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EXECUTIVE SUMMARY

One of the problems confronting the transit industry is the
curving performance of the powered conventional urban heavy rapid
rail truck. Among the curving performance problems are the high
rate of wheel flange wear and rail gauge wear associated with
operating heavy rapid rail cars on sharp curves. An additional
problem that may be even more objectionable than the high wear

*rate is the high pitch screech or squeal that is associated with 
negotiating sharp curves (usually greater than 8 degrees curvature 
or approximately 700-foot radius).

The squeal noise and most of the wheel flange wear and rail 
gauge wear experienced with conventional parallel axle trucks are 
due to the non-radial running position of the leading axle in 
sharp curves. The non-radial running position results in a 
tracking error or an angle of attack between the wheel and rail.
It is the associated wheel/rail angle of attack and lateral 
motion (creep) that cause noise, wear, and an unnecessarily high 
lateral force between the wheel flange and the rail. In addition, 
in the non-radial running position, there is a substantial rubbing 
velocity between the rail and the flange which causes additional 
noise and wear.
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The noise problem can be mitigated by using resilient wheels, 
various other noise suppression measures, and by lubricating the 
wheel/rail interface. Of course, resilient wheels or noise barri­
ers do not relieve the wear problem and lubrication must be very 
carefully controlled or there will be an increase in the incidence 
of flat wheels due to wheel slide during braking.

The addition of steering, however, cures the problem at the 
source by eliminating the tracking error and the associated wheel/ 
rail lateral motion. The vibration which causes the noise is not 
generated. Flange forces are lower and the rubbing action is eli­
minated. With the need for wheel/rail lubrication'removed, 
traction and braking performance become more consistent.

The objective of this program is to determine the feasibil­
ity of modifying an existing urban rail vehicle truck to a 
steerable configuration for the purpose of improved curving per­
formance. .The anticipated benefits from the use of steerable 
trucks on urban transit vehicles are: reduced wheel flange wear,

4
reduced rail gauge wear, reduced wheel/rail noise, and reduced 
energy consumption during curve negotiation. Where cars accumu­
late a high percentage of their mileage on curved track, the 
potential dollar savings on wheel and track wear could be quite 
substantial.



The existing urban rail vehicle trucks that were selected 

for this feasibility study are now in service on the Port Authority 

Transit Corp. (PATCO) system. Both the PATCO cars and trucks were de­

signed and built by The Budd Company. These vehicles (75 in number) 

went into service during 1967- The basic truck design is known as the 

Budd Pioneer-III (P-III) and is similar to thousands of other trucks 

built by Budd.

The PATCO System, known locally as the Lindenwold High Speed

Line, runs between downtown Philadelphia and Lindenwold, New Jersey.
*

In Philadelphia, the line runs east and west under Locust Street 

utilizing a tunnel with several sharp curves.. There are addi­

tional curves and a grade as the line comes out of the tunnel and 

up to cross the Delaware River on the Benjamin Franklin Bridge.

In Camden, New Jersey, the line is again underground with-several 

sharp curves. From Camden to Lindenwold, the curves are gradual.
9

Even though the stations are relatively close together, th.e cars 
often reach 75 mph in this area. The.PATCO System would be an 
excellent place to test a steering type truck because it has both 
sharp curves and a high speed section.

The basic approach taken in the design performance studies 

was to first establish various performance indices for the exist­

ing PATCO truck design. The performance indices included high
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speed stability, curving, and ride quality. Several different 

computer models were used for these studies. The major portions 

of the stability and ride quality studies were made using linear 

models that employ eigen value-eigen vector techniques. Linear 

models can also be used to study curving performance, however, 

the main set of curving studies used, instead, a non-linear 

tracking model. The Budd non-linear model can accommodate flange 

contact, apply an arbitrary creep characteristic, and use non­

linear wheel profiles.
4

The studies indicate that the existing PATCO truck has a high 

critical speed which results in a rather conservative stability 

margin and this is confirmed by field experience. Although, the 

curving performance of the existing PATCO truck is similar to that 

of other conventional (square) trucks, there is room for improve­

ment. The existing PATCO truck experiences significant angles of 

attack during curve negotiation and generates the squeal or 

screech that is so typical of the sharp curves.

Once the baseline performance data for the existing PATCO 

truck was established, steering was added to the analytical models. 

The steering concept that is most suitable to powered trucks 

employs "C"-shaped structures or sub-frames called steering arms.

The steering arms are inter-connected at the truck center and inter-
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face with the independent side frames at the corners. The corner 

V connections must allow for the axle yaw motions which are - 1.1

degree if positioned radially on a 3 0-degree curve ( 1 9 3  ft. radius) 

The resulting longitudinal deflection at the corner joint is 

+0.44 inches

The steering arm concept can have two modes of operation

which are known as self-steering and forced- (positive-) steering.

In the self-steering mode, the steering input comes exclusively

from the self-centering action of a tapered wheelset. The steer-
*

ing forces are'generated by the creep forces developed at the 

wheel/rail contact patch. Therefore, the self-steering input is 

a direct function of the adhesion limits and contact geometry.
[in

In the forced-steering mode, the steering input comes from a 

linkage arrangement that responds to truck swivel with respect to 

the carbody during curve negotiation. The linkage geometry 

positions the axles radially when the car is in a curve. Self­

steering action is also present and actually aids the positive­

steering mode.

The■longitudinal stiffness of the inter-connection between 

the steering arms and the truck frame corners became the major 

>■ trade-off between high-speed stability margin and improved

curving performance. A stiffness of 30,000 lb/in was the lowest 

value that could satisfy the stability requirements of this truck 

design. This required value is a function of the yaw inertia of
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the wheelsets and steering arms. However, the value required 

for stability was not acceptable from a curving performance 

standpoint because of the large forces that would be required 

to deflect this joint + 0.44 in. for radial positioning on a 

30 degree curve. The self-steering mo.de could not possibly 

generate these force levels. The forced-steering mode could 

generate these force levels but the structural requirements 

of the steering linkage creates a packaging problem because 

of the space constraints. Therefore, a slide mechanism with 

a 2000-lb breakout .force Tevel was put in series with the 

longitudinal spring to limit the force levels. During high 

speed operation, the axle yaw motions would be handled within 

the spring element and breakout or sliding of the slide mechan­

ism would not occur. However, during curve negotiation, the 

breakout force level would be developed so that the axles 

could assume the radial position.

In the self-steering mode, breakout could occur on 

rough track and possibly result in an instability. Also, in 

the self-steering mode, adequate curving performance required 

a minimum friction coefficient of 0.3 at the wheel/rail inter­

face. Curving performance would degrade at the lower friction 

levels typical of wet or lubricated rail. Based on the above 

concerns, forced-steering is recommended for the proposed 

steerable truck design.

Forced-steering ensures radial positioning on curves 

down to 30 degrees and provides the proper inter-axle stiffness 

(bending and shear) parameters required for stability.
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The proposed steerable truck design accommodates the' 

existing truck bolster, wheel/axle assemblies, propulsion 

units, and tread brake units. A new side frame is required 

with the addition of steering arms. The new side frames are 

quite similiar to the existing truck frames with the exception 

of the corners. The four corners are designed to mate with 

the steering arms and allow the required yaw motions. The 

proposed steerable truck design will increase the weight of 

the truck by about 1560 lbs (approximately 12%'). This increase 

is essentially the weight of two steering arm assemblies. It 

is quite possible that a new design that is not required to 

mate with existing equipment would not result in a weight 

increase.

The results of the analytical studies show that the pro­

posed steerable truck design with forced-steering can dra­

matically improve curving performance on the PATCO system.

High speed stability can be maintained by providing the re­

quired dynamic axle yaw restraint. Ride quality is preserved 

by retaining the existing secondary suspension without signifi­

cantly modifying the input to this suspension. The potential 

does exist for improved ride quality because of the better 

tracking ability of the steerable truck. It is anticipated 

that many track irregularities typically encountered around 

switches and frogs can be avoided because of the improved 

tracking. Perhaps the most significant improvement of all will 

be the reduced noise levels associated with sharp curves.
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A cost benefit analysis was made to determine the overall 

cost effectiveness or net worth of the proposed steerable truck 

for the PATCO system. The basic trade-off is the increased 

capital cost and increased maintenance cost because of added 

assemblies versus the potential savings from reduced wheel flange 

wear, reduced rail wear in curves, elimination of rail lubrica­

tors, elimination of wheel skid-flats caused by lubricant finding 

its way onto the rail head, and reduced energy consumption during 

curving. The results of the cost analysis show that the addition 

of steering to the PATCO system could reduce operating costs by 

about 6%. The estimated annual savings are approximately'$50,000 

from reduced wheel maintenance, $3^,000 from reduced rail mainten­

ance, and $20,000 'from reduced energy consumption during curving. 

However,, to realize these savings the entire fleet would have 

to be retrofitted. The capital cost to retrofit the PATCO trucks 

with steering has been estimated at approximatley $15,000 per 

truck. The base payback period for the retrofit would be about 

21 years.

The cost analysis also looked at the cost impact of the addi­

tion of steering to a new truck design. The capital cost premium 

for steering on a new truck design was estimated at about $7000 

per truck. Based on the potential savings at PATCO, the base 

payback period for steering on a new design was estimated at 11 

years.

C l e a r l y  t h e  c o s t  b e n e f i t  o f  s t e e r i n g  i s  a  d i r e c t  f u n c t i o n

o f  t h e  t o t a l  n u m b e r  o f  s h a r p  c u r v e s  ( o v e r  4 d e g r e e s )  o n  a  p a r t i c u -
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lar transit system. On a transit system with more curves than
PATCO, the potential operating cost savings could reduce the /
payback period and make steering much more cost effective.

Keep in mind that the cost analysis did not attempt to 
place a dollar value on reduced noise levels.during curving.
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1.0 INTRODUCTION
1.1 Background

The Office of Rail and Construction Technology, Urban Mass 
Transportation Administration (UMTA) Office of Technology 
Development and Deployment, is conducting research, develop­
ment, test and evaluation programs directed toward the 
improvement of urban rail transportation systems. These pro­
grams will result in improved prototype vehicle, component 
and rail system designs, improved ways and structures and 
structural components*, and will provide engineering design 
data on rail system component interaction.

The role of Transportation Systems Center (TSC) as System 
Manager for the necessary technical support to UMTA in these 
developmental areas includes its participation in the design. 
of and technical monitoring of UMTA vehicle and component 
prototype development. In addition, TSC will participate 
in the analysis and testing of vehicles and components.

One of the problems confronting the transit industry is 
the curving performance of the powered conventional urban 
heavy rapid rail truck. Among the curving performance prob­
lems, are the high rate of wheel flange wear and rail gauge 
wear associated with operating heavy rapid rail cars on
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sharp curves. An additional problem that may be even more 

objectionable than the high wear rate is the high pitch 

screech or' squeal that is associated with negotiating sharp 

curves (usually greater than 8 degrees curvature or approxi­

mately 7 0 0 -foot radius).

The squeal noise and most of the wheel flange wear and

rail gauge wear experienced with conventional parallel axle

trucks are due to the non-radial running position of the

leading axle in sharp curvbs. The non-radial running position
*

results in a tracking error or an angle of attack between 

the wheel and rail. It is the associated wheel/rail angle 

of attack and lateral motion (creep) that cause noise, wear, 

and an unnecessarily high lateral force between the wheel 

flange and the rail. In addition, in the non-radial running 

position, there is a substantial rubbing velocity between 

the rail and the flange which causes additional noise and 

wear.

The noise problem can be mitigated by using resilient • 

wheels, various other noise suppression measures, and by 

lubricating the wheel/rail interface. Of course, resilient 

wheels or noise barriers do not relieve the wear problem and 

lubrication must be very carefully controlled or there will 

be an increase in the incidence of flat wheels due to wheel 

slide during braking.



One approach to reducing the wear problem and the associ- 

v ated noise is to make the trucks steerable. Steerable trucks

can cure the wear problem at the source by eliminating the 

tracking error and the associated wheel/rail lateral motion. 

The vibration which causes the noise is not generated.

Flange forces are lower and the rubbing action is eliminated. 

With the need for wheel/rail lubrication removed, traction 

and braking performance can become more consistent.

The addition of steering to the trucks in existing transit
*

systems will eliminate the squeal problem in sharp curves and 

offer a reduction in operating and wheel/rail maintenance 

costs. The use of steering-type trucks in new systems will 

reduce.engineering and construction costs by relieving the 

present need to use large radius curves which often involves 

very expensive modification of existing building foundations.

1 . 2  Ob j ective

In Ju ly ,  1979, The Budd Company was awarded one o f two 

competing con tracts  le t  out by the T ran spo rta t ion  Systems 

Center. The con trac t o b je c t iv e  was .to determ ine the fe a s i­

b i l i t y  o f m odify ing an e x is t in g  urban heavy ra p id  r a i l  tru ck  

- to  a s tee rab le  co n fig u ra t io n  fo r  the purpose o f improved

curving performance. The anticipated benefits from the use 

" of steerable trucks on urban transit vehicles are: reduced
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■ wheel flange wear, reduced rail gauge wear, reduced wheel/ 
rail noise, and reduced energy consumption during curve 
negotiation. Where cars accumulate a high percentage of 
their mileage on curved track, the potential dollar savings 
on wheel and track wear could be quite substantial. The 
design and analysis, including technical and cost factors, 
will be utilized by the Government to determine the feasi­
bility of subsequently fabricating one or more prototypes 
for test and evaluation.

1.3 Scope
The truck chosen for the modification studies is the Budd

Pioneer - III now in service on the Port Authority Transit Corp.
(PATCO) system. The basic approach taken in these studies was to
first establish various performance indices for the existing PATCO
truck design. The performance indices include high speed

*

stability, curving performance, and ride quality. A cost 
benefit analysis was made to determine the overall cost 
effectiveness or net worth of the steerable truck concept 
with respect to the PATCO system. The basic trade-off is 
the increased capital cost versus the potential savings from 
reduced wheel flange wear, reduced rail wear and reduced 
power consumption in curves.

The existing truck design and the proposed steerable
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truck design are described in Section 2.0. The Design Per­
formance Specification is given in Section 3.0.' The tech­
nical analysis of both the existing truck and the steerable 
truck with variations is presented in Section 4.0. The Cost 
Benefit Analysis is presented in Section 5.0. The Summary 
and Conclusions are presented in Section 6.0.

1.4 PATCO System Description
The. PATCO System, known locally as the Lindenwold High

Speed Line, runs between downtown Philadelphia and Lindenwold,
*

New Jersey. Figure 1-4.1 is a schematic system map. The 
line is 14.2 miles long.

In Philadelphia, the line runs east and west under Locust 
Street utilizing a tunnel constructed many years before the 
line went into service. There is a very sharp (28-degree) 
curve where the route turhs north under 8th Street to the 
8 th and Market Streets station. From here to City Hall, 
Camden, the route has been in use for many years - the 
service having been known as the ’’Bridge Train”. There are 
additional sharp curves and a grade as the line comes up to 
cross the Delaware River on the Benjamin Franklin Bridge.
In Camden, the route is again underground.with several sharp 
curves.

Just beyond Camden City Hall, there is a new construction
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connecting the old "Bridge" route with an existing railroad 

right-of-way. Prom here to Lindenwold, the curves are gradu­

al and the line is generally elevated. Even though the 

stations are relatively close together, the cars often reach 

7 5 - 80 mph in this area.

The line includes a wide variety of operating conditions 

from sharp curves in the tunnels to a long section along a 

railroad alignment with gentle curves. A summary of the 

PATCO curves, both east and west bound, is shown in Figure
4

1.4.2. This figure shows that the majority of the curves 

are in the 2-degree range; however, there are several curves 

in the tunnels which are in the 2 0 - to 2 8-degree range..

These sharp curves definitely generate the high pitch squeal 

or screech.

Operating with 75 vehi'cles, the PATCO system accumulated 

3 j983sOOO car-miles and serviced 11,078,000 passengers 

during 1979. The total traffic has been estimated at 6 

million gross tons per year past any given point along the 

system.
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Figure 1.4.1
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2.0 Design Description

2.1 Introduction

A general description of the PATCO cars and trucks are 

given in this section. Both the cars and.trucks were 

designed and built by The Budd Company. These vehicles (75 

in number) went into service during 1967-

This section also presents a description of the design 

modification to add steering capability to the existing 

PATCO trucks. A self-steering configuration is discussed 

in detail as well as a forced- (or positive-) steering con­

figuration. In the self-steering mode, the steering input 

comes exclusively from the self-centering action of a 

tapered wheelset. In the positive-steering mode3 the 

steering input comes from a linkage arrangement that re­

sponds to truck swivel with respect to the carbody during 

curving. Self-steering action is also present and actually 

aids the positive-steering mode.

2.2 Existing Truck

The basic dimensions of the cars and trucks are shown 

in Table 2-2.1. Figures 2-2.1 and 2-2.2 are plan and side 

views of the truck. The suspension parameters are shown 

in Table 2-2.2. Table 2-2.3 lists the weights and radii of 

gyration of the major truck assemblies.
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TABLE 2-2.1: PATCO VEHICLE DIMENSIONS AND WEIGHTS

Maximum Scheduled Speed 
Length of car over anticlimbers at the 
centerline of car 

Length of car over coupler faces 
Distance center to center of trucks 
Maximum width of car body over threshold

75 MPH
67 ft. 6 in. 
•67 ft.10 in. 
*17 ft. 6 in. 
10 ft. 0 in.

Height rail to top of floor, new wheels 3 ft.10-1/2 in.
Maximum height rail to top of roof, new
wheels, empty car 12 ft. 4 in.

Height of high level station platform 
above top rail

Centerline of track to edge of high 
level platform 

Coupler height above rail

3 ft.10 in.

5 ft. 3 in.
28-1/2 in.

