representatives with
the intention of canceling the international through
rates on deregulated traffic. For example, TOFC and
COFC tariffs are no longer published in the United
States, given that this traffic has been completely
deregulated. On the other hand, Section 289 of the
Canadian Railway Act obliges CP to publish the full
international tariff, even though it only transports
the merchandise to the border in most cases.
Some
of CP's u.s. counterparts felt that it would be less
risky for them merely to publish proportional rates
to the border on deregulated traffic.
Contract Rates
Another antitrust impediment that Canadian railways
are experiencing relates to contract rates.
Contract rates are considered to have "single-line
status", which means that there is to be no discussion of them between those carriers that are not
practicable participants in u .s. rate bureau meetings. Therefore, if CP and CN wished to propose a
joint contract with one or several u.s. carriers,
the Canadian railways could not meet together to
discuss the contractual conditions, even though it
would be legal for them to do so in virtue of Canadian law.
The question of contracts is made more
complex for two reasons.
First, there is no specific legislation in Canada that talks about the
guidelines for a Canadian contract.
In regard to
the first element, an open tariff in Canada could
contain most of the elements of what is generally
envisaged as a contract rate in the United States.
CP has agreed to open tariffs that specify a rate
dependent on volume-to-specific geographic pairs
that contain most of the elements of a u.s. contract.
Many u.s. railways have been agreeing to contract
rates recently, some of which include elements that
are surprisingly similar to rebates.
Certain U.s.
carriers have approached Canadian shippers with the
idea of arranging an international contract.
With
respect to rebates, Section 380 of the Canadian
Railway Act states quite explicitly that rebates are
illegal in Canada since railways cannot receive and
shippers cannot pay anything other than the pub1 ished tariff.
Furthermore, Section 286 and the
following provisions of the Canadian Railway Act
state that a joint international tariff must be
filed in its entirety with the Canadian Transport
commission (CTC). Therefore, strictly speaking, any
international contract rates might cause the following difficulties:
1. U.S. contracts, especially those that involve
nonagricultural commodities, are kept confidential,
other than a tariff that briefly describes the items
in the contract, as well as a summary of nonconfidential information, which is given out to interested parties.
In Canada, both agreed charges as
well as open tariffs can be inspected by any person
at the offices of the railways or the CTC.
Therefore, any U.S. carrier contemplating an international contract could not have the conditions of
that contract kept confidential.
2. Any international contract that involves a
rebate would subject the Canadian carriers that were
party to it to penalties foreseen in the Canadian
Railway Act.
Therefore, it would not be possible
for a Canadian railway to participate in an international contract unless the inducement would be filed
with the CTC and form part of the tariff.

In the past, CP has made arrangements with American railways so that the latter agree to a contract
to the border and CP files an open proportional rate
for the Canadian portion of the movement. With this
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framework in mind, it would be possible for U.S.
railways to give rebates to shippers, presuming that
this was legal in virtue of U.S. law, since the
Canadian railways would not be party to the rebate.
Furthermore, the Canadian railways could not pay a
rebate to shippers indirectly through their divisional arrangements with the U.S. carriers since
this would be contrary to Section 380 of the Canadian Railway Act.
However, nothing would prevent a Canadian railway
from adjusting its proportional rate from the border
to service the particular shipper's needs.
Therefore, the Canadian railway might give an incentive
rate independent on volume that would complement the
U.S. carriers' contract.
This Canadian incentive
rate would, of course, be published with the CTC in
conformity with Canadian legislation.
Although it is not legally advisable for Canadian
railways to give rebates to shippers, be they Canadian or American, this does not seem to be the case
for Canadian shippers that receive rebates from U.S.
carriers.
The CTC, as well as its predecessor
boards, have been most reluctant to enforce technical provisions of Canadian railway law against
U.S. railroads. Some Canadian shippers believe that
it is unlikely that Canadian law would be invoked so
as to prevent u.s. railroads from entering into
rebate contracts with Canadian shippers.
CP is interested in pursuing the topic of joining
a Canadian open tariff with a u.s. contract, provided that they can gain some additional truck
tonnage or increased market share by doing so.
If
the u.s. roads offer rebates to shippers, CP cannot
encourage the solicitation of this traffic and
cannot pay, either directly or indirectly, any part
of the rebate.
Cancellations
Another way in which U.S. deregulation has had an
impact on Canadian railways and shippers is through
the cancellations of allegedly unprofitable routes
that the Staggers Act has now made possible.
Recently, the Consolidated Rail Corporation (Conrail)
canceled hundreds of fnternational routes on grounds
lhat they did not give a sufficient revenue return.
This cancellation program, which has since been
expanded by Conrail to include certain grain products traffic, has obviously had a constraining
effect on shippers, since its choice of routes has
automatically diminished.
Where Conrail had more
than one route between a given geographic pair, it
has generally eliminated its participation in those
gateway routing guides other than its long haul. CP
has been hurt by these cancellations since it was
often the Canadian rail connector on the routes that
were canceled.
CP has contested the Conrail cancellation program before the ICC, as has CN, and
they hope to prove that Conrail did not have the
right to cancel out on many of these routes since it
was already receiving more than 110 percent of
variable costs for the portion of these routes that
it served.
There is also the question of whether Conrail
could legally cancel some of its international
through routes where it originates traffic on Canadian territory. Section 23 of the Canadian Natiunal
Transportation Act states that railways may not take
rate action that impedes the growth of primary or
secondary industry, and it is conceivable that a
Canadian shipper that has had its transportation
potential diminished by the Conrail cancellations
will take Conrail to task before the CTC in virtue
of this section.
Many American shippers and rail
carriers are also contesting the Conrail cancella-

tion program to the ICC.
The ICC investigation of
the Conrail cancellation program is expected to take
several months and the cancellations are effective
in the interim period.
By so limiting a shipper's
transportation options, the Staggers Act has certainly not encouraged competition between carriers.
Section 229 Complaints
The U .s. deregulation has also had an impact on
Canadian railways in the Section 229 complaints that
have been registered by various U.S. shippers that
cite one or both of the major Canadian railways as
co-defendants in its legal proceedings before the
ICC.
Section 229 complaints are related to rail
rates that were in effect prior to the enactment of
the Staggers Rail Act on October 1, 1980.
The
petitioning shippers must prove that these rates
were in excess of the jurisdictional threshold of
160 percent of variable costs and that there existed
market dominance.
The Canadian railways have to
date submitted a motion to dismiss these complaints
on the grounds that the ICC does not have jurisdiction to regulate the Canadian railways for ratemaking activities that take place in Canada.
Surcharges
Another example of a conflict of laws that arises
from American rail deregulation has shown itself in
the area of surcharges.
The Staggers Rail Act
allows U.S. rail carriers to surcharge those joint
movements where they do not obtain sufficient revenues for their portion of the movement.
These
surcharges are made on the portion of the joint
route that the surcharging carrier serves and they
do not require the concurrence of the other interconnecting rail carriers,
When a U.S. carrier
surcharges its portion of a joint international
route, the Canadian Railway Act would require that
the surcharge be filed with the CTC, since this
affects international tariff.
Furthermore, Canadian
legislation allows a carrier to collect only those
rates that have been filed with the CTC. Subsequent
to the enactment of the Staggers Act, CP noticed
that many U.S.
carriers were surcharqinq their
portion of the international movements but were
neither notifying the other carriers nor filing the
surcharges with CTC.
This led to some dissatisfaction from shippers that were not aware of their
increased transportation costs on cash-on-delivery
(COD) movements until they received the merchandise.
conversely, the Canadian roads were put in a difficul t puBit.i.un t1in<..::~ i:.i:i~y w~L~ uUliyt:U to cullt:ct the
full transportation costs, including the surcharge,
even though Canadian law did not permit them to
collect a rate that had not been filed with the
CTC.
The Canadian railways subsequently notified
their U.S. counterparts that they were unwilling and
unable to collect their surcharges and suggested
that they collect these surcharges at their own
stations.
voting Rights
Another difficulty that the Canadian roads encountered due to the Staggers Act was whether or not
CP would have one or two votes in U.S. rate bureaus'
meetings. The ICC in its January 21, 5(b) decision
stated that all Canadian railways were to be deemed
"one integrated enterprise".
CP and CN were asked
at the eastern and western u.s. rate bureaus' meetings how they could be expected to have two votes if
they were to be considered one integrated enterprise.
Needless to say, both Canadian railways
wanted to have a separate vote as CP and CN are not
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always in agreement on rate matters.
CP has informed the U.S. eastern and western rate bureaus
that the term "one integrated enterprise" was meant
to ensure antitrust immunity for all Canadian railways, but that CN and CP are separate members of the
rate bureaus' associations and those rate bureaus'
agreements grant each member a separate vote.
A corollary question that arose was whether CP
and its U.S. affiliate, the Soo Line, should have
separate votes given that the ICC has decided that
all affiliates are to be treated as "single-line"
status.
It is for this reason that the Soo Line
recently made a petition for disaffiliation.
In its
petition, the Soo Line argued that it should not be
constrained to single-line status with CP since the
management of the two companies is entirely independent from the other.
The ICC has recently granted
this request.
Limitation of Liability
Another difficulty that Canadian rail carriers have
had to face due to the U.S. Staggers Act is in the
area of limitation of liability.
The Staggers Act
allows individual rail carriers to negotiate specific limitations of liability with shippers as part
of the overall transportation rate agreement. There
is no longer the necessity of having uniform liability requirements, and it is conceivable that a
u.s. rail carrier will agree to a higher liability
with a larger shipper than it would with a smaller
one. In Canada, however, liability requirements are
still uniform, subject to General Order T-5 of the
CTC regulations. This means that there is a uniform
bill of lading for all Canadian rail transportation
that states that damaged or lost merchandise will be
the value at the time and place of shipment unless
another value is specified on the bill of lading.
The Canadian bill of lading contains a section that
states that all claims must be made in writing to
the rail carrier three months following the delivery
of the goods and that any legal action must be taken
within a year.
After the ICC had exempted fresh fruits and
vegetables from regulation in 1980, CP became aware
of the following inequitable consequences of this
aspect of U.S. deregulation.
A U.S. carrier was
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setting its own liability with certain shippers on
international movements that were much more stringent than the uniform bill of lading liability
imposed by Canadian law. Therefore, the shipper was
allowed to notify CP of its lost or damaged merchandise within three months of the delivery, whereas it
was prescribed from going against the U.S. carrier
after a few weeks.
Similarly, the U.S. shipper
could claim the value of the merchandise at the time
and place of shipment from the Canadian carrier,
whereas it could only claim a much lower amount from
the U.S. connecting line.
CP appealed to CTC to
rectify this situation and, in the interim, CP was
obliged to stop paying out U.S. freight claims.
CONCLUSION
In conclusion, CP believes that the Canadian National Transportation Act has provided a model for
certain pricing freedom elements to be found in the
Staggers Act. The Canadian experience has been that
railways are not often involved in prolonged regulatory hearings in order to obtain rate increases and
that they can adjust quickly to changes in the
competitive market.
Like U.S. railroads, CP must
establish its rates above variable costs.
Similarly, shippers that are dissatisfied with a rate
that they feel is excessive may apply to the CTC for
a roll-back.
The important dissimiliarity between
the Staggers Act and Canadian legislation is subjecting collective rate making to U.S. antitrust
laws.
CP feels that the ICC is ill-advised in its
belief that the restriction on collective ratemaking
in the United States will cause the lowering of rate
levels.
The Canadian railways were able to introduce selective ratemaking with the advent of the
National Transportation Act in 1967. They have used
pricing freedom so as to introduce seasonal rates,
unit train rates, and other rate innovations tailor-made to the shippers they serve.
The Canadian
railways are in a financially capable position today
because of this pricing freedom and CP hopes that
the U.s. government respects the Canadian legislation that has made this financial stability possible.
PUblication of this paper sponsored by Committee on Railroad Operations
Management.
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Road and Rail Freight Mode Choice: Application of an
Elimination-by-Aspects Model
W. YOUNG, A.J. RICHARDSON, K.W. OGDEN, AND A.L. RATTRAY

The Australian Railway Research and Development Organization is conducting
a study, and one of its objectives is to determine factors that affect freight
modal use. Part of this has included the development and calibration of freight
modal-choice models. The results obtained from the application of an elimina·
tion-by-aspects (EBA) model to this task are outlined. The theoretical back·
ground to the EBA model and the results of the model when applied to three
samples of shippers involved in regional freight transport are described. For
each sample, models are calibrated and, on the basis of attribute significance
and correlations, these models arc refined and recalibrated. Measures of elas·
ticity are then calculated for each attribute in the refined model. The results
of the model calibration are then discussed and are found to be plausible given
the nature of the shippers in each sample. It is concluded that it is possible to
use an EBA model for the analysis of freight modal choice. Areas of future re·
search are identified, and implications of the research results for railways are
discussed.

The Australian Railway Research and Development
Organization (ARRDO) is a cooperative venture between the five government railway systems of Australia and the federal government.
Its task is to
conduct research related to rail.
One of the current projects is concerned with freight modal competition; its goals are the identification of traffics in which rail can effectively compete with
other modes (especially road) and the examination of
factors that affect freight modal choice.
Most freight movements in Australia are not subject to regulation; interstate movements are unregulated under the Australian Constitution, and most
states have recently removed (or started to remove)
regulations on intrastate movement.
All four major
modes--rail, road, sea, and air--contribute to the
national freight task and, while many traffics naturally fall to one or another of these modes, there
are still substantial areas of competition. Perhaps
the major area of competition is between road and
rail for relatively long distance (especially interstate) movements of nonbulk commodities.
The clients for these movements include both the shippers
of the products who deal directly with a rail system
or a trucking company and the freight forwarding
industry.
The latter is well-established in Australia and acts on behalf of shippers and provides
complete door-to-door freight service, as well as
warehousinq, etc.: the industry is a major customer
of both road and rail.
One of the aspects of the ARRDO project on modal
competition was to develop and test freight modalchoice models.
As part of this task, the Transport
Group in the Department of Civil Engineering at
Monash University was engaged to investigate the
application of an elimination-by-aspects (EBA) model
to the analysis of freight mode share.
To undertake this analysis, data were collected
by ARRDO staff in two major corridors, namely,
Sydney-Brisbane (approximately 700 km apart--a wellpopulated corridor with several important cities)
and Adelaide-Perth (approximately 2500 km apart-very sparsely populated).
Interviews were conducted
with executives from a number of firms involved in
either freight forwarding or in the shipment of
goods associated with their own firm's operations.
These interviews yielded data, inter alia, on the
perceptions of importances and satisfactions (by
using a 100-point semantic scale) with respect to
nine modal attributes.
The interviews were divided
into two parts with each respondent.
First, for

both shippers and forwarders, there were a number of
general information questions that sought details of
the overall involvement of the respondent in the
movement of freight.
Second, forwarders were asked
a number of more detailed questions about freight
movements in specific corridors. Shippers were also
asked about specific corridor movements and, in
addition, were asked to respond for different commodities within each corridor.
More complete details of the study, including
copies of the questionnaires, may be found in Young
and Richardson C!.l and ARRDO (~) • This paper out1 ines some of the more important results from the
study.
In particular, it presents details of EBA
models constructed to describe the choice behavior
of freight shippers.
The results of models constructed for freight forwarders were found to be
inconclusive because of the small sample size for
this group of respondents.
THEORETICAL FOUNDATIONS OF EBA MODEL
Most existing models of transportation choice implicitly assume that each individual considers all
alternatives,
and each attribute that describes
these alternatives, before making a final choice.
In behavioral terms, however, this assumption is
perhaps unrealistic, especially in relatively complex choice situations where an individual may attempt to simplify the choice problem by eliminating
many alternatives and/or attributes from active
consideration.
Models that allow for the elimination of attributes can be described as attributesearch models, and this class of models includes the
EBA model, which is described in this paper.
Two features of such an EBA model are of fundamental importance. The first is that it is assumed
that, rather than considering all attributes ot an
alternative simultaneously in order to generate an
overall composite evaluation of the alternative, the
individual conducts a mental search of the attributes in a sequential fashion, proceeding from those
attributes
that
are
considered
most
important
through to those attributes that are considered
least important.
It may well occur. however. that
this search is not completed and that the individual
will make a choice before all attributes have been
considered.
The method by which this attribute
search is terminated is the second feature of such a
model.
It is assumed that at each stage of the
search (i.e., when each attribute is considered) ,
the level of the attribute for each alternative is
compared with a minimally acceptable level of that
attribute. If an alternative fails this test (i.e.,
the attribute level is less than the minimally acceptable level), then that alternative is eliminated
from further consideration.
If it passes the test,
it continues to be compared in the attribute search
with other remaining alternatives with respect to
the next most important attribute.
The search continues until all except one of the alternatives have
been eliminated.
The remaining alternative is then
considered to be the chosen alternative.
The basic difference between attribute-search
models and most existing models of transportation
choice lies in the discontinuous or noncompensatory
nature of the attribute-search model. Thus, whereas
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Figure 1. Venn diagram representation
of satisfactory attribute sets with
alternative-specific constants.

x and y (but not others), and xyz represents the set
of attributes that are satisfactory for all three
alternatives. The area of each part of the circles
is given by the sum of the importances over the
relevant attributes and may be denoted by I (set) •
In addition to those satisfactory attributes actually specified for each of the alternatives, it is
assumed that there also exists one set of unspecified satisfactory attributes for each of the alternatives.
These alternative-specific attribute sets
are mutually exclusive and non-zero.
The size of
these sets will be obtained through the calibration
process in the form of alternative-specific constraints. These constraints (or attribute sets) are
represented by Cxr Cy and Cz·

in a typical transportation choice model (e.g., a
logit model) an attribute that is unsatisfactory may
be balanced or compensated for by another attribute
that is more than satisfactory, such compensation is
not possible in an attribute-search model. This is
because at each stage of the search process all
alternatives with an unsatisfactory attribute are
immediately eliminated from further consideration.
The concept of sequential consideration of attributes has been used in many theories of information
processing (3-5), while that of minimally acceptable
levels of attributes is most notably postulated in
the many works of Simon (~rll in his expositions on
the concept of satisficing.
The application of
attribute-search models to transportation modeling
is, however, relatively limited with only a few
examples evident in the transportation modeling literature (~-11) •
The model developed in this study is based pr imarily on the EBA model described by Tversky (2_).
Thus, the EBA model described in this paper assumes
that the more important attributes have a greater
probability of being considered earlier in the
attribute-search process.
By allowing for individual differences, the probability of selection of
each attribute for examination is in proportion to
the importance of each attribute.
Thus, the most
important attributes are likely to be examined
first, but not necessarily so for any one individual.
Because of the probabilistic nature of the
attribute-ordering procedure, repeated applications
of the model for each individual will not result in
the same choice every time but rather will result in
a set of probabilities of selection of each alternative.
To avoid the necessity of actually simulating
this decision process on repeated occasions to
obtain choice probabilities,
it is possible to
express this model structure in the form of a
general mathematical equation [as first shown by
Tversky (5)].
The derivation starts with the representation of a three-alternative choice problem in
the form of a Venn diagram, as shown in Figure 1.
Each alternative is represented by a circle that
encompasses those attributes for which the alternative provides a minimally acceptable level of satisfaction.
The area that each attribute contributes
to the circle is given by the importance of that
attribute.
Thus, the total area of each circle is
given by the sum of the importances of those attributes for which the alternative provides a minimally
acceptable satisfaction level.
Areas of over lap between the circles represent
attributes that are satisfactory for two or more
alternatives, while areas occupied by only one
circle represent attributes that are satisfactory
for only that alternative. The sets of satisfactory
attributes may be represented by set notationi thus,
represents the set of attributes that are satisfactory for alternative x alone, xy represents the set
of attributes that are satisfactory for alternatives

To enable standardization of the importances, define K = E I(set) over all sets except xyz. Set xyz
may be omitted from
this summation, and from all
later calculations, because it contains attributes
that are satisfactory for all alternatives and that
therefore cannot eliminate any alternatives and
hence cannot affect the final choice probabilities.
How, then, could alternative x be selected in this
situation by using an EBA process? There are three
possible methods. First, x could be chosen directly
if any of the attributes in either set
or set Cx
were
selected
as
the
first
attribute
for
examination.
Since
neither
y
nor
z
have
satisfactory performance with respect to any of the
attributes in
or Cxr they would both be immediately
eliminated from further consideration, thus leaving
x as the only remaining, and hence selected, alternative.
Since the ordering of attributes for examination
is a function of the importance of the attributes,
the probability of the above event occurring is
given by

x

x

x

(!)

where P 1 (x) is the probability of selecting x by
the first method.
The second method of selecting x is to initially
consider an attribute in set
(hence eliminating z)
and then choose x over y in subsequent comparisons.
The probability of this event occurring is given by

xy

P2 (x) = (I(xy) · P(x I xy)] /K

(2)

where P 2 (x) is the probability of choosing x by
the second method and P (xi xy) is the probability
of choosing x in a comparison between x and y. This
latter probability may be given by
P(xlxy)= [Cx +J(x)+l(xz)]/[Cx +l(X)+l(xz)+Cy + l(Y)+I(YZ)]·

(3)

The third method of selecting x is to initially
consider an attribute in set
(hence eliminating y)
and then choose x over z in subsequent comparisons.
The probability of this event occurring is given by

xz

P3 (x) = [I(xz) · P(x I xz)] /K

(4)

where
P(x I xz) = [Cx + I(X) + J(xy)] /[Cx + I(X) + I(xy)

+ C, + l(z) + J(yz)]

(5)

The total probability of selecting x is given by
the sum of the three probabilities in Equations 1,
2, and 4 and may be expressed as
P(x I xyz) = [Cx + I(i1) + I(xy) · P(x I xy) + I(xz) · P(x I xz)] /K

(6)

Similar equations may be derived to obtain expressions for the probabilities of selection of each
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Table 1. Average importance and satisfac·
tion ratings for shippers.