Maximum number of cars in train 
Maximum superelevation

8
10 in.

Minimum horizontal curve radius - 
with cars coupled 

Minimum vertical curve radius 
Length of minimum radius vertical 
Wheel diameter 
Track gauge 
Wheel gauge
Truck wheelbase

125 ft.
2,000 ft. 

curve . 90 ft.
28 in.
5 6-1 / 2 in. 
55-11/16 in.

7 ft. 6 in.
Vehicle weights- 

Carbody 
Truck
Ready to run
Pull seated (80 passengers § 155 lbs.) 
Normal maximum (125 @ 155 lbs.)
Crush load (195 § 155 lbs.)

54,340 lbs. 
1 2 , 8 6 0 lbs. 
80,060 lbs. 
92,460 lbs. 
99,435 lbs. 

110,285 lbs.
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FIGURE 2-2.1: EXISTING PATCO P-III TRUCK, PLAN VIEW •



SHOCK SECONDARY TRUCKABSORBER AIR SPRING BOLSTER

FIGURE 2-2.2 EXISTING PATCO P-III TRUCK, SIDE VIEW



S t if fn e s s  
Per Truck 
(LB/IN)

Damping 
Pe r T ruck 
(LB-SEC/IN)

Spring  Spacing (IN) Damper Spacing (IN)

- V e r t ic a l 
From R a il

L a te ra l Long
V e r t ic a l 
From R a il

L a te ra l Long

p
R
I
M
A
R
Y

VERTICAL 645 x 103 220 NA 46 90 NA 46 90

LATERAL 400 x 103 170 14 NA 90 14 NA 90

LONG 1.18 x 106 375
14 46 NA 14 46 NA

S
E
C
0
N
D
A
R
Y

VERTICAL 5 x  103 200 NA 89 0 NA 89 0

LATERAL 2 x 103 180 38 NA 0 30 NA 0

LONG 50 x  103 50 17 109 NA 17 109 NA

STIFFNESS
(IN-LB/RAD)

DAMPING 
(IN-LB-SEC/RADI

FRICTION TORQUE 
BREAKAWAY 

(IN-LB)

YAW 18 x  106 NA 66 x ;103

INTER-AXLE LATERAL STIFFNESS -  43. x 103 LB/IN 

INTER-AXLE YAW STIFFNESS -  156. x 106 IN-LB/RAD

TABLE 2-2.2: SUSPENSION PARAMETERS OF THE EXISTING
PATCO PIONEER I I I  TRUCK



R A D I I  OF G Y R A T IO N  ( I N )  C . G .  S P A C IN G  ( I N )

UNSPRUNG PARTS, U 
SPRUNG PARTS, S

WEIGHT
(LB) YAW ROLL PITCH VERTICAL 

FROM RAIL
LATERAL LONG

WHEELSET U 1771 2 8 .3 2 8 .3 8 .5 14 0 90

WHEELSET AND 
TRACTION EQUIP. U 4073 2 2 .4 2 1 .3 1 3 .1 14 0 68

SIDE FRAME s 1534 3 6 .9 2 3 .5 '2 9 .3 16 46 0

BOLSTER s 1645 3 1 .8 3 4 .3 1 3 .7 28 0 0

TRUCK FRAME 
ASSEMBLY AND 
BOLSTER

s 4713 4 9 .2 3 9 .5 3 8 .8 22 0 0

TOTAL TRUCK
WEIGHT 12859 

__________________ J____ i__________

TABLE 2-2.3: TRUCK PARAMETERS OF THE EXISTING
PATCO PIONEER I I I  TRUCK



The basic truck is a three-piece inboard bearing design 

consisting of two side frames and a bolster. The side 

frames are independent of one another in the pitch direction 

and provide equalization even though the. primary stiffness 

values are relatively high. The equalization characteris­

tics of this truck are such that with the truck on level 

track- under "empty car" load, jacking one journal bearing 

housing 2 inches does not result in a change of more than 

25$ in the load on any journal. In curves, truck swivel 

occurs between the bolster and the side frames at the bol­

ster center pivot and the side bearings. The bolster fits 

between the two side frames at the center of the truck and 

rests on the side bearings which are located on the center- 

line of the side frames.

The connection of the two side frames to the center 

pivot is very stiff in the longitudinal direction, pre­

venting lozenging of the side frames in plan view. This 

connection also transmits longitudinal and lateral loads 

between the side frames and bolster. Vertical load is 

transmitted from the bolster to the side frames by side 

bearings directly over the side frame.

The bolster is prevented from moving longitudinally 

and from swiveling with respect to the carbody by bolster
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radius rods between the ends of the bolster and carbody.

The secondary suspension is contained within the bol­
ster assembly, This system is primarily responsible for 
the ride quality of the carbody as it determines the 
vertical, lateral, and roll suspension parameters of the 
carbody. The secondary suspension consists of two air 
springs, located one at each end of the bolster. The 
bolster acts as an air reservoir, connected through ori­
fices to the air springs. Orifice resistance to the trans­
fer of air between the air springs and the reservoir will 
provide vertical damping. In addition to orifice damping 
and reservoirs, vertical hydraulic shock absorbers are used. 
The carbody is permitted to move laterally by the distor­
tion of the air springs. Lateral hydraulic shock absorbers 
are used to dampen this motion. The maximum lateral move­
ment is limited by rubber bump stops.

The powered P-III truck has two separate motor/gear 
box assemblies with the motor parallel to the axles. Each 
gear unit is supported from the axle at one end and by a 
vertical resilient hanger to the side frame at the other 
end. Each motor is resiliently mounted to its gear un.it at 
one end and by a vertical and longitudinal resilient hanger 
system to the side frame at the other end.
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2.3 Modified Truck
Figure 2-3.1 shows the side view of the steerable truck, 

Figure 2-3.2 shows a plan view of the steering arm assemblies, 
Figure 2-3.3 shows a.plan view of the modified truck frame,
Figure 2-3.^ shows a schematic drawing of the. steering arm 
controls, and Figure 2-3.5 is the general truck arrangement 
drawing. The truck suspension parameters are given in Table 
2-3.1. The truck weights, radii of gyration and center of gravity 
locations are given in Table 2-3.2.

*Basically, the proposed truck is quite similar to the 
original with modification of side frames and the addition 
of steering arms. The proposed truck is designed to accommo­
date the existing truck bolster, wheel axle assemblies, 
propulsion units, and tread brake units..

The steering arms are "C'-shaped structures and are 
shown with the motors, axles, and gearing in Figure 2-3.2*
The steering arms are connected together at the center of 
the truck by a Metalastic bushing. This connection insures 
equal but opposite yaw motion of the two steering arms.
This connection also transfers lateral, longitudinal, and 
vertical loads between the steering arms. The steering arms 
are attached to the wheel/axle assemblies by a clamping 
arrangement which engages the existing shock ring around the 
axle journal bearing. This attachment is quite similar to 
the design that is used on the existing truck.
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Figure 2-3.1 
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Stiffness 
Per Truck 
(LB/IN)

Damping 
' Per Truck 
(LB-SEC/IN)

Spring Spacing (IN) Damper Spacing (IN)
Vertical 
From Rail Lateral Long

Vertical 
From Rail Lateral Long

p
R VERTICAL 645 x 103 2 2 0 NA 46 90 NA 46 90
I
M
A LATERAL 400 x 103 1 7 0 14 NA 90 14 NA 90
R
Y LONG 1 . 1 8  x 106 375 14 46 NA 14 46 NA
SHEAR
PAD

VERTICAL 8 0 0  x 103 3 6 0 NA 46 90 NA 46 90

LATERAL 2 0 0  x 103 1 8 0 2 2 NA 90 2 2 NA 90

LONG 1 2 0  x 103* 140 2 2 46 NA 2 2 46 NA

S
E
C
0

N
D
A
R
Y

VERTICAL 5 X 103 2 0 0 NA 89 0 NA 89 0

LATERAL 2 x 103 1 8 0 38 NA 0 30 NA 0

LONG 5 0  x 103 50 17 109 NA 17 109 NA
STIFFNESS
(IN-LB/RAD)

DAMPING 
'IN-LB-SEC/RAD

FRICTION TORQUE 
l BREAKAWAY (IN-LB) * The shear pad longitudinal stiff- 

ness is in series with a friction 
slider with a breakaway force ofYAW 18 x 106 NA 6 6  x 103

roIHVJI TABLE 2-3.1: SUSPENSION PARAMETERS OF THE
PROPOSED STEERABLE TRUCK
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"

R A D I I  O F  G Y R A T IO N  ( I N )  C . G .  S P A C I N G  ( I N )

UNSPRUNG PARTS, U 
SPRUNG PARTS, S

WEIGHT
(LB)

YAW ROLL . PITCH VERTICAL 
FROM RAIL

LATERAL LONG

WHEELSET U 1771 28.2 8 . 2 8.5 14 0 0

STEERING ARM 
AND BRAKING 
EQUIPMENT U 780 23.8 22.4 12.4 6 0 0

STEERING ARM 
WITH BRAKING 
AND TRACTION 
EQUIPMENT U 4853 23.3 13.1 1 1 . 6 13 0 52

SIDE FRAME S 1534 36.9 23.5 29.3 16 46 0

BOLSTER S 1645 31.8 34.3 13.7 28 0 0

TRUCK FRAME 
ASSEMBLY AND 
BOLSTER

S 4713 49.2 39.5 38.8 2 2 . 0 0

TOTAL TRUCK
WEIGHT 14,419

Table 2-3.2: TRUCK PARAMETERS OF THE 
PROPOSED STEERABLE TRUCK
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The propulsion unit/axle assemblies are not modified in 
any way. The three links which presently connect the motor 
and gearbox to the truck side frames are connected instead 
to the associated steering arm using the existing resilient 
links. This was done so that the motor/gear unit would 
remain interchangeable with the modified cars. This is cer­
tainly a desirable approach when considering a retrofit of 
two trucks. However, if a large number of trucks were to 
be retrofitted, a simpler propulsion unit/steering arm 
interface design could be provided by supporting the assembly 
from below.

The steering arms interface with the side frames at the 
four corners of the truck through shear pad/slider assemblies. 
The shear pad portion of the assembly acts to provide a 
spring stiffness in all directions. The longitudinal stiff­
ness is important to the steering stability of the truck.
The roll and pitch stiffnesses are selected to be compatible 
with the equalization requirements for the truck. The lateral' 
and yaw stiffnesses must be chosen to allow the axles to yaw.

The slider portion of the shear pad/slider assembly is 
designed to limit the longitudinal forces associated with 
large yaw motion of the axles in sharp curves. For the best
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possible steering performance, the coefficient of friction’ 
should be low in comparison with the wheel/rail creep coef­
ficient. On the other hand, the slider friction must be 
high enough to prevent sliding for small yaw displacements 
so that the longitudinal spring rate of the assembly can 
make its contribution to high-speed stability.

The studies made to establish initial values for the 
longitudinal stiffness and the slider friction are discussed 
in the design performance analysis (Section 4.0 of this 
report).

Under normal conditions, the axles operate in a self­
steering mode. The steering action is the result of wheel/ 
rail creep forces acting in combination with the inter-axle 
parameters designed into the truck. The slider, with its 
2 0 0 0 -lb. breakaway force, allows the self-steering mode to 
perform quite adequately on all curves as long as the wheel/ 
rail friction coefficient is approximately equal to or 
greater than 0.3. However, if the wheel/rail friction coef­
ficient is significantly less than 0.3, then self-steering 
alone is not sufficient for adequate steering. Since 
reduced friction coefficients are a possibility, forced- or
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positive-steering has also been incorporated into the design. 
The positive-steering feature allows the self-steering input 
to initiate the steering input of yawing the axles. However, 
if the axles do not assume the radial position because of 
adverse adhesion, then the positive-steering feature will 
insure that the axles are properly aligned in the radial 
position during curving.

The positive-steering arrangement consists of a lateral 
link between the bolster pivot and the steering arms for the 
end axle. The positive-steering action is generated by the 
lateral motion of the link attachment point on the bolster 
relative to the side frame when the truck swivels relative 
to the bolster. The amount of this lateral motion depends on 
the longitudinal eccentricity of the steering link from the 
center of truck swivel and the amount of truck swivel. The 
longitudinal eccentricity is chosen to give radial axle posi­
tions in a circular curve. The amount of eccentricity re­
quired to do this is a function of truck wheel base and truck 
center spacing.

The lateral link is attached to the bolster with a ball 
j’oint. At this location, angular motion can be several 
degrees. The other end of the link, where angular motion is 
much less, is attached to the steering arm with a threaded
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connection and rubber washers so that the effective length 
can be adjusted for a parallel axle position on straight 
track. An adjustable free zone for the positive-steering 
restraint is also provided. This free zone adjustment capa­
bility is provided so that the self-steering input can lead 
the forced-steering input.

There is also a longitudinal link between the bolster 
pivot and one steering arm to take normal longitudinal loads 
associated with propulsion and braking. The crash longitudi­
nal loads will be carried through stops in the steering arm/

(
side frame connection to the side frame and then to the bol­
ster as is the case with the original truck.

Most of the steering arm pitching moments associated 
with normal propulsion and braking are balanced out between 
the two steering arms by an exchange of vertical forces at 
the point of steering arm interconnection. Any unbalance of 
these pitching moments and the weight of the steering arms 
are supported by vertical hangers from the side frames.

The side frame end of the vertical hanger is a ball joint 
and the steering arm end is a threaded bolt attachment with 
rubber washers. The vertical hangers will give the steering 
arms a certain amount of restoring moment due to the pendu­
lum effect.
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The steering arms also incorporate mounting brackets for 
the existing tread brake units. Because the brake units are 
mounted on the steering arms, they are always properly posi­
tioned with respect to the axle and will not interfere with 
the steering operation.

The side frames are modified at the four corners to 
interface with the shear pad/slider assembly as described 
previously. The side frames are shown in elevation in Figure 
2-3.1 and in plan in Figure 2-3.3. The side frame is a 
fabricated rectangular tube measuring 14 in. x 6 in. with a 
thickness of 1/2 in. Stiffening ribs are added to the truck 
frame corners. Each shear pad/slider assembly is attached 
to the side frame by three threaded fasteners and two guide 
pins. The side frame/bolster interfaces are unchanged. The 
third rail power shoe collector is mounted from the side 
frame, which is quite similar to the existing design configuration.

The bolster remains unchanged with respect to the sec­
ondary suspension and its interfaces with the side frames.
(.See description of existing truck for more information.)
However, there is a modification to the bolster center pivot 
bottom plate and safety strap arrangement., These changes are 
shown in the general truck arrangement drawing, Figure 2-3.5.
The bolster pivot bottom plate provides a vertical up stop 
between the bolster and side frame. The bottom plate is
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also attached to the carbody through safety straps. The 
safety straps provide a safety connection between the trucks 
and the carbody in the event of a derailment. All opera­
tional loads are transferred from the axles through'the 
steering arms and the longitudinal drag link into the bolster, 
using the bottom plate connection. The loads are then trans­
ferred into the carbody using the longitudinal anchor rods 
between the bolster and the carbody. The positive-steering 
input position is generated by truck swivel and is trans­
ferred from the bolster bottom plate to the steering arms 
using the lateral steering link.

The proposed design will increase the weight of the 
existing truck by about 1560 lbs (approximately 12%). This 
increase is essentially the weight of the steering arms 
themselves. The side frame modifications have little effect 
on the total truck weight. As was mentioned earlier, the 
proposed truck is designed to accommodate the existing bol­
ster, wheel/axle assemblies, propulsion units and tread 
brake units. It is quite possible that a new design that is 
not required to mate with existing equipment could produce 
a weight savings. The primary area for potential weight 
savings is a simpler propulsion unit/steering arm interface.
It is also quite possible that additional, weight could be 
saved from a simpler side frame interconnection ./bolster 
pivot interface.

2-22



The proposed steerable truck design will have improved 

curving performance without compromising high-speed stability, 

braking performance, or ride quality.

Figure 2-3.6 shows the axle yaw motion and journal deflec­

tion that is required to achieve the radial position for various 

curvatures .,

The proposed steerable truck design is based on a concept that 

is patented by Mr. Harold-A. List of Railway Engineering Associates, 

Inc. The related patent numbers are 4,131,069 and 3,789,770.
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3.0 Design Performance Specification
3.1 Introduction

This performance specification for a modified PATCO 
truck with steering capability is based on the performance 
goals given in the contract statement of work and on the 
specific characteristics and requirements of the PATCO 
system itself. The results of the performance analysis and 
a review of literature relating to wheel squeal were also 
factored into the performance specifications.

3.2 Stability 
3-2.1 Speed

The steerable truck design shall be capable of operating 
over the full range of speeds on the PATCO System from 0 to 
7 5 mph (121 kph).

3-2.2 Damping Factor
The critical hunting speed characteristic of the 

steerable truck design shall provide a minimum damping 
factor of 105? for the least damped mode while operating at 
80 mph (129 kph). This performance shall be obtainable 
under all varying conditions of components and wheels from 
new to fully worn and under crush load to empty car con­
ditions .

3.3 Curving Performance
3-3.1 Angle of Attack

The steerable truck design shall be such that an angle 
of attack of less than + 0.5 degrees shall be maintained
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on all curves on the PATCO System down to a minimum radius 
of 190 ft. (59 meters) which is equivalent to a curvature of 
30 degrees. This condition shall be obtained under maximum 
allowable acceleration, deceleration and constant speed.

3-3*2 Curve Negotiation '
The steerable truck design shall permit negotiation of 

curves down to 125-ft. (30-meter) radius. This radius is a 
function of the truck center spacing (47*5 ft. for PATCO) 
and the maximum truck swivel angle permitted by clearance 
between the bolster and truck mounted equipment (usually 
less than 12 degrees for rapid transit vehicles). A car with 
a smaller truck center spacing would permit negotiation of 
sharper curves.

3.4 General Considerations
3-4.1 Track

The steerable truck design modification shall be suitable 
for operation on standard gauge of 4 ft. - 8-1/2 in. (1435 mm)

3-4.2 Fabrication Techniques and Materials
Selection of materials and fabrication techniques shall 

conform to standard rapid rail truck specifications and, 
in addition, shall operate over an ambient temperature range 
of minus 40 to 120 degrees Fahrenheit (-40 to 50 degrees 
Centigrade).
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3-4.3 Capability to Withstand Stress
The design of the modification for the steerable concept 

shall include the capability of the truck structures and 
components to withstand, without structural degradation, the 
maximum stresses imposed from both static and dynamic loads 
acting on the truck. The loads include, but are not limited 
to, track shocks from rail joints, defects in rail geometry, 
braking, lateral unbalance forces and carbody/truck interface 
forces.

3-4.4 Truck Height
The design of the steerable feature of the truck shall 

ensure that the height of the floor, coupler and draw bars 
shall not change from the existing PATCO truck design.

.3-4.5 Braking Capability
• The braking performance of the steerable truck shall be 

equal to the braking performance of the existing PATCO truck 
(which is -3-0 mph/sec). Improved braking performance for the 
steerable truck could arise from two sources: (1) higher adhe­
sion limits resulting from the elimination of the need for 
wheel/rail lubricators, (2) higher longitudinal friction values 
available due to the reduction of lateral wheel/rail creep in 
curves.

3t4.6 : Ride Quality
The overall ride quality of the steerable truck shall 

not be less than that provided by the existing PATCO truck 
when measured by ISO standards. Improved ride quality for
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the steerable truck could arise from the improved tracking that 
is expected, especially in curves. Improved tracking will 
help avoid certain fixed rail perturbations around switches, 
etc.
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4.0 Design Performance and Structural Analysis
4.1 Introduction and Background

The basic approach taken in the design performance 
studies was to first establish various performance indices 
for the existing PATCO P-III truck design. These results 
were then used as a baseline for comparative analysis with 
the proposed steerable truck design. Both self-steering 
and forced-steering design configurations were considered.

The design performance areas that were studied include 
curving performance, high-speed stability, and ride quality. 
A finite element analysis was made on the proposed steerable 
truck design to verify structural integrity and determine 
the inter-axle shear and bending stiffness parameters.

Several different computer models were used in the 
design performance studies. The stability and ride quality 
studies were done .primarily with linear models that employ 
eigen value-eigen vector techniques. The vertical ride 
quality model is presented in Appendix A and the lateral 
stability model is presented in Appendix B of Reference 1. 
The curving performance studies were primarily done with a 
non-linear tracking model that generates a time domain 
solution. This model is considered proprietary by
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The Budd Company; therefore, a complete program listing is 
not included in this report. However, a general description 
of its operation, capabilities, and data input is presented 
in the next section (4.2, Curving Performance). The struc­
tural analysis was made using a commercially available 
computer program named ANSYS, capable of solving finite 
element structural problems.

4.2 Curving Performance
4-2.1 Introduction and Background

Improved curving performance is brought about by 
yawing the axles to a radial position during curve nego­
tiation for the purpose of reducing or eliminating the 
angle of attack between the wheel and rail. The squeal 
noise, rail corrugations, and much of the wheel flange 
wear and rail gauge wear experienced with conventional 
parallel axle trucks are due to the non-radial running 
position of the leading axle in sharp curves. The addi­
tion of steering can improve curving performance substan­
tially in sharp curves by eliminating the tracking error 
(angle of attack) and the associated wheel/rail lateral 
motion. Flange forces are lower and the rubbing action 
is greatly reduced.
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The basic approach taken in the curving studies was 
to first establish the curving performance of the exist­
ing P-III truck. A preliminary look was taken at the 
prospect for improving curving simply by reducing the 
longitudinal primary stiffness of the existing truck to 
the lowest value practically attainable in the space 
available.

Steering arms were then added to the analysis. The 
geometrical implications of keeping both axles in a 
radial position were tabulated (see Figure'2-3.6)• The 
steering arms can be designed to provide the inter-axle 
shear stiffness parameter required for stability while 
providing an appropriate inter-axle yaw stiffness para­
meter for improved curving. The axle- yaw restraint 
required^for stability is provided by a spring in series 
with a.slider construction which also allows for the 
large yaw motion in sharp curves. The forced response 
of such a system was studied to determine the amount of 
friction required in the slider to make the axle yaw 
restraint dynamically effective. This value of friction 
was then used in the curving studies, particularly when 
evaluating the.self-steering properties of the proposed 
truck.
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4-2.2 Non-Linear Tracking Model - Time Domain
Curving performance can be studied in a limited way 

with an extension of the linear models and methods used 
to study stability. A few of these studies were made. 
These studies, however, are limited to flange-free curv­
ing, linear creep characteristics, and conical wheel 
tread profiles. These limitations make the linear studies 
of little value when looking at curvatures greater than 
4 to 6 degrees. The main set of curving studies presented 
by this report use instead the Budd non-linear tracking 
model. This model can accommodate flange contact, apply 
an arbitrary creep characteristic, and use non-linear 
wheel profiles. As a result, this model can be applied 
to the sharper curves of the PATCO system in which flange 
contact does occur.

The non-linear model is a digital computer program 
that is set up to simulate the dynamics of rail vehicles. 
The dynamic input is generated by various track features 
such as tangent track, spirals, constant radius curvature, 
superelevation, track twist, and track defects which may 
be lateral and/or vertical. The program computes 
the dynamic behavior of the.mao'or truck components being



modeled and the forces and torques acting at various 

points where these parts are Interconnected. Each major 

component Is allowed to move in all six degrees of free­

dom: lateral, longitudinal, vertical, yaw, roll, and pitch.

The program can be run at zero speed to study the vertical 

response of the vehicle to a vertical step input or the' 

program can be run at constant speeds over various track 

features.

The equations of motion are solved by numerical inte­

gration so that the many non-linearities of the wheel/ 

rail interface and the usual non-linearities of the inter­

connections among the component parts of the vehicle can 

be realistically represented. Several different numerical 

integration techniques have been used; however, the’ Cor- 

rected-Euler method seems to be-the best. For each part 

and each time step, the net force along each axis and the 

net torque around each axis are computed taking into 

account all of the forces and torques acting at the inter­

faces. Based on these forces, a set of six accelerations 

is computed for each part and then integrated to compute 

a new set of velocities. The velocities are then inte­

grated to compute a new set of positions. The program 

has built-in error criteria which permit large integration



time steps during periods of steady state operation and 

very small integration time steps during transient con­

ditions .

A schematic drawing of the model that was developed 

for studying the existing P-III truck is shown in Figure

4-2.1. This model has six major parts: two motor/axle

assemblies, two side frame assemblies, a bolster, and a 

carbody. The model also has four other parts: a track

part under each truck axle, a track part under the trail­

ing end of the carbody, and a master coordinate system. 

The part numbers are shown circled on the schematic and 

are also listed in Table 4-2.1. The numbers that are 

not circled in the schematic represent the various inter­

faces that were modeled and are described in Table 4-2.2.

The model parts are interconnected by interfaces 

which can be located in three dimensional space with 

respect to the centroid of each part. There are seven 

different interface types available to the model builder. 

These are listed in Table 4-2.3.
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FIGURE 4-2.1: EXISTING P-III TRUCK MODEL



TABLE 4-2.1: PARTS MODELED FOR EXISTING P-III TRUCK

No.
1

2

3
,4

5
6

7
8 

9
10

Description
Master Coordinate System 
Lead Track Part (Lead Truck) 
Trail Track Part (Lead Truck) 
End of Car Track Part

* Lead Motor/Axle Assembly 
Right Side Frame
Left Side Frame
Bolster
Carbody

* Trail Motor/Axle Assembly

* Parts 5 and 10 are lead and trail steering arm/
motor/axle assemblies for the steerable truck model. 
The weights and inertias were adjusted accordingly.
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No.

1 - 6

7 - 1 2

13
14
15
16

17
1 8

19
20 

2 1  

22

23
24
25
26

27
28

29
30
31
32
33
34

TABLE 4-2.2: INTERFACES MODELED FOR EXISTING P-III TRUCK

Spring/Dashpot 
Type Group No.

Gravity Force on Real Parts 5-10 1 
Centrifugal Force on Real Parts 5-10 2 
Right Leading Wheel/Rail 6 

Left Leading Wheel/Rail 6 

Right Trailing Wheel/Rail 6 

Left Trailing Wheel/Rail 6 

Right Lead Primary Suspension 3 
Left. Lead Primary Suspension 3 
Right Trail - Primary Suspension 3 
Left Trail - Primary Suspension 3 
Lead Motor Mount 3 
Lead Gear Box Mount 3 
Trail Gear Box Mount 3 
Trail Motor Mount 3
Not Used 
Not Used
Right Spider to Center Pivot 3 
Left Spider to Center Pivot 3 
Right Side Bearer 3 
Left Side Bearer 3 
Right Lead Secondary Suspension 3 
Left Lead Secondary Suspension 3 
Right Trail Secondary Suspension 3 
Left Trail Secondary Suspension 3

1

1

1

1

2

2

2

2

3
3
3
3

5
5
6 

6 

7 
7 
7
7



TABLE 4-2.3: INTERFACE TYPES

Identifying
No. Description

1 Weight
2 Centrifugal Force
3 Piecewise Linear
4 Dominant Direction Piecewise 

Linear
5 Half-Linear
6 Wheel/Rail
7 Spring in Series with Damper

Interface Types 1 and 2 are used to apply forces at 
the centroid of the modeled parts. The numerical value of 
these forces depend on the mass of the part and the sys­
tem of units specified by the user.

The most basic part interconnection interface is 
Type 3- This provides for two different user specified 
spring and damper rates- in all six directions. The loca­
tion of the break point between the two rates can also be 
user specified. The kind of non-linearities that are 
available to the user with this interface type are shown 
in Figure 4-2.2.

4-10



FO
RC
E 

FO
RC
E

DEFLECTION

VELOCITY

,  t

FIGURE 4-2.-2: INTERFACE. TYPE'3 - PIECEWISE LINEAR

. 4-11 ..
%



Each of the six possible springs and six possible 

dampers can have two different rates. The transition point 

between the two rates can be specified by the user, e.g., 

the stiffening action of a bump stop or the action of a 

damper blow-off.

Interface Type 4 is a variation of Type 3 which 

allows the reactions in all directions to be zero if the 

force in a specified direction goes to zero. This can 

be used, for example, to represent a rubber pad which is 

weight loaded. It would have a full set of elastic and 

damping properties when under vertical load, but these 

would all be zero if the vertical load is zero.

A Type 5 interface provides for a guided vertical 

spring element in which the lateral and longitudinal 

characteristics would continue even if the vertical force 

goes to zero. It differs from the Type 3 interface in that 

the force in the specified direction can only be compres­

sion; a relative motion which would call for tension with 

Type 3 is clamped at zero.

The Type 6 interface provides for the special situ­

ation at the wheel/rail interface. This interface 

computes wheel/rail forces based on wheel/rail geometry
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and wheel/rail creep as well as specified values for 
vertical and lateral rail stiffnesses.

The user can specify rolling radius difference and 
wheel/rail contact angle versus lateral displacement.
See Figure 4-2.3 for more information. This permits 
exploring the effect of worn wheel profiles as well as new 
wheel profiles. The user can also specify the creep char­
acteristic. This can be either a theoretical curve or 
values obtained from experimental data.

Interface 7 provides for representing the hysteresis, 
or memory effect,' associated with having a friction' damping 
element in series with an elastic element. This action can 
occur in any user specified direction while the action of 
the interfaces in the other direction will be as described 
for Type 3-

A schematic drawing of the model that was used for 
studying the proposed steerable truck is shown in Figure
4-2.4. This model added the steering arms, to the existing 
motor/axle assemblies and made the necessary adjustments 
to the interfaces. The interfaces that were used for the 
steerable model are given in Table 4-2.4'. Note that when 
interface 26 is not included (zeroed out), the truck model 
configuration is self-steering 'and when interface 26 is in­
cluded, the truck model configuration is positive- or forced- 
steering.
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FIGURE 4-2.4: PROPOSED STEERABLE TRUCK MODEL
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TABLE 4-2.4

No.

INTERFACES MODELED FOR PROPOSED STEERABLE TRUCK
Spring/Dashpot 

Type Group' No.
1-6  G ra v ity  F o rce  on R ea l P a r t s  5 -10  1

7-12  C e n tr i f u g a l  F o rce  on R ea l P a r t s  5-10  2

13 R ig h t L ead ing  W h e e l/R a il 6

14 L e f t  L ead ing  W h e e l/R a il 6

15 R ig h t T r a i l i n g  W h e e l/R a il 6

16 L e f t  T r a i l i n g  W h e e l/R a il 6

17 R ig h t Lead S h ear P a d /S l id e r  3

18 L e f t  Lead S hear P a d /S l id e r  3

19 R ig h t T r a i l  S h ear Pad/Slider 3
20 Left Trail Shear Pad/Slider 3

21 Lead S te e r in g  Arm V e r t i c a l  H anger 3

22 Not Used

23 T r a i l  S te e r in g  Arm V e r t i c a l  H anger 3

24 Not Used

25 S te e r in g  Arm I n te r c o n n e c t io n  3

26 P o s i t i v e  S te e r in g  L in k  3

27 R ig h t S p id e r  to  C e n te r  P iv o t  3

28 L e f t  S p id e r  to  C e n te r  P iv o t  3

29 R ig h t S id e  B e a re r  3

30 L e f t  S id e  B e a re r  3

31 R ig h t Lead Secondary  S u sp e n s io n  3

32 L e f t  Lead S econdary  S u sp en s io n  3

33 R ig h t T r a i l  Secondary  S u sp en s io n  3

34 L e f t  T r a i l  Secondary  S u sp en s io n  3

1
1
1
1
2
2
2
2
3

2

4 

9

5

5

6 
6 
7 

7 

7 

7
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4-2.3 Curving Performance Results - General Case

Wheel/rail contact geometry and friction coefficient 

levels have strong effects on'curving performance. The 

contact geometry is a function of the wheel tread profile 

and the rail head profile. The existing PATCO trucks use 

the standard AAR profile which is a 1 in 20 tread taper 

and permits two-point contact. This particular profile 

lasts approximately 3000 to 5000 miles on the PATCO 

system. The resulting profile has a slightly higher ef­

fective conicity and no longer exhibits two-point contact. 

This profile was actually measured at PATCO. The profile 

was named "moderately worn 1 in 20". This profile appears 

to be quite stable with respect to wear patterns and does 

remain the predominant profile during the life of the 

wheel. Therefore, the moderately worn 1 in 20 profile was 

used for the general case curving performance studies.

Figure 4-2.5 shows the rolling radius difference and 

the wheel/rail contact angle as a function of lateral off­

set from the centered rail position for the moderately 

worn 1 in 20 profile. Note that the contact angle changes 

Slightly even for small displacements. This gives rise to 

a wheel centering action often called gravitational stiff­

ness.
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Figure 4-2.6 shows the three creep characteristics 
used for the curving performance studies. Note that the 
maximum friction values are u = 0.1, 0.3, and 0.5. The 
general case curving performance studies were done 
using the 0.3 maximum friction coefficient curve* Note 
also that the curve shapes are based on the Vermuelen- 
Johnson formulations.

While the model itself is three dimensional with all 
six degrees of freedom for each part of the truck or vehicle 
being studied, the principal curving performance results are 
shown using the variables defined in Figure 4-2.7.

The general case studies were run at curvatures that 
are typical of the- PATCO system. The specific curvature, 
speed, and cant deficiency are given in Table 4-2.5.
This series was run at zero superelevation because many of 
the sharp curves at PATCO are flat.
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VQ - FORWARD VELOCITY 
R* - CURVE RADIUS

= ROLLING LINE LATERAL OFFSET OF LEAD AXLE, SHOWN TOWARD OUTER RAIL
JT- = ROLLING LINE LATERAL OFFSET OF TRAILING AXLE, SHOWN TOWARD INNER 
z RAIL

©  x - ANGLE OF ATTACK OF LEAD AXLE, SHOWN TOWAPD OUTER RAIL 
© 2  = ANGLE OF ATTACK OF TRAILING AXLE , SHOWN TOWARD INNER RAIL
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itili

FIGURE 4-2.7: Curving Performance Definitions
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TABLE 4-2.5: GENERAL CASE OPERATING CONDITIONS

CANT
CURVATURE 

(Deg/100 ft)
RADIUS
(M)

VELOCITY 
(M/S) (mph)

SUPERELEVATION
(in)

DEFICIENCY
(in)

1 1746 29 0 2.94
2 873 2 0 0 2 . 8 2

3 5 8 2 17 0 3 . 0 6
4 437 15 0 3 . 1 8
8 218 1 0 0 2 . 8 2

1 2 146 8 0 2 . 7 0

2 0 8 8 6 0 2,52
2 8 63 5 0 2.40

The general case curving studies were run for four sets of 
inter-axle parameters, representing four different truck configura­
tions. One set of truck parameters is labeled "PATCO" and repre­
sents the steering behavior of the existing truck. These results 
would also be typical of most conventional transit car trucks.

The set of parameters labeled "MODIFIED" represents the 
steering behavior of a truck in which the only modification from 
"PATCO" is the reduction of primary longitudinal stiffness to
3 0 , 0 0 0  lb/in, which is the lowest value consistent with stability.