Satisfaction
Importance

Road

Rail

Attribute

Avg

SE

Avg

SE

Avg

SE

Door-to-door transit time
Reliability of meeting arrival time at destination
Availability of capacity when required
Frequency of service
Freight rates
Avoidance of damage or deterioration
Avoidance of Joss or theft
Convenience of time of departure
Communication with respect to problems

76.4
84.0
78.5
76.7
86.2
82.0
76.7
66.0
85.0

1.89
1.30
1.52
1.56
1.36
1.77
2.02
2. 10
1.13

50.3
48 .6
63.5
62.7
58 .8
56.8
66.9
63.4
55.5

2.11
2.11
2.27
2.29
2.14
2.21
2.25
2.15
2.34

79.3
79.3
72.3
75.3
62.8
72 .8
78.7
78 .2
75.4

1.22
1.19
1.67
1.67
1.82
1.57
1.38
1.39
1.53

of the other alternatives. Thus, for any individual
for which attribute importance and satisfaction data
are available, it is possible to calculate the probabilities of selection for each of the available
alternatives.
The major problem remaining to be addressed is
the method by which minimally acceptable satisfaction levels are to be set.
This study uses a
"minimum-regret" criterion whereby attribute satisfaction levels are considered to be acceptable if
they lie within a specific percentage tolerance of
the maximum satisfaction level for that attribute
over all alternatives for that individual. Thus,

where
satisfaction with the kth attribute of
the jth alternative for the qth individual,
tolerance for the kth attribute, and
maximum satisfaction with the kth attribute for the qth ind ivid ual over
all j alternatives.
Thus, if satisfactions are measured on a psychometric scale of 1 to 100 and the maximum satisfaction for an attribute over all alternatives is 80,
then--assuming a tolerance of, say, 0.20--the remaining alternatives would be satisfactory if their
satisfaction scores were greater than or equal to 64
[i.e., (1 - 0.20) x 80].
The determination of the most appropriate set of
tolerances (Tk) is the task of the calibration
program, where tolerances are selected such that a
specified objective function is maximized.
Because
the output of the EBA model described above is a
probability of selection (see Equation 6), maximum
likelihood methods can be used to estimate (Tk).

in the study. The average importance of each of the
attributes as perceived by the total sample of 146
shippers is also presented in Table 1, together with
the standard error of the estimate of average importance.
It can be seen that most average importances are in the range of 75-85 (on a 100-point
semantic scale), with only convenience of departure
time being given the relatively low rating of 66 .
However, the total range of average importance is
not great, which indicates that in the EBA model the
order of examination of attributes will not, on
average, be particularly biased toward or against
any one attribute. For any one individual, however,
the difference between maximum and minimum importance could be greater, which indicates that the
importance scores could have a greater effect on the
order of examination of attributes for that individual.
Also given in Table 1 is the average and standard
error of the satisfactions for each of the modes.
Without exception, the road mode has a higher average satisfaction for each of the attributes than the
rail mode.
This is most pronounced for transit
time, reliability, and communication.
Only with
respect to freight rates does the rail mode approach
the degree of satisfaction expressed with respect to
the road mode.
Although the importance and satisfaction ratings described above do not provide clear
evidence as to the relative contributions of each
attribute to the choice process, they do provide
useful background information for the later interpretation of model results.
Initial Model Calibration

An EBA model was first calibrated for the sample of
146 shippers by using all nine modal attributes.
The results of this calibration are shown in the
table below (note:
* = significant at 5 percent
level):

MODEL RESULTS
Three of the models constructed in this study will
be discussed in this section.
Specifically, these
models are for the choice between road and rail for
(a) the total sample of shippers, (b) shippers of
manufactured goods, and (c) shippers of nonmanufactured goods.
The definition of manufactured goods
was taken from the Australian Department of Transport' s draft transportation freight commodity classification. By using this stratification, the total
sample of 146 shippers was split into 92 responses
from shippers of manufactured goods and 54 responses
from shippers of nonmanufactured goods.
Sh i ppers Mode l
Importance and Satisfaction Ratings
Table 1 shows the nine modal attributes considered

Attribute
Transit time
Reliability
Capacity
Frequency
Freight rates
Damage
Loss
Convenience
Communication

Tolerance
0.34
0.53
0 . 07
0.38
0.51
0.37
o. 71
0.37
0.70

-2.V.nl.
2.66
9.80*
19.66*
1.54
8.34*
17.72*
0 . 68
4.60*
1.92

The associated statistics that describe attribute
significance and model performance are as follows:
rail constant= 6, road constant= 31, L*(T) = -55.3,
L*(l.00) = -97.6,
-2.V.nl = 84.6
(significant at 5
percent level),
and
p 2 = 0.43.
Since maximumlikelihood estimation techniques have been used in
the calibration procedure, it is possible to use
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specific values of the likelihood function to test
both the overall significance of the model and the
significance of individual attribute tolerances.
In
particular, the generalized likelihood-ratio test
can be used (12) to test whether the estimated
tolerances are ~ignificantly different from 1.00.
In this model, note that the hypothesis that tolerances are equal to 1.00 is equivalent to that in a
logit model where coefficients are equal to zero;
i.e., in each case, the null hypothesis is that the
choice is independent of the values of the attribute
satisfactions.
The generalized likelihood-ratio statistic is of
the
form
A = max
L(w)/max
L(n),
where
A=
likelihood ratio, max L (w) = maximum of the likelihood function where M tolerances have been constrained
to 1.00,
and max L(n) = unconstrained
maximum of the likelihood function.
Wilks (13) shows that -21nA is approximately
distributed"""like chi-square with M degrees of freedom when the null hypothesis is true.
Therefore, if
-2R.nA
is greater
than the critical
value of
x'M (for a preselected significance level) then
the null hypothesis, in which the tolerances are
equal to 1. 00, may be rejected and the tolerances
may be taken to be significant.
In testing the
overall model, all tolerances are constrained to
zero (i.e., M = 9), whereas in testing individual
attribute tolerances only that tolerance is constrained to zero (i.e., M = 1).
Thus the critical
value of x 2 for the model (at the 5 percent level
of significance) is 16.92, while the critical value
of x• for individual attribute tolerances is 3.84.
An alternative test of the overall model is the
use of a pseudo-R 2 value termed the likelihoodratio index (14). This measure is calculated as
p 2 = 1- [L•(T)/L•(l.00)]

(8)

where L*(T) = R.n [max L(n)] and L*(l.00) = R.n [max
L(w)].
Since
the
unconstrained
log-likelihood
will
always
be
greater
than
the
constrained
log-likelihood (both being negative numbers) , the
ratio L*(T)/L*(l.00) will always be between 0 and 1.
The smaller this ratio, the better the explanatory
power of the model over the aggregate market-shareprediction model and, hence, the larger the value of
p2 •
However, although p 2 can theoretically vary
between 0 and 1, it has been noted by Hensher and
Johnson (12) that values of p 2 between O. 2 and O. 4
are considered extremely good fits.
In light of
this, the value of 0.43 obtained for the initial
model (see the table above) for shippers suggests a
significant overall model.
The tolerances associated with each of the attributes are also shown in the table.
These tolerances
specify the percentage shortfall from the maximum
satisfaction for an attribute before an alternative
is considered to be unsatisfactory with respect to
that attribute.
Thus, it can be seen that if the
satisfaction with transit time for an alternative is
within 34 percent of the maximum satisfaction with
transit time across all alternatives, then the lower
satisfaction is still regarded as acceptable. Obviously, attributes with lower tolerances will, ceteris paribus, have more effect on the final choice
because this lower tolerance will more readily classify the lower satisfaction as being unacceptable.
Before attributing any meaning to the tolerances,
however, it is necessary to ascertain whether the
tolerances are statistically significant or whether
they are merely the result of chance.
By using the generalized likelihood-ratio test
described earlier, the values of -2R.nA for each
of the nine modal attributes were calculated and are

shown in the above table.
It can be seen that four
of the attributes have insignificant tolerances in
this model (namely transit time, frequency, loss,
and communication), while the other five attributes
appear to be significant.
The final aspect of the results in this table
that needs explanation is the size of the alternative-specific constants estimated for the rail and
road modes.
It will be remembered that the alternative-specific constants have the function of
accounting for attributes that have not been explicitly included in the specification of the choice
model.
The size of the constants estimated in the
calibration procedure therefore indicates the bias
toward each alternative due to unspecified attributes.
By using this concept, it can be seen from
the table that there is a large bias toward rail by
shippers due to attributes as yet unidentified in
the model, whereas there is only a small bias toward
road in the same model.
Refined Model Calibration
To refine the model for shippers, the model was
recalibrated by omitting attributes found to be
insignificant.
That is, transit time, frequency,
loss,
and communication were omitted from
the
model.
The omission of these attributes is also
supported on the basis of correlation between the
attributes.
Thus, both transit time and communication were correlated with reliability and hence
their omission from the model should be in part
compensated for by an increase in the significance
of reliability. Similarly, frequency was correlated
with capacity while loss was correlated with convenience and damage.
The results of the recalibration of the shippers
model are given in the table below (note:
* = significant at 5 percent level):
Attribute
Reliability
Capacity
Freight rates
Damage
Convenience

Tolerance
0.46
0.11

0.43
0.37
0.05

-2R.nA
20. 84 *
20.54*
17.40*
21.48*
28.76*

The associated statistics that describe attribute
significance and model performance are as follows:
rail
constant= 26,
road constant= 3,
L*(T) =
-56.53,
L*(l.00) = -97.60,
-2R.nX = 82.14
(significant at 5 percent level), and p 2 z 0.42.
With
four attributes removed from the specification, it
can be seen that the model is still highly significant, as demonstrated by the very high values of
-2.v,nA
(82 .14)
and
p2
(0. 4 2) •
Moreover,
the
goodness-of-fit of the initial and refined models
are not significantly different at the 5 percent
level, as can be seen by using the values of L*(T)
from the two tables shown above and by calculating
the value of the likelihood-ratio statistic for the
comparison
between
the
two
models;
-2.V,nA
is
2.46, which may be compared with the critical x•
value for 4 degrees of freedom of 9.49. The significance of the individual attribute tolerances is,
however, greatly improved in the refined model ·w ith
all tolerances being significant at greater than the
5 percent level. In all respects, then, the refined
model can be seen as being highly significant.
Attribute Elasticities
Al though the significance of the overall model and
of individual attributes is a necessary statistical
condition in model building, it is not the final

Transportation Research Record 838

42

Figure 2. Attribute elasticities for total sample of
shippers.
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test of the model.
Ideally, the model should be
used to predict the results of a change in the system and to compare those predictions with observations of what actually occurs. This type of beforeand-after
study
is,
however,
rare .
It
is
informative, nonetheless, to use the model to predict what might occur if a system change was made.
A convenient way of examining these model predictions is by the calculation of attribute elasticities--that is, to calculate the change in the proportion
predicted
to
use
an
alternative
mode
consequent on a discrete percentage change in the
satisfaction level of an attribute.
In this study, arc elasticities are calculated by
complete enumeration, given increases of 1 to 10
percent in the satisfaction level of each attribute
for the rail mode.
The results of the elasticity
calculations are shown in Figure 2 for the refined
version of the shippers model.
Several features of
these elasticity curves are of importance.
It is
obvious from Figure 2 that the elasticity is not a
smooth function of the change in attribute satisfaction.
This is for two reasons.
First, because the
satisfaction ratings in the questionnaire were coded
to the nearest multiple of five, the elasticity
curve forms a step function as the increase in
satisfaction level reaches a new multiple of five.
Second, and more significant, the EBA model is
inherently discontinuous in nature.
Changes in
prediction can only occur when the satisfaction
level of an attribute crosses the minimally acceptable satisfaction level for that attribute.
In such
a situation, an alternative changes from unsatisfactory to satisfactory with respect to that attribute when satisfaction is rising and hence the
probability of selection or t hat alternative inc re a s es in a discontinuous way.
Two further points need to be made with respect
to
the
general
interpretation of elasticities.
First, the elasticities are predicted changes in use
with respect to changes in the satisfaction level of
an attribute. The distinction must be drawn between
changes in the satisfaction level and changes in the
physical level of the attribute.
For example,
doubling the satisfaction level with respect to
freight rates may not necess i tate halving
the
freight
rates
in
monetary
terms.
Similarly,
doubling the satisfaction with capacity may not
require the physical capacity to be doubled.
It is
therefore imperative that, before valid policy conclusions can be drawn, research be performed to
obtain relations between the physical levels of
attributes and the satisfaction associated with
these physical levels.

Second, given that such relations could be found,
it would then be possible to convert the elasticities with respect to satisfaction ratings to elasticities with respect to physical levels of attributes.
This, however, still falls short of the
policy objective to maximize the revenue increase
with respect to the resources committed to changing
the system.
rt is therefore necessary to determine
the resource input required to increase the physical
level of the different attributes by a specified
amount.
Only when the relations among resource
input, physical level of attribute, and satisfaction
rating are established, can the elasticities generated by the choice model be of analytical use in
policy analysis.
Shippers -of-Manufactured-Goods Model
By using the same procedure as outlined above, an
EBA model was calibrated on the sample of 92 shippers of manufactured goods.
Thus, an initial model
was calibrated by using all nine modal attributes.
On the basis of the significance of each of these
attributes in the initial model, and noting the
correlation between attributes, a refined model was
then constructed by using the attributes o f r e liability, freight rates, damage, and communication.
The results of this calibration are given in the
table below (note:
* = significant at 5 percent
level) :
Attribute
Reliability
Freight rates
Damage
Convenience

Tolerance
0.53
0.51
0.37
0.70

-2tn>.
21. 80*
8.14*
6.62*
9.54*

The associated statistics that describe attribute
significance and model performance are as follows:
rail
constant= 7,
road
constant= 4,
L*(T) =
-28.23,
L* (1.00) = -54.44,
-2R.nX = 62.42
(significant at 5 percent level), and p 2 = 0.53.
The
model is highly significant as shown by the high
values of
-2tn>.
(62.4)
and
p2
(0.53).
All
four attributes in the refined model are significant
at the 5 percent level of significance.
Importantly, the size of the alternative-specific constants are both very small, which indicates that
more of the variance in the data set is being explained by the specific attribute in the model, with
less reliance being placed on unspecified attributes
outside of the model. The elasticities for the four
attributes in the refined model are shown in Figure
3 for changes in the satisfaction with the rail
rnvd-c, wfiich va1.it:s I1.um l

Cu 10 t-Jen;ent.

It should

be noted that for communication, no line appears on
the graph (or at least it is not visible) because
for all percentage changes in satisfaction (up to 10
percent), there is no increase in the rail modal
share.
Shippers-of-Nonmanufactured-Goods Model
By using all nine modal attributes, an EBA model was
calibrated for the sample of 54 shippers of nonmanufactured goods.
In this initial model, only three
attributes
(capacity,
freight
rates,
and
loss)
appeared Lo l.Je :;l~ulflt:c1nt.
The refined 111odel was
calibrated by using these three attributes and the
results are given in the table below (note:
*
significant at 5 percent level):
Attribute
Capacity
Freight rates
LOSS

Tolerance
0.07
0.07
0.45

-2R.n;>.
12.02*
24.14*
3.44
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Figure 3. Attribute elas·
ticities for shippers of
manufactured goods.
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The associated statistics that describe attribute
significance and model performance are as follows:
rail constant= 15,
road
constant= 0,
L*(T) =
-23.99,
L* (LOO) c -37.20,
-2tnx = 26.50
(significant at 5 percent level), and p 2 = 0.36.
The
three-attribute model is significant as shown by the
values of -2tnX
(26.6)
and p 2
(0.36).
However, only two of the attributes (capacity and
freight rates) remain significant at the 5 percent
level.
The elasticities for these two attributes
are shown in Figure 4.
DISCUSSION OF RESULTS
Models have been calibrated for the total sample of
shippers and for two subgroups of this sample.
In
the shippers model, five attributes were found to be
significant:
reliability, capacity, freight rates,
damage, and convenience.
In the two models for the
subgroups, subsets of these five factors were found
to be significant.
Thus, for shippers of manufactured goods, reliability, freight rates, damage, and
communication were found to be significant, although
communication was later found to have zero elasticity.
For shippers of nonmanufactured goods,
capacity and freight rates were the only significant
factors. Within each of these subgroups, the elasticities of each of the significant attributes have
been shown in Figures 3 and 4.
For shippers of
manufactured goods, it appears that a change in
satisfaction with reliability is by far the most
effective way of increasing the rail modal share.
Changes in satisfaction with freight rates and
damage are much less effective while changes in
communication are completely ineffective within the

range of satisfaction changes investigated.
For
shippers of nonmanufactured goods,
a change in
freight rates is most effective in increasing the
rail modal share although both freight rates and
capacity have high elasticities.' . .
.
In interpreting these elasticities, several limitations must be clearly understood.
As noted earlier, the elasticities are with respect to changes
in the satisfaction rating of the attribute and not
with respect to the physical level of the attribute.
Also, the resources involved in making such
changes have not been considered.
Therefore, the
elasticities described in this paper should not be
confused
with
cost-effectiveness
measures
for
changes in each of the attributes.
Note also that
the elasticities produced in this study are for
increases in the level of satisfaction with the rail
mode.
Elasticities that correspond to decreases in
satisfaction with the rail mode may produce very
different results.
Given these limitations, it is useful nonetheless
to examine the modal attributes found to be important, particularly from the viewpoint of their
implications for railways in improving their market
share in competitive traffics.
The freight rates of rail relative to road are
clearly an important determinant of freight modal
choice.
For some commodities or shippers it may be
the dominant one but, for others, service factors
are also important and may outweigh any price advantage that the rail mode may have over the road
mode. The corollary is that if rail's level of service improves, higher rates will more likely be
accepted by rail's customers.
The reliability of transit time is of importance
to many customers.
Delays or uncertainty cause
costs to them in terms of delays to vehicles awaiting the arrival of goods for pickup, extra warehousing for buffer stock at the destination, managerial
time taken up in seeking the whereabouts of late
goods, and possibly lost sales.
Improvement of
reliability involves a series of initiatives on the
part of railways and the incidence of these is
likely to vary from place to place.
For example,
terminal throughput, mainline delays, shortage of
suitable wagons, and industrial disputes are all
likely to be relevant.
Solutions of these problems
include investment options (e.g., improvement of
mainline capacity, extra wagons, and improvement to
terminals), information options (e.g., wagon monitoring), and management options (e.g., fewer. indu~
trial disputes, consistency between systems in criteria for inspection, and red-carding of wagons).
Where damage or deterioration is of particular
concern to shippers, it is obvious that extra costs
may well be incurred by the user. causes of loss in
the railways include such elements as heavy shunting, mixing, or stocking of incompatible goods;
inadequate cleaning of wagon interiors; missing or
inadequate
paperwork;
pilferage;
mishandling
of
goods; etc.
Al though railways are aware of these
practices and seek to minimize them, improvements
are possible through such avenues as staff training,
improved management, or technological advances in
packaging or shipment, which includes greater use of
containers.
As with the reliability variable, the ability of
a transportation system to have sufficient capacity
to deliver goods when the consignee requires them is
an important feature of the system.
If suitable
wagons are not available, either unsuitable wagons
must be used, which possibly will increase the
chance of damage or further delay, or the dispatch
of the goods is held up.
Causes of these problems
may be an absolute shortage of particular wagons or
unavailability of wagons due to poor use or poor
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information about wagon locations.
Thus, solutions
lie in investment, which includes private ownership
of wagons and improved wagon-monitoring systems.
Although communication with respect to problems
did not emerge as being particularly significant in
any of the calibrated models, this feature was often
mentioned in the interviews conducted by ARRDO
staff.
Many shippers and forwarders reported that
their treatment by railway staff was not on a businesslike basis; forwarders in particular contrasted
rail attitudes toward them with forwarders' attitude
toward their own customers, where they had learned
the necessity of maintaining good relations with
their customers.
Other aspects include not being
told when things went wrong (for example, when there
was a delay), a lack of ability to supply requested
information (for example, about the expected time or
date of delivery of a particular shipment) , and an
inability to locate shipments in transit.
Improvements in these areas are in part in the nature of
delivery of information (e.g., through a comprehensive wagon-monitoring system) and in part in
terms of changed management practices or staff
training.
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Externality Issues and Coal Transportation
PHILIP R. SMITH

The search for domestic energy sources capable of meeting current and expected
energy demand has led to a reexamination of the potential use of U.S. coal resources. The changes expected in coal production and patterns of coal transport
during the 1980s is examined, existing and expected constraints on the road and
rail transportation of coal are identified, and criteria for the development of taxing and allocative mechanisms to mitigate transport-related externality problems
are proposed. The problems associated with coal transportation are seemingly
neither complex nor difficult to remedy because they do not involve insurmountable physical, technological, environmental, or economic obstacles. But closer
scrutiny reveals that the coal-transport issue comprises several unique societal
problem sets that are without a single policy solution that does not generate additional problems. To date, neither market nor state financial and allocative
mechanisms have provided a satisfactory answer to the politically charged question of who pays and who benefits from the transport of coal. It is concluded
that (a) allocative mechanisms can and should be tailored to the scope and character of each particular public coal-transport need; (b) the realization of national
policy objectives of increased coal production and energy efficiency is more
likely if the total cost of producing, transporting, and converting coal is passed
through to the ultimate consumer; and (c) the political acceptability of separate
highway and rail allocative mechanisms will tend to be reinforced by distinct
modal-related taxes even if the same tax mechanism is used in each of the two
types of coal-transport problems.

During the past decade the United States has experienced disruptive changes in the supply of fossil
fuels: Domestic production of oil and gas began to
decline, the importation of crude oil grew from
about one-eighth to one-half of total domestic oil
consumption, and the price of imported crude oil
grew about 15-fold. Although the nation's response
to the growing vulnerability to supply constraints
and the rising cost of fuel has been slow, new patterns of energy supply and demand are expected to
emerge during the corning decade.
The search for
domestic energy sources capable of meeting current
and expected energy demand has led to a reexarninat ion of the potential use of u. S. coal resources.
Whether coal can be a viable substitute for oil and
gas will depend ultimately on its acceptability and
pr ice per comparable unit of. usable energy. Because
coal is bulky, transportation costs represent a significant part of the delivered price.
Thus, this
paper focuses on the role of the nation's highways
and trains in either accommodating or constraining
the use of the abundant domestic stock of coal.
A comprehensive systems analysis of the role of
coal as an energy substitute for oil and gas would
raise such fundamental questions as (a) Does the
United States need coal and, if so, in what quantities? and (b) What, if any, responsibility does
government have in fulfilling the need for coal?
While such analyses should be undertaken before any
serious commitment to increasing coal production, a
complete systems analysis is beyond the scope of
this paper. The focus here is the consideration of
selected problem sets associated with the transportation of coal. More specifically, the question to
be investigated may be stated as follows (1): If it
is determined that increased coal production is in
the national interest, then what existing and potential limitations do U.S. highways and railroads
place on the movement of coal, and what are the possible policy resolutions?
In an effort to address
such questions, I will review the changes expected
in coal production and transportation patterns during 1980-1990, characterize existing and expected
highway and rail transportation externalities, survey policy options for alleviating coal-transportation bottlenecks, and advance policy criteria for
the development of taxing and allocative mechanisms

to mitigate coal-transportation externalities.
Externalities may exist where the price system
fails to register all of the costs or benefits associated with the production and consumption of certain goods and services.
This analysis seeks to
highlight societal costs associated with the transportation of coal and not directly borne by either
the suppliers or consumers of coal.
EXPECTED SHIFTS IN ENERGY-USE PATTERNS
An analysis of the capacity of the nation's transportation network to distribute coal must take into
account changes expected in the patterns of energy
use as well as regional shifts in the production and
consumption of energy. According to a 1980 preliminary report to the President by the U.S. Departments of Energy and Transportation (2), significant
changes in the patterns of energy u~ are expected
over the next 10-15 years.
Of the 73 quadrillion
British thermal units (BTUs) of energy consumed in
1975, 45 percent were consumed as oil, 21 percent as
coal, 28 percent as natural gas, and the remainder
were derived from other sources (e.g., nuclear and
hydroelectric).
By 1990 energy use is expected to
increase to 104 quadrillion BTUs, with oil accounting for 39 percent, coal for 30 percent, and natural
gas for 19 percent.
Al though coal production is expected to increase
in both the eastern and western regions of the
United States, the biggest increases are forecast
for the west. This has significant implications for
road and rail capacity within each coal-producing
region and along coal-transportation corridors. The
increased transportation of western coal, which is
moved by rail and water, is forecast to increase
sixfold between 1975 and 1990, while Appalachian
coal traffic will just about double.
Al though only minor domestic western coal transportation limitations are forecast before 1990, rail
capacity can be expected to be more strained in the
Powder River Basin in Wyoming and Montana on through
Nebraska to Missourii from Montana and Wyoming to
Superior, Wisconsin; and from Utah east and south.
The most serious constraints on the transportation
of eastern coal are expected to result from further
deterioration of coal-haul roads in Pennsylvania,
Kentucky, and West Virginia.
POTENTIAL COAL-TRANSPORTATION CONSTRAINTS
Given the regional patterns expected in coal production and movement, the greatest coal-traffic congestion over the next decade is likely to occur in the
western and rnidwestern regions of the United States
because of inadequate rail capacity and the externalities of increased coal-train traffic.
Although
the supply of rail capacity is beyond the scope of
this paper, note that the capacity issue prirnar ily
turns on whether the major coal-hauling railroads
will have adequate incentives to meet required net
investments in rolling stock, track, and fixed plant.
Rail-Related Externality Issues
Notwithstanding
the potential
for
rail-capacity
constraints on increasing coal traffic, the most
serious limitations on expanded coal-train traffic
are expected to result from the negative effects
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experienced by communities the coal trains will pass
through. The greatest public outcry can be expected
along the rail corridors for western coal. Although
the 1990 volume of coal traffic that originates in
the West will be only slightly higher than the coal
traffic that originates in the East, the coal-haul
patterns of the West will affect western and midwestern communities more than communities east of
the Mississippi. Most western coal moves the greatest distances by rail, whereas eastern coal moves by
modal combinations of truck, barge, and rail.
Although at present total units and volume of coal
that move by train are greater in the East than in
the West, by 1990 total coal ton miles by rail are
expected to be about 2.5 times greater in the West
than in the East.
Western coal will also tend to
travel fewer rail corridors for longer distances and
more frequently than eastern coal, on unit trains of
100 cars.
It coal-traffic projections for 1990 become a
reality, then community life for western and midwestern towns could be negatively affected in a
variety of ways.
These include the impedance of
highway traffic, the impedance of emergency vehicles, more road and rail accidents, the severance of
community services, fewer possibilities of economic
growth, and environmental deterioration that results
from increased noise, dust, and vibration.
In the
absence of viable policy resolutions, the affected
communities might take action that would impede the
flow of coal traffic and thus reduce the efficiency
of coal movement (}).
Coal-Haul Road Issues
Although railroads and barges dominate long-distance
coal moving, trucks play vital roles as collectors
and distributors. Although only 11 percent of total
coal moved is carried directly from mine to market
by truck, almost three-quarters of all coal shipped
is shipped by truck for a portion of the trip.
Trucks are particularly cost efficient for shortlived strip mines where it is too expensive to build
a rail spur to the mine. Moving coal by truck is of
special significance in the eight coal-rich Appalachian states that currently produce some 60 percent of the nation's coal. More than 75 percent of
the total miles of cc~l - h~ul ro~ds ~~e in thG eight
Appalachian coal-producing states i Pennsylvania and
Kentucky have 4 7 percent of the total of the coalhaul roads.
Currently, much of the eastern coal-haul road
network is in a deteriorated condition.
The transportation of coal over deteriorating roads entails
high operating costs, the operation of heavy equiprne1,t at lcw spe~d, higher accidit:tit raL~b, ill~yttl
overloads, deterioration of environmental quality,
and reduced safety and transportation efficiency for
the general public in the coal communities. Most of
the coal roads were not built to withstand the volume and weight of today's coal trucks.
Since 1959,
the average capacity of coal trucks has doubled and
by 1985 it is expected to be even greater.
Even though considerable attention has been devoted to existing and potential state and federal
constraints on moving coal by road, federal policy,
to date, has assumed that the problem is primarily a
state and local one.
Unfortunately, the states
whoc:;c cool houling roads are in the poorest condition have tended to allocate state and federal roadrepair funds to more densely populated areas, to the
detriment of the sparsely populated coal-haul communities.
In the absence of a program to construct
or reconstruct and maintain safe and efficient coalhaul roads, road deterioration is likely to make for
more expensive Appalachian coal, which has regional
and national implications.
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POLICY OPTIONS FOR REDUCING COAL-TRANSPORT
EXTERNALITY PROBLEMS
Although no single policy option can be expected to
alleviate coal-transportation externality problems
without some economic and political disadvantages, a
number of alternative financial and allocative options have been considered as possible remedies.
This section surveys several of the most frequently
mentioned policy mechanisms for reducing road and
rail problems.
Overview of Rail-Related Policy Options
Considerations of policy that would mitigate the
detrimental effects of increased coal-train traffic
on communities have produced a range of low- and
high-cost alternatives.
Included among the proposed
remedies are (a) the installation of safety devices,
(b)
the institution of staggered working hours
within the affected communities, (c) train scheduling to reduce congestion during rush hours, (d)
train separations to allow the passage of emergency
vehicles, (e) the relocation of rail lines to bypass
towns, and (f) land use planning.
The available
evidence (4) suggests that for some affected communities a- low-capital solution is possible.
For
other communities, high-cost remedies such as the
construction of rail and highway grade separations
would provide the most efficient means of avoiding
community traffic congestion and the impeding of
coal movement.
Unfortunately, as of now, there is
no local, state, or federal consensus on how to
finance the estimated $643 million to $2 billion
that would be required to build such grade separations (information from an unpublished draft report,
Costs and Benefits of Western Rail/Highway Grade
Crossing Improvements, Transportation Systems Center,
U.S.
Department of Transportation, January
1980).
Even though the coal-producing states are empowered to levy coal severance taxes [see Table l
(2, p. 73)], the state coal severance tax mechanism
does not provide an adequate remedy for the traffic
congestion problems of non-coal-producing "bridge"
states through which coal trains pass.
Several
western coal-producing states have enacted hefty
coal severance ta:ces thi:t have nc appa::cnt ration~lG
beyond increasing state revenue (.2_).
Montana's 30
percent coal severance tax was legally challenged by
a coalition of western mining and northeasternmidwestern coal-consuming interests.
In June 1981,
the U.S. Supreme Court upheld Montana's right to
levy the severance tax.
In effect, the Court ruled
that the state severance tax is not a restriction of
interstate commerce if a severance tax is "fairly"
applied to both in-state and out-of-state taxpayers. The question of what constitutes an excessive
state severance tax was not resolved by the court.
Coal-consuming interest groups that consider the
severance tax rates of Montana and Wyoming (17 percent) confiscatory have appealed to Congress to
limit the amount of state severance taxation of
coal.
Legislation has already been introduced in
the u.s. Senate to put a ceiling of 12.5 percent on
severance taxes imposed on coal mined on federal
lands (6).
Even - if the legal challenges were resolved, the
state coal severance tax mechanism does not provide
a uniform remedy for interstate coal-train problems. Since there are significant variations in the
financial needs generated by coal transportation
within each affected state,
some coal-producing
states are reluctant to use the state coal severance
tax to finance coal transportation improvements because of the potential impact on the competitive
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Table 1. Coal taxes and receipt distribution, by state.

Tax

Receipt Distribution(%)
Rate

State

Type

Cents per Ton

Alabama

s
s
s

13.5
20

Arizona

s

Sales

Colorado

s
s

proceeds)
5 .5 (income)
2
3

Maryland

s
s
s

15
0.2

s
s

38 (steam)
18 (met)

Tennessee

Texas
Utah
Virginia
Washington
West Virginia
Wyoming

75

lOOC
100<

80

5

4.25 (market

20

100

value)
6

47

100
100
82
30

20

47d
100°

35

Excise

North Dakota
Ohio
Oklahoma
Pennsylvania

100
25
100

60 (surface)
30 (deep)

s

NA

10ob

2.5 (gross

NA
Sales
NA
NA
NA

Montanaf
Nebraska
New Mexico

Other
1003

Georgia
Illinois
Indiana
Iowa
Kansas
Kentucky
Missouri

General
Fund County
100

I
Arkansas

Percent

s
s

65
4

s

20

0.93 (value)

NA
NA

97

NA
NA

s

1
5.5664
3.85
16.8

Otherk

s
s

91
91
62

18g
5oh

IOOi
3i

100
9
9
38

Note: S =severance tax, and I= income tax.

:state Dock Facilities Trust Fund . .
Educ1. 1lnn .
~ Mc»: l but not all receipts; the rest are unaccounted For.
lt ~.:ce 1uch and reclamation.
e FinaUC'i;ti the Miu ouri State Mine hiSJ)(l ction Dopu tment.

r Mont~n it allocate:s lls receipts as f(IUo ws (%): coal tax permanent trust Fund, 50.5; local impact and
t: d Ucoll.nn trust . ' 8.'J S; gia-m:ir~ f

rund.

p}.S; and vari ou;1. oth ~r U.&es, 12.25.

'Supporl1 lhc En~ rgy Resourcit:s. Doud.
ho u .nu; and lo:i.M to lmpac: la.d oomm uni.lie1 s.
J75 p<m::anl fro m 1Uip ·min e rcc»lama11o n, '2 5 percen1 ro r oil an d gas well plugging.

~::~~iJ::~~~l~:ii:t:Wurcc produ~flon.
position of coal in each coal-producing state. Some
bridge states have also considered a carrier tax as
a possible source of revenue for grade-separation
and grade-crossing improvements. Nebraska's carrier
tax, however, is currently under court challenge.
Several sources of federal funding have also been
proposed. The federal Highway Trust Fund can be and
has been used to assist states to construct grade
separations. But such assistance is likely to be
very limited unless states are given greater discretion in how to use the fund.
Currently, states do
not qualify for this assistance to construct grade
separations unless it is demonstrated that a crossing is unsafe.
Generally, grade separations have
had a poor cost/benefit ratio compared with other
existing highway safety measures.
The use of the Highway Trust Fund might also be
expected to lead to objections that highway users
are being forced to subsidize coal users.
State
gasoline tax proposals would tend to meet with similar objections.
Federal general-revenue financing has also been
mentioned as a possible source of financing for such
construction.
Although general-revenue financing
would avoid many of the difficulties associated with
matching revenue with specific needs, it would force
coal-transportation needs to compete with other
allocative demands. Thus, the continuity of funding
would be in question. The general-revenue tax mech-

anism also fails to meet the taxation principle--the
user pays.
Another possibility is the imposition of a federal coal severance tax similar to the existing
national severance taxes levied to fund black lung
and mine reclamation programs.
The national coal
severance tax, unlike the state severance tax, could
be imposed on coal uniformly and would influence
coal's competitive position vis-a-vis oil and gas.
The extent of the national severance tax effect
would depend on the size of the tax.
Another alternative often mentioned is a federal coal utility
tax (or coal converter tax) that would also meet the
user-pays principle by passing the transportation
costs (and all other costs) to the ultimate consumer.
Overview of Coal-Haul Road Policy Options
As previously indicated, the coal-haul road externality problems are concentrated in the eastern
coal-producing states.
The estimated cost of improving the entire coal-haul road system to the
standards of the American Association of State Highway and Transportation Officials could be as high as
$21 billion for the years 1977 to 1985. The total
cost would be less if road improvements are restricted to high volume non-Interstate coal-haul
roads.
Table 2 (l, p. 72) depicts the estimated
improvement costs by state.
Some eastern states have tended to subsidize
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Table 2. Improvement needs of coal-haul roads, 1977-1985.

State

Improvement Costs :
Full Standards'
($000s, 1977)

Improvement Costs:
Reduced Standardsb
($000s, 1977)

Alabama
Colorado
Illinoisc
Indiana
Iowac
Kansas
Kentucky
Marylandc
Missouri
Montana
New Mexico
New York
Ohio
Oklahomac
Pennsylvania
South Dakotac
Tennessee
Utah
Virginia
West Virginia
Wyomingc

536 289
42 049
192 614
810 651
287 150
151 435
4 404 499
469 939
673 885
12 828
164 028
418 119
I 307 774
217 612
7 072 163
11 472
620 674
144 186
317 386
2 699 974
54 337

61 054
3 468
36 982
70 226
55 133
26 863
844 709
90 228
151 063
7 000
56 401
1 637
175 561
41 782
I 748 205
2 203
96 727
107 425
33 539
331 522
10 433

Total

20 609 064

3 952 161

~Cost of improving the entire coal-road system to full standards.
Cost of Improving the high coal-truck volume non-Interstate system
roads with p:tymenc deficiencies to reduced standards.
cFederal Highw.ay Admlnh1tration estimates. All other values ere
based on state estimates.

their coal by failing to levy adequate coal taxes to
the building and repairing of coal-haul roads. Just
as t he state severance or gasoline taxes hold limited promise as remedies for coal-train problems,
such mechanisms are unlikely to offer the total
financial solution of the coal-road problem.
Federal funding through the Highway Trust Fund
could provide additional funding relief, subject to
modifications of regulations for the allocation of
fede ral- s t a te matc hi ng r evenue s for h i ghways , o r of
the federal aid apportionment ratios, which might
apportion funds according to coal-production or
transportation needs. However, the expected shrinkage of t he Highway Tr us t Fund c ombi ned wi t h t he
reluctance of the affected eastern coal-producing
states to exercise the political will necessary to
raise taxes and/or r e allocate highway funds according to the coal- road needs suggest that road problems will not be wholly overcome through the Highway
Trust Fund.
For coal- road improvements (as with coal- train
financing, and severance and utility taxes are
potential financing mechanisms.
However, the concentration of the coal- road problem in .three eastern
coal-producing states that have so far shown little
incentive to resolve the problem tends to complicate
the development of politically acceptable federal
tax and allocative mechanisms.
POLICY CRITERIA
The overviews of frequently mentioned policy options
for financing the solution of coal- transportation
P.Xl".P.rnal ity prnhlemf.I Rllggest the neecl to develop
specific criteria for the selection and assessment
of taxing and allocative mechanisms.
Although the
following discussion does not pretend to represent a
comprehensive analysis of all the important f inancial issues related to the alleviation of coalt ransportation externalities, it will, I hope, identify some of the considerations relevant to th e
formul a tion of er iteria for the allocation of fed eral funds.

Tax Mechanism Considerations
Any federal tax scheme designed to foster the transportation of coal should include, at a minimum, the
following:
facilitation of tax administration ,
equity of tax incidence, consistency of the tax with
national and regional objectives, and adequacy of
revenues generated (information from an unpublished
memorandum, Coal- Haul Impact Issues, Transportation
Systems Center, U.S. Department of Transportation,
November 16 , 1979).
A tax that meets the ease-of-administration criterion would tend to avoid a probable legal challenge, tax those who have the ability t o pay (e.g.,
the tax should be collectible) , and be relatively
simple to monitor; and the tax base and the amount
of the tax should be easily determined.
For example , if a natio nal coal seve rance tax wa s i mposed
on mine ope rators, the tax could prove hard to collect unless the ability of the mine operators to
shift the incidence of the tax was taken into consideration. A severance tax on mine operators would
also tend to be harder to collect and/ or audit than
a tax on coal converters (e.g., a utility tax) bec ause mi ne opera tors are mo re numero us and their
market entry and exit are more frequent than that of
utility firms.
A coal tax based on coal produced
can be easily administered since data on coal tonnage are easily obtainable. Conversely, total tonmile data for truck traffic from mine to tipple are
not generally available, and their use would therefore complicate tax administration.
Should the burden of coal-transportation taxation
be borne by producers, coal transporters, coal consumers, and/or others who directly or indirectly
benefit from a national increase in coal production
and use?
These and other tax-incidence questions
must ultimately be settled through the normative
judgments of policymakers.
If the chief criterion
is directly to relate the total costs of producing
and transporting coal to the consumer (user-pays
principle), the n the l evyi ng o f· a feder a l t ax o n
mine operators or transporters (e.g., a severance or
excise tax) may force some of the burden of the tax
on certain producers and transporters because they
may not be able to pass all of the tax t hr ough t o
the consumer. Conversely, a tax levied on an electric utility can be more easily passed on to the
consume r by an adjustment in the cost-of-service
mechanism. Thus, a coal utility tax is more likely
than a severance tax to shift the incidence of the
tax to the ultimate recipient of the benefit--the
consumer of electricity.
Th~
~~1~cti0~
of th~ ~o~!-tr:n~po~t:tion ta~
mechanism should also consider the balance of national and regional energy, economic, and political
objectives. For example, a severance tax levied on
mine operator s could depre s s coa l production if it
displaces marginal producers.
This could lower
national coal production and hurt the political and
business environments of a region. The coal utility
tax would not only be consiste nt with the user - pays
principle, but it would also tend to minimize political fallout since the increased costs would be
spread across large numbers of users. This is to be
contrasted with the f ede ral coal s everance tax where
the impact on certain re~ions or coal prnclt1cers
could be greater. Thus, the regional effects could
be more economically and politically disruptive.
In order to assure an adequate source of funding
to mitigate the problems related to coal traffic,
the tax mechanism selected should incorporate a
planned level and continuity of revenue that should
match funds with financial needs. Although all tax
mechanisms can g enerate too little or too much
revenue , some mechanisms are more revenue- to- needs
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balanced than others. For example, with a coal tax
levied at a fixed amount per ton, there is the possibility that inflation will erode the real dollar
value of a coal transportation fund. However, a tax
based on the value of the coal--such as an ad valorem excise tax or a sale receipts mechanism--would
incorporate inflation protection.
When evaluated against the policy criteria of
efficiency, equ ity, a nd cons i s te ncy with na t iona l
objectives r elevant t o coa l pr oduction, t he na t i o na.l
coal utility tax mecha nism offer s a c o mpa ra ti ve
advantage over the alternative tax mechanisms discussed. Even though the problems generated by highway and rail traffic have different physical,
geographic, economic, socia l, and political consequences, the coal ut ility tax has a balance of
characteristics necessary to internalize the external costs associated with each of these modes of
transportation.
Allocati ve Mecha n ism c o ns i dera tion s
The selection of an appropriate coal-transportation
tax should be considered in tandem with the choice
of allocative mechanisms that will result in a match
of coal-tax funds with coal-transportation needs.
The criteria for the selection of an allocative
mechanism should include some means for measuring
transportation-generated needs.
The adequacy of the
measure is somewhat determined by the mode of transportation and the characteristics of the need.
For
example, road and rail problems are different enough
to warrant separate allocative mechanisms.
The
needs concentrated in the eastern coal-producing
states could be estimated by some measure that relates damage to coal-haul roads with coal production
within a specific region or state.
Total coal tonnage produced might be considered an appropriate
measure for damage to coal-haul roads.
Most of the
damage to roads that result from the movement of
coal trucks is within the producing regions. Bridge
states are few in number and have insignificant
problems associated with coal-haul roads.
The needs associated with coal-haul roads are in
marked contrast with the needs created by coal
trains. coal-train externalities are not damage-tomode relatedi instead, the societal cost is manifested through the disruptions that ensue from the
coal trains that pass through communities.
Thus ,
total coal produced would not be a good measure of
the societal cost.
Indeed, the use of a measure of
coal tonnage produced (or a measure of ton miles)
would provide no funds to bridge states that produce
no coal.
The needs of coal-train-affected communities could be assessed by such measures as number of
trains, number of intersections crossed, population
density, volume of cross traffic, number of cities
affected, and value of affected property.
GivP.n the differences between road and rail externalities, consideration should be given to distinguishing the needs test for each respective
mode.
Thus, a total coal-tonnage-produced measure
might determine coa l -haul road needs, while the effect p r o d uc e d by coal trains could be evaluated by
the formulation of some type of community or state
needs measure .

out a single policy solution that does not generate
further problems. Thus, anticipated private or public solutions are quickly transformed into a search
for policy resolutions that will effect a balance of
allocative
efficiency,
financial
and
allocative
equity, and political feasibility.
The transportation of coal affects the public
traffic corridors of both the coal-producing and the
non-coal-producing
communities
(regions
and
states).
To date, neither market nor state financial and allocative mechanisms have provided a
satisfactory resolution of the politically charged
question of who pays and who benefits from the
transportation of coal.
Thus, federal intervention
seems to be the most promising way of responding to
the public needs created by the road and rail transportation of coal.
Previous discussions have suggested the merits of
tailoring the public allocative mechanism to the
scope and character of each particular public coaltransporta tion need.
National policy objectives of
increased coal production and energy efficiency are
more likely to be achieved in time if the total cost
of producing, transporting, and converting coal is
passed through to the ultimate consumer; the tax
mechanism most likely to achieve a balance of these
policy objectives is a national coal utility tax.
The political acceptability of separate highway and
rail allocative mechanisms would also tend to be
reinforced by a separate coal tax for roads and a
separate tax for railways, even if the same kind of
tax (e.g., a utility tax) is used for each of these
coal-transportation problems.
Finally, while the
foregoing discussion may have done more to reveal
the complexities of coal-transportation issues than
to make policy choices easier, the analysis will, I
hope, widen the area of informed judgment.
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CONCLUSIONS
On
the surface,
the
identified transportationrelated problems are seemingly neither complex nor
difficult to remedy because they do not involve
insurmountable
physical,
technological,
environmental, or economic obstacles.
But closer scrutiny
reveals that the coal-transportation issue consists
of several sets of societal problems that are with-
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Model for Management of Empty Freight Cars
VEENA B. MENDIRATTA AND MARK A. TURNQUIST

A model for the distribution of empty freight cars is presented. The perspective on empty-car distribution developed in this paper views the problem as a
lack of coordination between decisions made centrally for the railroad as a
whole and decisions made locally at individual terminals. Consequently, the
model incorporates interacting submodels-the network model and the terminal model- that represent activities performed by these two levels in the railroad system. The objective of the network model is to maximize profits over
the entire network, subject to the constraints imposed by empty-car supply
and demand. The terminal model is an inventory-control model that incorporates stochastic demands and lead times for delivery of empty cars. Coordination between the two levels is achieved through internal transfer prices
that reflect the opportunity costs of cars. The model can be used as a policy
evaluation tool by railroad central management and an operational tool for the
daily distribution of empty cars by terminal personnel. Tests of the model by
using data from a cooperating railroad indicate that it leads to distribution
decisions that reduce empty-car miles, empty trips, and empty-car days with·
out reducing the percentage of demand satisfied.

Rolling stock represents one of the largest capital
investments by most railroads but it is an asset
that is very poorly used in general (1).
For many
yea~s, the railroad industry has had difficulty
maintaining an adequate return on investment.
The
cost of owning and operating freight cars has been
rising rapidly, and continued low levels of use
certainly contribute to the financial problems of
the industry.
The focus of the research in this
paper is to improve the empty-car distribution
process in order to achieve higher levels of car
use.
Empty-car distribution is the process of
controlling the flow of empty cars from the time
they are unloaded to the time they are placed for
the next load or delivered off-line.
On many railroads, the primary responsibility for
empty-car distribution is at a relatively local
level. Often, major decisions are made by managers
at individual terminals.
Poor service reliability,
fluctuations in car supply and demand, and the
absence of terminal management accountability for
the costs of empty-car time and movement lead to
ineffective car management.
In times of car shortage, overstocking of empty cars at terminals that
te.<miuate moi::e ti::affic than they originate is observed . This is an important symptom of a general
problem.
Terminal managers are faced on the one
hand with a need to satisfy uncertain shipper demands for empty cars. They perceive very clearly a
cost (at least a subjective cost) of not being able
to meet those demands.
On the other hand, they
generally are not financially accountable for the
time and cost of cars held in their yards.
In such
a situation, it is quite understandable that terminal managers hold more cars than necessary, and this
tends to reduce the effectiveness of car distribution and degrades car use.
In times of car surplus, many terminals have more
empty cars than they need and tend to dispatch them
to another location to "get them out of their way."
This leads to excessive empty-car mileage.
An important element of a solution to this problem is to make terminal managers more aware of the
opportunity costs of decisions made on distributing
empty cars.
In particular, the opportunity cost of
holding an empty car is the cost of foregoing the
opportunity to use the car somewhere else in order
to hold it where it is currently.
In times of car
surplus, this cost may be zero.
Conversely, when
cars are in short supply, this opportunity cost may
be substantial.
If it is larger than the movement
cost of repositioning the empty car, it should be
moved to accept a new load.
The opportunity cost

reflects the fact that the value of an empty car is
a function of when and where it is available for
use.
If the opportunity costs of empty-car time
appeared in the accounts of the terminal, there
would be an incentive for terminal managers to use
this resource more efficiently.
The determination of the opportunity costs for
empty cars must be done at the central, or corporate, level.
This is because the value of empty
cars depends on activities that occur over the
entire network. However, complete centralization of
empty-car distribution decisions
is not always
desirable.
These decisions must be communicated to
the terminals and then implemented at that level.
The implementation of car-distribution decisions is
likely to be more effective if the terminal managers
play an active role in the decisionmaking process.
MODEL OVERVIEW
The approach taken in this paper is to (a) recognize
that certain decisions can be made at each level
(corporate and terminal) and (b) provide a mechanism
for coordinating those decisions.
This has been
accomplished by creating a system model that incorporates interacting submodels that represent activities at two levels in the railroad: (a) the central
decisionmaking at corporate headquarters that concerns movements over the total railroad network (the
network model), and (b) the inventory-sizing decisions at individual railroad terminals (the terminal
model),
The objective of the system model is to
maximize profits for the railroad subject to the
constraints imposed by available empty cars, shipper
demands for empty cars, and institutional requirements. An important aspect of the model is that it
functions even when there is an overall shortage of
empty cars in the system.
In order to achieve system optimality, there is
an iterative exchange of information between the
network model and the terminal model.
The network
model determines internal transfer prices tor empty
c a r s that are input to the terminal model; the
terminal model uses these prices to determine orders
or releases of cars. These orders and releases are
input to the network model for recomputation of
transfer prices.
This cycle continues until the
results of the two component models are consistent.
Optimality, in this context, means that the
transfer prices produced by the network model result
in a pattern of orders and teleases among the various terminals in the network that, when input to the
network model, reproduce the same prices.
The
solution is optimal in the sense that it maximizes
net contribution to profit, given the various input
parameters to the model system as a whole.
If this type of model were implemented, the
transfer prices for empty cars produced at the
optimal solution would provide one important input
to the decisions of terminal managers regarding the
ordering or release of empty cars .
The distinction
between the terminal model and the terminal manager
must be emphasized. The model is intended to be an
aid to decisionmaking at the terminal, not to replace the manager.
The person who makes the decii;;ions could cons ider aspects of the situation not
reflected in the model and might choose to modify
the recommendations of the model.
This is another
advantage of the methodology developed: The manager
can examine the effects on costs of his or her
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Figure 1. Information flow for car distribution by using
the model.
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modifications.
By feeding the modifications back
into the model, the effect on the individual terminal and on the rest of the system can be studied.
In addition to transfer prices, the network model
produces a pattern of empty-car flows (i.e., where
to distribute cars) over the network.
When the
optimal solution has been reached,
these flows
provide a basis for car distributors' decisions to
reposition empty cars.
They also could be modified
as necessary to meet special conditions not reflect ed in the model. Again, the model provides the
ability to trace out the costs and effects of modifications.
Figure 1 illustrates the structure of the model
and how the mod el results could be used by railroad
terminal management and
car distributors.
The
following sections describe the network and terminal
models in more detail.

NETWORK MODEL
In the context of the empty-car distribution problem, the divisions are interdependent because the
empty cars at the supply terminals are used to meet
orders at the demand terminals.
The network model
is a price-directed decentralized resource-allocation procedure.
It provides a mechanism for the
central railroad management to determine transfer or
shadow pr ices for empty cars.
Mathematically, the
network model can be formulated as a decomposable
optimization problem with a structure similar to
that of the so-called transportation problem.
There is a substantial history of formulating
empty-car distribution problems by using network-optimization models based on the transportation problem (l-.!l.
These models have met with limited
success. The most obvious reasons for this are that
they are static and deterministic models,
they
impose complete centralization of decisionmaking,
and they do not function well when cars are in short
supply. By incorporating appropriate price i~forma
tion and by constructing the network model to emphasize decomposition, we are able to overcome the last
two of these difficulties.
The incorporation of
stochastic and dynamic effects is an important
aspect of the terminal model, which is discussed in
the next section.
The network model functions in the following
way.
Headquarters (the master problem) determines
tentative prices for the common resources (empty
cars) and transmits the prices to the divisions
(subproblems).
Each
subproblem
determines
the
desired number of empty cars for a particular termi-

nal at the given prices ana transmits that information to the master problem.
The prices are then
adjusted to reduce prices of the resources in excess
supply and increase the prices of resources for
which there is excess demand.
This iterative exchange of information is continued until an optimal
solution is found.
The objective of the network p r oblem is to mini mize the sum of transportation, inventory holding,
and shortage costs over all terminals.
The transportation costs refer to the cost of moving empty
cars between supply and demand nodes.
The shortage
costs are the opportunity costs of unsatisfied
demand at a node.
r n the long run, the inventory
holding costs would equal the ownership costs of the
equipment and would depend on the interest rate,
depreciation rate, and market price o f a car.
However, in the short term, the overall fleet size
is fixed.
Therefore , the cost of holding an empty
car on a g·iven day is the marginal value (s hadow
price) of the car at its curren t location.
The
shadow pc ice is a function of the overall supply and
demand for cars on that day and of the locations of
those supplies and demands.
Given the variable costs of empty-car dis tr ibution, the network problem may be stated as follows:
minimize
(!)

subject to
n

i~I Xii.;; Dj

j : l, 2, . . . , n

(2)

i : 1 , 2, ... , n

(3)

n

iEi

Xii " Sr

Xii ;;. 0

for all i-j pairs

(4)

where
Xij
Cij
Rj

Dj
Si

flow of empty cars from node i to node j,
unit tcansportation cost from node i to
node j,
revenues per carload that originate at
node j less the transportation cost of the
loaded trip from node j,
gross demand for empty cars at node j, and
gross supply of empty cars at node i.
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Note that each terminal is potentially both a supply
node and a demand node and that
X;;

n

(Di -i~l Xii)= unsatisfied demand at node j, and
n

(Si -i~l Xii)

=surplus cars at node i.