The set of parameters labeled "SELF-STEERING" represents the 
curving performance of a self-steered truck with a 30,000 lb/in 
longitudinal primary stiffness in series with a slider having a 
breakout force level of 2,000 lb. The .30,000-lb/in stiffness was 
required to satisfy the stability requirements. Note that both 
the self-steered design and the modified require the same value
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for longitudinal stiffness for stability. This results from the' 

fact that an increase in unsprung mass must have an increase in 

the inter-axle bending stiffness to maintain the same stability 

margin. In the case of the steerable truck, the unsprung mass 

increased considerably because of the added weight of the steer­

ing arms and the mounted braking equipment. However, the additional 

bending stiffness that is required comes from the steering arm 

interconnection leaving the primary longitudinal stiffness un- 

cha nged.

A similar set of parameters with the addition of a positive­

steering link is labeled "POSITIVE-STEERING". The positive- 

steering link ensures radial alignment under all curving condi­

tions .

j Figure 4-2.8 shows the offset of the leading and trailing 

axles from the track centerline during curve negotiation. Note 

that in all cases, the lead axles are against the outer rail in 

curves sharper than 8 degrees. The fact that the offset is 

somewhat greater for the non-steering configurations is explained 

by the fact that the lateral wheel/rail forces are higher and 

there is a greater deflection of the rail itself.

The behavior of the trailing axle is quite different for the 

steering trucks as compared with the non-steering trucks. In the 

steering cases, the trailing axles remain offset toward the outer 

rail even in the sharpest curves while the trailing axles of the 

non-steering configurations move toward the inner rail. The 

modified truck behaves much better than the original design in 

this regard, but is not nearly as good as the steering designs.
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Figure 4-2.9 shows the angle of attack for the leading
i

a.xle as a function of track curvature for the four sets of 
truck parameters studied. The angle of attack reaches the 
critical value for noise (0.01 rad.) at 8.5 degrees for the 
PATCO truck■ 1.2' degrees for the modified conventional set. This 
result is consistent with observed curvature for the onset of 
screech with conventional trucks. On the other hand, the steer 
ing designs stay well below the critical value in the sharpest 
curve.

Figure 4-2.10 shows angle of attack data for the trailing 
axles. Note that none of'them approaches the critical value.

Figure 4-2.11 shows the lateral wheel rail force.for the 
lead outer wheel. Note that there is a substantial reduction 
of the force level for the steerable trucks for intermediate 
curvatures. In gradual curves, all configurations show low 
forces. In sharp curves, the creep forces finally become 
saturated for all trucks and the forces are again the same, 
but this time at' a relatively high value.

Figure 4-2.12 shows the lateral force on the lead inner 
wheel. The primary contribution to this force is lateral creep 
The non-steering truck configurations have higher values in in­
termediate curves because the angle of attack is much higher.

Figures 4-2.13 and 4-2.14 show lateral forces acting on 
the trailing axles. For all truck configurations, they are 
quite modest.
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Figures 4-2.15 through 4-2.18 show the longitudinal creep 
forces at each of the four wheels for each of the parameter 
sets. In reviewing these curves, it should be kept in mind 
that a force of 3000 lb is the approximate limit set by 
the maximum value available on the creep curve. A review.of 
the trailing axles (Figures 4-2.17 and 4-2.18) shows this value 
is approached in sharp curves by all configurations where the 
axles are all nearly radial. This behavior on a smaller scale 
can also be observed with the lead axle of the steering trucks. 
Note that the lead axle of the PATCO truck shows an early peak 
and then falls back to very low values. The early peak repre­
sents the effort being made by this axle to pull the truck 
around the curve. The lower values in sharper curves are the 
result of creep being saturated by lateral motion associated 
with the high angle of attack.

The general case studies show that significant improvements 
in curving performance can be expected from steerable trucks. 
However, the self-steering configuration depends on the wheel/ 
rail adhesion for its performance. The next set of figures 
shows this sensitivity.

4-2.4 Effect of Friction Coefficient on Self-Steering
The curving performance of the self-steering configuration

was studied for two additional friction levels {/Z= 0.1 and 0.5).
The case of yU. =0.5 was studied to provide assurance that ' max
wheel rail wear rates (angle of attack and lateral force) would
remain low even under high adhesion conditions which would result
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from removal, of track lubricators. The case of AL =0.3 was 
run in the general case studies and is shown here again for 
comparison as being a typical value. The case of>/̂ max = 0.1 
was run to represent the effect of traction and braking 
torques on steering behavior. The presence of traction torques 
will tend to saturate wheel/rail creep forces. This is repre­
sented by imposing a low limit on the maximum friction force. 
This level would also be typical of wet or lubricated rail.

Figure 4-2.19 shows that increasing friction has little 
effect on the running position of the axles. At low friction . 
(creep saturation), the trailing axle shows a tendency to be­
have somewhat like a conventional truck.

Figure 4-2.20 also shows that increasing friction has 
little effect on angle of attack of the lead axle. This is 
good in that it predicts that eliminating track lubrication 
will not increase track or wheel wear. Lowering friction 
shows the expected result that the self-steering action is- 
weak, allowing the angle of attack to build up in sharp curves. 
This result confirms the need to provide at least some amount 
of positive-steering action for a powered truck.

Figure 4-2.21 shows that the angle of attack for the trail­
ing axle remains relatively low for all friction values.

Figure 4.2-22 shows that the maximum value for lateral 
wheel force increases with friction. The force level associated 
with the. highest friction is still quite modest in terms of 
track strength or L/V; and because the angle of attack is near
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zero, there rwould not be a wear problem.

Figures 4-2.23 and 4-2.24 show the expected result that 

these forces are low at all times.

Figure 4-2.25 shows the increase in lateral force at the 

trailing inner wheel that is associated with increasing adhesion 

levels. This increase is required to balance the yaw moments 

for the truck. The peak values are, however, modest and will 

not result in high wear rates because the attack angles are low.

Figures 4-2.26 through 4-2.29 show the increase in longi­

tudinal wheel/rail forces with increasing adhesion. Because 

the range of curvatures shown are sharper than could be accommo­

dated by a free wheelset, the direction of the forces is to the 

rear (aft) for the outer wheels (Figures 4-2.26 and 4-2.28) and 

forward for the inner wheels (Figures 4-2.27 and 4-2.29). It 

is the requirement to balance these forces that prevents the 

lateral forces of Figures 4-2.22 and 4-2.25 from being zero 

even with steering.

Based on the drop-off in curving performance of the self­

steering configuration at low friction levels, positive-steering 

is recommended. The positive- or forced-steering configuration 

will ensure radial alignment under all .curving conditions.

A second reason for recommending forced-steering is that 

the self-steering design with the 2000-lb slider may have a 

stability problem if breakout occurs at high speed. To pre­

vent breakout, a higher' slide force level would be required and 

this would have a negative effect on curving performance.
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4-2.5 Off-Flange Curving - General Case
A 15 degrees of freedom steady'state linear curving 

program was used to compute the off-flange curving perform­

ance for three' sets of conventional truck suspension values 

and six sets of self-steering suspension values as listed 

in Table 4-2.6. Design numbers 1 and 2 represent the exist­

ing PATCO truck with reduced primary longitudinal stiffness. 

Design number 3 represents the existing PATCO truck. The 

off-flange curving performance is given in terms of D̂ ,, the 

maximum degree curve negotiable without flange contact.

Designs A through F are self-steering configurations

with variations in primary longitudinal stiffness and the

steering arm shear stiffness, K , at the steering arm inter-s

connection. Self-steering designs A, B, and C show excellent 

off-flange performance with a 3 0 0 0 -lb/in primary longitudinal 

stiffness; however, this stiffness level is not compatible 

with the stability requirements. Designs D, E, and F have 

a longitudinal primary stiffness of 30,000 lb/in which is 

compatible with stability; however, the off-flange curving 

performance is reduced. This is further indication that 

self-steering needs a slider for curving performance or a 

very low primary longitudinal stiffness, both of which can 

cause stability problems. Positive-steering can provide 

performance without sacrificing stability.

The data is plotted in the plane of total shear stiff­
ness in Figure 4-2,30, along with lines of constant off-flange
curving performance index, D^. For all design points except
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TABLE 4-2.6: OFF-FLANGE CURVING PERFORMANCE

Design
# kpx

(lb/ft) kpy(ib/ft) (ft-lb/rad)
ks
(Ib/ft)

Df
(6)

1 360,000 1.22E7 0 0 4.50
2 7 2 0 , 0 0 0 1.22E7 0 0 2.78
3 3,540,000 1.22E7 0 0 2.13

A 36,000 600,000 2 , 0 8 3 1 8 0 , 0 0 0 7-63
. B 36,000 6 0 0 , 0 0 0 2 , 0 8 3 360,000 7.27
C 36,000 600,000 2 , 0 8 3 720,000 6.70

D . 360,000 6 0 0 , 0 0 0 2 , 0 8 3 180,000 3.55
. E 360,000 6 0 0 , 0 0 0 2 , 0 8 3 360,000 3.11

F 360,000 600,000 2 , 0 8 3 720,000 2.78

CONICITY, ^  = 1/7
Yaw Breakaway Torque, T - = 5730. ft-lbs
Flange Clearance, yfc = 0.029 ft = 0.35 in
Cant Deficiency, = 0. (balanced running)
Coefficient of friction • A -  °-r
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number 3 ,  an increase in total shear stiffness causes a 
decrease in off-flange performance. For all the design 
points, a decrease in total bending stiffness improves 
off-flange curving performance.

4-2.6 Off-Flange Curving Performance of Forced-Steering
The curving performance of the forced-steering con­

figuration was presented in the general case studies•using 
the moderately worn 1 in 20 profile. These studies were 
done using the Budd non-linear tracking model. This sec­
tion will look at the effect of forced-steering on curving 
using linear models. The major difference in the models is 
related to the wheel profile. The non-linear model uses the 
moderately worn 1 in 20 profile which represents single-point 
contact geometry. The flange root area is worn so that two- 
point contact is no longer possible. The linear model looks 
at two-point contact. The tread profile has a constant taper 
as well as 'the flange angle. This study also looks at the 
effect of different conicities. and creep coefficients.

Simple geometry of a truck on curved track yields an 
estimate of the value of steering gain, G, which will provide 
radial alignment of the wheelsets, allowing them to track 
the pure rolling line in steady state curving. The proposed 
forced-steering configuration has a steering gain G = 0.16 
Equation 1 below gives the steering gain relationship with 
truck wheelbase and truck center spacing.
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0.16 (1)

( J l ±  = 6.2 in)

where:
b = half of truck wheelbase 
J^s = half of truck spacing

= steering link offset

For the case of high inter-axle shear stiffness, k , the wheelsetss
will track the centerline of the track if a small amount of over­
steer is provided:

G c.J?. = J~s +  ~ f  } = ° ‘2 2  (2)

where: a = track gauge (J^ = 8.1 in)
Equation 1 minimizes tread creepages while Equation 2 minimizes 
flange contact. Effects'such as secondary breakaway torque and 
lack of primary breakaway may necessitate higher values of G in 
order to achieve the desired degree of steering, as discussed 
below.

Figure 4-2.31 shows the effect of forced-steering on the 
front and rear trucks assuming free primary breakaway, as com­
puted by the 6 D.O.F. curving model. The degree curve which can be 
negotiated without flanging is plotted against steering gain, G.
The peak region in the center of each plot results from the wheel- 
sets tracking the centerline of the t-rack. Slight differences 
between the trucks result from the opposite secondary .yaw torque
directions on the two trucks and the fact that k is not infinite.s

n = _b  =
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A reduction of k would degrade this performance. The left axisS '
of each plot represents a self-steering truck with no forced- 

steering action. Figure 4-2.31 is largely independent of 

creep coefficients and k^ (i.e., k ^ ) .

Figure 4-2.32 shows the detrimental effect on the curving 

performance of the front and rear trucks if primary breakaway 

does not occur. However, a significant advantage over the self­

steering truck is still observed. As a byproduct of the forced- 

steering effect, the steering link applies an overall truck moment 

which tends to hurt the front truck and help the rear truck. For 

smaller link stiffnesses (i.e., k^), more steering gain is required 

to achieve peak performance.

Figures 4-2.33 a and b show the effects of primary breakaway 

force on curving performance. Even a 2000 lb slider force is 

enough to significantly change the steering gain required for off- 

flange curving compared with the case of free breakaway.

Figure 4-2.34 shows the influence of conicity on curving per­

formance for the case of free primary breakaway. While the value 

of G required for off-flange curving does not vary with conicity, 

the off-flange curving window narrows with decreasing conicity, 

thus increasing the likelihood of flange contact.

Figure 4-2.35 shows the effect of halving the creep coeffic­

ients for the case of no primary breakaway. Compared with Figure 

4-2.34, still higher steering gains are required to achieve the 

same performance.
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Finally, the forced-steering truck is better able to 

support cant deficiency loads than a self-steering truck with 

k ^ . The effect of cant deficiency on the front and rear trucks 

is shown in Figure 4-2.36. Only a moderate decrease in per­

formance occurs at = 0.12, which is more than twice the FRA

limit.

4-2.7 Curving Performance Summary
Figure 4-2.37 summarizes the curving performance studies 

for both truck types. The angle of attack for the conventional 
truck crosses the screech boundary at about 8 degrees of 
track curvature, whereas the angle of attack for the steering 
truck is essentially zero at all curvatures. The lateral force 
for the conventional truck is consistently higher than the 
steering truck, but must be substantial in both cases to satisfy 
the requirement for summation of yaw moment to equal zero for 
the truck. Keep in mind that this lateral force is the summa­
tion of both the lateral wheel tread force and the flange force 
as predicted by the non-linear tracking model. These results 
were obtained by running the model at a cant deficiency angle 
of about 0.05 radians (approximately 3 inches). This level is 
considered worst case for PATCO. Separate studies by others 
have suggested that there is an "Index" of wheel and rail wear 
depending on the product of these two variables (angle of at­
tack x lateral force). Because the angle of attack is nearly 
zero, wheel and rail wear will be very low for the steering
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truck even though the force is not zero. The wear index for 
the conventional truck is much greater than for other configura­
tions because the angle of attack is greater. Plots of wear 
indices for the two truck configurations are shown in Figure 
4-2.38.
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4.3 Stability
4-3.1 Introduction and Background

Rail vehicle lateral stability is usually associated 

with the well-known "hunting" phenomena. Hunting can be 

associated'with either the truck or carbody. Carbody 

hunting involves large lateral, yaw, and roll motions of 

the carbody with very little truck motion. Carbody 

hunting usually occurs in a limited speed range with both 

lower and upper bounds. Carbody roll motions can be 

centered about a point above the carbody center of gravity 

(upper roll center) or about a point below the track 

(lower roll center). Truck hunting is significantly dif­

ferent from carbody hunting. In truck hunting, the wheel- 

sets and truck frame can couple to produce sustained 

oscillations in the lateral and yaw directions with very 

little carbody motion resulting. The truck hunting 

phenomenon is inherent in the conventional wheelset which 

uses a tapered tread to provide lateral guidance or 

centering action. As the vehicle's speed is increased, 

a critical■value can be reached at which the wheelset 

modes are undamped and sustained oscillation occurs. 

Increasing the vehicle's speed further results in a nega­

tive damping factor which then drives the system unstable.

The speed at which the system has zero damping is
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defined as the critical speed and is used as a reference 

for.vehicle instability. The damping ratio of the least 

damped mode of vibration at the vehicle’s operating 

speed is used as a performance measure to assure a 

stable mode of operation. The stability criterion that 

has been adopted for this study can be stated as follows: 

The critical hunting speed characteristic of the proposed 

steerable truck design shall provide a minimum damping 

factor of 10% for the least damped mode while operating 

at 80 mph. This performance shall be obtainable under 

all varying conditions of components and wheels from new 

to full-worn and under crush load to empty car conditions. 

This criterion will assure minimum overshoot or oscil­

lation in response to typical track irregularities.

4-3.2 Computational Models
Several different computer models were used to inves­

tigate the stability characteristics of the conventional 

truck and the proposed steerable truck design. The 

major portion of the stability analyses was done, by Budd's 

consultants at the Massachusetts Institute of Technology 

using a 15 degrees of freedom linear model. The linear 

solutions were cross-checked with the Budd non-linear 

tracking model.
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A schematic of the lateral stability model is 
shown in Figure 4-3.1. A complete derivation of this 
model is given in Appendix B of Reference 1. The 15 
degrees of freedom include wheelset and truck frame 
lateral and yaw degrees, plus carbody lateral, yaw, and 
roll degrees. The wheelsets, trucks, and carbody are 
assumed to be rigid with no consideration of internal 
flexibility. There are four wheelsets, two trucks, and 
one carbody. The vehicle is made symmetric about the 
vertical plane.

The primary and secondary truck suspension systems 
are represented by lumped linear springs and dampers.
The primary and secondary suspension systems can have 
different locations within the truck. However, the sus­
pension values and locations represent the net effect of 
many elements which can individually contribute to the 
suspension system; e.g., the secondary lateral stiffness 
represents the total lateral stiffness in the secondary 
and combines the effects of airsprings, anchor rods, 
and rubber bushings.

The wheel/rail interface includes lateral, longitudi­
nal, and spin components of creep. The gravitational 
forces and moments and the gyroscopic forces at the wheels
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are considered as well. The wheel/rail geometry is rep­

resented as an effective tread taper; 1 in 20 for new wheel 

representation and l in 7 for worn wheel representation

The linear equations of motion for the lateral model 

' can be summarized in matrix form as:

My + Cy + Ky = 0

where

y is a 15 x 1 position vector

M, C, and K are the 15 x 15 inertia,

damping, and stiffness matrices.

This model was also' extended to include the steerable

truck configuration by providing bending (K̂ ) and shear

(K ) stiffnesses between the wheelsets. s

3.3 Stability Performance of Existing Truck

The existing truck is described in Section 2.2. The

suspension parameters given in Table 2-2.2 and the weights

and inertias given in Table 2-2.3 were used for the

stability analysis. The primary suspension stiffness

values for the longitudinal and lateral are K =px
3.54x10^ lb/ft and K = 1.2x10 lb/ft respectively. All

s' v

stability runs were made with a worn wheel using a 1 in 7 

wheel conicity. The stability study of the existing P-III 

truck is summarized in Figure 4-3.2. This curve shows
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that the critical speed is about 170 mph and the 10$ 
modal damping speed is about 135 mph. These theoretical 
speed predictions represent a very conservative stabil­
ity margin with respect to the maximum operating speed of 
the PATCO system which is 75 mph. These predictions are 
quite consistent with the field observation that hunting 
is not a problem with the existing truck.

The stability study of the existing truck was extended
to include critical speed as a function of inter-axle
lateral stiffness, K (shear stiffness) and inter-axle yaw.s
stiffness, (bending stiffness). Figure 4-3.3 is a 
schematic drawing that describes the inter-axle shear 
and bending stiffness terms for a conventional (square) 
truck. Figure 4-3.4 shows the contours of constant criti­
cal speed in the inter-axle shear and bending plane 
(Kg - plane). The existing conventional truck falls on 
the 170-mph speed contour. Shown also in Figure 4-3.4 is 
a modified truck, with a reduced longitudinal primary 
suspension, which falls on the 105-mph speed contour.
This truck is similar, in every way to the existing P-III 
truck except that the longitudinal primary stiffness was 
reduced to 3.6x10^ lb/ft. This stiffness value was 
selected as the lowest practical value that could be

4-71



CONVENTIONAL TRUCK

Kb = d= d K

K = Kx K~ d s --K b + K d x y

FIGURE 4-3.3; Inter-Axle Shear and Bending Stiffness Terms
for a Conventional Truck
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packaged in the existing truck frame. This design con­

figuration was primarily explored from a curving perform­

ance point of view and was discussed briefly in the 

curving performance section.

4-3.4 Stability Performance of Self-Steering Truck

The design configuration of the proposed steerable 

truck (self-steering mode) is given in Section 2.3. The 

suspension parameters are given in Table 2-3.1 and the 
weights and inertias are given in Table 2-3.2 Figure 

4-3.5 shows the effect that the longitudinal primary 
stiffness has on critical speed assuming that the 2000-lb 

frictional slider does not breakaway. This figure also 

shows that a longitudinal stiffness of.3.6x10^ Ib/ft 

(30,000 lb/in) satisfies the stability requirement by 

providing 10% damping of the least damped mode while 

operating at 80 mph with worn wheels (1 in 7 tread taper). 

Figure 4-3.6 shows the damping ratio of the least damped 
mode as a function of speed for the proposed steerable 

truck with a primary longitudinal stiffness of 

3.6x10^ lb/ft. The critical speed of the proposed steer­

able truck design is about 123 mph in the self-steering 

mode if breakaway does not occur.
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The stability studies of the proposed steerable truck 
were extended to include critical speed as a function of 
inter-axle shear stiffness and inter-axle bending stiff­
ness. Figure 4-3.7 describes the shear and bending stiff­
ness terms for a steering arm truck that is self-steering. 
These terms are similar to those for the conventional 
truck except for the contribution of the steering arm 
interconnection. The bending stiffness is primarily a 
function of the longitudinal primary stiffness for both 
the conventional and steerable truck. However, the shear 
stiffness of the steerable truck is primarily a function 
of the lateral stiffness of the steering arms and the 
interconnection. The shear stiffness for a positive­
steering truck would be higher because of the additional 
stiffness term due to the steering link.

Figure 4-3.8 shows contours of constant critical 

speed as a function of inter-axle shear and bending stiff­

ness. All parameters Were kept constant except the shear 

and bending stiffness (K and K , ) of the steering arm 

interconnection itself. For this study, it was assumed 

that the frictional slider does not breakaway.

Figure 4-3.9 shows critical speed as a function of 
the damping ratio for three different inter-axle shear
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stiffness values (K ) for the steering arm interconnection
27 S

Note that the influence of increasing the stiffness of 
the self-steering connection above the minimum of 1 5 , 0 0 0  

lb/in is not great. Here again, it. was also assumed that 
the frictional slider does not breakaway.

Several other stability investigations were made.
For example, inter-axle damping Was added in parallel with 
the bending stiffness. The results of this study are 
summarized in Table 4-3.1.

Table 4—3.1: Critical Speed vs. Damping for Primary
Longitudinal Stiffness = 25,000 lb/in

Damping Critical Speed
lb-sec/in _____mph______

112 
110 
107 
102 
94

Also, inter-axle damping without any bending stiff­
ness was explored. These results are tabulated in Table 
4-3.2.

0
100
400

1000
5000
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Table 4-3.2: Critical Speed vs. Damping for 
No Longitudinal Stiffness

Damping
Tb-sec/in

Critical Speed 
____ mph______

0
ill

100 . 43
3 0 0 38
700 46
1700 52

10,000 85

From the above two tables, it can be seen that truck 
stability can be adversely affected by damping in parallel 
with a properly chosen longitudinal stiffness. Damping 
is only of limited value in the absence of adequate stiff­
ness.

4-3.5 Influence of Frictional Slider on Stability
In the previous studies, the critical speed of the

steerable truck (self-steering mode) was computed with
the 15 D.O.F. linear model of Reference 1, assuming no
breakaway in the frictional sliders. For computational
purposes, the primary suspension consisted of a parallel
combination of k and C . For k = 360,000 lb/ftpx px px
the critical speed was 1 2 3 mph, and it was almost unaf­
fected by CJ  px.

In this study, the case when breakaway occurs is 
considered. The method of Statistical Linearization is
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used to replace the non-linear damping characteristics of 
the frictional damper, employed with the truck primary 
suspension and shown in Figure 4-3.10a by an equivalent 
linear damper shown in Figure 4-3.10b. The Statistical 
Linearization method chooses the damping rate of the 
linear damper so that the average square error between 
the outputs of the non-linear and the linear damper is 
minimum. If a Gaussian distribution of velocities across 
the damper is assumed, the equivalent linear damping 
coefficient is:

C = 72 f r r  F0 (1)
'1

where:
G = damping rate 
Fq= breakaway force
G >  RMS relative velocity across the damper

Equation 1 is plotted in Figure 4-3.11 for two values of 
the breakaway force, F . . '

S elf-Steering
The statistical linearization problem has a solution 

if the system in which the damper is installed has an 
operating point for which a value of C yields a value for
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err as predicted by Equation 1. Furthermore, this point

must be stable for small variations in GJ, and the system

must be dynamically stable. The C = f(C) characteristics

of the truck were computed using a 6 D.O.F. truck model

derived from the. 15 D.O.F. lateral vehicle model of

Reference 1. This was accomplished by considering only

the front truck of the model, and connecting the secondary

suspension to a reference frame moving at the vehicle

speed. The primary longitudinal suspension was changed

from a parallel to a series combination of k_ and C— ----  px px
to represent a spring connection to the slider. The

quantity(T^ was then computed for several values of equiv-

alent damping, C .px

Figure 4-3.12 shows the computed function for Class

6 track. The peak at about = 10^ indicates the point

of instability. Theoretically, this peak is of infinite
. 4

size, and for Cpx< 10 the system is unstable. The values 
_ 4

of (jX for C <■ 10 , therefore, do not correspond to a x px > ’ 3

practical solution.

The equivalent gains and the system characteristics 

are shown together in Figure 4-3.13 for three classes of 

track and two breakaway levels. The Class 6 curve and 

the F = 2000 lb curve intersect at points A and B, which
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are the potential solutions of the statistical lineari­

zation problem. However, point A is not stable for 

variations inCTT. If CF7 increases, because of increased 

rail disturbances, the equivalent damping decreases. As

the equivalent C decreases, the system generates evenpx
higher (Ĵ , and drifts away from point A. Point B is not 

a solution either, because it is in the unstable region 

of the system response. The conclusion is that PQ= 2000 lb 

and Class 6 track do not have a stable linear operating 

point. Because of the statistical nature of the problem, 

the slider is locked up part of the time (above point A) 

and breaks away part of the time (below point A). Sooner 

or later a low enough value of develops to lead to an 

instability in the equivalent linear model. If FQ is

increased to 4000 lb, there is no intersection of the
, *Class 6 curve with the damping curve, the slider is locked

up, and the system is stable. The conclusion from Figure 
4-3.13 is that the slider either stays locked or breaks 
away and results in instability in the model, with no 
operating mode between these extremes. Therefore, with­
out the forced-steering connection, the slider friction 
connection is not effective in this model.

* Theoretically, there is an intersection, because the 
peak on the Class 6 curve is infinite. However, because 
of limits on suspension strokes and flange clearances 
all the motions remain finite. It is estimated that

0.2 ft/sec is the highest practical value for all 
classes of track.
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Forced-Steering
The effects of forced-steering have been represented

6by an equivalent bending stiffness k^ = 10 ft-lb/rad

between truck wheelsets. The equivalent damping - truck

characteristics plot is shown in Figure 4-3.14. The truck

does not become unstable as C — *■ 0. because of thepx . '
stabilizing influence of k^. All the intersection points 

are as point A, i.e., unstable operating points. There­

fore, the slider either never breaks away, or randomly 

shifts from locked to broken-away position. However, even 

if complete breakaway occurs, the truck remains stable.

The critical speed is 188 mph if no breakaway occurs and 

106 mph if breakaway occurs.

Evaluation of Vertical Dynamic Slider Force

The normal load on truck primary suspension slider 

bearings consists of a static load of 10,400 lbs. per 

slider due to the vehicle weight, and of a dynamic, zero 

mean load due to vehicle motions excited by rail irregu­

larities. The dynamic normal forces were computed using 

a 14 D.O.F. vertical dynamic model. This model consists 

of the 12 D.O.F. vertical model of Reference 1, with two

additional degrees of freedom: the pitch motions of the
*

side frames of the two trucks. With this addition, each 

truck frame has four .degrees of freedom: heave, pitch,

* The out-of-phase pitch of the two frames is treated as a single D.O.F.
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roll and pitch of the side frames. This modification of 
the model of Reference 1 was required to accurately repre-' 
sent the load equalization mechanism.

The forces computed due to track irregularities in 

all eight primary vertical springs were almost equal, and 

are listed in Table 4-3.3. It is assumed that the force 

in a primary vertical spring also is the normal force on a 

frictional slider.

If Gaussian distribution of the dynamic forces is 
assumed, the force is within + 1 RMS 68.26# of the time, within + 2 
RMS 95-44# of the time, and within + 3 RMS 99- 74# of the time.
Since most of the RMS of the force is accumulated above 20 Hz, and 
the kinematic frequency is below 5 Hz, the average force in 
a cycle of the kinematic motion is expected to be close to 
the static value of 10,400 lbs. Therefore, the dynamic 
component of the normal force on the slider is expected to 
have little effect on the performance of the slider.

4-3.6 Kinematic Stability of Forced-Steering Truck
A fohced-steering rail truck employs linkages which 

cause the wheelsets to develop a yaw angle between them as 
a result of a yaw angle between the truck and the carbody.
This steering action is desirable for improved curving
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TABLE 4-3.3: RMS NORMAL FORCE ON A FRICTIONAL SLIDER (lb)

Class of Track 

RMS Force
Due to Vertical Irregularities 

RMS Force
Due to Cross-Level Irregularities 

Total RMS Force (lb)

6 5

837 2090

820 1887

1171 2816

4

3345

2914

4436



performance, but it can be a destabilizing effect. In 

the following paragraphs the stability of the proposed 

P-III truck with forced-steering is evaluated quantitative­

ly. It shows that proper selection of the forced-steering 

link stiffness avoids a destabilizing effect In the range 

of realistic conicities and creep coefficient. Thus for 

a given primary axle box stiffness, the addition of the 

forced-steering link can improve both stability and 

curving performance.

Forced-steering terms were added to the 6 D.O.F.-stabil­

ity model. The stability model assumes that the carbody 

remains fixed in the inertial reference frame.

The forced-steering terms used in this study were 

obtained from the following steering law representing car- 

body to wheelset connections:

A y  = 2G ( yl ~ y2 - ' f )
2b C

where:

G = steering gain
y1 2 = lateral wheelset displacements

b = half of truck wheelbase 
y s c = carbody yaw displacement

(1)



The d isp la c e m e n t  A ' / '  a c t s  i n  s e r i e s  w i th  th e  w h e e ls e t

i n t e r c o n n e c t i o n  bend ing  s t i f f n e s s ,  k ^ , and i n  p a r a l l e l

w i th  th e  p r im a ry  l o n g i t u d i n a l  s t i f f n e s s ,  k , a s  shown inpx
F ig u re  4 - 3 .1 5 .

T h is  model can be a p p l i e d  w i th  a c c u ra c y  t o  th e  P - I I I  

f o r c e d - s t e e r i n g  t r u c k  shown i n  F ig u re  4 -3 .1 6  a s  long  a s  

kpy and kg a r e  r e a s o n a b ly  s t i f f ,  a s  i s  th e  c a se  w i th  th e  

c u r r e n t  d e s ig n .  The b o l s t e r  i s  assumed to  be sn u g ly  

p in n e d  to  th e  t r u c k  f ram e . The fo l lo w in g  r e l a t i o n s  r e s u l t :

G =

- A

( b - / i )  k fg

(2)

(3)

w h e re :

G

I

f  s

s t e e r i n g  g a in  
s t e e r i n g  l i n k  o f f s e t

h a l f  o f  t r u c k  w heelbase  
i n t e r c o n n e c t i o n  bend ing  s t i f f n e s s

e f f e c t i v e  s t i f f n e s s  o f  f o r c e d - s t e e r i n g  l i n k

The d e s t a b i l i z i n g  tendency  o f  f o r c e d - s t e e r i n g  can 

le a d  t o  k in e m a t ic  i n s t a b i l i t y  o f  th e  t r u c k  i f  t h e  fo l lo w in g  

c o n d i t i o n  i s  n o t  met:
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FIGURE 4 - 3 .1 5 :  RADIAL TRUCK MODEL WITH FORCED-STEERING ADDED
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FIGURE 4 -3 .1 6 :  SCHEMATIC OF P - I I I  FORCED-STEERING TRUCK
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kb <
bf /l a

where:

(4)

k^ = interconnection bending stiffness

/( = conicity 
a = track gauge

rQ = rolling radius

G = steering gain

This is a conservative condition which guarantees kinematic 

stability for the range of practical values of primary 

and secondary stiffnesses. It is least conservative when 

kgy, kĝ , k pX -*» 0 and k ^ -*-^ . Thus in the following 

numerical stability studies the secondary stiffnesses have 

been set to zero to ensure conservative values of forced- 

steering link stiffness, k^, at which the truck becomes 

kinematically unstable. The remaining stiffness parameters

are:

kpx = 3 6 0 , 0 0 0 lb/ft 
k = 1 x 106 lb/ftpy
k = 1 x 10 lb/ft s

Figures 4-3.17 through 4-3.20 show stability perform­

ance results obtained from the 6 D.O.F. stability model for
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different values of conicity, creep coefficients, and 

steering gain. All stability plots show critical speed 

vs bending stiffness kb (or equivalently forced-steering 

link stiffness, kfg). For each value of conicity, two 

extreme cases are considered: free primary breakaway and

no primary breakaway.

Figure 4-3.17 represents the nominal conicity of 

^ = 1/7. The G=0 curve in each plot shows the performance 

of a radial truck without any forced-steering action. 

Increasing kfc causes critical speed to peak and then drop 

off gradually, with both trucks behaving the same. 

Increasing the steering gain, G, however, has a destabili­

zing effect on the front truck and a stabilizing effect on

the rear truck when the forced-steering link stiffness is 
*

large.

Bending stiffness, k^, in the range of 1x10 to 

3xl06 (ft-lb/rad) (kfs £ 30,000 to 100,000 (lb/in)) is

small enough that the steering gain has little detrimental 

effect, but large enough to provide good stability. Even 

with the primary slider force equal to zero (i.e., free 

breakaway), good stability is possible with the nominal 

conicity. When the slider force is large (i.e., no break 

away), stability improves in the low range of kfe due to

* Good curving performance is achieved in the range of 
G = 0.1 to 0.3.
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the increased primary yaw stiffness, but this is detrimental 
to curving performance.

Figures 4-3.18 and 4-3.19 show similar results for 
^  = 1/13 and ^  = 1/3. The cutoff value of at which 
kinematic instability occurs becomes more critical for the- 
low conicity as indicated in Equation 4. For the high 
conicity, the cutoff value becomes less critical, but 
the critical speed which can be achieved in the desired 
range of kfe is reduced.

Figure 4-3.20 shows the effect on the results of 
Figure 4-3.17 of halving the creep coefficients. The cut­
off value of k̂  is halved as indicated by Equation 4, and 
critical speeds shift downward to the left as the truck 
stiffness increases relative to the creep force terms.

Figure 4-3.21 shows the extremely sharp nature of the 
drop in critical speed at low values of conicity and creep 
coefficients. It is not known what creep coefficient value 
corresponds to wet or lubricated rails. Also, it is not 
known if the wheel profile on a steerable truck could wear 
to a very low conicity. It is quite possible that low 
creep coefficients and low conicities are not realistic 
parameters for the steerable truck. Conducting field tests
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FIGURE 4-3.21: EFFECT OF CREEP COEFFICIENTS ON STABILITY
PERFORMANCE OF THE FORCED-STEERING TRUCK
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could answer these questions.