The model, as formulated above, is capa.ble of solving the prdblem for one car type.
7\lternatively,
the model can easily be formulated as a multicommodi ty-type optimization problem by
including the
supply and demand constraints for each car type and
capacity constraints for each i-j link in the rail
network.
Capacity constraints at a yaid can be
incorpoi::a·ted in the model by adding links to the
network that represent the yard.
It is assumed that a demand node cannot use any
cars in e xcess of its requirements. If demand node
j receives fewer cars than it demands, it incurs a
s hortag e cost equal to Rj ·
The opportun i ty cost o f holding cars is the dual
variable associated with each of the supply constraints (Equation 3).
I f thei:e is a su r plus of
cars at node l, the c orresponding c onstraint is
s lac k and the dual variabl e, or shadow price, is
zero.
This implies that in times of sucplus the
marginal cost of holding a car is zero.
By deleting the constant terms and by changing
the sign of the objective function, the network
problem may be rewritten as follows:
maximize

E l\

i=lj=l

(RJ - C··)X··
lJ
IJ

n

Xii < Di

~;

;. 0

< S;

(11)

0

where ui is the dual variable that corresponds to
the ith supply constraint in Equation 7 and is the
transfer price for cars at terminal i computed by
the master problem.
The linearity of the divisional subproblems
implies that their solutions will be at extreme
points of theic feasible sets. TO ensure an overall
system optimal solution, the mastei: problem (headquarters) must create weights to apply to the various subproblem solutions ( 5 ,, 6 J •
The point to be emphasiZed here is that headquartecs actually makes the final decision by issuing orders to the terminals on the number of cai:s to
be shipped or ordered. From an organizational point
of view, this breakdown of the decentralized decisionmaking structure presents problems of enforcement and motivation of division managers.
These
problems can be overcome by modifying the nature of
the decomposition model.
Jennergren <l> has developed a method that allows
the divisions (terminals) to make their own calculations of resource requirements that are both locally
optimal and system optimal. This allows lower-level
managers to retain decisionmaking cesponsibility
rather than simply being allocated resources by
central. management (headquartei:s).
The basic idea
of this method is to suppl y terminals with a set of
transfec price schedules instead of resource allocations.
The price schedule given to subproblem
(terminal) j for cars from terminal i is of the
following form:
(12)

where
j = 1, 2, ... . n

(6)

i = 1, 2, ... , n

(7)

n

i~I X;j

;>

(5)

subject to
l ~t

(JO)

for all i-j pairs

(8)

This problem is similar in structure to a ti:ansportation problem without the requirement that

price at which terminal j may order empty
cars from terminal i,
number of empty cars ordered (Zij ;.
0)
by terminal j from terminal i or delivered
(zij < O) to terminal i,
optimal solution fcom problem in Equations 5-8 for a given set of Dj and Si
values,
optimal dual variables (shadow prices)
associated with constraints (Equation 7),
and
k = arbitrary po~itive constant.

Consequently, the inequality in the set of demand
constraints (Equation 6) is "less than oc equal
to".
This implies that it is not necessary to
satisfy all the demand in the system even when empty
cars may be available.
Demand will be satisfied
only when it is profitable to do soi that is, when
!:!!\•!!n•_,.,.,, exceed variable cos t s .
This can also be

The derivation of the form of these price schedules
may be found in Mendiratta (8).
Note t hat because the prlce schedule is a function of the number of cars ordered or released by
t~e
terminal, the individual subproblems become
quadratic rather than linear.
The structure of
these modified subproblems is discussed in the next

seen from the coefficients of

:section.

th a objective .f U!'c-

tion. Since the objective function is being maximized, Xij ;. 0 only if Rj > Ciji that is,
only if the net revenue from loading a car at node j
is greatec than the transportation cost from node i
to node j.
The problem expressed in Eq·uations 5-8 may be
decomposed by d i visions.
The subproblem to be
solved by each division j is given as follows:

Operationally, the model works as follows.
An
initial set of Si and Dj values is assumed, and
the linear pcogram in EqQations 5-8 is solved. This
yields a so1.ution vector of Xij" and dual variables Ui *.
These values are used to specify Pij
as a function of l!:ij.
This function is used in
the subt>coblems (terminal model) to compute the
optimal Zj* (~ t Zijl f or each terminal j.
If
i

maximize
(9)

subject to

Zj* < O, node j is a net supply node, and we set
Sj • -zj * > 0 , i t is a net demand node, and we
set Dj a zj *.
The set of s a'nd D values are
then input to the network model for the next i teration, unless they are essentially unchanged fcom the
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previous iteration, in which case the process is
terminated and the optimal solution reported.
The exact mechanism by which the terminal model
uses the ·Pij functions to compute Zj* is discussed in the following section.
TERMINAL MODEL
Inventory-sizing decisions by terminal managers with
respect to empty cars impact all aspects of railroad
operations.
Each day the terminal manager makes a
decision on the number of cars to order or release
to other terminals.
A related question is when to
place the order so that future demands are satisfied. The inventory-sizing problem at a terminal is
different from the standard inventory-control problem in at least one important aspect:
A terminal
may have a surplus or deficit of empty cars on any
given day and the terminal has the option of disposing or ordering cars to correct the situation. This
has been a major consideration in developing the
terminal model, which is basically an inventory-control model that incorporates stochastic demands and
lead times for delivery of cars.
In its basic
concept, this model is similar to that developed by
Philip and Sussman (9), although the details of the
formulation are substintially different.
The
inventory-control problem at
a
railroad
terminal, with respect to the distribution of empty
cars, requires determining the number of cars to
order at a demand node or the number of cars to
dispatch from a supply node.
Inputs to the system
are the supply of empty cars available at the terminal, the demand for empty cars at the terminal,
outstanding orders of empty cars, expected arrival
time of outstanding orders, delivery time associated
with orders, and car holding, shortage, and buying
or selling costs.
In general, the inventory balance equation is of
the form:
x(t+l) = x(t) + x,(t)- xd(t)

(13)

where
x (t+l)
Xr (t)

xd (t)

net inventory at beginning of time period
(t+l) or at end of time period t,
cars received or released by shippers
during time period t from previous
orders, and
cars dispatched during time period t to
shippers or to other terminals.

The objective of an inventory-control model is to
determine an operating policy or rule for the decision variable z(t)
(number of cars to order or
dispatch in time period t), such that the total
expected costs are minimized over the planning
period.
Only costs that vary with the operating
rule are included in the objective function.
The
relevant costs for the empty-car distribution model
are described below.
Holding Cost
The holding cost (in dollars per car per day) is the
cost of carrying inventory.
In the long run, it is
the ownership cost of equipment, a function of the
replacement cost of a car, the interest rate, and
the equipment depreciation rate.
In the short run
(the case of interest to us) , the amount of equipment is fixed and it is the opportunity cost of
holding a car at a terminal.
This cost is the
shadow price Ui* associated with the supply constraints of the network model described above.

Shortag e Cost
The shortage cost (in dollars per car per day) is
the cost incurred by a terminal if a demand occurs
when the terminal is out of stock of empty cars.
Unsatisfied demands are assumed to be back ordered.
The shortage cost per day at terminal j, CjP, is approximated by
C/ = [(R; + W;) t.)/365

(14)

where
Rj

net revenues per carload (revenue less the
cost of the loaded trip) that originates at
terminal j,
value per carload of the goods to be
shipped, and
annual interest rate on capital.

Wj
~

~j

and Wj can be adjusted per i od ically, depending on the type of commodities s·h.tpped, to account
for the changing mix of shipments from a terminal.

Orde.r/Release· Co st
The major components of the order/release cost (in
dollars per car) are the cost of ordering (or releasing) the car, computed from the price schedule
described above, and the transportation cost Cij•
There are other cost components, such as the costs
of actually processing the order.
However, these
are relatively minor and are not included in the
model.
The purpose of developing a mathematical model of
the inventory system is to determine an operating
rule.
The criterion for selecting the operating
rule is the minimization of costs summed over the
planning period.
The costs in time period t are a
function of the net inventory at the end of the
period ·x(t+l) and the number of cars ordered or
dispatched in the period z(t).
If f[x(t+l), z(t)]
denotes the costs of holding inventory or back
orders and buying or selling cars in time period t,
the problem is to determine an optimal value for
z(t), t = 1, ••• ,T, such that the performance criterion is minimized:
T

1 1

J = E { ~ f [x(t+l), z(t)]}

(15)

where
T
f

planning period over which J is computedi
function of x(t+l) and z(t) derived from the
car holding, shortage, and order/release
costsi and
E{} = expected value.
The expected value of costs is minimized because, in
general, x(t) is not deterministic.
If it is assumed that the performance criterion
includes linear and quadratic terms for the state
variables x(t) and control variables z(t), then it
is possible to formulate the inventory problem as an
optimal-control problem and use standard results
from optimal-control theory.
For problems of this
type the optimal operating rule is a continuous
linear function of the state variable (10).
For the case where firstand second-order terms
are included in the performance criterion, the
optimal-control law for a linear stochastic system
is given by Kleindorfer and Kleindorfer (11):
z0 (t) = -G(t)X(t)-(1/2)W 1 (t) C '(t)

(16)
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Figure 2. Model test results, as percentages of observed results.
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where x (t)
equals E{X (t)
Ut}
is the best
estimate of state X(t) at the tth instant and is the
vector of net inventory of empty cars and empty cars
in transit with respect to a terminali and G(t),
H- 1 (t), and C' (t) are the output of the optimal
feedback control algorithm.
The optimal feedback control algorithm for stochastic linear systems is a set of recursive relations for solving an optimal-control problem for a
given time period by using dynamic programming. For
a more complete description of the algorithm and its
application to the
inventory-sizing problem at
terminals, see Mendiratta (~).
The assumption of a quadratic performance index
is not restrictive because any cost function can be
approximated by a second-order Taylor - series expansion to yield the desired form.
The advantage of a
model of this type is that the same model is applicable to both supply and demand nodes.
The model
output, z0 (t), is returned to the network model as
the net supply or demand for this terminal in the
given time period.

The model is not overly sensitive to changes in
either the price schedule parameter or the interest
rate used in computing the shortage costs due to
unsatisfied demand.
We recognize, of course, that
the improvements attainable in an operational setting may not be as dramatic as these test results
suggest.
Running an optimization model with observed data after the fact should generate better
results than those attained in practice. Day-to-day
decisions must be made with partial and imperfect
information, and hindsight inevitably is sharper
than
foresight.
Nevertheless,
the experimental
results certainly indicate the potential usefulness
of this model as an aid in making car distribution
decisions.

MODEL TESTING

Simulation o f Empty-ca r Movemen ts

The empty-car distribution model has been tested in
two ways.
First, a series of experiments have been
conducted by using hypothetical data to observe the
sensitivity of the model to various input parameters. A second form of testing has been to compare
model output with observed performance on an existing railroad system. The following measures are the
basis for analyzing the results of the experiments:

In the simulation of empty-car movements, the model
would provide both an evaluative tool tor management
to assess the effectiveness of current procedures
and a planning tool to help design improved distr ibution procedures.
This use of the model requires
that central management obtain the necessary inputs
and operate all the components of the model.
Over
time, management could compare the output of the
model with observed empty-car movements in the
system. Model output could also be used to develop
operating guidelines for terminal personnel.

1. Number of empty trips,
~. Nurnbe.L of empty-car miles,
3. Number of empty-car days, and
4. Percentage of demand satisfied on time.
A comparison of test results with the observed
performance at a railroad indicates that model
performance is much superior with respect to minimizing empty-car miles, empty trips, and empty-car
days--all important measures of car use.
With
respect to demand satisfied, the performance of the
model is comparable to performance in the real
system.
These results are shown graphically in
Figure 2.
The implication is that equivalent service quality could be provided at much lower cost
through use of the methods for car distribution
described in this paper.

USES OF

THE MODE[,

The ideas embodied in the empty-car distribution
model could be used by a railroad in two different
ways:
simulation (test and evaluation of potential
improvements) and operational use.

Ope r ati onal Imp lemen tatio n
In using operational implementation, central management would operate the model daily to obtain opportunity costs, or transfer prices, for cars at each
terminal.
This information (the price charged to
the terminal for the use, or ordering, of an empty
car on that day) would be sent to each terminal.
Similarly, a terminal with surplus cars would receive a credit for each car that it dispatched to
another terminal.
The terminal manager's decision
on ordering or dispatching cars would be made on the
basis of the current price, in addition to other
information currently used, such as shipper demand,

SS
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expected supply of empty cars, and backlog of demand. Central management could also make available
to the terminals the operating guidelines developed
by using the model as a simulation tool.
A very important by-product of operational implementation would be the daily documentation of the
costs of system shortages and surpluses. This could
serve as input to decisions regarding disposal or
acquisition of cars in the long term. By using this
information, a railroad could develop a relation
between fleet size and the volume of demand that can
be satisfied over a given network and flow pattern.
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Where Does the Energy Go? A Simplified Perspective on
Fuel Efficiency in Rail Freight Transportation
JOHN B. HOPKINS

The potential impact of measures intended to reduce fuel use in the operation
of mainline freight trains can often be bounded or approximated by relatively
simple calculations. In some cases, this may be sufficient to reject options that
are intuitively appealing but actually offer very small gains, thereby avoiding
expensive simulation or measurement programs. When a potential conservation
measure is found to have sufficient promise to warrant detailed examination,
preliminary estimates can ensure that further efforts are well-founded and
properly structured. In this paper, a standard train-resistance equation and
industrywide aggregated data are used to assess the effect of various equipment
characteristics and operating scenarios on fuel use for a baseline case (a 4700ton, 66-car train traveling at 40 mph I in order to develop useful approximations. Emphasis is on examination of the specific physical mechanisms associated with dissipation of energy in the movement of trains. Topics considered

include car weight and aerodynamics, radial trucks, locomotive idling, powerto-weight ratio, track structure, stops, operating speed and variations in speed,
and coasting strategies. Quantitative estimates of fuel-consumption impacts
are presented for each factor in terms of the baseline train. Extension to other
cases is facilitated by presentation of data and general formulas. One noteworthy finding is that locomotive efficiency factors and train resistance account for only half of the fuel actually consumed; the major portion of the
remainder appears to be dissipated in braking and, to a lesser extent, in overcoming curve resistance.

The rapid increase in fuel costs in recent years has
dramatically increased the importance of minimizing
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energy use in transportation.
For the railroad industry, fuel costs now represent approximately 13
percent of total operating costs, as compared to 3.6
percent in 1970 (1).
Evaluation of equipment and
operational alternatives to reduce petroleum consumption has become a matter of great importance.
However, many interacting factors affect fuel eff iciency and in practice the process of assessing conservation options often leans toward one of two extremes:
(a) intuitive judgments or (b) elaborate
and expensive computer modeling and in-service measurements.
The former approach is highly variable
in accuracy and often lacks sufficient credibility
to be useful. Simulations and measurement programs
are generally more convincing but can be very expensive, thus limiting their usei and even then
validity of the results will depend on the degree to
which the basic subject is understood and all relevant effects are considered.
Subtle but critical
factors, such as variation of diesel locomotive efficiency with power and speed, are often not included in computer models or may be approximated in
a manner sufficient in accuracy for most cases but
not adequate when the conservation option focuses on
those aspects. Both simulations and in=service measurements impose severe constraints on the user in
terms of controlling all variables or having information sufficient to compensate for variation.
For
example, fuel use is strongly related to speed.
Implementation of a locomotive modification (on a
computer model or a real train) may produce, as a
by-product, a reduction in average speed, and the
improvement found may in fact be due to the slower
operation rather than to the equipment modification.
In the assessment of conservation options, difficulties associated with oversimplification or with
excessive complexity can be greatly lessened by
understanding the various physical processes by
which fuel energy is transformed into useful work or
dissipated as heat.
Fuel can be saved only by affecting these processes.
Once they are analyzed,
simple back-of-envelope calculations may provide
estimates of potential savings that are sufficient
for decisionmaking, particularly when the conclusion
is negativei they will almost always be helpful in
focusing and structuring simulation studies or
revenue-service testing.
In this paper, results are presented that relate
fuel consumption to a variety of rolling stock and
operational characteristics. Baseline scenarios and
induRtrywide data are used to provide simple analytical expressions and quantitative results for typical cases.
In general, extrapolation to other
assumptions or circumstances will be a simple exercise.
Topics considered include car weight and
aerodynamics,
radial
trucks,
locomotive
idling,
power-to-weight ratio, track structure, stops, operating speed and variations in speed, and coasting
strategies. It is hoped that the material presented
here will be of value to railroads and others
invol\•ed !n the p:elimina:-j.• a:;ses::ment of fuelconservation options for rail transportation and in
structuring sophisticated analysis and measurement
efforts. Of course, impact on fuel use is only one
of the consequences of most alternatives.
Evaluation of the desirability of a particular course of
action must include consideration of overall cost,
safety, environmental effects, service impacts, and
institutional constraints.
WHERE DOES THE ENERGY GO?
At its heart, the problem examined here is a simple
one.
From the physicist's point of view, the fuel
consumed by a diesel locomotive in moving a train
from origin to destination is used to create heat by

a variety of means and, i f the destination is at a
different elevation than the origin, to change the
gravitational potential energy of the train.
The
change in potential energy is not normally within
our control.
(In some cases, this can be significant.
The work done against gravity in raising a
5000-ton freight train through a height of l ft is
equivalent to the energy available in l. 3 gal of
diesel fueli so if the train rises 1000 ft in 500
miles, the fuel converted into gravitational potential energy is 0.5 gal/1000 gross ton miles.
A
descending train gets the same amount of fuel as a
gift from gravity.)
It is that portion of the fuel
energy that is converted into heat that we must be
concerned with, for it is this that we can more
often seek to affect.
The major processes of interest are combustion, conversion to rail horsepower, overcoming rolling resistance, and braking.
Each will now be described brieflyi the primary
emphasis in this paper is on the last two.
Thermodynamic Efficiency
Large diesel engines, whether used for locomotives,
ttucks, or ships, represent a relatively efficient
form of internal combustion.
They typically use
approximately 38 percent of the chemical energy
stored in the fuel <1>·
(The exact value depends on
engine characteristics, altitude, temperature, and
other factors.) Advances in this area are primarily
the province of the engine designer and manufacturer--not the user--and I will not discuss this
topic further.
However, note that any improvement
in combustion efficiency gives an equivalent percentage gain in ton miles of transportation per
gallon.
Thus, maintenance practices that ensure
that locomotives operate at top efficiency can provide a good economic return.
Combustion efficiency
is affected by power level--typically it is somewhat
lower in third throttle notch than in eighth, for
example--but this effect is a small one.
Conversion to Rail Horsepower
The result of the combustion process is to convert a
portion (approximately 38 percent) of the chemical
energy stored in the fuel into mechanical (kinetic)
energy at the crankshaft.
To do useful work, the
energy available at the crankshaft is then converted
into electrical energy in a generator and back into
mechanical form by the traction motors that drive
the wheels through gears.
These processes are
highly efficient, but some energy is inevitably converted into generator and motor heat, gear losses,
etc. The efficiency of the overall series of transformations is a complex function of train speed,
power level, and other factors, but is typically
about 90 percent (2).
In addition, there are several auxiliary systems on the locomotive--fans, air
compressor, water pumps, etc.--that require power to
operate and vary with operating conditions and environment.
The total energy loss associated w_i th
these accessories is taken here as 7 percent (1_).
This, too, is an area in which locomotive designers
continually seek to improve efficiency; the user's
primary role is assurance of fuel-efficient maintenance practices.
Train Resistance
The heart of railroad fuel consumption is the need
to overcome various types of friction and other
forces that resist movement of the train. The friction of steel wheels rolling on steel rails is very
low (this iii the heart of the relatively high fuel
efficiency attainable by trains) but is not zero. A
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variety of physical mechanisms is involved in overall train resistance, but few of them are understood
in a rigorous and quantified way.
Direct wheel and
rail friction, flange resistance, and "pumping" of
energy into the roadbed structure are direct interactions with the track. The car bearings and bearing seals convert a small but still significant
amount of energy into heat.
The entire car (or
locomotive) body is subject to aerodynamic drag.
All of these factors are potentially relevant to
improvement of fuel efficiency.
Braking
The basic principle normally embodied in stopping
any land vehicle is conversion of the kinetic energy
associated with its movement into heat energy in the
brakes, which is then dissipated into the air.
Thus, train braking practices and specification of
speed profiles are operational factors that can have
strong impact on fuel efficiency.
An added complication (not addressed in this paper) is the critical
relation between braking
practices and
safety.
Under some circumstances, braking practices that
minimize fuel consumption might conceivably lead to
dangerously high dynamic forces and impacts within
the train.
This is an important constraint on certain operational fuel-efficiency options.
BASIC DATA, ASSUMPTIONS, AND SCENARIOS
The starting point in the estimation of freight
train fuel consumption is the train-resistance equation that expresses the force required to move a
freight car or locomotive in terms of car weight,
speed, and an aerodynamic factor related to frontal
area.
A commonly used resistance equation in the
United States is the "modified Davis equation" (!)
that has the same functional form as the much earlier equation of Davis (2_) but assumes different
coefficient values.
Both equations are based on
fitting curves to a limited quantity of experimental
measurements of actual train resistance; the modified form, dating from the 1950s, is thought to be
more appropriate to modern rolling stock than the
original Davis values.
It has recently been found
to give the better fit to experimental measurements
of fuel consumption (~). For standard freight cars,
the modified Davis equation is as follows:
R = 0.6W + 80 + 0.01 WV+ 0.07V 2

(1)

where
W
v
R

car weight (tons),
speed (mph) , and
train resistance (pounds of force).

Although the equation is basically the result of
curve fitting, it is customary to associate each
term with a particular physical mechanism, and the
subsequent analysis here is based on these assumptions.
The meaning ascribed to each term is as
follows:
0.6W z rolling
friction,
80 = bearing
friction (assumes 4 axles), O.OlWV = flange friction, and 0.07V 2 E aerodynamic drag.
The increase in resistance on curves, primarily
arising from the non-zero angle between wheel and
rail for a rigid 4-axle truck, is included by adding
the term O. 8CW, where c is the track curvature in
degrees.
For ascending or descending grades, an
additional term is added--20gW, with g being the
gradient expressed in percent.
This term is simply
the component of gravitational force that acts
parallel to the track.
A similar equation is used

for locomotives, the only change being a larger
coefficient for the aerodynamic term for the first
locomotive.
This equation permits immediate calculation of
useful information.
For example, it says that the
force (tractive effort) to move a 65-ton freight car
at 40 mph is 257 lb.
(This is often expressed in
normalized form as 3.95 lb/ton.)
TO move a 100-car
train of 65-ton cars, the force needed is 25 700 lb,
and the horsepower required (power = force x speed)
is 2741 hp.
Locomotives typically provide about
23-hp hours of work per gallon of fuel, so by this
back-of-envelope calculation it is found that 119
gal should be needed to overcome train resistance in
moving this 6500-ton train for 1 h, or for 40 miles;
this corresponds to fuel use of 2184 gross ton
miles/gal.
However, the above calculation ignores locomotive
losses, grades, curves, and braking, which will be
shown later to be very important.
For example, at
40 mph each degree of track curvature increases the
resistance of a 65-ton car (and its fuel consumption) by 20 percent. The gravity term is 20 lb/ton
per percent gradient, which completely overshadows
the other component (4 lb/ton in the example just
given) for any significant grade.
Energy put into
moving the train up a hill may be partially returned
when coming down the other side, but only to the
degree that the train is allowed to coast.
This
element requires careful examination in any case.
(Certain aspects of operation on grades are discussed in a later section.)
In order to estimate the amount of fuel that is
consumed by the average train to overcome curve
resistance and braking losses, it is necessary to
examine aggregated data.
In 1979, the nation's
freight railroads consumed 4.07 billion gal of fuel
!!l· The primary fuel uses, in addition to movement
of trains, are idling of line-haul locomotives and
operation of yard-switching locomotives.
It can be
calculated that the 23 000 line-haul locomotives in
the United States, which idle approximately 12 h/day
(£), have a fuel-consumption rate at idle that
averages 4. 9 gal/h for the fleet.
This implies a
total use of 490 million gal. Extrapolation of data
from a recent classification yard study (7) indicates that 390 million gal are consumed by yard and
switching engines.
Fuel leakage, spillage, and
theft have been estimated as high as 10 percent, but
recent interest in conservation has probably reduced
these losses. A value of 2 percent (80 million gal)
is used in this analysis.
Finally, l percent (40
million gal) is assigned to work trains (2).
Under
these
assumptions,
the
total
amount -used
for
revenue-service train movement in 1979 was approximately 3. 07 billion gal.
In the same year, freight
train miles totaled 447 million, with an average
train consisting of 66 cars.
The average car was
loaded 58 percent of the time, and the mileageweighted average load was 58 tons !!l .
For an
assumed average empty-car weight of 30 tons, the
average train weight then becomes [66 x (0.58 x 58 +
30)) = 4200 tons.
A reasonable power consist for a
4200-ton train would be three 2000-hp locomotives,
each weighing 175 tons, for a total average train
weight of 4725 tons.
Gross ton miles in 1979 then
total 2112 billion
(4725 x 447 000 000), for an
implied overall specific fuel consumption of l.45
gal/1000 gross ton miles.
This corresponds to an
overall industry average of 688 gross ton miles/gal
or, by using the above average-load figures, 320 net
ton miles/gal.
This result is based only on fuel
used in actual movement of revenue-service freight
trains.
These industrywide aggregated figures can now be
combined with the train-resistance equation dis-
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Table 1. Estimated overall fuel use, 1979.