Assuming for the moment that low creep coefficients are 
not likely and that low effective conicities can be pre­
vented, then the forced-steering configuration is a 
feasible design. A forced-steering design with 2000-lb. 
sliders can achieve a critical speed of 145 mph under the 
following assumptions:

k-_ = 32,000 Ib/in
G - 0 . 1 6

= 1.0 x 10^ ft-lb/rad 
2  = 0.05
f = 1/2 kalker

This design configuration is considered the best from over­
all curving performance and high speed stability criteria. 
However, if low creep coefficients and low effective 
conicities are possible, then the above forced-steering 
design configuration could have a tendency toward kinematic 
instability and alternate designs must be considered. Two 
alternate design configurations are discussed in the next 
section.

4-3.7 Forced-Steering Configuration Alternatives
If it is desired to design a forced-steering vehicle 

that is stable for 1/4 and full kalker coefficients then 
the steering linkage stiffness, k^s, can be reduced to
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10,000 lb/in Ck̂  = 3 x 10^ ft-lb/rad) to ensure truck 
stability for conicities down to A  - 0.025. This alternate 
configuration would also require that the truck corner pri­
mary longitudinal stiffness, k , be set at 10,000 lb/inpx
with no slider. These stiffnesses also provide adequate 
stability at the higher creep coefficients and conicities. 
The stability performance of the first alternative design 
is summarized in Table 4-3.4 below.

TABLE 4-3.4; Tangent Track Critical Speed for First 
Alternative Force-Steered Design

kb = 3xl06 ft-lb/rad 
kfs= 10,000 lb/in 
'G = 0.16

z 1/40 1/7

k pxat,/ill) 10,000 0 10,000 0

Full Kalker 205 mph 123 80 50

50% Kalker 176 133 84 51

25% Kalker 8 1 113 93 53

These results indicate that a very wide performance 

band is required to accommodate extremes of both conicity 

and creep coefficient. This design is definitely a com-
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promise in the areas of both stability and curving perfor­
mance.

It should also be mentioned that a quick study of the 
effect of 1/4 kalker on the self-steered design was also 
negative. Thus, the effect of such extremely low values of 
creep coefficients is a complex function of conicity and 
truck stiffness parameters. The negative effect is not 
limited to the forced-steering concept

The second alternate configuration is the basic forced-
steered design with clearance in the lateral link. This
configuration has been referred to by some as "sloppy"
steering. The intent of this design is to allow the truck
to behave .as a self-steered truck on tangent track and to
force it to behave as a force—steered truck on curved track.
A preliminary analysis has shown that a 1/16 in. clearance
would be sufficient to keep the excursion from closing if
motion of the wheelsets relative to the truck frame is
neglected. If a 1/8 in. clearance were used to allow a
safety margin, then the truck would behave as a self-
steered truck for curves less than 4 degrees and as a
forced-steered truck for curves greater than 4 degrees. If
k is set at 3 0 , 0 0 0 lb/in and a 4000-lb slider breakout px
level is used, the stability performance as is shown in Table
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4-3.5 below:

TABLE 4-3.5.* Tangent Track (self-steered) Critical 
Speed (mph)

% Kair;̂ 1/40 1 / 2 0 1/7
1 0 0 % 258 1 8 6 1 0 6

50% 1 6 0 1 5 2 113

25% 83 8 2 81

4-3.8 Steerable Truck Stability Performance Summary
The initial stability studies were concerned with 

finding the optimum primary longitudinal stiffness for the 

self-steering configuration. Because of the high unsprung 

mass of the steering arms and the traction and braking

equipment mounted on the steering arms, a k of 30,000P-X
lb/in was required to satisfy the stability requirement. 
The critical speed Cassuming %  = 1/7 and F = full Kalker) 
was 123 mph. While this value satisfied the stability 
criteria, curving performance was not significantly im­
proved over that of the conventional truck.

In order to improve the curving performance, a slider 

was placed in series with the 30,000-lb/in spring. A
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slider with a 2000-lb breakout was ideal for curving.
This permitted radial positioning for wheel/rail friction 
levels down to 0.2.

: Running the self-steered configuration through a 
forced response study.showed that a 2000-lb slider would 
breakout during tangent track operation and possibly lead 
to an instability. In order to prevent or minimize break­
out on class 5 or 6 track, a 4000-lb slider is requried 
Even a higher level would be required for class 4 track. 
Increasing slider breakout force levels would reduce the 
curving performance of the self-steered configuration. For 
this reason, the use of forced-steering was investigated.

The forced-steered design allows the addition of truck
bending stiffness (by the lateral stiffness of the forced-
steered link, k„ ) so that the truck can be stabilized even * fs
if k = 0. Excellent curving performance- can be expected. 
The stability of the forced-steered design with kpx -
30,000 lb/in, 2000-lb slider, and k^g = 3 2 , 0 0 0 lb/in is 
188 mph if no breakaway occurs and 106 mph if breakaway 
Occurs. These results are for = 1/7 and f = full Kalker. 
However, these critical speeds rapidly decrease with 
decreasing conicities and creep coefficients. Since there 
is considerable uncertainty as to the possibility of low
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creep coefficients, the above design is the recommended 
approach until field testing proves otherwise.

If field testing indicates that the forced-steered 
configuration has a tendency toward kinematic instability 
caused by low creep coefficients and conicities, then the 
alternative designs can be implemented. However, it should 
be noted that the alternate concepts do trade-off curving 
performance for improved stability at low creep coefficients.

4.4 RIDE QUALITY 

4-4.1 Introduction and Background

Ride quality is very subjective as perceived by'indi­
vidual passengers. Such factors as vibration, noise., tempera­
ture, passenger space constraints, and passenger compartment 
measures can enter into the overall perception of ride quality. 
However, only the dynamic vibration environment resulting 
from the effect of track irregularities on the vehicle response 
is considered in this study. There are two measures that are 
generally used to quantitatively describe vibration environ­
ment: the root mean square acceleration levels and the dis­
tribution of the RMS acceleration in one-third octave frequen­
cy bands weighted by ISO standards as described in ISO guide­
lines for lateral motion.
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F i g u r e  4 - 4 . 1  i l l u s t r a t e s  t h e  ISO recommended l i m i t s  

f o r  t h e  l a t e r a l  and v e r t i c a l  o ne -hour  r e d u c e d  com for t  bound­

a r i e s .  When t h e  v e h i c l e  v i b r a t i o n  env ironm en t  i s  b road  band ,

i . e . ,  h a s  a  f r e q u e n c y  c o n te n t  ove r  a wide r a n g e ,  t h e  recom­

mended p r o c e d u r e  i s  t o  compute t h e  RMS a c c e l e r a t i o n s  i n  one -  

t h i r d  o c ta v e  bands and t o  compare them t o  t h e  recommended ISO 

l e v e l s  a t  t h e  o n e - t h i r d  o c ta v e  band c e n t e r  f r e q u e n c y .

Although t h e s e  c r i t e r i a  a r e  n o t  e x a c t ,  t h e y  a r e  g e n e r a l l y  

a c c e p te d  as  a  u s e f u l  i n d i c a t o r  o f  p a s s e n g e r  r i d e  c o m fo r t .

The a c c e l e r a t i o n  l e v e l s  a r e  computed u s i n g  l a t e r a l  and 

v e r t i c a l  l i n e a r  e ig e n  va lue  programs m o d i f i e d  t o  compute 

v e h i c l e  r e s p o n s e  t o  f o r c e d  i n p u t  i n  t h e  form o f  random t r a c k  

i r r e g u l a r i t i e s .  The t r a c k  i r r e g u l a r i t i e s  t h a t  were u sed  f o r  

t h i s  s tu d y  were a l ig n m en t  and c r o s s - l e v e l  d e f e c t s  r e p r e ­

s e n t a t i v e  o f  c l a s s  6 t r a c k .  The d e f e c t s  o r  i r r e g u l a r i t i e s  

a r e  r e p r e s e n t e d  by t h e i r  s p e c t r a l  d e n s i t i e s .  S p e c t r a l  

d e n s i t i e s  a r e  s t a t i s t i c a l  measurements  which d e s c r i b e  random 

i r r e g u l a r i t i e s .  F ig u r e s  4 -4 .2  and 4 - 4 . 3  p r e s e n t  t h e  a l i g n ­

ment and c r o s s - l e v e l  s p e c t r a l  d e n s i t i e s  t h a t  were u s e d .  The 

e q u a t io n s  o f  t h e  s p e c t r a s  a r e  shown i n  t h e  f i g u r e s ,  where S 

(_A.) i s  t h e  s p e c t r a l  d e n s i t y  as  a f u n c t i o n  o f  w av e le n g th  JL , 

JX. a n d _/) a r e  w ave leng th  p a ra m e te r s  and A i s  a  ro u g h n es s  

p a r a m e t e r .
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4-4.2 Computational Models
The lateral response was computed using a 15 degrees of 

freedom model. Each wheelset and truck frame has lateral 
.and yaw degrees of freedom and the carbody has lateral, yaw, 
and roll. A detail description of the lateral model and 
its equations are given in Reference 1.

The vertical response was computed using a 12 degrees 
of freedom model. The degrees of freedom represented include 
vertical, roll, and pitch of both trucks and the carbody.
In addition to these rigid-body modes, carbody flexibility 
is incorporated by including the first bending mode and the 
first two torsion modes of the carbody. A description of the 
vertical model is also given in Reference 1.

4-4.3 Lateral Dynamic Response 
Conventional Truck

The 15 degrees of freedom model was used to determine 
the lateral response of the existing P—I'll truck used on 
PATCO (conventional truck) for two different longitudinal 
primary stiffnesses. Three passenger locations were con­
sidered:
• Front passenger point - a point above a secondary

spring of the leading truck,
' 3.5 ft above the carbody

center of gravity
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• e.g. passenger point - at carbody c.g.
• Rear passenger point - a point above a secondary spring

of the trailing truck, 3.5 ft 
above the carbody 
center of gravity

The truck parameters used are given in Table 2-2.2 and
2-2.3 of the design description of the conventional truck. 
Table 4-4.1 summarizes the results of the lateral response. 
Figure 4-4.4 shows the acceleration spectral density at the 
front passenger point for the existing truck. Figure 4-4.5 
shows the corresponding ISO ride quality plot. The reduced 
comfort time is about 1.8 hours. Figure 4-4.6 shows the 
acceleration spectral density for the existing truck with a 
lower primary longitudinal stiffness. Figure 4-4.7 shows 
the corresponding ISO ride quality plot. The resulting 
reduced comfort time is about 2.4 hours.

Steerable Truck
The 15 degrees of freedom model was also used to deter­

mine the lateral response of the proposed steerable truck. 
The truck parameters are given in Table 2-3.1 and 2-3.2 of 
the design description of the proposed steerable truck.
Table 4-4.2 summarizes the results. Figure 4-4.8 shows the 
acceleration spectral density at the front passenger point 
for the proposed steerable truck. Figure 4-4.9 shows the 
corresponding ISO ride quality plot. The reduced comfort
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TABLE 4-4.1: Summary of the Lateral Dynamic Response
Longitudinal Primary Stiffness

K  (lb/ft) px 360,000 3.54 x  1 0 6

CLASS O F  T R A C K 6 6

CONICITY, X 1/7 1/7

SPEED (MPH) 75 75

Total Front Pa s s e n g e r  Point RMS 
A c c e l e r a t i o n  (G) 0.055 0.043

Total C.G. P a s s e n g e r  Point RMS 
A c c e l e r a t i o n  (G) 0.021 0.019

Total R e a r  P a s s e n g e r  Point RMS 
A c c e l e r a t i o n  (G) 0.053 0.040

RMS Secondary Stroke Length, 
L e ading Truck (in) 0.36 0.33

RMS Secondary Stroke Length, 
Rear T r u c k  (in) 0.45 0.41

RMS P r i m a r y  Stroke Length, 4th 
Wheelset (in) 0.00094 ' 0.0017

RMS Wheelset Excursion, 1st 
Wheel s e t  (in) 0.24 0.21
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T A B L E  4 - 4 . 2  : SUMMARY O F  THE L ATERAL DYNAMIC RESPONSE
STEERABLE TRUCK

C LASS O F  TRACK 6

CONICITY, X 1/7

SPEED (MPH) 75

Total Front Passenger P o i n t  RMS 
Acceleration (G) 0.0486

Total C.G. Passenger P oint RMS 
Acceleration (G) 0.0208

Total Rear Passenger P oint RMS 
Acceleration (G) 0.0473

RMS Secondary Stroke Length, 
Leading Truck (in) 0.35

RMS Secondary Stroke Length, 
Rear T r u c k  (in) 0.46

RMS P r imary Stroke Length, 
1st Wheelset (in) 0.0107

RMS Wheelset Excursion, 1st 
Wheelset (in) 0.187

4 -  1 2 2
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time is about 2.2 hours.

4-4.4 Vertical Dynamic Response
The 12 degrees of freedom model was used to determine 

the vertical response of the existing P-III truck used on 
PATGO. Since the vertical response is independent of the 
primary longitudinal stiffness, the results are representa­
tive of both the existing P-III truck and the proposed 
steerable truck. The three passenger locations considered 
were the same as those for the lateral response. Table 
4-4.3 summarizes the vertical response results. Figure 
4-4.10 shows the vertical acceleration spectral density at 
the front passenger point for the existing P-III truck. 
Figure 4-4.11 shows the corresponding ISO ride quality plot 
The resulting reduced comfort time is about 3.5 hours.

Table 4-4.3: Summary.of Vertical Dynamic Response P-III
Truck Speed Cmph)

Speed Cmph) - 75 Class of Track - 6

Total front passenger point RMS
acceleration (G) 0.051

Total c.g. passenger point RMS
acceleration (GO 0.027

Total rear passenger point RMS.
acceleration (G) 0.048

RMS secondary stroke length, 0.29
front truck (in)

RMS secondary stroke length,
rear truck (in) 0.26
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4-4.5 Ride Quality Summary

Since the proposed steerable truck design uses the 

same secondary suspension as the existing truck, the ride
r -

quality should be similar to that of the existing truck.

It should be mentioned that the steerable truck has the 

potential for improved ride quality because of its better 

tracking ability. It is anticipated that steering-type 

trucks operating on existing transit systems will avoid many 

track irregularities associated with switches, frogs, etc. 

thus improving the ride quality. Better tracking ability 

along with reduced noise levels associated with curving 

should tend to increase the overall ride, comfort as  perceived 

by passengers.

hi
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4 .5  STRUCTURAL ANALYSTS -  PROPOSED STEERABLE TRUCK 

4 - 5 .1  I n t r o d u c t i o n

In  o r d e r  t o  a s s u r e  t h a t  th e  s t r u c t u r a l  i n t e g r i t y  o f  th e  

p ro p o sed  s t e e r a b l e  t r u c k  d e s ig n  i s  a d e q u a te ,  a f i n i t e  e lem en t 

s t r e s s  a n a l y s i s  was pe rfo rm ed  and upgraded  a s  t h e  p r e l im in a r y  

d e s ig n  p r o g r e s s e d .  A f i n i t e  e lem ent model o f  th e  s t e e r a b l e  

t r u c k  s t r u c t u r e  was d e v e lo p ed . The com puter p rogram  used  to  

s o lv e  th e  f i n i t e  e lem en t model was ANSYS. The program  was 

ru n  f o r  th e  fo l lo w in g  lo a d  c a s e s :  maximum s t a t i c  l o a d s ,  maxi­

mum and minimum f a t i g u e  lo a d s ,  e q u a l i z a t i o n  l o a d s ,  and lo a d s  

t o  p ro v id e  i n t e r - a x l e  yaw and l a t e r a l  s t i f f n e s s e s .

4 - 5 .2  S t r u c t u r a l  Model D e s c r ip t io n '  and Use

The m ajor e le m e n ts  o f  th e  model a re  shown i n  F ig u re  4 - 5 .1 .  

The model i s  p r i m a r i l y  a beam model w i th  t e n s i o n  o n ly ,  com­

p r e s s i o n  o n ly  members, and com bina tion  e le m e n ts  t o  p ro v id e  

th e  r e q u i r e d  s t i f f n e s s e s  a t  c e r t a i n  j o i n t s .  The model con- 

■ s i s t s  o f  147 n o d e s ,  143 beams, 20 s p a r s  which can  ta k e  

t e n s i o n  b u t  no b e n d in g ,  22 com pression  on ly  members w i th  a 

s p e c i f i e d  g ap , and 12 com bina tion  e le m e n ts .  The model r e p ­

r e s e n t s  882 d e g re e s  o f  freedom . F ig u r e s  4 - 5 .2  th ro u g h  4 -5 .6
i

show a l l  e le m e n ts  and nodes o f  th e  m odel. I t  i s  b ro k en  down 

i n t o  f i v e  m ajo r  e le m e n ts .  A l l  i n t e r f a c e s  be tw een  e le m e n ts  

a r e  shown by l e t t e r s  i n  p a r e n t h e s i s  ()  such  a s  (A) on F ig u re  

4 - 5 .2  and 4 - 5 .1  t o  show b o l s t e r  to  s id e  fram e i n t e r f a c e .
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The initial static and fatigue load runs were able to 
locate the high stress areas. Design modifications were 
then made to the structural properties as necessary. The 
model was rerun and the results show that the stress levels 
are acceptable and very typical of good design practice.

The model was also used to predict the truck inter-axle 
lateral and yaw stiffnesses. The spring rates associated 
with the primary truck suspension and the shear pad/slider 
assembly and the steering arm inter-connection were incorp­
orated into the finite element model. Necessary modifications 
to the section properties were made to achieve the required 
spring constants. The shear pad/slider constants were 
achieved by using the ANSYS combination element. This ele­
ment allows a spring constant to be used for an element in one 
direction. Therefore, three separate elements were used at 
each shear pad/slider location to allow spring constants in 
the longitudinal, lateral, and vertical directions. Three 
nodes were incorporated at location Cc5 shown in Figures 4-5.1 
and 4-5.3. These nodes were then coupled in all six degrees 
of freedom to assure uniform displacement of the point.