Gallons
(000 OOOs)

Item
Yards and swit ching
Idling
Spillage, work trains, etc.
Line-haul service
Locomotive losses 8

Rolling friction
Flange resistance
Bearing losses
Aerodynamic drag
Curve resistance

Braking
Total

Percentage
of
Total

390
490
120

9.6
12.0
3.0

522
163
347
110
485
215
1228
4070

12.8
4.0
8.5
2.7
11.9
5.3
30.2

Percentage
of
Line Haul

17.0
5.3
11.3
3.6
15.8
7.0
40.0

aTransmission and conversion loss = I 0 percent ; accessory power = 'J percent.

Table 2. Freight car fuel consumption.

Resistance Factor
Rolling friction
Flange resistance
Bearing losses
Aerodynamic drag
Curve resistance

Braking
Total

Gallons per
IOUO Gross
Ton Miles

Fuel
Consumption
Over Car
Life (gal)

0.093
0.198
0.063
0.276
0.122
0.700
1.452

2 960
6 300
2 000
8 780
3 880
22 260
46 180

cussed earlier. For this analysis, a train speed of
40 mph is used as the baseline case.
By applying
the modified Davis equation to the average train as
defined above (66 cars, 4725 gross tons), the fuel
theoretically required per 1000 gross ton miles can
be calculated.
The actual consumption (on average)
as estimated above is 1.45 gal; so the amount associated with braking and curve resistance, previously
not evaluated, can be estimated to be the difference
between the actual total and the subto ta l of values
calculated for the other components used, as follows:
Component

Fuel (gal)

Locomo~ive

losses
Basic train resistance
Subtotal

o.2 s
o.s.2

Actual total

l.45

Implied braking and
curve losses

0.68

0.77

The a l loca t ion between cu rve resistance and br a king losses is necessarily only a rough approximation.
ca l cu l at i on of the kinetic energy dissipated
for one stop from 40 mph every 40 miles yields a
value of 0.22 gal, or 15.3 percent of the total
line-haul fuel use.
On a route that consists of
one-half l evel track , o ne-qua rter a scending track at
O.S percent, and one-quarter descending track at 0.5
percent , for a train maintaining a speed of 40 mph
throughout and using brakes on the downgrade, the
average braking energy dissipated on grades (per
1000 tons per mile) will be equivalent to 0.32 gal,
or 22 percent of the total fuel to be accounted for
(1.45 gal).
Thus, braking can clearly absorb large
quantities of energy.
On the other hand, a curvature of 1° for half of the route would dissipate

only an additional 0.10 x lo-• gal, equal to 7
percent of the total required fuel.
In this paper,
it is assumed that 7 percent of total fuel-use consumption in line-haul service is associated with
flange resistance in curves and 40 percent with
brake use.
It must be understood, however, that
this is only a very rough approximation.
The analysis just presented is summarized in
Table 1, which shows the estimated use of the full
4.07 billion gal of fuel consumed by U.S. railroads
in 1979.
In the following sections, the specific
fuel-efficiency issues and options that relate to
freight cars,
locomotives,
track, and operating
procedures are examined.
FREIGHT CARS
The sensitivity of fuel use to various freight car
characte ristics that affect train resistance is now
considered. This discussion is based on the average
train described earlier: number of cars, 66; emptycar weight, 30 tons; average load per car, 33.6
tons; total power, 6000 hp; locomotive weight, 525
tons; gross weight, 4725 tons; net weight, 2220
tons ; power - t o - weight ratio, l. 27 ; and gallons per
1000 qross ton miles at 40 mph , 1.45.
The scenario assumed here is a car lifetime of
500 000 miles.
Since a car with reduced resistance
to movement requires less horsepower for the same
speed, on average there is a secondary benefit to
lower resistance through decreased locomotive requirements.
This could have significant economic
effects.
However, I shall confine this discussion
to energy benefits, where the only secondary advan tage is reduction (on ave rag e ) of locomotive losses
and weight due to reduced power needs.
This factor
is incorporated by taking the value of 1.45 gal/1000
gross ton miles as associated entirely with cars,
distributed among the various. resistance factors, in
proportion to the magnitud e of each.
Th e est i ma t e d
norma lized fuel c o nsumption a nd exp ec t e d f ue l use
o v e r the 500 000-mile life of each car are shown in

Table 2, based o n t hi s a s sump t ion .
One conservation measure being applied extensively to au tomobiles is v ehicle weight reduction.
Le t us examine that strateg y for freight cars. All
of the fuel-use components in Table 2 (except bearing l o s ses and aerodynamic drag ) are proportiona l to
car weight, so the total weight-sensitive amount
during the car life is 35 400 gal. For the baseline
case, the empty- car weight is 4 7 p e rce nt of the
average weight in service; so the 30-ton empty
weight utility costs 16 700 gal of fuel.
This implies that over a car lifetime, every ton by which
empty weight is reduced saves 560 gal--about 1 quart
of fuel/lb.
Several warnings go with this calculation and with subsequent results of the same type.
It is based on numerous assumptions and estimates
that may either be inac cu r a t e o r be inapp li c able in
a particular case.
Further, the economic benefits
and costs of any change should be analyzed in terms
of discounted net p resent value, based on a c t ua l
c ash f l ows . Mos t equipment modifications impose the
cost at the beginning, whe r eas the be ne fits accrue
slowly over several decades.
These results indicate that about three-eighths
of rail freight fuel consumption is associated with
empty-car weight.
However, achieving the required
structural strength at lower weight by substitution
of
lighter materials would
imply significantly
higher material cost, so the economics of that approach are unlikely to be favorable.
Instead, improvements are likely to arise more from advances in
structural design.
Indeed, major structural and
design changes are just what is observed in the
recent industry development of lightweight flatcars
for containers and trailers.
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Reduction of aerodynamic losses has been a major
factor in motivating changes in the design of rolling stock for trailer-on-flatcar (TOFC) service.
For the average boxcar considered in the baseline
case, air drag accounts for about 20 percent of the
fuel consumed over the service life of the car. For
the TOFC case, with a much larger cross section
(when loaded) and operation typically at higher
speeds, drag is much more important.
The aerodynamic coefficient used in the modified Davis equation for train resistance is customarily increased
from the box-hopper car value of O.07 to a value
between O.l6 and 0.20 for TOFC.
For a value of
0.20, a speed of 60 mph, and a total loaded weight
of 85 tons, the conventional TOFC car has more than
2.5 times the resistance per ton (and fuel consumption per ton mile) of a baseline boxcar.
Indeed,
for this high-speed case, the aerodynamic drag represents BO percent of the total resistance and would
be responsible for use of 46 400 gal of fuel in
500 000 miles of loaded operation.
Actual car use
might be substantially different than assumed above,
but the finding that a lO percent reduction in drag
could be worth several thousand gallons of fuel
(4640 gal in this example) explains the interest
that both government and industry have had in the
subject.
For most other rolling stock, the potential benefits of streamlining are much less (880 gal
for a lO percent drag reduction in the baseline
case), but it is possible that some improvements in
this area may be accomplished relatively easily for
specific cases once their importance is realized.
The final area considered in looking at freight
car fuel use is the curve resistance component.
This term is primarily associated with an inherent
property of
the conventional rigid
three-piece
freight car truck. Both axles are held parallel to
each other so that only one at most can be aligned
along the radius of the curve.
Freight car trucks
going around curves are usually cocked at a slight
angle so that neither axle is perfectly radial,
which results in friction and wear at the wheel-rail
contact points.
A number of radial truck designs
have recently come into use, all with the objective
of allowing both axles simultaneously to align themselves radially so that the wheels can roll smoothly
around curves.
Although reduction of costly wheel
and rail wear is a major motivation for this development, energy considerations can also be significant. As shown in Table 2, the car-life fuel cost
associated with curve resistance for the baseline
train and scenario is estimated to be almost 4000
gal, or 2000 gal/truck.
An additional benefit in
reduced flange resistance is also possible.
LOCOMOTIVES
It is estimated above that in 1979 the 23 000 linehaul locomotives in the United States consumed
approximately 3.07 billion gal of fuel annually in
mainline
service,
with conversion,
transmission
losses, and power for auxiliaries responsible for
about 17 percent of this, or 22 700 gal/year.
This
overall average implies use of 133 500 gal/year per
locomotive.
However, it is clear that this aggregated figure is strongly affected by the inclusion
of many units used in branch-line and industrial
switching operations. Based on standard fuel rates
and throttle-notch duty cycles, it has been estimated that locomotives in mainline freight operation
burn from 320 000 to 400 000 gal/year (3).
The 17
percent losses within the locomotive -then imply
54 000 to 68 000 gal/year.
This loss is probably
declining because of major efforts by locomotive
manufacturers to improve the efficiency of their
products.
Nonetheless, as noted earlier, it is

important that maintenance practices be such that
the full efficiency potential of the locomotive is
realizedi a 5 percent degradation would cost more
than 1100 gal/year per locomotive on average, and as
much as 3400 gal/year for units in mainline service.
The previously noted expenditure of an estimated
490 million gal of fuel per year used during idling
for the 23 000 line-haul locomotives implies a use
of 21 300 gal/unit.
Recent developments may have
reduced this significantly for newer models <l>·
There are several technical and operational obstacles to temporary shut-down of locomotive diesel
engines, but the attention focused on this subject
since the first oil shortage in 1973 has undoubtedly
made the point that, where practical, reduction of
idling time can be a significant cost saving.
A 5
percent improvement saves almost llOO gal/year.
The subject of optimal power-to-weight ratios
often comes up when rail freight fuel efficiency is
discussed.
The importance of this factor is sometimes exaggerated.
rt must be remembered that we
use only the horsepower--and hence fuel--that is
needed to move the train, regardless of how much
power is available.
Only when the engines operate
at very low throttle settings--second or third notch
(l0-25 percent of rated power)--is there a significant fall-off in efficiency, and even then it is
only about a lO percent drop.
The other basic
energy cost of a high power-to-weight ratio is due
to the additional train resistance associated with
the extra locomotives.
Typical 3000- to 3600-hp
locomotives deliver approximately lB hp/ton of locomotive weight. Simple algebra then yields the relationship
WT= (18/(18-PwllWc,
where
WT
is
the total train weight, We is the total weight of
the cars, and Pw is the power-to-weight ratio.
It
is a straightforward matter to use the trainresistance equation to calculate the ratio of the
fuel used for a specified Pw to the fuel required
for the baseline train. That ratio is slightly less
than unity for Pw = 1, rising to l.3 at Pw • 5.
Results would differ for any other baseline train or
assumed speed, but the gradual nature of the var iation and the magnitude of these values are representative. There are, of course, many other factors
that dominate the choice of power-to-weight ratios,
including grades, speed, reliability, and locomotive
availability.
However, it is increasingly relevant
to include fuel costs in the decision process.
TRACK
A subject not frequently mentioned is the relation
of track condition and parameters to train resistance, and hence to fuel use.
Yet, the figures
shown previously in Table 2 imply a direct relevance.
Rolling friction, flange resistance, and
curve resistance all are likely to be affected to
some degree by track characteristics. For the baseline case, track-related factors total 0.41 gal/lOOO
ton miles, or about 28 percent of total fuel use.
Perhaps more important, and not directly represented
in the train-resistance equations, are the effects
of poor substructure, mismatched joints, etc.
Most
defects in track structure will in some degree facilitate transfer of energy from the train into the
earth below, thereby wasting fuel.
If, for example,
in a severe case these factors lead to an increased
fuel use of O. 20 gal/lOOO ton miles (a 50 percent
increase above the baseline), the effect would be
significant. That would imply an annual consumption
of an unnecessary 200 gal/mile of track for every
million gross tons (MGT) hauled over that mile.
To
place this in perspective, note that in 1979 the
industry
spent
approximately
$4.6
billion
on
maintenance-of-way
and
structures
while
moving
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approximately 1800 billion gross ton miles of
freight (1), or $2500/mile per MGT.
Although the
relation between track structure and rolling resistance is not well understood, this f i nding suggests
potential relevance of this consideration to research and maintenance decisions.
OPERATING PRACTICES
The principal operating variable that affects fuel
use is train speed. First, I use the modified Davis
equation to assess the basic sensitivity of fuel
consumption to speed.
For the baseline train used
in this paper, for example, the fuel use varies
approximately linearly with speed in the range from
30 to 50 mph, with the percentage change in fuel
consumption per mile very nearly equal to the percentage change in speed.
Thus, a 10 percent increase in speed (from 40 to 44 mph) will produce
approximately a 10 percent saving in the fuel needed
to overcome train resistance.
It is also likely
that the effect on the fuel associated with braking
will be at least the same magnitude, since the
kinetic energy to be dissipated increases as the
square of the speed.
(The effect of braking will be
d i scussed below.)
Some other cases may also be of
interest. The same calculations for a train of 100ton cars show that, in the range from 15 to 35 mph,
the relative fuel-consumption change is only about
half as great as the relative speed change. On the
other hand, for a typical TOFC train with 85-ton
cars, fuel use in the vicinity of 60 mph increases
about 1.6 times faster than velocity, consumption is
75 percent greater for 70 mph than 50 mph, a speed
change of only 40 percent.
The fuel loss associated with slowing down and
stopping--dissipation of energy as heat in the
brakes and wheels--can be significant if such events
are frequent.
This loss can be expressed in terms
of the miles a train could travel at its nominal
speed on the fuel dissipated in a single stop. This
quantity can be estimated simply.
The energy lost
in a stop is the train's kinetic energy, l/2MV 2 ,
with M the mass of the train .
If this energy had
instead been used to move the train, it could have
done work equal to R x D, where R is the train
resistance and D is the distance the train could
have been moved. When appropriate unit conversions
are made, the resulting expression for D is simply
D = V2 /(79R'), with D in miles, V in miles per
hour, and R' the normalized train resistance in
pounds per ton.
(For slowdowns, v• is replaced by
(V1 2 - V2 2 l,
where
V1
and
V2
are
the
initial and final speeds, r esp e ctively.]
For example, for a 40-mph baseline train, R' is 4.0, which
yields a distance D of 5 .1 miles.
A 70-mph TOFC
train (85-ton cars) can go 4. 5 miles on the fuel
used in a full stop, and a 20-mph train of 100-ton
cars in one full stop uses enough fuel to go 2. 7
miles. The ratio of these dis tance s to the average
distance between stops is a good measure of the
total fuel impact of the stops.
It is unusual for a freight train to go from
origin to destination at a constant speed. Even on
flat terrain, there are typically varying speed
limits for a variety of reasons:
track conditions,
traffic, track maintenance, rail-highway crossings ,
etc. To some degree, it may be possible for a railroad to control or modify factors such as these or
at least minimize their impact.
It is therefore
relevant to seek a simple means of estimating the
effect of speed variations.
One can gain insight
into this topic by considering a particularly simple
scenario:
alternation between two speeds v 0 + v'
and v 0 - v', with the distances traveled at the
two speeds such that the overall average speed is
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v0 • This will be true i f the fraction of the trip
at the lower speed is
(v0 - v')/ 2v0 ,
and the
fraction at the h i g her s peed is
(v 0 + v')/2v 0 •
Under these c ircumstances , a n exp ression is easily
obtained for the factor by which the amount of fuel
consumed for the varying-speed scenario exceeds that
which would be used at constant speed. This factor
turns out to be (1 + r(v'/v 0 ) 2 ], where r is the
ratio of relative change in fuel consumption to
relative change in speed; r was calculated above for
several cases in the discussion of fuel use as a
function of speed.
(For the baseline case, r = 1.0;
for low-speed 100-ton cars, r = O. 5; and for highspeed TOFC, r = 1. 6.)
Thus, if the baseline train
achieves an average speed of 40 mph by actually
traveling part of the trip at 30 mph and part at 50
mph, v• = 10, v 0 = 40, and fuel consumption is
greater by 6 percent than for operation at a constant 40 mph.
Insight into the fuel implications of operations
in rolling terrain can be gained through a simple
analysis of the two scenarios.
A train could be
operated at a constant velocity (with braking) down
a descending grade and up the following ascent (with
power applied) •
Alternatively, the train could be
allowed to accelerate under gravity on the downgrade, and then coast part or all of the way up the
subsequent hill. In the constant-velocity case, the
energy per ton necessary to overcome train resistance (R') for the up-down sequence (including the
gravity term) is calculated from ascending train
resistance multiplied by the ascent distance only,
since no energy need be supplied on the descent.
If
both grades are of distance D (miles) and gradient g
(percent) with train velocity V, the energy (per
ton) is given by (R' + 20g)D, with R' a function of

v.

The coasting mode, on the other hand, requires
sufficient power to overcome train resistance at all
times on both segments (down and up) while the
gravitational energy is merely transformed through
acceleration and deceleration from potential energy
at the top to kinetic energy at the bottom and back
to potential energy again .
For the assumed symmetric situation, the gravity component cancels out
insofar as the power requirements are conGerned.
(In a more realistic model no power would be applied
on the descent, with some potential energy going not
into increased kinetic energy, but rather into overcoming train resistance.
However, an equal amount
of energy would then have to be supplied on the
ascent, so the situation is nearly equivalent.)
The average velocity, v, is well approximated by
V,. (V' + V")/2, where V" and V' are the speeds at
the top and bottom of the grades.
The energy for
each segment is the integral of force (the train
resistance R') and distance. While suitable approximations, it can be shown that the ratio of the
energy (fuel) required for the constant-velocity
case to the energy for the coasting strategy can be
expressed as (0.5 + lOg}/R', with g in percent and
R' in pounds per ton.
The difference between the
two cases is basically the energy lost in downgrade
braking in the constant-velocity mode. R' is typically in the range of 4-8 lb/ton, so for a 1 percent
grade the constant-velocity case will require about
1. 7-3 times as much fuel.
For a 0. 5 percent grade
the differential is a factor between 1.1 and 2.
This very simple analysis does not include the
idling fuel consumed on the downgrade for the second
scenario, which would produce a fuel ratio lower
(closer to unity) than the energy ratio determined
above.
On the other hand, the constant-velocity
case may use dynamic brake, which also entails a
significant fuel penalty.
Relatively simple model-
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ing could significantly improve the accuracy of this
estimate for a specific scenario.
Use of the coasting mode is limited by the acceptable m1n1mum and maximum speeds v• and v•.
Simple recourse to the law of conservation of energy
and appropriate conversion of units yields the
result
that
[ (V") 2 - (V') 2 ] • 1627
Dg.
This
permits calculation of the maximum distance over
which coasting can be applied without violating the
speed constraints. For example, if V" = 50 and v• =
60, Dg ~ 0.55, and D will be 1.1 miles for a 0.5
percent grade.
In a more extreme case, if V" is
allowed to drop to 35 mph and v• to reach 65 mph, D
would be 3.7 miles for a 0.5 percent grade and 1.84
miles for a 1 percent grade.
(Recall that D is half
the total descent-ascent distance,)

sight and a realistic sense of the magnitude of the
effects involved.
rt should not be seen as presenting precise quantitative results or as supporting or
advocating any particular course of action.
ACRNOWLEDGMENT
This paper is based on experience gained in performing railroad freight transportation fuel-efficiency
research from 1973 to 1979 at the Transportation
Systems Center, u.s. Department of Transportation,
under the sponsorship of the Freight Service Division of the Off ice of Research and Development, Federal Railroad Administration.
The views expressed
here are mine and do not necessarily represent the
views of the U.S. Department of Transportation.

CONCLUSION

REFERENCES

It is the purpose of this paper to demonstrate that
many of the questions that arise in considering
various fuel-efficiency measures in railroad freight
transportation can be clarified by simple back-ofenvelope calculations. Occasionally, rough approximations of this nature will yield sufficient understanding to support a final decision.
More often,
such preliminary estimates will be of value in determining the parameters and required accuracy of a
measurement program or in establishing the model
sophistication and scenarios to be used for computer
simulation.
The simple formulations presented here
have generally been applied to a stated baseline
case, but these approximate expressions are readily
adapted to other cases.
This discussion is also
intended to encourage a broad awareness of many of
the factors that bear on fuel efficiency, so that
experimental or computer-based evaluations of options can be conducted with sensitivity to potential
pitfalls and confounding factors.
rn conclusion, it must be emphasized that these
findings are to be used with care.
They consider
fuel efficiency only, whereas real-world decisions
must encompass considerations of overall cost,
safety,
service,
labor agreements,
institutional
constraints, etc.
In addition, the expressions and
calculations shown here are based on a high degree
of simplification and apply to the specific cases
considered.
This paper is intended to provide in-

l.
2.

3.

4.

5.

6.

7.

Yearbook of Railroad Facts, 1981 Edition. Association of American Railroads, Washington, DC,
June 1981.
J.N. Cetinich.
Fuel Efficiency Improvement in
Rail Freight Transportation.
Federal Railroad
Administration, Rept. FRA-OR&D-76-136, Dec. 1975.
J. Rotlin, H. Williams, and N. Dunteman.
Higher
Fuel Efficiency for EMD Diesel Locomotives.
presented at IEEE-ASME Joint Railroad Conference, St. Paul, MN, paper 78-RT-4, April 1978.
AREA Manual for Railway Engineering.
American
Railway Engineering Association, Washington, DC,
1970, Chapter 16, Part 2.
W.J. Davis, Jr. Tractive Resistance of Electric
Locomotives and Cars.
General Electric Review,
Oct. 1976.
J. Hopkins, M. Hazel, and T. McGrath.
Railroads
and the Environment:
Estimation of Fuel Consumption in Rail Transportation, Vol. III--Comparison of Computer Simulations with Field Measurements.
Federal
Railroad
Administration,
Rept. FRA-OR&D-75-74.III, Sept. 1978.
S. Petracek and others.
Railroad Classification
Yard Technology: A Survey and Assessment.
Federal Railroad Administration, Rept.
FRA/ORD76/304, Jan. 1977.

Publication of this paper sponsored by Committee on Railroad Operations Management.

Part 4
Commuter Rail

Transportation Research Record 838

64

Determination of Priorities for Station Improvements on
Commuter Rail System
JACK M. KANAREK AND VINCENT J. TRUNCELLITO

There are numerous criteria that cover a wide range of concerns that could
be used to evaluate the relative importance of rail station rehabilitation needs
among the many stations of a large commuter rail network. Consideration of
policy factors and other elements of the economic and political environment
inherent to New Jersey allowed the salection of a smaller and simpler sat of
priority factors, such as degree of unsatisfactory conditions, level of ridership,
degree of community interest, potential for ridership growth, and potential
for urban redevelopment. Application of these factors yielded a priority ranking for each station of the New Jersey commuter rail system, which facilitated
the programming of a statewide multiyear station-modernization project in an
equitable manner.