Inter-axle yaw stiffness was determined by applying equal 

and opposite 2000-lbs longitudinal loads to the ends of each 

axle as show in Figure 4-5.7. The truck was restrained in 

the vertical direction only at the four wheel track interfaces.
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Displacements were measured in the longitudinal direction at 

each end of the axle and the resultant angle 0 determined. 

The distance between applied loads was 60 inches.

Inter-axle lateral stiffness was determined by applying 

equal and opposite 2000-lb lateral loads to each axle as 

shown in Figure 4-5.8. The truck was restrained vertically 

and longitudinally at the four wheel track interfaces. Dis­

placements at the ends of the axle were measured in the

lateral direction.
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5.0 COST BENEFIT ANALYSIS

5.1 Introduction

The technical analysis provided data which supports the 

technical feasibility of modifying the PATCO P-III truck to 

a steerable configuration. The cost analysis will provide 

data that will be used to establish the overall cost effec­

tiveness or net worth of the proposed steerable truck concept 

for the PATCO system. The basic trade-off will be the in­

creased capital cost and increased maintenance cost because 

of the added assemblies versus the potential savings from 

reduced rail wear in curves, elimination of rail lubricators, 

elimination of wheel skid-flats caused by lubricant finding 

its way onto the rail head, and reduced energy consumption in 

curves. The additional benefit of steering will be the 

reduction or elimination of the noise and squeal associated 

with negotiating sharp curves. However, this cost analysis 

will not attempt to determine a dollar value for reduced noise 

levels.

5.2 Capital Costs

Capital costs have been determined for three steerable 

truck configurations. The first configuration represents a 

modification of two existing trucks. The preliminary design 

and description report and the technical analysis describe 

this first configuration as the proposed steerable truck.
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The second configuration represents a full scale effort aimed 

at retrofitting 400 existing trucks. The third configuration 

represents a new design that is not constrained by the require­

ment to interface with existing equipment.

The capital costs are made up of manufacturing hours and 

rate-, material cost, tooling cost, and assembly cost.

5-2.1 Prototype Test Trucks

The capital cost estimate of modifying two existing trucks 

to a steerable configuration represents part of the cost of 

confirming the predicted performance levels presented in the 

technical analysis. This configuration is best described as 

a prototype test truck. The prototype test truck was designed 

to mate with existing traction equipment, brake equipment, and 

bolster so that these parts are interchangeable. Initially 

it was thought that the existing- truck.frame assembly could be 

modified to a configuration that would be compatible with the 

requirements for steering. However, as the preliminary design 

progressed it became obvious that it was not feasible nor eco­

nomically practical to modify the existing truck frame. A new 

truck frame assembly is required for the prototype test truck 

and represents a sizeable cost.

The requirement for mating directly with existing traction 

equipment represented a major design constraint for the steer­

ing arms. It was learned from PATCO that an earlier gear box 

mounting design had to be changed in order to extend motor life.
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The existing design does provide the environment for extended 

motor life; therefore, it was strongly recommended that the 

existing motor/gear box mounting design be carried over to 

the prototype steerable test truck design. This requirement 

added complexity and weight to the steering arm design and 

resulted in increased material cost and labor cost.

The manufacturing cost of the prototype test truck design 

consists primarily of the cost of the steerable truck frame 

assembly Which includes two independent side frame assemblies 

and two steering arm assemblies. Thie total cost of one 

prototype steerable truck frame (including material, stress 

relief, and labor) is $105,100. In addition to the manufac­

turing cost, there is a prototype tooling cost that has beeno ‘
estimated at $8 0,0 0 0.

The total manufacturing cost of prototype test trucks is 

$290,200 per- car set plus engineering.

5-2.2 Retrofit Truck Design

The capital cost estimate of modifying 400 existing trucks 

to a steerable configuration was also determined. This cost 

estimate would be representative of a full scale effort aimed 

at the retrofit of entire fleets. The cost estimate of the 

retrofit design was also based on using existing traction 

equipment, brake equipment, and bolster. However, a simplified 

interface between the motor/gear box and the steering arms was 

considered. This would require modification to the mounting 

arrangement used on existing traction equipment.
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The manufacturing cost of the steerable truck frame 

assemblies, which include two independent side frames and 

two steering arm assemblies, was estimated at $14,120 each.

The tooling cost associated with the retrofit of 400 

trucks was estimated at $390,000. The amortized tooling 

cost per.truck is $975. The total manufacturing cost of the 

retrofit design is $15,095 per truck plus engineering. The 

scrap value of the existing truck frames would help defer 

the retrofit expense and was estimated at $150 per truck.

The manufacturing cost would then be $14,945 per truck or 

$29,890 per car set plus engineering.

5-2.3 New Truck Design

A new truck design with steering capability would not 

be constrained by existing equipment. Therefore, refine­

ments could be made in the areas of interface between 

traction equipment and steering arms. A new' design would 

also offer the potential for cost reduction by combining 

the functions of the various links that are required in 

the retrofit design. The manufacturing cost of a new steer­

able truck frame (designed for high production - 400 trucks) 

was estimated at $ 7 3 0 0 more than the manufacturing.cost of 

the conventional truck frame.

The tooling cost of a new cost design was estimated to 

be $270,000. The amortized tooling cost per truck is $675 

(assuming 400 trucks). The steerable feature would represent
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a premium cost of approximately $7975 per truck, or $15,950 

per car set plus engineering.

5-2.4 Capital Cost Summary

The capital cost of manufacturing prototype test trucks 

was estimated at $290,200 per car set. The capital cost of 

manufacturing steerable truck frame assemblies for retrofit 

was estimated at $29,890 per car set. The capital cost 

premium of the steerable feature on a new design was estimated 

at $15,950 per car set. There is an engineering cost associ­

ated with all three approaches that would tend to raise the 

individual costs.

Section 5.4 of this report discusses the cost trade-off 

between qapital costs and operating costs.

5.3 .Operating Costs - PATCO System

The PATCO system accumulated a total of 3,983,000 car- 

miles during 1979, or 53,106 miles per year per car (75 cars). 

Since the system is 14.2 miles long, the total yearly car 

mileage results in 280,500 one-way trips or 3740 one-wa.y trips 

per year per car. During the same year, 11,078,000 passengers 

rode the system. This averages out to about 40 passengers per 

car per one-way ' trip. Assuming 155 lbs per passenger, the 

average car weight is 86,260 lb. The total traffic is then 

about 6 million gross tons per year past any given point along 

the system.

The operating cost areas that would be affected by the 

addition of steering include rail, wheel, and truck maintenance, 

and power consumption. Rail maintenance costs include rail
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grinding, rail replacement, and rail lubrication. Wheel 

maintenance costs include wheel truing during the life of 

the wheel as well as the replacement cost. The maintenance 

costs of a steerable truck will increase somewhat because of 

the added complexity and the increase in the number of parts. 

However, the potential exists that the total steerable truck 

maintenance costs will be the same as the existing truck 

maintenance costs if wheel life can be extended. Several 

truck components (including journal shock rings and motor 

mounts) are replaced during wheel changeout because the 

truck is disassembled and not because their useful life 

is spent. The total power consumption should be lower 

because of reduced curve resistance.

5-3.1 Rail Maintenance
The PATCO system has 28.4 miles' of revenue track which 

include: 21.6 miles of surface and 2.0 miles of bridge

track consisting of 132-pound ASCE welded rail on wood tie 

and ballast and 4.8 miles of subway track consisting of 
10 0-pound ASCE jointed rail- on wood half ties imbedded in 

concrete. Rail lubricators are installed on the subway 

curved track sections, some with radii of 190 feet. Track 

gauge is 4 feet, 8 1/2 inches.
Steerable trucks can have an effect on three areas of 

rail maintenance including: rail grinding, rail lubrication,

and rail replacement on curved track. These areas and their
related costs are discussed below.
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Rail Grinding

Rail grinding is performed primarily to reduce noise 

on the PATCO system. There is no measurement or fixed 

schedule applied to this program. The Superintendent of 

Way and Power determines the need for grinding based on 

inspection of rail corrugation. Rail corrugation occurs 

on the curves, especially the 190-feet radius curves near 

City Hall and Ninth Street Stations. Approximately 280,000 

revenue cars pass over the revenue track between grindings.

Typically, a SPENO bus power unit and several buggies, 
with two dozen grinding stones, are contracted to grind all 
revenue rail in 60 hours over 7 days. The grinder 
operates at approximately 1 mph and usually requires two- 
passes to accomplish the task. Approximately 0.0015 inches 
of rail surface is removed with each pass. Single track 
operation is necessary during grinding. The grinding train 
has exclusive occupancy of only one traffic block.

Prior to commencement of revenue service, PATCO contracted 

the grinding of all track to assure good shunting. The time 

and cost of all rail grinding to date is given in Table 5-3.1.

Table 5-3.1: PATCO Rail Grinding Costs
1968
1972
1975
1977
1979

$ . 8,000
2,000
7,800

11,600
16,000
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In support of the contracted rail grinding operation, 

PATCO assigns a foreman to coordinate track operation, de­

energize third rail and perform liaison/witnessing functions. 

At $14.30 per hour (including benefits), this cos-t is about 

$1000 (1980 labor/benefits rate). This brings the total 

cost of the last grinding operation to about $17,000. The 

latest grindings have occurred approximately every 2 years. 

Assuming this to be reasonably typical, then the average rail 

grinding cost on a yearly basis is about $8500 per year. A 

fleet of steerable trucks would certainly reduce the severity 

of rail corrugation on sharp curves and possibly eliminate 

the need for rail grinding. It was assumed that a fleet of 

steerable trucks could-, prolong the need to grind by at least 

a factor of three. This would reduce the average yearly rail 

grinding cost to about $2833-

Rail grinding is necessary to remove rail corrugations; 

however, rail grinding reduces the life of the rail because 

of material removal. There is a long term rail replacement 

cost associated with the grinding operation that is not in­

cluded in the average yearly grinding cost estimate discussed 

above.

Rail grinding of the PATCO system does not represent a 

major cost; however, a fleet of steerable trucks would reduce 

and possibly eliminate curved rail corrugation.

Rail- Replacement

Table 5-3.2 shows the costs incurred by PATCO for replace
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ment of curved track sections. These costs include both 

material and labor.

Table 5-3.2: PATCO Rail Replacement Costs

1978 $ 13,200
1979 22,300

The 1978 and 1979 rail replacement costs were used to 

determine an average yearly rail replacement cost of $417,750. 

This cost represents only curved track .sections. The primary 

reason for replacement of curved track is loss of gauge face 

due to excessive wear caused by wheel flange contact.

A fleet of steerable trucks would certainly reduce the 

severity of gauge face wear on curved rail sections. Since 

rail gauge face wear is caused by wheel flange contact, the 

wheel flange wear index can be used to estimate the reduction 

of rail gauge wear from a fleet of steerable trucks. It 

has been conservatively estimated that a fleet of steerable 

trucks could reduce rail gauge face wear on very sharp curves 

by a factor of four. This would make the estimated yearly 

cost $4438 for curved rail replacement. This results in a 

yearly savings of $13,312 if a fleet of steerable trucks 

are used.

Rail Lubrication

Rail lubrication is a method commonly used to reduce squeal, 

flange wear, and rail gauge face wear on sharp curves. The PATGO 

system has 10 lubricators installed on various curves in 

the subway. When the lubricators are working properly, they do

5 - 9



in fact reduce the squeal and wear associated with sharp curves. 

However, when the lubricators are not functioning properly they 

can create problems. If the lubricators are not providing suf- 

ficient lubricant, the noise or squeal will increase dramatically.

The excessive noise will alert the train operator that the lubri­

cators are not functioning properly and maintenance can be scheduled. 

If the lubricators are providing excessive amounts of lubricant, 

the excess will find its way to the rail head surface and cause 

wheel slide which results in wheel flats.

Lubricator maintenance requires 8 man-hours per 

month per lubricator. The hourly rate with benefits for a main­

tenance man is $10.47 per hour. The maintenance of all 10 

' lubricators results in a monthly cost of $ 8 3 8_,or a yearly cost

of $10,051 plus $5000 per year for grease.and other consumables.

This brings the total to $15,051 per year.

A fleet of steerable trucks would not need a lubricator 

system. Therefore, the entire yearly cost of $10,051 could be 

viewed as a savings effected by steerable trucks.

5-3.2 Wheel Maintenance

Wheel flats are the principal wheel wear mode at PATCO,

' followed by flange wear and other types of tread wear such as

spalling. Rail lubrication reduces flange wear, although wheel 

flats remain a problem if lubricant is over-applied or improperly 

applied (both of which are difficult to prevent in practice).

Wheel flats are usually removed by wheel truing. *

PATCO has maintained a wheel truing program since system 

start up, utilizing an above floor wheel lathe which accommo-
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dates a complete truck. Wheels are visually Inspected when­

ever noise Is reported and at each scheduled car inspection: 

monthly and at 12,000-mile intervals. They are checked with 

AAR wheel gauges at the 50,000-mile inspection or whenever 

visual inspection indicates irregular wear. A typical wheel 

is trued every 55,000 to 70,000 miles (every 12 to 14 months),, 

averaging four truings over a typical 240,000- to 300,000-mile 

life.

Wheels are trued to 0.003-inch tolerance between wheels 

on the same axle. All wheels on a car are required to be 

within 0.5-inch diameter. PATCO condemning limit is 25.5-inch 

diameter.

Additionally, small dime size flat spots are frequently 

removed with abrasive shoe brakes. Typically, a mechanic 

changes the brake shoes in the shop and operates the car within 

the yard up to. 30 mph with dynamic braking disconnected. This 

effort spans 2 hours, 1 hour in action running the car and 

the remaining changing brake shoes and disconnecting/connecting 

dynamic braking.

Wheel Truing Procedure and Cost

All wheels at PATCO are trued in the Lindenwold Shop.

Table 5t3-3 lists the categories and hourly wages of personnel 

involved in wheel truing and wheel changing at PATCO.
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TABLE 5-3-3: PATCO PERSONNEL WHEEL TRUING/CHANGING

Employee

Foreman

Electrician

Machinist

Yard Motorman 

HelDer

Hourly/With 
Wage/Benefits

$11.00/$15•07

$ 8.0 9 / $ H -08

$ 7 .89 /$10 .8 l

$ 7 . 7 0 / $ 1 .0 .55 

$ 6.48/$ 8.88

Tasks

Operate lift for 
detrucking
Disconnect/reconnect 
trucks; disconnect on 
press/boring machine
Detruck, operate over­
head crane; qualified 
to set up segmented 
abrasive brake shoes/ 
operate car
Move disconnected car 
around yard/shop with 
other available car
Qualified on overhead 
crane and assists at 
lathe set up

Wages and Benefits Reflect 1980 Dollars

The procedures and manpower expenditures associated with 
wheel truing are listed in Table 5-3.4. A total of 36 man­
hours is required to true one car set of eight wheels. This 
effort represents a labor cost of $384 per car set.
Wheel Changing Procedure and Cost

Table 5-3-5 lists the procedures and manpower expenditures 
associated with wheel changing. A total of 111 man-hours is 
required to change' eight wheels (one car set). This represents 
a labor cost of $1198 per car set.
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TABLE 5-3.4: PATCO WHEEL TRUING PROCEDURE

Elapsed Time Man- Labor
Step Operation Time (hr) Personnel (hr) Hours Cost '(C) Remarks

REMOVE TRUCKS 1 1 electrician 0.5 0.5 $ 5.54 Working both trucks
a. Receive car over 2 mechanics 1 2 2 1 . 6 2

pit disconnect
trucks

b. Move car to 1 1 yard motor- 1 1 10.55 Use another revenue
lifting bary man vehicle as available

2 mechanics 1 2 1 . 6 2 t.o push/pull
c. Raise car on 2 1 shop foreman 1 1 15.07 Foreman operates lift

left 2 mechanics . 2 4 43.24
For two trucks

Subtotal 4 10.5 117.64
TRUE WHEELS (TRUCK SET OF FOUR WHEELS)
a. Set up one axle 0.5 1 machinist 0.5 0.5 5.41 Either man operates

set truck in 1 helper 0.5 0.5 4.44 cranelathe
b. Turn one axle 1.25 1 machinist . 1,25 1.25 13.51 Operate latheset
c. Reverse truck 0.5 1 machinist 0.5 0.5 5.41 Either man operatesto set up other 1 helper 0.5 .0.5 4.44 craneaxle set
d. Turn one axle set 1.25 1 machinist 1.25 1.25 13.51e. Remove truck from 0.5 1 machinist 0.5 0.5 5.41

lathe 1 helper 0.5 0.5 4.44
f. Sharpen lathe

tools 2 1 helper 2 2 17.76 Normally sharpens four
sets for two cars dur-
ing one day

Subtotal 4 7.5 . 74.33 For one trubk set
REINSTALL TRUCKS (reverse procedure of REMOVE TRUCKS above)

Subtotal 4 10.25 117.64 For two trucks



TABLE 5-3-5: PATCO WHEEL CHANGING PROCEDURE

0, , . Elapsed Step Operation Time (hr) Personnel Time
(hr)

Man
Hours

Labor 
Cost (C) Remarks

1. REMOVE TRUCK 1.0 See Table — 2.63 $ 29.41 Prorated for one axle 
set

2. REMOVE AXLE 2.0 1 electrician 0.5 0.5 5-54 Electrician disconnects/
2 mechanics 2.0 4 .0 43.24 removes motor; mechanics 

operate crane
3- CLEAN AXLE 1.0 1 helper 1.0 1.0 8.88 Scrapes and Steam cleans 

outside shop on drainage 
slab

il. PRESS OFF WHEELS 
(axle set-2 wheels) 1.0 1 machinist 1.0 1.0 1 0 . 8 1 Machinist operates press;

3 mechanics 1.0 3.0 32.43 most of this time is handling
5- BORE WHEEL

(axle set-2 wheels) 2.0 1 machinist 2.0 2.0 21.62 Operates boring machine;
1 helper 0.5 0.5 4.44 assists handling wheel

6. PRESS ON WHEEL
(axle set-2 wheels) 1.5 1 machinist 1-5 1.5 1 6 . 2 2 Machinist operates press;

3 mechanics 1-5 4.5 48.65 most of this time is handling
7- INSTALL AXLE 2.0 See remarks - 4.5 48.78 Reverse of REMOVE AXLE above
8. INSTALL TRUCK 1.0 See remarks - .2.63 29-41 Reverse pf REMOVE TRUCK above

TOTAL 11.05 27.76 299.43 For one axle set



Wheel Life Cycle Cost
If the average wheel life at PATCO is about 270,000 miles 

and the average mileage per year per car is-53s106 miles, then 
the average wheel life in time is 5.08 years. Table 5-3-6 
lists the costs incurred during the life of a wheel.