During the latter part of the 1970s, the State of
New Jersey significantly increased its involvement
in the improvement of its commuter rail system.
As
part of this increasing commitment, a number of
studies were undertaken to formulate plans for
improving facilities and operations. One such study
was the New Jersey Rail Station and Bus Terminal
Modernization Study (Modernization Study), funded in
part by the Urban Mass Transportation Administration.
This study had the objectives of developing
an inventory of and a modernization program for
active commuter rail stations and bus terminals in
New Jersey. One of the more difficult and sensitive
tasks in the formulation of the modernization program was the ranking of rail stations that would
permit the organization of a multiyear capital
program.
The task was considerable given that the
commuter rail system includes 170 stations in New
Jersey and Pennsylvania Station in New York City.
This paper discusses the process by which the station priority designations were assigned.
BACKGROUND
The existing commuter rail system in New Jersey is
what remains of the extensive network of intercity
and commuter passenger rail lines constructed during
the last century-and-a-half. The system now exists
mainly to transport riders to and from two major
urban job centers--Newark, New Jersey, and New York
City.
Thus, the use of the system has become more
limited than originally intended.
Large stations,
at one time designed to handle intercity travelers,
their baggage, and, to an extent, freight shipments,
now are needed only for ticket sales and a waiting
area. Because stations no longer served a substantial and productive function, the declining and
bankrupt railroads deferred normal station maintenance practices.
Between 1976 and 1979, the New Jersey Department
of Transportation
(NJDOT)
exercised its 900-day
options, provided for under the Regional Rail Reorganization Act of 1973, to purchase most of the rail
passenger station properties in ttte state.
The
ownership of the stations and corresponding planning
responsibilities were transferred in 1979 to the
newly formed New Jersey Transit Corporation (NJ
TRANSIT), a public agency charged with overseeing
and improving bus and rail services throughout the
state.
completion of
the
station-modernization
program was one of the earliest actions of NJ TRANSIT to meet this responsibility.
The program includes recommendations for station facility renovation, replacement, or expansion, designed to overcome the years of deferred maintenance as well as to

provide a level of facilities appropriate to current
and projected ridership.
Priorities were not developed for all rail stations.
The historic Hoboken Terminal, a major
station and service terminus of the New Jersey rail
system, had been undergoing significant rehabilitation and restoration for several years and was thus
not included in this phase of the Modernization
Study. Also excluded were several National Railroad
Passenger Corporation (Amtrak) stations located on
the Northeast corridor line, which were scheduled
for improvements under the federally funded Northeast corridor Line Improvement Program.
Therefore,
the number of stations ranked through the process
described here totaled 164.
PRIORITY SYSTEM DEVELOPMENT
At the onset, a large number of considerations were
suggested that might be used in ranking stations for
the formulation of New Jersey's rail station capital-improvement
program.
These
considerations,
which provided a starting point for the development
of the priority system, are as follows:
l.
2.
3.
4.

Improve poor or unsatisfactory conditions,
Positive impact on surrounding community,
Favorable cost/benefit ratio,
Reduced operating cost,
s. Stations with minimum facilities,
6. Improvement of stations that can serve as
prototypes,
7. Stations where parking can be expanded to
satisfy parking demand,
8. Walk-in and feeder-bus opportunities,
9. Positive safety and image,
10. Opportunity to reuse surplus space,
11. Opportunity for historic preservation,
12. Regional distribution of improvements,
13. Access for elderly and handicapped,
14. Ease of implementation,
15. Improvement will result in increased rider::;hip, and
16. High-ridership stations.
Although the above list provided a wide range of
criteria that could be used for evaluating stations,
there are probably variations of these, as well as
additional ones, that could be added.
Also, a
number of them are overlapping, some would be difficult to measure, and some are of greater importance
than others. Recognizing these difficulties, it waa
evident that the ultimate selection of priority
considerations required an understanding of the
factors and constraints that would affect the process for developing and implementing a station-improvement program in New Jersey.
One source of
guidance was found in the contract provisions between the Tri-State Planning commission and NJ
TRANSIT for the Modernization Study work program,
which stated the following:
"Those measures required to avert an emergency ••. will be given highest
priority.
The amount of station usage and cost
estimates of repairs will be among the major variables used to establish the next highest priority.
Purely aesthetic improvements will receive the next
priority.•
Other factors and constraints are described below.
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Station-Improvement Process and Statewide Station
Needs
The statements of needs for each station developed
under the Modernization Study indicate that a varying, but generally substantial, amount of improvement must be undertaken at all stations.
In most
cases, all elements--platforms, canopies, station
buildings,
track crossings,
information systems,
parking, and access--require improvements. Although
station elements were separated for the sake of
analysis, they are generally closely related and
integrated in a physical sense.
Considering this,
it is likely that the positive impact of the improvement of only selected station elements would be
negated by the unimproved condition of other parts
of the facility.
In addition, experience has shown
that improvements beyond very basic maintenance
require a considerable level of effort. Appropriate
documentation and funding applications,
detailed
plans and specifications based on extensive field
surveys, and careful monitoring of construction are
required for the implementation of any improvements.
Thus, in undertaking the improvements of a station,
it will usually be necessary to address all elements
as a package at one time.
The correction of emergency or safety-related problems is by nature not
subject to the above approach.
NJ TRANSIT Station Leasing Policy
NJ TRANSIT has adopted a policy whereby rail stations are to be leased to municipalities.
The
leasing program is designed, in part, to develop
local, improved maintenance efforts to protect the
existing and proposed station investments. A set of
guidelines that deal with the lease operation and
management of stations was developed with the following objectives:
1. Encouragement of local pride and involvement
of local talent in the station improvements,
2. Improvement of the standards of maintenance
and security,
3. Balancing and sharing of station costs, and
4. Retention by NJ TRANSIT of limited control to
ensure full access to the commuter rail system.
Initial discussions
with many municipalities
revealed that they would be unwilling to lease
stations unless appropriate repairs and improvements
are made.
Therefore, if stations are improved by
the capital program in consultation with the interested municipality, it is likely that the implementation of the leasing policy could be expedited, and
benefits realized by all concerned parties.
The leasing guidelines state that subject to the
availability of funds, NJ TRANSIT will attempt to
make required improvements to stations and, as a
first priority, undertake those improvements that
are a part of a station's operational facility
plan.
This plan will include improvements required
when necessary to restore the existing structures or
space within the structures required for continued
conunuter services (station building, shelter, platforms, canopies, parking) to a condition equivalent
to the condition these structures would be in if
they were properly maintained on a continuing basis.
Ongoing Station Maintenance Efforts
The Consolidated Rail Corporation (Conrail)
(the
conunuter rail operator), or the municipalities that
own or lease stations, is responsible for regular
maintenance and the correction or emergency conditions.
Therefore, in the course of renovating and
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improving stations, the capital-improvement program
will address poor or unsatisfactory conditions but
not usually emergency conditions. At many stations,
due to poor conditions that result from extensive
deferred maintenance, regular maintenance efforts
have been intensified.
For many stations, regular
maintenance will include improvements necessary to
restore facilities as called for by the station
operational facility plan.
It is expected that
intensified maintenance efforts will be concentrated
at those stations being leased to municipalities.
Station Ranking Method
Anticipating that most capital funding will be
provided in lump sums, which would be adequate for
addressing groups of stations concurrently, it was
decided that stations on each rail line should be
rated separately and placed in three categories of
priority: high, medium, and low. This would avoid
the difficulty of putting each individual station on
a statewide list that is based on limited current
information that may change as funds become available.
Instead, stations were compared only against
others on the same line.
The different conditions
found from line to line will not affect the priority
ranking, thus giving most of the state's 11 rail
lines some high-priority stations. With this system
of ranking stations, groups of stations on each rail
line could be improved from the highest level of
need to the lowest as funds become available.
Taking together the suggested priority considerations and the significant factors that affect the
development and implementation of the station-improvement program, it was evident that a distillation of the more important points into a simple
priority system would be most comprehensible and
usable.
As a result, the following five priority
considerations were chosen.
1. The improvement of poor or unsatisfactory
conditions was recognized as an important consideration in the Modernization Study's work program and
in all discussions on the priority system.
In
general, stations with significant deficiencies were
subjected to the policy of deferred maintenance for
many years.
In some cases, deterioration has been
so severe that rehabilitation is not economically
feasible with respect to transportation needs.
In
most instances, however, early attention will enable
preservation of valuable structures that are essential to the continuance of passenger service.
In
addition to physical deterioration, poor conditions
are found where inadequate facilities exist to serve
current passenger demand.
2. The improvement of stations with high ridership appeared to be an outstanding consideration for
the formulation of the improvement program.
An
obvious goal of the capital-improvement program is
to benefit and improve the quality of service for
the largest number of passengers. With recognition
for the desirability of fully improving those stations that are included in the program, it was
evident that high-ridership stations
should be
favored in order to benefit the largest number of
passengers.
Ridership was initially determined by
passenger counts taken by Conrail conductors.
3. Community interest in leasing stations was
recognized as a vital factor in maintaining the
usefulness and integrity of stations for the long
term. Considering the benefits of leasing stations
to municipalities, those stations that will be
leased would receive priority in the development of
the improvement program.
Community interest in
leasing was determined by a questionnaire sent by
NJDOT to all affected municipalities in 1978.
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Table 1. Rail station scores for priority considerations-Morristown Line.
Unsatisfactory
Conditions

Station
Harrison
Newark/Broad Street
Roseville Avenue
Grove Street
East Orange
Brick Church
Orange
Highland Avenue
Mountain Station
South Orange
Maplewood
Millburn
Short Hills
Summit
Chatham
Madison
Convent Station
Morristown
Morris Plains
Mount Tabor
Denville
Dover
Ncte: 4

= high-prfority !'~tL'!g,

High
Ridership

Community
Interest

Increase
Ridership

Support
Urban Policy

2

I

4

I
I
I
I

I
2

2

4
4
4

1

2
2

I
I
2
2
2
2
2
2

2
2
2
2
2
2
2
2
I

4
4
4
4
4
4
4
4

4
I
2

1
2
2
I

2
I
2
2

3
4
! =

4
4
4
4
2
2

4
I

4
4
4
4
4
4
4
4
4
4

2
2
2

3
I
2
2
I
2
I
2
I
2
I
2

4
I

3
2

3
3
3
3
2
I
2
2
2
I
2
I
2
I
2
I
I

1
3

Total Points

7
14
9

10
13
13
14
11
9

10
13
II
II

16
II

14
II

14
13
8

13
15

!c~.·:-pric!'!ty r~tL'!g.

4. Increased ridership is one of the ongoing
objectives involved in making improvements to the
mass
transportation system.
By increasing
the
number of users of mass transit systems, particularly at times of excess capacity, the efficiency of
such systems is increased.
In other words, the
objective is to increase use and maximize the mass
in mass transit.
With respect to the developing
scarcity of energy sources for transportation, the
maximization of
transit ridership can decrease
national energy needs and reliance on less-efficient
transportation modes.
Stations at which there is
potential for increasing ridership, i f improvements
are made, were determined on a judgmental basis,
5. Closely related to item 4, but important in
its own right, is the concept of using the public
transportation system to reinforce and stimulate
urban development.
Urban development with concentrated travel patterns requires mass transportation
systems to adequately and efficiently serve those
movements.
Although the quality of transportation
is not the sole factor that influences urban development, it is a major support system of urban society. The reverse is also true; without the concentration of activity characteristic of thriving
urban areas, mass transit use and its need are
diminished.
To the detriment of public transit in
New Jersey, the course of development in recent
years has been toward low-density suburban development, which in most instances has not required, and
is not supportive of, mass transit.
However, economic and social forces are causing a weakening of
this trend. As a part of any urban support policy,
the improvement of public transit is a tool in the
revitalization of urban areas.
Knowledge of New
Jersey development patterns was used to determine
those stations at which improvements might reinforce
and stimulate urban development.
STATION SCORING AND DETERMINATION OF PRIORITY
CATEGORY
Among the five selected considerations, it was
evident that greater weight should be accorded to
the improvement of stations with poor conditions,
stations with high ridership, and stations that
municipalities are interested in leasing.
If these
factors are addressed,
significant deterioration
will be minimized, the largest number of passengers

will experience a higher and more acceptable quality
of service, and the continued maintenance and preservation of facilities and passenger safety will be
ensured by closer attention to the operation and
maintenance of stations.
Stations were rated for
each consideration on a scale from 1 to 3, with 3
corresponding
to
the
highest
priority
rating.
However, to provide greater weight for the three
primary considerations, a high-priority rating for
those characteristics was given 4 points.
On this
basis, the following guidelines were used for rating
stations within each priority consideration:
1. Unsatisfactory

conditions--(a)

4

points

for

stations with poor conditions or with deteriorating
conditions that will become unsatisfactory if not
addressed, (b) 2 points for facilities in acceptable
condition, but which need improvement, and (c) 1
point for facilities in very good condition.
2. High ridership--(a) 4 points for stations that
serve more than 1000 boarding passengers/day, (b) 2
points for stations that serve between 250 and 1000
boarding passengers/day, and (c) 1 point for stations that serve less than 250 boarding passengers/
day.
3. Community interest--(a) 4 points for stations
that municipalities have indicated strong interest
in leasing, (b) 2 points for stations that mun1c1palities have interest in but have not yet decided
to lease, and (c) 1 point for stations that municipalities have said they are not interested in leasing or in cases where no response has been received.
4. Potential to increase ridership-- (a) 3 points
for stations where proposed improvements will significantly improve current conditions that probably
deter use of the facility, or where parking will be
expanded to accommodate known demand at a station
with parking currently filled to capacity; (b) 2
points for stations at which recommended improvements will upgrade the condition of the facility,
make it easier to use, and provide a higher quality
of service, thus possibly attracting a small number
of new passengers; and (c) 1 point for stat ions at
which proposed improvements are minor, so that it is
unlikely that an increase in patronage will occur.
5. Reinforce and stimulate urban development--(a)
3 points for stations located in urban areas where
it is evident that an improved public transit facility will reinforce activity in and use of the
0
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station area, (b) 2 points for stations in a busy
suburban town center or in an urban area that is not
a major activity center, and (c) 1 point for stations located in suburban-residential or rural areas.
To illustrate the rating process, the scores
assigned to the stations on one of New Jersey's rail
lines, the Morristown Line, are listed in Table 1.
The scoring of stations, particularly for the nonquantifiable considerations, was not always clearcut.
As discussions on stations move forward, the
ratings should be reconsidered to include additional
information and changing conditions.
In general, stations placed in the high-priority
category were rated highly for at least two of the
three important priority considerations (unsatisfactory conditions,
high ridership,
and community
interest).
In addition, in some cases a high score
for support of urban policy helped put stations in
the high-priority category.
Those in the mediumpriority category generally serve the middle range
of ridership and do not indicate an immediate need

for
attention.
The low-priority stations have
either been recently improved or are in the lower
ridership ranges with no outstanding improvement
needs.
Some stations underwent considerable improvement prior to 1981 and were placed in the
low-priority list regardless of the score received.
From the totals given in Table 1, the list below
indicates the priority classification given to the
stations on the sample line:
1. High-priority ranking--Dover, Madison, Morris
Plains, Morristown, Newark/Broad Street, Orange, and
Summit;
2. Medium-priority
ranking--Brick
Church,
Chatham, Convent Station, Denville, East Orange,
Highland Avenue, Maplewood, Millburn, Short Hills,
and South Orange; and
3. Low-priority ranking--Grove Street, Harrison,
Mountain Station, Mount Tabor, and Roseville Avenue.
Publication of this paper sponsored by Committee on Rail Transit Systems.

Econometric Models for Long Island Railroad
PAUL DEVINE, JOHN MARTIN, AND WILLIAM SIMONSEN

Three statistical models that explain and predict ridership on the Long Island
Railroad (LIRRI under alternative fares were constructed for the New York
Metropolitan Transportation Authority. The three models are (al a ridership
model that characterizes shon-run responses to fare changes, (bl a ridership
model for longer-run responses to fare changes, and (cl a model that predicts
the S?lit between the purchase of weekly and monthly tickets. In this paper,
the results of 20, 25, and 50 percent fare increases were examined. The shortrun model yields a fare elasticity of-0.106, where a 1 percent increase in fares
is associated with a 0.106 percent decrease in ridership. This compares with a
long-run elasticity of -0.32. The long·run ridership response to a given fare increase should be larger (more elasticl than the short run since people have more
options in the long run for finding alternative modes of commuting. For instance, commuters can buy additional or more fuel-efficient automobiles or
they can change residence or work locations. The monthly-weekly split model
enables us to forecast the split between the purchase of weekly and monthly
tickets for alternative fare increases. The split model and the shon-run model
are used together in estimating ridership and revenues under alternative fares
and fare structures. The models incorporate data from 1975 through 1980 for
LIRR zones 4-11 (as defined prior to July 19801. Only commuter ridersthose buying weekly or monthly tickets-to Pennsylvania Station, Hunterspoint
Avenue, or Brooklyn are counted. Because of these restrictions, the elasticity
estimates may not match the true systemwide elasticities. Therefore, the forecasts can be viewed as bottom-end estimates, since both one·way ticket buyers
and zone 2 and zone 3 riders are probably more sensitive to fare changes.

The project described in this paper was undertaken
at the request of the Department of Program Analysis, New York Metropolitan Transportation Authority.
We were asked to construct statistical models to
explain the effects of various factors on Long
Island Railroad (LIRR) ridership.
In addition, we
forecasted ridership and revenue under alternative
fares and fare structures. The models developed can
be used on an ongoing basis by the Metropolitan
Transportation Authority.
we employed multivariate regression analysis for
estimating the models.
A multivariate regression
has one dependent variable (such as ridership) and
many independent variables that are held constant in
order to estimate a relation between each independent variable and the dependent variable. The data

cover a six-year period, from January 1975 to December 1980.
variables are stratified by season
(three-month quarters), zones (4-11), and branches
(divided into four categories).
The LIRR is the nation's largest commuter rail
system, providing service primarily between the
suburbs of Long Island and New York's central business district. It also serves residents of the New
York City Boroughs of Queens and Brooklyn.
The
system's 9 lines and 140 stations handle about a
quarter million passengers on an average weekday.
Approximately 80 percent of the riders commute from
Nassau and western Suffolk County to Pennsylvania
Station, Hunterspoint Avenue, or Brooklyn. The most
passenger growth in recent years has been in western
Suffolk County.
A zone structure is used in determining fares on
the system, which divides Long Island, Brooklyn, and
Queens into 15 zones.
Several zones were combined
in July 1980 when a new fare structure went into
effect.
About 70 percent of Long Island residents who
work in Manhattan ride the LIRR. One-way fares from
zones 4 through 11 to Manhattan range from $2.30 to
$7.40. Monthly fares range from $68.25 to $96.25.
DESCRIPTION OF DATA
In collecting data for the models, we attempted to
quantify five different categories of variables:
1. LIRR ridership,
2. LIRR fares and automobile commutation costs,
3. LIRR level of service,
4. Demographics, and
5. Dummies to control for season, strikes, and
gasoline shortages.
These categories will be discussed below in terms of
the level of data aggregation.

Transportation Research Record 838

68

Table 1. Variable specification, level of aggregation, and source of data.

Variable

Specification of Variable

Level of Aggregation

Source

Ridership
Cost
LIRR fare
Automobile cost
Service
Frequency
Trip length
On-time
performance
Demography
Income
Population
Employment

Commuters buying weekly and monthly tickets

Zone, branch, quarter

LIRR

Real cost of monthly, weekly, or daily fare to rider
Real cost of operating automobile, parking, and tolls

Zone, quarter
Zone, quarter

LIRR
U.S. Environmental Protection Agency estimates

Average minutes between trains, morning rush hours
Average travel time to Pennsylvania Station
Percentage of trains with less than 15-min delays

Zone, branch
Zone, branch
Systernwide, quarter

LIRR
LIRR
LIRR

Real per capita income
Population
In Manhattan and Manhattan service employment

Zone, branch, quarter
Zone, branch, quarter
Manhattan total, quarter

U.S . government census
U.S. government census
New York Bureau of Labor Statistics

of commuter ridership, were omitted from the study
because of the difficulty in identifying their
market areas.
Within zones 2 and 3, as distance
from the stations increase, fewer people are likely
to consider riding the LIRR since subways are also
available.
we were not able to measure this effect
or determine the demographics of their market areas

Table 2. Short-run elasticity model.

Independent Variable

Coefficient

Standard
Deviation

Alpha
Fare • year 197 5
Fare • year 197 6

j

3 605.97
-27.45
-30.01

1635 .36
17.61
15.67

'°'"

t-Ratio
8.32

-1.56"
-1.91

Pare • year l 977

A~
-.e.. 7. "'TJ

1V.JJ

-!.80

due to time

Fare * year I 97 8
Fare * year 1979
Manhattan service-employ-

-28.06
-40.03

15.38
18.78

-1.82
-2.13

17 .50
6.11
4.35
-726.83
-473.64
-391.6
0.0388
2 350.23

1.62
1.12
1.00
595.65
35.53
204.70
0.0048
400.47

10.79
5.41
4.31
-l.22b
-13.33
-1.91
8.04
5.87

For the independent variables, whenever possible
we tried to determine a unique observation for each
branch zone and for each time period. The level of
actual aggregation varies widely between independent
variables.
Table l summarizes the level of data
aggregation and the data sources for each variable.

t £

.,~

ment dummies

1 (zones 4, 5, 6)
2 (zones 7, 8)
3 (zones 9, 10)
Service-interruption dummy
Frequency in minutes
Income per capita (OOOs)
Population
Montauk branch

CONSTRUCTION OF SHORT- AND LONG-RUN AGGREGATE DEMAND
MODELS

Notes : R 2 = 81.8; R 2 adjusted for 465 degr ees of freedom (df) = 81.3; average
coefficient of fares= -31.003; and fare elasticity = -0.J 06.
Fare is specified as [(monthly iideas/total rideos}" monthly farel
+((weekly riders/total riders)• weekly fare• 4.33}.
Fares end income are calculated in J 96? dollars .
Significance at the 0.05 level with 465 df is placed at t = 1.782 or greater.
F = ~ (0.813/13)/( (1 - 0.818 )/(479 - I 3 - I)] f = 160.805.
Significance at the O.OS level with 13 465 df is placed at F = t. 78 or
greater; significance at the 0.01 level is placed at 2.23 or greater.
aSignificant at 0.10 level.

bSignificant at 0.15 level.

To increase the information content provided by
our variables, the data were disaggregated as much
as possible. This enhanced the explanatory power of
the model, thus allowing more accurate forecasting
of ridership and revenues for the system.
:i~la:.~

u~f.it~11u~11L

VdLietUl~,

LIRR

Li'1it:Lship,

:i.S

de-

fined as LIRR commuter ridership between the New
York City terminals (zone l) and zones 4-11 (as
drawn prior to July 1980).
Commuter ridership is
measured as the number of persons buying monthly or
weekly tickets.
This group accounts for 82 percent
of the total system ridership.
A total of 4 79 distinct ridership observations
are used.
There are 23 observations of quarterly
ridership for each of 22 branch zones, minus observations where there are incomplete dc:ata.
Tb~ four
branches are defined as follows:
l. Branch 1--Port Washington line:
2. Branch 2--0yster Bay, Main line (zones 4-6
only), and Port Jefferson lines;
3. Branch 3--Far Rockaway, West Hempstead, Long
Beach, and Montauk lines; and
4. Branch 4--Main line (zones 7-11 only)
We omitted zones 12-15 since very few
monthly tickets are sold in these zones.
4 percent of the monthly ticket holders
zones 12-15.
Zones 2 and 3, which account for about

~onst r aints-

weekly or
Less than
reside in
6 percent

TWo types of aggregate demand models were constructed. The first estimates the short-run effects
(one year) of fare changes on ridership.
The second
estimates
the
long-run effects
(more
than
six
years).
Taken together, these models indicate that
for a given fare increase, the LIRR will lose considerably more riders in the long run than in the
short run.
In estimating these models we had two goals in
mind:
(a) to explain to the greatest degree possible the factors that cause variations in ridership
and (b) to isolate the effects of fare changes.
After adjusting and refining the original data set
and running many regressions, we succeeded in building models that met these two goals.
Tn both modelR, the dependent variable (ridership) is defined as the number of people purchasing
either monthly or weekly tickets.
This number was
determined by adding monthly ticket sales and the
"monthly ticket equivalent" of weekly ticket sales.
The monthly ticket equivalent is simply the number
of weekly tickets divided by 4.33, which is the
average number of weeks in a month (52 weeks/12
months
4.33 weeks/month).
Thus, the dependent
variable is the number of riders who use commutation
tickets in a month.
This figure is then aggregated
to quarters of a year.
These observations are used
for the dependent variable
in the short- and
long-run models.
Short-Run Model
The short-run model is illustrated in Table 2.
The
adjusted R 2 of 81. 3 percent shows that the model
explains the variation in the dependent variable
(commuter ridership) to a very high degree.
The
results of an F-test show that the model is significant in explaining variations in ridership at the 99
percent significance level.
The regression equation contains 13 independent
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Table 3. Transit fare elasticities.
Region

Elasticity

Mode

Trip Type

Source

Boston
Boston
Chicago

-0.09
-0.32
-0.38

Bus, rapid rail, streetcar
Bus, rapid rail, streetcar
Bus, rapid rail

Work
Shopping
"Noncaptive"

Aggregate demand model
Aggregate demand model
Aggregate demand model

Louisville
Chicago
Berkeley
San Francisco
Southern California Rapid
Transit District (RTD)
Southern California (RTD)
New York
Nationwide survey
Nationwide survey
Toronto
Toronto
Northern Virginia
Northern Virginia

-0.4
-0.4
-0.45
-0.11
-0.09

Bus
Bus, rapid rail
Bus
Bus, streetcar
Bus

work
Work
Work
Work
Work
Peak

Aggregate demand model
Aggregate demand model
Disaggregate demand model
Disaggregate demand model
Elasticity survey

-0.15
-0.31
-0.22
-0.36
-0.089
--0.207
-0.24 to -0.30
-0.84 to -0.67

Bus
Bus
Bus, rapid rail, streetcar
Bus
Rapid rail, streetcar
Bus
Express bus
Conventional bus

Off-peak
All

All
All
Work
Work
Work
Work

variablesi 5 measure the impact of fare changes, 3
account for the effect of changes in service-sector
employment in Manhattan, and the remaining 5 measure
the impact of variations in income, population,
frequency of train service, service disruptions, and
population density
(the Montauk branch dummy).
These 13 variables can be divided into the four
categories of independent variables defined previously:
fare,
service,
demography,
and dummy
variables. By using this structure, the relation of
the variables to ridership is explained more fully
below.
Discussions of the statistical significance
of each variable are given in the technical notes
section later in this paper.
LIRR Fare
The five fare variables represent fares interacted
(multiplied) with a dummy variable for the years
1975 through 1979 i 1980 is used as the necessary
base case. The use of yearly interactions allows us
to capture the short-term (one-year)
effect on
ridership when fares change.
This contrasts with
the long-run model, which has one fare coefficient
and measures the change in ridership that results
from fare changes over a six-year period.
As expected, the short-run fare coefficients are
similar in each year, varying from -27.45 in 1975 to
-40.03 in 1979.
The average of these five coefficients is -31. 003.
Interpreting this average coefficient is fairly simple.
Holding other factors
constant, every unit (dollar) increase in the average fare (in 1967 dollars) is associated with a
31.003 unit (quarterly commuters) decrease in ridership for zones 4-11.
The short-run fare elasticity of -0.106 indicates
that a l percent increase in fares causes a 0 .106
percent decrease in ridership.
This elasticity
appears reasonable. We expect a low elasticity due
to the unavailability of other modes.
Automobile
commutation is limited by the number of parking
spaces in Manhattan, extremely high parking costs,
and highway congestion.
In addition, bus service
from Long Island to Manhattan is minimal.
Our short-run fare elasticity is probably a
bottom-end estimate of the actual systemwide fare
elasticity. We would expect commuters from zones 2
and 3 and one-way ticket buyers
(discretionary
travelers) to be more sensitive to price increases
than commuters from zones 4 to 11. commuters from
zones 2 and 3 have readily available modal substitutes due to their proximity to subways and buses.
The discretionary riders are more likely than commuters to have an automobile available for their use

Elasticity survey
Time series, 1950-1974
Time series, 1961-1967 (more than 500 000 population)
Time series
Time series
Time series

Time series
Time series

or to be able to change their trip destination
simply to avoid increased fares.
In simulating the
effect of fare increases, our bottom-end elasticity
is likely to predict smaller ridership changes than
if the actual systemwide elasticity was used.
Theoretically, the fare elasticity should be
similar to the elasticities calculated for other
transit systems, if other variables that affect
ridership are adequately controlled for.
Our elasticity figure is actually on the low end of the
range of elasticities estimated from other studies,
as shown in Table 3 (1).
This is consistent with
the argument that our -;lasticity is a low estimate
for the LIRR system. In addition, LIRR riders might
be less sensitive to fare increases than riders in
other cities because of the extreme congestion on
surface roads, parking shortages, and high parking
costs in Manhattan.
Since there are separate monthly and weekly
ticket prices, the fare used in the regression is
actually a weighted average fare for each branch
zone. It was derived from the formula stated below:
Weighted average fare m [(monthly riders/total
riders) * (monthly fare)] + [(weekly riders/
total riders) * (weekly fare* 4.33)).
The weekly fare * 4. 3 3 is the amount a commuter
would pay in an average month if buying weekly
tickets.
The only fare changes during our study period
occurred in September 1975 and July 1980. However,
all monetary figures are expressed in real dollars
(i.e., adjusted for the New York regional consumer
price index).
Thus, fares actually decreased in
real terms. This decrease is one source of variation in fares that enhances the explanatory powers
of the model. Another source of variation in fares
is the difference in fares charged by zone.
When
running a multiple regression, all other variables
are held constant, thereby isolating the effect of
these variations in fare on ridership.
These effects are then expressed as coefficients for each
fare * year interaction.
LIRR Service
Train frequency was measured as the average number
of minutes between trains that stop in a branch zone
during the morning inbound peak period (i.e., 7:00 10:00 a.m. arrivals at zone l terminals).
As expected, the frequency coefficient is negative, which
indicates that as the time between trains increases
ridership decreases.
However,
the cause-effect
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Table 4. Lon!J'run elasticity modal.

Variable

Coefficient

Standard
Deviation

t-Ratio

Alpha
Fare, 197 5-1 980"
Automobile cost •
zone dummies

1379.150
-89 .119
91.466
33.029
16.257
0.0417
41 21.847
-666.651
-548.445

2686.435
57.704
5.996
3.909
2.889
0.005
384.132
596.477
469 .379

0.51
-l.54b
15 .2 5
8.45
5.63
8.38
10.73
-l.l 2c
-l.l 7c

Population
Montauk dummy
LIRR strike dummy
Summer dummy

Notes : R 2 .- 74 _4 pcrcc.n1 . N -= 4'79. and df si" 4 65.
Fara Sp cc!!lod as ((m onthly rld ortl1lp/l0Cal rid ership) • monthly fare)

+ [(wea kly ridcrt/ to tol ridtn) • weekly f•ro • 4.33) .
Significance at the O.OS level with 470 df is placed at t = 1.895 or
grn1cr.
F 2 !(o. 74 4/8)/((1 - M4)/(479 - 8 - l)lf = 170-768 .
Sienm canto oc tho o.os IOYol with 8470 d f I• placed 11 P = 1.96 or
gnuu or: slgnlRc.an ce ac t h ~ o.oateivol is p1ae9'.d i11c f = 2.55 or
greater.
8

Fiue cliu: 1icity = - o.32.

bSignlncant at 0.1O level.
c Sian lncnnt at 0. 15 level.

r ~lation

i s unclear since trains may actually be
scheduled to meet ridership demand.
Thus, demand
may not increase if the time between trains is
decreased .
On-time performance did not have significant explanatory power in this model.
Demographic Variables

The three employment variables were created by
interacting dummy variables for each zone with the
level of Manhattan service-sector employment in each
quarter of the year.
These interactions were then
combined into three aggregate zones: zones 4-6,
zones 7 and 8, and zones 9 and 10.
Zone 11 is the
base case, which is required when dummy variables
are used. Combining zones was necessary in order to
limit the number of independent variables to suit
the computer software.
The in ter ac tion of dummies
with service-sector employment accounts for the
different relation Manhattan service employment has
with each aggregate zone.
For instance, someone in
a zone closer to the city is more likely to be
employed in Manhattan than someone residing in a
more distant zone and is therefore more likely to
take the LIRR.
The regression results for these three employment
variables are as expected.
The coefficients are
positive and decrease with distance from Manhattan.
Hence, service-sector employment gains are likely to
cause greater increases in ridership in zones closer
to Manhattan.
The income variable coefficient is negative.
This suggests that as income falls, commuters are
less likely to spend extra money driving to work
r~ther than taking the LIRR.
The population coefficient i& positive ~s PXpected , which ; nd icates that ridership increases as
population increases.
Substantial difficulties were encountered when
specifying a short-run model that included both
service employment and automobile cost.
The var iations observed for these variables are highly correlated for the period 1975-1980.
When used in the
same model, the effect of this collinearity subjects
the other coefficients to extreme bias.
Therefore,
our model can contain only one of these two var iables.
When each is interacted with zone dummies,
aggregated in the manner described above, and run in
a regression with the other variables, the results
are very similar.
Since this high correlation
between two variables makes them virtually interchangeable, we decided to specify the short-run

model with service employment.
The long-run model
is specified with automobile cost.
In the discussion of the long-run model, automobile cost variables are discussed in greater detail.
Dummy Variables
The Montauk branch, defined as the Montauk, West
Hempstead, Far Rockaway, and Long Beach lines,
serves the most densely populated area of LOng
Island. Since the average distan9e from a residence
to a station is less on this branch than others, a
higher ridership level is expected.
This is confirmed by the positive 2350.23 coefficient for the
Montauk branch dummy variable.
A dummy variable for service interruptions caused
by strikes or bad weather was also included.
The
negative coefficient indicates that riders tend not
to buy commutation tickets during these disruptions.
Although this dummy is not statistically significant, it is included to clarify the relation of more
important va r i ables, such as fares, wi th ridership.
In sum , the short-run model p r ovides the best
explanation of the observed variations in ridership,
while at the same time isolating the effects of fare
changes. Our model calculates a short-term systemwide fare elasticity of -0.106 for the study period.
The table below summarizes ridership sensitivity to
the major explanatory variables used in the shortrun model. The table gives the short-run effects on
ridership of a 10 percent increase in the items
listed below:

Item
LIRR fares
Population
Manhattan service employment
Per capita income

Resulting Change
in Ridership (%)
-1.06
3.79

3.87
-1.36

t.ong- Run Model
Fare increases should have more effect on ridership
in the long run than in the short run.
For instance, in the short run many LIRR commuters will
not have alternative travel modes because they may
lack regular access to an automobile.
Furthermore,
commuters are not likely to shift work or re s idence
locations in response to fare increases in the short
run. Over a longer period of time, however, a fare
increase may cause
1. Increased automobile ownership and use for
work trips;
2. Suburbanization of workplace locations, thus
causing a decrease in commutation to Manhattan; and
3. Shift in housing locations toward Manhattan,
thus reducing LIRR ridership, since close-in residents may have better access to bus and subway lines.
Hence, a fare increase will have a stronger impact
on ridership in the long run than in the short run.
On the other hand, a fare decrease (in real
dollars) will have the opposite effect in the long
run.
It will decrease automobile ownership, shift
workplace locations inward, and decentralize reside nce locations.
We would expect to see this phenomenon between 1975 and 1980 since fares decreased
by about 11 percent (real dollars, 1967).
The long-run model yields the anticipated results.
The adjusted R2 of 74.0 percent indicates
that the model has reasonable explanatory power.
The model results are shown in Table 4. The statistical significance of the model and the individual
variables are discussed in more detail in the technical notes section later in this paper.
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LIRR Fare and Automobile cost

MONTHLY-WEEKLY TICKET SPLIT MODEL

Specification of fare in the long-run model took the
form of one variable rather than the five used in
the short-run model.
By using this one variable it
allowed us to determine commuters' long-run reaction
to any fare changes. The fare coefficient of -89.12
indicates that riders are much more sensitive to
fare changes in the long run than in the short run.
The fare variable yields an elasticity of about
-0.32, compared with -0.106 in the short-run model.
However, the short-run model is slightly more reliable than the long-run model. The fare variables in
the short-run model are significant at a 95 percent
confidence level whereas the fare va r iable for the
long-run model is significant only at the 90 percent
level.
Moreover, the short-run model has greater
explanatory power than the long-run model (as measured by the adjusted R 2 ) .
We believe that more adjustments and simulations
need to be run on the long-run model before it can
be used with much reliability.
Possible sources of
bias in the fare elastiCities in the long-run model
are the failure to account for automobile congestion
and parking space availability during the six-year
study period.
As mentioned earlier, we included the automobile
cost variable in the long-run model. By interacting
this variable with aggregated zone dummies, it helps
explain differences in vehicle occupancy, automobile
travel times, and automobile ownership that occur as
distance from Manhattan increases. For instance, it
is more likely that vehicle occupancy and ownership
rates may be higher in the more-distant zones.
As expected, the coefficients for automobile cost
are positive (i.e., an increase in automobile costs
causes an increase in LIRR ridership).
The coefficients are largest for zones 4-6 and decline with
distance from Manhattan.

The monthly-weekly ticket split model explains the
split between the percentage of commuters who buy
monthly and weekly tickets and shows that changes in
the relation of monthly ticket prices to weekly
ticket prices significantly alters this split.
As
will become evident in the next section on model ·
simulations,
the
information
provided
by
this
monthly-weekly split model is especially useful in
predicting revenues under alternative fare structures.
The dependent variable in the split model is
defined as the percentage of commuters
buying
monthly tickets.
It is calculated as riders buying
monthly tickets f total riders.
Approximately 83 percent of LIRR commuters buy
monthly tickets. The table below shows the percentage of commuters in each zone who bought monthly
tickets for the winter quarter of 1976:

Service, Demographic, and Other Dummy Variables
Other variables in the long-run model include population and dummies for the Montauk branch, service
disruptions, and the summer season.
Income was not
significant in this model.
The coefficients for population and the serviceinterruption dummy are very similar to the coeff icients estimated by the short-run model.
However,
the Montauk branch dummy coefficient is much larger
in the long-run than in the short-run model.
This
can probably be attributed to the omission of income
from the long-run model. This may cause the Montauk
branch dummy to pick up the effects on ridership of
both the lower per capita income and higher population density that exist along the south shore of
LOng Island.
The coefficient for the summer dummy (-548.44)
indicates that ridership falls in the summer.
This
is attributable to the large number of people taking
vacations at that time.
In summary, the long-run model has reasonable
explanatory power, but we are less confident of it s
reliability than of the short-run model.
The longrun model does show that riders are considerably
more sensitive to price increases in the long run
than in the short run.
The table below summarizes
ridership sensitivity as explained by the long-run
model.
The table gives the long-run effects on
ridership of a 10 percent increase in the items
listed below:
Item
LIRR fares
Population
Automobile cost

Resulting Change
in Rid ership (%)
-3.23
4.10
4.08

Zone
4
5
6
7
8

9
10
11

commuters
Buying Monthly
Tickets (%)
80.l
81.9
83.2
84.5
82.9
84.0
80.7
75.5

The percentage of commuters buying monthly tickets
increases from zones 4 through 7 and falls from
zones 8 through 11, although the overall differences
are not large.
We expected that fares,
service disruptions,
season, and income would influence the monthlyweekly ticket split.
Increases in weekly ticket
prices (holding other variables constant) should
cause an increase in the percentage of commuters
buying monthly tickets.
Likewise ,
increases in
monthly ticket prices relative to weekly ticket
prices should cause a decrease in the percentage of
monthly tickets purchased.
The relation between the costs of weekly and
monthly tickets changed only once during the study
period.
Before July 1980, a weekly ticket cost
approximately 29 percent as much a s a monthly pass.
Beginning in July 1980, weekly ticket prices rose to
31 percent of monthly ticket prices.
The service-interruption dummy was included to
capture aversion to monthly tickets when service is
uncertain.
A summer dummy was included to account
for the large number of people taking vacations,
which may decrease the percentage of commuters
buying monthly tickets.
In addition, some low-income commuters may not be
able to afford the cash outlay necessary to purchase
a monthly ticket. Therefore, we anticipated that as
branch-zone per capita income declines, a lower
percentage of riders would buy monthly tickets.
The model yielded the expected results (Table 5) .
All of the variables have the appropriate negative
or posi tive val ues and are sign ificant at the 99
per cen t conf ide nce level (except the service-interruption dummy) •
The negative coefficient for monthly fare shows
that an increase in monthly fare (holding other
variables constant) causes a decrease in the percentage of commuters buying monthly tickets.
Raising weekly ticket pr ices while holding all other
factors constant will increase the share of monthly
ticket holders.
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Table 5. Monthly-weekly tiCket split model.

Table 6. Selected simulation results.

Variable

Coefficient

Standard
Deviation

I-Ratio

Alpha
Service-interruption dummy
Summer-season dummy
Per capita income
Monthly fare
Weekly fare
Daily fare

0.7650
-0.0082
-0.0482
0.0070
-0.0119
0.0141
-0.0028

0.0328
0.0085
0.0066
0.0020
0.0051
0.0045
0.0005

23.32
-0.96 8
-7 .33
3.04
-2.34
3.13
-6.06

Notes: R2 1:;11 26.o pcrc::ir,n1 , N =- 4'7 9, dt ~ 4?'2, and 1dju11ad R1 = l S. 1 percent.
Significant • If Iha o.os !ovol wllh 472 dr ii. ploc od at I ~ 2.0J S or greater.
F , l (0.260/6)/[( I - 0.160)/(47 9 - 6 - I)) 0 17. 641.
Slgnlfico nco at lh o 0.05 lovol with 6471 dr s pl aced ol F ~ 2. 12 or greater:
slgniOcnnce • t 1J1e 0.01 lc't'el lt p11cf!!d 11 F' = 2.8S or p 11.t or.
8
Si.gnificant at 0.10 level.

I

Furthermore, an increase in the pr ice of one-way
tickets causes a decrease in the percentage of
monthly ticket holders. This occurs because riders
who previously bought daily tickets shift to weekly
tickets.
The table below shows the effects of a 10 percent
increase on each fare variable, holding the others
constant;

Item
Monthly ticket price
(x = $36.684)
Weekly ticket price
<x = $46.230)
One-way ticket price
(x • $67.970)

Change in
Monthly-Weekly
Ticket Split
-0.437

Elasticity for
Monthly Ticket
Buyers
-0.527

+0.065 18

+0.785

-0.019 03

-0.229

These price elasticities and cross-pr ice elasticities indicate that weekly ticket buyers are more
sensitive to price changes.
A 10 percent increase
in monthly fares changes the percentage of monthly
ticket holders by -0.0437, while a 10 percent increase in weekly fares changes the ratio by +0.065
18.
The negative coefficient for the service-disruption dummy illustrates the anticipated aversion of
riders to the purchase of monthly tickets when
service provision is questionable.
The negative
value of the summer dummy indicates a decrease in
monthly ticket sales during the summer months.
People taking vacations at this time find that
weekly tickets ai:e moi:e ~cunum.it..:ttl thctn monthly
tickets if they do not plan on using the tickets for
the entire month.
The positive value of the income coefficient
indicates that as income falls, LIRR riders are more
likely to buy weekly tickets.
This supports the
view that some low-income commuters suffer a capital
constraint and cannot easily afford the initial cash
outlay for monthly tickets.

SIMULATIONS OF ALTERNATIVE FARES
Our simulations combine the short-run aggregate
demand model and the monthly-weekly ticket split
model.
Taken together, these models produce ridership and revenue forecasts under alternative fares.
Our simulation results provide the following information:
l. Change in monthly-weekly ticket split,
2. Percentage increase or decrease in ridership,
and
3. Percentage change in revenue.
Selected simulations are shown in Table 6.

Monthly
Fare
Increase

Weekly
Fare

(%)

Increase
(%)

20
20
20
25
25
25
50
50
50

15
20
25
20
25
30
45
50
55

Change in
Ridership

Change in
Revenue

(%)

(%)

Change in
Percentage of
Monthly Ticket
Purchases

-1.948
-1.955
-1.929
-2.44
-2.44
-2.40
-4.84
-4.78
-4.69

18.42
18.48
18.26
23.06
23.03
22.71
45.80
45.26
44.45

+I.SO
+3.83
+6.08
+2.55
+4.79
+7.04
+7.35
+9.59
+11.84

The simulation results clearly indicate that
ridership is inelastic with respect to fare increases.
For instance, a 20 percent across-theboard increase in fares will create a l. 95 percent
decrease in ridership and yield an 18 . 5 percent
increase in revenues.
A 25 percent increase in
fares will create a 2.44 percent decrease in ridership and a 23.02 percent increase in revenues. A So
percent increase in fares will create a 4.78 percent
decrease in ridership and a 45.26 percent increase
in revenues.
The results also show an important effect of
ticket switching that is not immediately obvious.
Any across-the-board increase
(i.e., weekly and
monthly price increases at the same rate) will cause
an increase in the percentage of commuters buying
monthly tickets.
This may occur because of the
change in the absolute dollar difference between the
price of weekly and monthly tickets and/or the fact
that as pr ices rise people become more concerned
about the price they have to pay.
TECHNICAL NOTES ON MODELS
Reliability of the Coefficients--Efficiency and Bias
In studies of this nature, the efficiency of the
coefficients is often undermined by the presence of
autocorrelation and/or heteroscedastici ty.
Both of
these conditions relate to the randomness of error
terms.
Autocorrelation occurs when error terms are not
(a) centered around zero, (b) normally distributed,
and/or \~I iru.J~IJendent of one another.
Generally,
this type of problem occurs when time-series data
are used.
When the error term at time t is not
independent of the error term at time t-1, this is
known as first-order, or serial, correlation.
In
most instances, a Durbin-Watson test can be performed to see if autocorrelation exists.
usually
the problem of error terms not being independent of
one another can be remedied by differencing the
variables over the appropriate time period.
For
example, if serial correlation exists, those variables would be differenced over one time period.
our study, however, uses a combination of both
time-series and cross-sectional data, which makes it
impossible to test for the presence of autocorrelation.
Heteroscedasticity occurs when the variances of
the error terms are not equal. This is generally a
problem for cross-sectional data.
The presence of
heteroscedastici ty can be detected by plotting the
error terms against a predicted value plot of the
dependent variable.
Should the variance "fan out"
rather than remain constant, heteroscedasticity is
present.
Again, this condition is virtually impossible to test since the study uses a data base that
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is both cross sectional and time series.
Bias in the coefficients is another problem
encountered in studies of this nature. TWO mistakes
give rise to this condition--the exclusion of an
important variable and the inclusion of an irrelevant variable.
The most common way to check for
bias is to perform stepwise regressions (i.e.,
running regressions by including one additional
variable at a time). For example, a coefficient may
have an insignificant t-ratio and its inclusion may
not raise the explanatory power of the model (as
measured by R2 ) .
If, however, the coefficients of
some of the variables differ significantly before
and after the variable in question is included in
the model, then its exclusion from the equation
would introduce bias to these other coefficients.
Likewise, the inclusion of an irrelevant variable
(e.g., one wi th a sig n opposite o ne that would
normally be expec ted ) c ould also cha ng e or bias the
other coeff ici ent , eve n if t he R 2 of the mod e l is
then greater.
Our regressions were performed in essentially a
stepwise fashion, and we believe that bias has been
substantially eliminated from the coefficients.
Functional Form
Our model specifications for the LIRR assume linear
relations between the independent and dependent
variables. This is due to the use of software that
computes ordinary least-squares regressions.
A linear specification assumes that the marginal
effects of an explanatory variable on the dependent
variable are constant and independent of the magnitude of values of the other i ndependent variables.
This type of specification works well at the system
level but not at the zonal or branch-zone level.
For instance, at the zonal level the model will
predict exactly the same magnitude of change in the
number of riders in each zone without regard to the
original number of riders in that zone. Thus, the
percentage change in the number of riders that
results from a given fare increase will vary, although it is expected to be similar. In addition, a
linear specification cannot reflect the diminishing
impact on ridership that an independent variable may
have as it increases in magnitude.
These pr oblems could be corrected through the use
of a nonlinear logarithmic model specification.
A
logarithmic specification would yield the same
percentage ridership change in each zone for given
fare increases.
It would also account for the
nonlinear relations that may exist between independent variables and the dependent variable. However,
because we used many dummy variables (which have
values of either zero or one), and since a logarithmic function cannot be computed with zeros, it was
not possible to construct this type of model.

aggregate demand models, this may not strictly be
the case. The regression equation (for the shortrun model) fits a line through 479 observations of
ridership versus the independent variable (e.g.,
fare) • Each observation is a point that represents
the equilibrium point of a supply-and-demand curve.
Thus, the regression equation fits a line through
the 479 supply-and-demand curve intersections. This
line, then, is technically neither a demand nor a
supply curve. However, the line has several properties that are typical of demand curves and, therefore, can justifiably be presented as a demand
curve.
These properties are (a) the line slopes
downward and (b) the signs and magnitudes of the
coefficients are indicative of a demand curve.
There is no easy way to theoretically prove that
the regression line is a demand curve, although the
circumstantial evidence strongly suggests that this
assumption is valid.
SUMMARY:

The models indicate that riders are relatively
insensitive to fare increases (i.e., fares can be
raised considerably without losing a large number of
riders).
In the short run, riders are especially
insensitive to fare increases (our short-run elast i city of -0.106 compares with a long-run elasticity
of -0.32).
The short-run model, taken together with the
monthly-weekly ticket split model, indicates that
various revenue changes can be generated by changing
the relation of weekly ticket prices to monthly
ticket prices. Additional simulations that might be
considered are
l. Increasing fares more in the more distant
zones and
2. Setting zone fares the same, on a cost-permile basis.
The
short-run,
long-run,
and
monthly-weekly
ticket split models all have the capability of being
used on an ongoing basis by the New York Metropolitan Transportation Authority. Their reliability can
be maintained by continually updating the data
base. In addition, the reliability can be improved
by obtaining data on parking costs and availability,
vehicle occupancy, and the amount of people from
each branch zone who work in Manhattan. The models
can be refined by including both zone 2 and zone 3
riders and daily ticket buyers.
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Propulsion Alternatives for Suburban Rail Corridors:
Viable Options to Extending Electrification
RICHARD A. ABLAMSKY AND CHARLES M. KING

Costs of railroad electrification have risen dramatically. Rail transit is denied
Manhattan (and other) business district access unless It is electrified. Commuters want one-seat rides to work. Operators wish to avoid, where possible, costly
locomotive changes en route. Moreover, growth in the suburbs continues, reflected in modest growth in commuter railroad passenger volumes. All this reailts in time-consuming inconveniences to a great number of passengers. All of
these factors combine to build a strong case for exploring alternatives to electrification extensions. In the Tri-State Region (New York, New Jersey, and Connecticut), this issue is further complicated by the presence of four major carriers: New Jersey Transit Corporation, Metropolitan Transportation Authority,
Connecticut Department of Transportation, and Long Island Railroad. All of
1ttese carriers have, or recently had, electrification or re-electrification proposals
under consideration. The Tri-State Regional Planning Commission assembled
this group to address the cost-effectiveness of electrification alternatives in a
systemwide fashion. A technical feasibility study entitled Propulsion Alternatives for Suburban Rail Corridors resulted and has been completed recently.
lhis study developed cost comparisons between selected propulsion options
from technical and cost data obtained from a number of rail operators and rail
equipment manufacturers. The analysis clearly illustrated that a number of
candidate propulsion alternatives, especially dual-mode locomotive service, are
more cost effective than traditional electrification. The implications are of national significance. Direct commuter-rail services to metropolitan centers can
be provided without costly extension of electrification. Selective electrification
can be programmed in affordable segments and the one-seat service areas can be
significantly expanded.

An
extensive commuter-rail system connects the
Manhattan central business district (CBD) with the
outlying suburban areas of the Tri-State Region (New
York, New Jersey, and Connecticut).
Since these
tracks are underground in Manhattan, diesel trains,
which have substantial ventilation requirements, are

the analysis and results of that study and recommendations that follow from it.
At a time when critical decisions are being made
that concern several of the electrification extensions identified in Figure 1, this obviously timely
project focuses on two specific areas. The first is
the feasibility of several alternative propulsion
options to extending electrification. The second is
the quantification of all appropriate cost and
technical factors for all electrified and nonelectr if ied options.
These two evaluations should help
key decisionmakers select the optimal propulsion for
particular route segments in the Tri-State Region.
GRNERAL CRITERIA AND

ASSL~.PT!ONS

The technical study is for the most part generic:
that is, it is primarily concerned with identifying
and pricing general factors of various electric-propulsion systems and alternatives to electrification
for typical rail corridors in the Tri-State Region.
comparisons of different types of systems are meant
to represent typical situations.
Analysis of a
particular route in the Tri-State Region would use
the generic data developed in the study and would
apply them to the conditions for that particular
corridor. As discussed in a later section, this was
done for one selected route in the Tri-State Region
as an example.
Some of the major criteria and assumptions used
in this study are indicated below:

not allowed to operate into Manhattan CBD terminals.

Access, therefore, must be provided by electric
trains.
The inner portion of the commuter-rail
system and several entire routes are currently
electrified.
However, only about half the total
route mileage in the Tri-State Region is electrified.
At present, for rail service beyond electrification, pai:mcngcrc chungc truins, or engines are
changed, or there is dual-mode service.
Changing
engines or requiring passenqers to change trains is
inconvenient, time consuming, and requires additional equipment.
This results in public pressure
to extend electrification in order to eliminate
transferring between trains or the delays of changing engines.
It also results in the need to purchase, maintain, and operate additional equipment.
Moreover, the population is increasing in those
areas beyond electrification and this is further
i nc:rPFtRi ng the pressure to extend electrif kation.
However, sufficient funds are unavailable for many
of these extensions, so that much of the commuterrail system will remain nonelectrified.
The question, then, is, Are there feasible alternatives to electrification that will provide access
to Manhattan?
To address this question, the Tristate Regional Planning Commission sponsored
a
technical
feasibility
study
entitled
Propulsion
Alternatives for Suburban Rail Corridors.
This
study was funded by the Urban Mass Transportation
Administration and performed in cooperation with the
Metropolitan Transportation Authority (MTA), the New
York State Department of Transportation, the New
Jersey Transit Corporation, and the Connecticut
Department of Transportation.
The consultant was
Alexander Kusko, Inc. This overview is a summary of

1. All data are assumed to apply to commuterrail service to New York City (i.e., peak-period
service to the Manhattan CBD) .
2. All costs are in constant 1980 dollars.
A
capital recovery factor of 0.10 was applied to
capital costs for direct comparison with developed
annual costs.
3. The types of propulsion systems analyzed are
limited to tho~e that provide direct access (no
change of equipment or transfer of passengers) to
the CBD.
All major types of alternatives have
operated or are now operating in the Tri-State
Region.
4. The typical rail corridor under analysis
involves a 30-mile segment already electrified at
the CBD end of the corridor and a 20-mile doubletrack extension that is proposed to be electrified.
Eight different passenger volume levele are analyzed, which include the passenger levels estimated
for the routes identified in Figure 1.
5. An average of five passenger cars is assumed
per locomotive.
6. The 20-mile nonelectrified segment includes
nine passenger stations, which results in an average
station spacing of 2.2 miles.
7. About 80 percent of the daily ridership is
assumed to ride in the 3-h peak period.
8. Shop margins (the number of vehicles out of
service at any given time) are assumed to be 15
percent.
9. Single-level passenger vehicles are attr ibuted a nominal seating capacity of 120.
10. As the study progressed, the option of a
bilevel passenger car was indicated to be feasible
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Figure 1. Electrification extensions proposed for Tri-State Region.
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and was added as a suboption at a nominal seating
capacity of 200.
11. Since the analysis was concerned with the
incremental variable costs among options,
crew
requirements were not considered.

natives to the baseline electrification extensions.
Each of the eight options is described below in
detail.

PROPULSION OPTIONS

The three baseline options are representative of the
three types of electrified systems programmed for
the Tri-State Region.
Baseline l represents electrification at 25-kV,
60-Hz alternating current (ac)
power.
This is
considered the worldwide state of the art for new
commuter-rail electrification projects but is not
yet used in the Tri-State Region.
However, the
Morris and Essex operation in New Jersey is currently being converted to this system from its
current 3-kv direct current (de) system. The Northeast Corridor and the North Jersey coast Line, both
now electrified at 11-kV, 60-Hz ac, were to be
converted to 25-kV, 60-Hz ac as part of an extensive
modernization program.
(This program is now de-

All of the baselines and alternatives in this study
are characterized as either locomotive-hauled passenger coaches or self-propelled passenger cars.
TWO or more self-propelled passenger cars can be
operated in multiple-unit (MU) trains.
Electric MU
(EMU) trains are common in the Tri-State Region as
are both electric and diesel-electric locomotives.
Eight major propulsion options were selected for
detailed analysis, four of which contain additional
suboptions for bilevel cars.
The first three, the
so-called baseline options,
are three standard
methods
for
extending
existing
electrification
systems. The last five options are feasible alter-

BASELINE OPTIONS

Transportation Research Record 838

76

ferred due to funding and technical constraints.)
The 60-Hz systems are compatible with the conunercial
power grid and so can tap power with relatively
simple substations.
The ac power, supplied by substations spaced
approximately 20 miles apart, is drawn directly from
contact wires (supported by catenary) by pantographs
located on top of each vehicle.
The ac current is
then converted on board to lower-voltage de current
for use by the de traction motors. The vehicle used
for this analysis, the JA-3, is based on the most
recent purchase of Jersey Arrow EMUs.
Baseline 2 represents electrification at 12.5-kV,
60-Hz ac that is linked to 600-V de operation.
For
this operation, the vehicle assumed, the M-2, is
based on the most recent purchase of M-type dualvoltage EMUs, as currently used on the New Haven
line in Connecticut and New York State. The vehicle
draws ac power in ac electrified territory in the
same manner as the baseline 1 vehicle (ac substations are spaced 10 miles apart in this scenario).
When the vehicle operates in de electrified territory, however, it draws de power directly from the
wayside third rail through collector shoes for use
by the de traction motors.
Baseline 3 represents 600-V de third-rail electrification.
It is currently used on the Long
Island Railroad as well as the Harlem and Hudson
lines that serve Westchester County in New York
State.
De power (from substations spaced two miles apart
in this scenario) is simply drawn directly from the
third rail by collector shoes on the vehicle.
The
vehicle assumed for this operation, the M-1, is
based on the most recent purchase of M-type singlevoltage EMUs. For this option, a baseline 3A, which
assumes a single-track route, was also analyzed.
The advantage of all three baseline options is
high
performance;
their
relative
disadvantage,
however, is their high implementation costs.
In
sununary, the baseline options are as follows:
1.
60-Hz
2.
60-Hz
3.
third

Baseline 1--EMU (Jersey Arrow, JA-3)--25-kV,
ac, catenary;
Baseline 2--EMU (Cosmopolitan, M-2)--12. 5-kV,
ac/600-V de, catenary and third rail; and
Baseline 3--EMU (Metropolitan, M-1)--600-V de
rail.

ALTERNATIVE OPTIONS
There are five alternatives to the baseline options
evaluated in the study.
These are described in
detail below.
Alternative 1 is a dual-mode locomotive (DML)
that hauls trailer cars at a ratio of five cars per
locomotive.
A conventional diesel-electric locomotive uses a diesel engine that drives a generator to
supply de electric power to the de traction motors.
A diesel-electric/electric (DE/E) DML operates as a
conventional diesel-electric locomotive in nonelectrified territory as well as an electric locomotive
in electrified territory.
The particular locomotive analyzed for
such
operation is based on the F40PH design of the Electro Motive Division of General Motors Company. This
F40PH is the standard high-horsepower locomotive
used today for conunuter and intercity passenger
service.
(A lower-power version, the FL-9 DML,
currently operates on the Hudson, Harlem, and New
Haven lines. Built more than 20 years ago, some are
currently being rebuilt.)
Both an ac and a de version of the DML were
analyzed. The ac DML would draw power from overhead
catenary in electrified territory in the same manner
as the baseline 1 vehicle.
The de DML would draw

power from third rail in electrified territory in
the same manner as the baseline 3 vehicle.
Each version was also analyzed hauling both
single-level and bilevel passenger coaches.
The
single-level coach analyzed is based on a recent
purchase of the lightweight Jersey comet (model
PP3). The bilevel coach under consideration for use
in the Tri-State Reg ion is based on a preliminary
design of a low-profile vehicle for use in the
restricted New York tunnels.
Alternative 2 is a gas-turbine/electric (GT/E)
dual-mode vehicle.
It is essentially an MU car,
nearly identical to a conventional M-1 EMU, except
that it carries its own on-board power supply for
use in nonelectrified areas.
In electrified territory, it acts as a conventional de EMU that draws power from the third rail.
In nonelectrified territory, a lightweight, compact
gas turbine drives an electric generator to operate
the de traction motors.
Typically, this equipment resembles the eight
GT/E vehicles demonstrated in the 1970s by the MTA
on the Long Island Railroad in New York State.
These vehicles evolved from a series of demonstrations (in which the Tri-State Regional Planning
Conunission cooperated) and design developments in
the late 1960s and early 1970s.
Alternative 3 is an ac electric locomotive that
hauls trailer cars at a ratio of five cars per
locomotive.
Such an operation is conunon to current
New Jersey services.
This option involves locomotive propulsion supplied by overhead-catenary wires;
as such, extension of ac electrification is necessary for this operation.
This alternative is analyzed as hauling both single-level and bilevel
coaches.
The specific locomotive analyzed is the highhorsepower AEM-7, which is currently assigned to
Northeast
Corridor
National
Railroad
Passenger
Corporation (Amtrak) operations.
Since this option
is evaluated with a trailer-to-locomotive ratio of 5
to 1 as with the DML option, operating experience
has shown that this combination produces an extremely high-performance train.
Alternative 4 is a de electric locomotive that
hauls trailer cars at a ratio of five cars per
locomotive. Such an option requires extension of de
electrification and is analyzed for both singlelevel and bilevel coaches.
De electric locomotives once operated extensively
in the Tri-State Region.
Typical examples were New
York Central "T" or "S" class locomotives involved
in access to Grand Central Terminal in New York City
and DD-1 locomotives involved in the original design
of Pennsylvania Station in New York City.
Today, the electric mode of the FL-9 locomotives
uses third-rail de power for operation into Grand
Central.
Moreover, de electric locomotives were
recently
purchased
and
placed
in
service
as
switchers at Grand Central.
Alternative 5 is a battery/electric dual-mode
vehicle.
It is essentially a de EMU with a substantial battery pack for operation in nonelectrified
territory.
This equipment concept is based on the successful, but limited, intercity service currently used
in Germany.
Moreover, tripower locomotives (gas,
electric, and battery) were once in service both in
third-rail and overhead-catenary territories in the
Tri-State Region.
While the battery/electric vehicle avoids the
necessity of extending electrification,
it does
require a supplemental power supply at the end of
the route and substantial electric operation for
battery recharging.
This option, for the purposes
of this study, also includes a flywheel-regenerative
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Table 1. Technical and cost data .
Costs (1980 dollars)

Vehicle Power Requirements

Maintenance 8

Capital
(OOOs)

Equipment (per unit)
Ac electric car (baseline 1)
Ac/de electric car (baseline 2)
De electric car (baseline 3)
Ac DML (alternative 1)
De DML (alternative 1)
GT /E car (alternative 2)
Ac electric locomotive (alternative 3)
De electric locomotive (alternative 4)
Battery/electric car (alternative 5)
Single-level trailer coach
Bilevel trailer coach
Conventional diesel locomotiver
Self-propelled diesel ca/
111

1000
1100
950
1442
1085
1330
2430
1300
1171
750
1300
920
1100

Electrified
Territory
0.80
0.88
0.80
0.40
0.40
0.80
0.36
0.36
0.80
0.87
0.87

Nonelectrified
Territory

1.84
1.84
1.47
2.35
0.87
0.87
1.67
l.79

Vehicle
Weightb
(lb OOOs)

Vehicle
Horsepower
Rating

Kilowatt

113
125
92
275
265
100
200
200
130
74
130
260
120

700
650
560
3000
3000
560
7000
3000
560

9.37
10.06
7.16
5.5 l/8.06d
5.44/7 .99d
7.57
4.95
7.50
6.26/ l 0.43 6

2000/3000g
400

Hours per

Car Mile

Gallons
per
Car Mile

Sample
Trip Timec
(min)

0.52/0.77d
0.52/0.76d
1.23

26.9
27.3
27 .0
27.8
27.8
27.1
25.3
27.3
27.0

2.70
0.47

29.2

ln doll 1u·s PU mile lraivclcd.

h.'Eml'tY·Ye:hJcb: w11!gl 11 : fo r pur po$e.torperfor1nu1u:c:i mtn11Hire man t, an a~cr~ ge \vt:..l&JU Qf I 50 lb/seated passenger was used.
~u.stid 0 11 OIJ\'t!llng .11 20·mllc sosmont will\ nine. pwe.nBt1rS1:1111Uon 1iop!I.
'Fint n lve repreicinui ope..r~ l lo n whh iinsle·tcvol coL1ches, lh O:i1cc<1nd 'With bUcvcl COA!C'he.s .
; Ftrsl vn.luc repreicc:nLot ~kctrit1 opar.atlo.n, tho second b11t1ery opert1 Llon.
In cluded ror compnrlso n.
SHrrt valuo rorir ~<r.nu: currant dlellit-1 opontlon, thci t.ccond proP'itmmcd dlescl opcrollo n.

braking system.
While all options could benefit
from such equipment, it was deemed essential for
this option to provide good performance in the
battery mode.
For comparison, two typical types of standard
diesel-electric services were also evaluated:
a
train of five rail diesel cars (RDCs) and a conventional diesel-electric locomotive that hauls trailer
cars in the ratio of five cars per locomotive.
However, such options would require costly increases
in the ventilation system capacity in the tunnels
and are therefore not considered beyond their furnishing of comparative costs.
In summary, the alternatives are as follows:
1.
2.
3.
4.
5.

Alternative
Alternative
Alternative
Alternative
Alternative

1--a DE/E DML,
2--a GT/E dual-mode MU,
3--an ac electric locomotive,
4--a de electric locomotive, and
5--a battery/electric dual-mode MU .

DATA
The key technical and cost data used in the study
are summarized in Table 1. The table illustrates,
for each type of equipment, the following:
1. Capital cost in 1980 dollars,
2. Annual maintenance costs, and
3. Vehicle power requirements in kilowatt hours
per car mile for electrified operation and gallons
per car mile for nonelectrified operation.
For the electrification scenarios, the table below
gives the capital costs and maintenance costs (in
dollars per year) :

Wayside
(per route mile)
Ac electrification
Ac/de electrification
De electrification
De electrification
(single track)

cost (1980 dollars)
Capital
(OOOs)
Maintenance
1570
3 625
1789
3 625
3603
20 150
14 150
2160

These data were developed from information supplied
by various national rail equipment manufacturers as
well as rail operators in the Tri-State Region.

OUTLINE OF OPTION COMPARISONS
The data shown in Table 1 were applied to the three
baseline options and five alternative options to
compare costs and performance for various passenger
levels.
Figure 2 compares the relative costs per seat of
the three baseline options.
(Although one would
expect to extend the same type of electrification
over the nonelectrified territory, this does not
preclude one baseline from being a viable alternative to another baseline option.) Figures 3, 4, and
5 show the costs per seat of each of the three
baseline options, versus the appropriate alternatives, for various passenger levels.
For the four comparisons, only single-level coach
options are used.
In addition, although the 200020 000 range of passenger levels is used, most of
the proposed electrification extensions in the
Tri-State Region fall into the narrower 4000-8000
range.
Figure 2 directly compares baselines 1, 2, and
3. As such, it compares
1. Extending 25-kV ac electrification and using
ac electric MU cars (baseline 1),
2. Extending 12.5-kV ac electrification and using
ac/dc electric MU cars (baseline 2), and
3. Extending 600-V de electrification and using
de electric MU cars (baseline 3).
Figure 3 compares baseline 1 with alternatives 1,
2, and 3. Thus, it compares
1. Extending 25-kV ac electrification and using
ac electric MU cars (baseline 1),
2. Not extending electrification and using either
ac or de DMLs to haul trailer cars (alternative 1) ,
3. Not extending electrification and using GT/E
(alternative 2) , and
4. Extending 25-kV ac electrification and using
ac electric locomotives to haul trailer cars (alternative 3).

Figure 4 compares baseline 2 with alternatives 1
and 2. As such, it compares
1. Extending 12.5-kV ac electrification and using
ac/dc electric MU cars (baseline 2),
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Figure 2. Cost comparison of three baseline electrified options.
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2. Not extending electrification and using de
DMLs to haul trailer cars (alternative 1) , and
3. Not extending electrification and using GT/E
MU cars (alternative 2).
Figure 5 compares baseline 3 with alternatives 1,
2, 4, and 5, as well as with baseline 2.
Thus, it
compares
1. Extending de electrification and using de
electric MU cars (baseline 3),
2. Not extending electrification and using de
DMLs to haul trailer cars (alternative 1),
3. Not extending electrification and using GT/E
MU cars (alternative 2) ,
4. Extending electrification and using de electric locomotives to haul trailer cars (alternative
4),
5. Not extending electrification and using battery/electric MU cars (alternative 5), and
6. Extending 12.5-kV ac electrification from the
de electrification and using ac/dc electric MU cars
(baseline 2) i this option is viable due to the
relatively lower costs of the ac electrification.
Table 1 also estimates the relative performance
of each of the options.
The estimates are for
operation over the assumed 20-mile nonelectrif ied
segment; performance is expressed as travel time
over the route in minutes.
RESULTS OF OPTION COMPARISONS
The implications of the comparison of options are
clear.
The extension of electrification is generally not cost effective at relatively modest
passenger levels.
Operation of dual-mode locomotives is the most cost-effective alternative to
extending electrification.
Both the GT/E option and battery/electric option
provide substantial cost savings relative to electrification at modest passenger levels.
However,
both are still more costly than the DML option at
all passenger levels.
As
ridership
increases,
electrification becomes competitive with the battery/electric and GT/E options.
When electrification is considered for implementation, de third-rail electrification is shown to be
typically the most costly, ac/dc electrification
second, and ac overhead-catenary electrification
least costly.
However, as passenger levels increase, de electrification becomes competitive with
ac/dc electrification.
In addition, electrification
with electric locomotives is seen to be somewhat
more costly than electrification with the corresponding electric MU cars.
The cost of the bilevel
coach suboption for each alternative is somewhat
lower than that of the corresponding single-level
coach suboption.
The above observations are based on the assumed
50-mile route, the inner 30 miles of which are
electrified.
However, a number of other factors
affect both the absolute and relative costs of the
options.
Such factors include train length and
electrification length.
A cursory analysis of the cost impact of train
length (i.e., the number of cars in the train) was
performed in the study. As expected, all locomotive
options maintained their relative positions to each
other; similady, all MU options maintained their
relative positions.
However, other comparisons were significant. For
de electrification, the electric locomotive-hauled
train becomes competitive with EMUs
for
train
lengths of more than six cars.
The DML is such a
cost-effective option that only. at small train
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lengths (one- or two-car trains) do other alternatives (such as GT/E and battery/electric) become
competitive.
The cost impact of electrification length was
also evaluated.
For those options that do not
require electrification (such as the DML, the GT/E
MU car, and the battery/electric MU car), costs are
independent of the length of the proposed electrif ication extension.
At fairly long extension lengths (40 miles) ,
electrification options are costly relative to the
nonelectrified options.
As the length of the proposed
extension
decreases,
the
electrification
options become more competitive.
At more modest
extension lengths (10-20 miles), electrification is
as cost effective as some alternatives, such as GT/E
and battery/electric.
Another factor to be considered is option performance.
One measure of this is trip time for the
passenger. Table 1 presents a simple comparison of
total travel times estimated for each option for
operation over the assumed 20-mile segment with nine
intermediate stations.
As expected, electrification options with their
associated high-performance vehicles (especially the
ac electric locomotive) produce the fastest trip
times.
However,
alternative options
are
still
somewhat competitive (if optimal performance by each
vehicle is assumed).
As previously noted, these
comparisons are largely the consequence of the
assumptions made and unit costs developed in this
study.
SAMPLE ROUTE ANALYSIS
One specific commuter route was used for a sample
analysis of the generic data and methodology developed in the study.
The route selected was the
Raritan Valley corridor, which currently provides
conventional diesel service only to Newark, New
Jersey.
For this study, it was assumed to be providing direct access from Raritan, New Jersey, to
Pennsylvania Station, New York City. The results of
the evaluation were generally similar for three
passenger-level scenarios.
Extending electrification was not cost effective.
A number of alternative options, especially the DML,
are quite attractive.
While the DML option is
slightly more costly than the current diesel services to Newark, it provides direct access to Manhattan without passenger transfer, thus providing
slightly reduced travel times and greater convenience.
While not specifically tested, perhaps an attractive service would be standard, full-time DML operation to Pennsylvania Station, with supplementary,
peak-period-only service to Newark.
ADDITIONAL CONSIDERATIONS
A number of other factors not previously discussed
here must also be considered in any detailed evaluation.
Such factors were well beyond the scope of
the original study.
One factor would be the substantial quantity of
existing locomotive-hauled rolling stock not yet
ready for retirement.
The availability of such
vehicles could significantly alter cost trade-offs
in favor of locomotive options.
The implementation of direct service,
either
through electrification or dual-mode options, induces an increase in ridership by the elimination of
time-consuming and inconvenient transfers.
Such
additional
passenger
volumes
naturally
increase
vehicle requirements, but the extent of such additional loadings is dependent on the type of service
provided.
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Fleet compatibility is another real-world concern.
Choice of propulsion option, while estimated
to be cost effective through the methodology outlined, must consider the impact on overall operational flexibility and fleetwide maintenance requirements.
Modal split is also a factor in such evaluations.
In addition, choice of option can affect economic
development t.h, ·ough property-value reinforcement.
Obviously, a d~tailed sensitivity analysis is necessary in the evaluation of propulsion options for a
specific commuter route.
ENVIRONMENTAL ISSUES
The study did evaluate general environmental issues
as they related to the options under analysis.
Noise pollution
is generally
below established
regulatory
U.S. Environmental Protection Agency
(EPA) standardsi transgressions are exceptions and
only slightly above acceptable levels when they do
occur.
The quant ity of atmospheric pollution produced by rail vehicles is relatively insignificant
in comparison with the primary pollution source--the
Also, new diesel and gas-turbiiae
vehicle.
rail vehicles produce lower emissions than older
models.
The use of hazardous materials is a concern for
all vehicle options.
For electrified options, this
involves carrying polychlorinated biphenyl (PCB) on
MUs.
However, this does not seem to pose problems
when careful containment is assumed.
For options
that involve tanks that contain liquid fuel, the
FL-9 experience is instructivei over the years, it
has not presented unreasonable hazards.

important and praiseworthy objective.
There is a
natural tendency to extend the baseline electrification systems. However, this study has demonstrated
that this is a very costly approach and that there
are feasible and less-costly alternatives that can
also provide direct access.
In particular, the DML
option is especially cost effective.
Since U.S. metropolitan planning organizations
(MPOs), such as the Tri-State Regional Planning
Commission (the sponsor of this generic study),
support provision of direct access to metropolitan
CBDs for all suburban rail lines, they should also
support detailed studies by the implementing agencies of alternatives that provide direct service for
each suburban rail line beyond the current limits of
electrification.
These subsequent studies should
extend and build on the results of this generic
study.
Conclusions from these route-specific studies should be acceptable to the MPOs before projects
to extend baseline electrification are added to
capital-improvement programs.
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