TABLE 5-3.6: WHEEL LIFE CYCLE COSTS - EXISTING TRUCK

Item.
Wheel Material Cost 
($470 each - 1979 pricing)
Wheel Changeout Labor Cost
Wheel Truing Cost 4 Times 
($384 each truing per car)

Cost Per Car Set

$3760
$ 1 1 9 8

$1536

. TOTAL
Yearly Cost = $6494___

5.04 yrs .

$6494
= $1278 per year per car

Steerable trucks would eliminate the need for lubrication 
and, therefore, eliminate the skid flats that are caused by 
lubrication. Since skid flats are a major reason for truing 
wheels, it seems reasonable that the total number of truings 
could be reduced from four to two during the life of the wheel 

Steerable trucks will also reduce flange wear signifi­
cantly. This will have a major impact on wheel life because 
so much tread metal must be removed to restore flange thick­
ness. Reduced flange wear is a result of low angles of attack 
during curving.
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An additional benefit of steering is the capability to 

use a worn wheel profile without incurring truck hunting.

This extends the useful life of the wheel tread between 

truings.

Steering also has a major impact on wheel tread wear as 

well as rail head wear. Studies by Kuman (2)* at ITT are 

showing a substantial connection between tread wear and 

angle of attack. Studies by EMD (3) are showing that longi­

tudinal wheel/rail creep must increase dramatically to transmit 

a given rail horsepower if lateral creep is present. Recent . 

tests by Canadian National (4) on steerable 100-ton freight 

cars have shown 5 0 % reduction in flange wear and 3 0 % reduction 

in tread wear.

From the above considerations, it seems likely that the 

effect of steering on the wheel life of a transit car 

could easily be to increase the life by more than a factor 

of two. For the purpose of this study, it seemed reasonable 

to expect that PATCO wheel life could be extended from 270,000 

miles to 500,000 miles if steering were added. This would 

extend the wheel life time to 9-^2 years. Table 5-3-7 lists 

the' estimated wheel costs for a steerable truck.

* Numbers in brackets refer to references
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TABLE 5-3.7: WHEEL LIFE CYCLE COSTS - STEERABLE TRUCK

c

-p

Item

Wheel Material Cost 
($470 each - 1979 pricing)

Wheel Changeout Labor Cost

Cost -Per Car Set

$ 3760

$ 1198

Wheel Truing Cost 2 Times
($384 each truing per car) $ 7 6 8

TOTAL $ 5726

Yearly Cost = $5726
9 .A2 years $ 6 0 8 per year per car

Based on the above considerations, the addition of 

steering would reduce the yearly wheel cost per car set 

from $ 1 2 7 8  for the existing truck to $ 6 0 8 for the steer­

able truck. This results in a yearly savings of $670 per 

year per car, or $50,250 per year for the PATCO system ( 7 5  

cars).

Power Consumption

During 1979, PATCO used a total of 38,118,700 kilowatt 

hours at a cost of $1,561,529- The power breakdown was:

7 0 $ traction, 14$ lighting, heating and air conditioning, 

lk% station operation, and 2% maintenance. The cost of 

traction power alone for 1979 was $1,093,070. A fleet of 

steerable trucks could reduce the total traction power cost 

because of- reduced curve resistance.

To prevent the stalling of trains in curves, it is a 

widespread practice to compensate grades on the basis that
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rolling resistance increases .8 lb per ton per degree of 

curvature (5). Thus, the curve resistance in a 4-degree 

curve would be twice the curve resistance in a 2-degree 

curve. On the other hand, to achieve a given change in 
direction, a 2-degree curve must be twice the length of a 

4-degree curve. Therefore, the total energy tends to be a 

function of the amount of direction change.

The above suggests a method for using savings data on 
one system to estimate savings on another. For each system, 
the total direction change for all curves can be divided by 
total miles to give a "curvature index" having the units of 
degree per mile. Car-mile maintenance costs associated with 
curvature, i.e., wheel wear and rail wear, could be extended 
from one system to another on the basis of the ratio between 
the two curvature indicies.

Table 5-3-8 shows the various curves for the West 
Bound track at PATCO. The first column gives the curve 
number, the second column gives the curve length in feet, 
and the third column gives the curvature in degrees (degrees 
per 100-foot segment or chord). The fourth column gives the 
angle of direction change for the particular curve. The 
angle of direction change is the product of the curve length 
and curvature. The curvature index was calculated by 
dividing the total angle of direction change by the length
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Table 5-3-8: WEST BOUND TRACK - PATCO

Curve
No. Curve Length Curvature

Angle of 
Direction 
Change Curve Resistive Effort

Tftl (deg/100 ft) (deg) (ft-lb/ton
©>4° 0 <4°

1 4,651 0.58 26.97 — 1,8902 2,829 0.98 27.72 - 210203 2,656 1.4 37.18 - 2,818. 4 2,087 0.77 16.07 - l714 75 2,033 2.0 40.66 - 3,253. 6 1,674 0.73 12.22 - 8697 1,654 0.93 15.38 - 1,115 •8 1,651 1.58 26.09 ■- 2,0109 1,598 1.07 17-10 - l-,25710 1,358 1.-98 26.89 - ?.,14711 1,260 7-17 90.34 10 .,.49712 1,063 1.03 10.95 - 80213 888 . 0.7 6.22 - . 44114 798 2.6 20.75 - 1,74715 700 0 .2 8 1.96 - 1?3
16 662 2.55 16.88 - 1,41517 579 1.6 9.26 - 715
18 535 21.6 115-56 25,100
19 438 ■ 19.0 83.22 16,561 -
20 421 13-0 54.73 ' 8,593 -
21 391 11.3 44.18 6,411 -
22 . 330 29-0 . 95.7 25,7.43 -
23 317 , 0.55 1.74 12224 ' 251 1.3 3.26 ■ - 245
25 218 2 8 . 6 62.35 16,597
26 205 9.6 19.68 2,621 -
27 142 13-3 18.89 3,005 —

31,389 901.95 115,128 24,146
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of the track in miles or, 902 t 14.2 •= 6 3 . 5  degrees per mile 

Since there are 52.8 100-foot segments of chords per 

mile, the average curvature for the system can be calculated 

by dividing the curvature index by 5 2 .8 , or 63•5 * 5 2 . 8  = 1.20 

degrees curvature.

A fleet.of steerable trucks could reduce the curve 

resistance effort significantly and, therefore, reduce energy 

consumption. Curve resistance was mentioned previously as 0.8 

lb per ton per degree, however, a more accurate estimate is 

given by .King (4) as (0.66 + 0.070)9 where Q is. the 

curvature in degrees. Using this curve resistance estimate 

and the curve length, the curve resistive effort for the PATCO 

curves is given in Table 5-3-6- The curve resistive effort 

for curves greater than 4 degrees is given in Column 5 and 

for curves less than 4 degrees in Column 6. The total curve 

resistive effort for the West Bound Track is then 115,128 + 

24,146 = 139,274 ft-lb/ton. In order to determine what per­

centage of the energy is dissipated in curving, an estimate 

of the energy consumed per trip on a per ton basis must be 

calculated.

During 1979, a total of 3,983,000 car-miles were 

accumulated. Since the system is 14.2 miles long, the total 

mileage is equivalent to 280,500 one-way- car trips. In order 

to determine the energy dissipated per car trip, the total
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traction power (which is 70$ of the total) must be divided by 

the total one-way car trips.

(38,118,700 kw-hrs) 70% = 95.1 kw-hrs per car trip
2 8 0 , 5 0 0 one-way car trips

This is equivalent to 2.52 X 10® ft-lb per car trip. Dividing 

the energy per car trip by the average car weight (86,260 lbs) 

yields 5.84 X 10® ft-lb/ton. This number represents the 

energy required per car per one-way trip on a unit ton basis.

The energy per trip can now be compared to the curve 

resistive effort to determine what percent of the total power 

cost is spent for curving. Dividing the total curve resistive 

effort for the West Bound PATCO Track by the total energy 

required per one-way trip yields:

139,274 ft-lb/ton = 2.4$
5.84 X 106 ft-lb/ton

This represents an energy cost of $26,234 per year for curving 

alone.

It has been stated before that a fleet of steerable 

trucks could reduce curve resistance and, therefore, the total 

energy cost somewhat. It has been conservatively estimated 

that a steerable truck could eliminate the curve resistance on 

curves less than 4 degrees arid reduce the curve resistance by 

15% on curves greater than 4 degrees. Using'the above criteria
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and referring to the track resistive effort given in
Table 3.3.1, Columns 5 and 6, the following calculation can
be made to determine the percent of curve resistance reduction:

(115,128 X .75)+ 2*1,146 = 79%
115,128 + 24,146 '

Prom the above calculation and assumptions, it seems reasonable 
to expect a 79% reduction in curve resistive effort on the PATCO 
system. Multiplying the current curving energy cost($26,23*0 
by 79% yields a potential power cost savings of $20,735- This 
represents an energy cost savings per year that could be 
realized if the PATCO fleet had steerable trucks.
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5— 3-3 Truck Maintenance
Table 5-̂3--9- presents a breakdown of the truck main­

tenance costs for the PATCO fleet using 1979 labor and 
material rates. The table shows that the truck mainten­
ance cost neglecting wheel maintenance is about $390,800 
per year, or $5210 per year per car. Wheel maintenance
costs are handled as a separate item (See Section 5-3•2)

Table 5-3•9: 1979 Truck Maintenance Cost Breakdown for
the PATCO Fleet

Item § Description Cost
1 Motor rebuild $142,700
2 Gear unit rebuild 1 1 8 , 0 0 0

3 Motor-gear coupling 2 7 , 0 0 0

4 Motor-gear mounting 1,100
5 Motor suspension 10,400'
6 Gear unit suspension 700
7 Third rail 1 1 , 7 0 0

8 Unit tread brakes 20,300
9 Hand brake 800

10. Frame related 4,000
ir Bolster related 10,000
12 Side bearings 3,000
13 Shock absorbers 20,000
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Item # Description Cost
14 Journal bearing $ 13,000
15 Journal rubbers 5,100
16 Miscellaneous 3,000

SUBTOTAL $390,800
17 * Wheel Maintenance 95,850

TOTAL $486,650

* See Section 5-3 • 2 : Wheel Life Cycle Cost -
Existing Truck, for a detailed breakdown of 
this cost.

The maintenance cost breakdown estimate for a steerable 
truck would be similar to the first 16 items of Table
5-3-9 plus additional items directly related, to the steering 
mechanism. Table 5-3•10 gives a breakdown of the additional 
maintenance items for a steerable truck. The table shows 
that the steerable truck would increase the maintenance cost 
for the fleet (75 cars) by about $14,000 per year. However, 
the potential exists'that the steerable truck maintenance 
cost, neglecting wheel maintenance, will be the same as the 
existing truck maintenance. Several truck components such 
as motor suspension mounts, gear suspension mounts, and
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journal rubbers are replaced during wheel changeout because 
the truck is disassembled and not because their useful life 
is spent. If wheel life can be extended,as estimated in 
Section 5-3.2, then it seems likely that the increased cost 
due to steering can be offset by a cost reduction resulting 
from extended useful life of the rubber components cited 
above. Therefore, it seems reasonable to expect very little 
if any change in truck maintenance costs resulting from 
steering. However, wheel maintenance costs would reduce 
dramatically if steering were added.

Table 5-3.10: Additional Maintenance Cost Items for a
Steerable Truck Fleet (75 cars)

Item # Description Cost
1 Steering Arm $ 4,000
2 Shear/Pad Slider 6,000
3 Rubber Joints 2,000
4 Links/Hangers 2,000

TOTAL $14,000

The next section summarizes all operating costs.

5-3.4 Operating Cost Summary

Table 5-3.ll shows that if the PATCO system were
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equipped with steerable trucks, a potential savings of 
$105,015 per year could be realized. The potential 
operating cost savings must now be traded off against the 
capital cost outlay required to retrofit.

Table 5-3*11: Operating Cost Summary in Dollars
Existing SteerableDescription Truck Truck Savings

Rail Maintenance Costs 
Rail Grinding 
Curved Rail Replace. Rail Lubrication

8,500
17,750
15,051

2,8334,438 5,66713,312
15,051

Wheel Maintenance Costs 
(75 cars)

95,850 45,600 5 0 , 2 5 0

Traction Power Costs 1,093,070 1,072,335 20,735

Truck Maintenance Costs 3 9 0 , 8 0 0 3 9 0 , 8 0 0 -

TOTAL $1,621,021 $1,516,006 $105,015

5.4 Cost Analysis Summary

The capital cost summary (Section 5-2.4) stated that the 
cost to retrofit existing trucks with steering would be 
about $29,890 per car set or $2,241,750 for the entire fleet

*(75 cars). The operating cost summary (Section 5-3*5) stated 
that steering could reduce the yearly operating costs by 
approximately $105,015 per year. The question then becomes
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what is the pay back period for the retrofit.
Payback is the period required to recover initial out­

lay and has traditionally been an important consideration 
for revenue-producing projects. A rough approximation may 
be obtained by dividing the annual savings into the first 
cost. This results in what is commonly called the base pay­
back period.

Base Payback Period = 2,241,750 = q

The base payback period ignores the time value of money and 
could over or understate the actual payback period. A more 
accurate figure could be obtained if the payback definition 
is interpreted as the period needed to recover outlay from 
the cost savings discounted. This latter period may be 
called the true payback period. The true payback period 
will be the same as the base payback period if the cost 
savings escalate at the same rate as they are being dis­
counted. However, rather than guess at inflation rates for 
labor and material, costs associated with the projected 
yearly savings, and the interest rates at which a transit 
property could borrow money, the base payback period will 
be used.

The base payback period for the premium cost of 
steering added to new trucks can be calculated in a similar 
way. The capital cost summary puts the premium cost of
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steering for a new truck design at $1 5 s9 5 0 per car set or 
$1 ,1 9 6 , 2 5 0 for the entire fleet. L

Base Payback Period = 
(new design) = $1,196,250 _ X 1 4 

$105,015

Keep in mind that this analysis did not attempt to put a 
dollar value for reduced noise levels during curving.

*

*

4

n
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6 . 0  S U M M A R Y  A N D  C O N C L U S I O N S

This report presents data which shows that it is tech­
nically feasible to modify an existing heavy rapid rail truck 
to a steerable configuration with dramatically improved 
curving performance without adversely affecting its high 
speed stability or ride quality. The improved curving per­
formance is brought about by yawing the axles to a radial 
position during curve negotiation. The axles are forced- 
steered by a linkage arrangement between the axles and carbody 
The stability is obtained by providing the required dynamic 
axle yaw restraint. Axle yaw restraint comes from the primary 
longitudinal spring element and the forced steering -link.
Ride quality is preserved by retaining the existing secondary 
.suspension without significantly changing the input to this 
suspension.

This report also presents data which shows that the cost 
benefit of steering for a particular transit system depends 
on the number of curves. In the case of the PATCO system, 
significant savings in the areas of wheel maintenance, track 
maintenance, and energy consumption could be realized with 
the addition of steering; however, the cost to retrofit the 
entire PATCO fleet in terms of the base payback period made 
steering appear less attractive.

B a s e d  o n  t h e  t e c h n i c a l  a n d  c o s t  a n a l y s i s  s t u d i e s ,  t h e  f o l ­

l o w i n g  c o n c l u s i o n s  h a v e  b e e n  r e a c h e d :



CONCLUSIONS

1. It is mechanically feasible to modify an existing truck to a

steerable configuration. L\

2. Steering arms provide a practical method of mounting traction 

and brake equipment so that the entire assembly can yaw with 

the axle.

3. Analysis shows that because of the high unsprung mass due to 

the steering arms and the traction and brake equipment mounted 

on the steering arms, a primary longitudinal stiffness of

30.000 lbs./in. is required to provide stability for the self- 

steered design configuration (assuming '/\ = l/7j f = full

Kalker), *

4. Curving studies show that the self-steered design configuration 

requires a 2000-lb. friction slider in series with the

30.000 lbs./in. primary longitudinal stiffness for improved 

curving performance on curves down to 28 degrees Cassuming a 

friction coefficient >U ^ 0.3). .

5. Curving studies show that the performance of the self-steered 

design configuration with 2000-lb. sliders degrades as the 

wheel/rail adhesion level (coefficient of friction, jx)

drops significantly below 0.3.

r  J
o. Curving studies show that.self-steering performance improves 

with increased wheel conicities.
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k. CONCLUSIONS (Cont'd)

A

*

1>

7. Analysis of the friction sliders shows that the self-steered 

design configuration with 2000-pound sliders may have stability 

problems on rough track if slider breakout occurs.

8. Increasing the- slider breakout force level would enhance 

stability but would degrade curving performance of the self- 

steered design configuration.

9. The addition of a steering link from the carbody bolster to 

the outer steering arm can convert the self-steered design 

configuration to a force-steered design configuration.

10. The force-steering link lateral stiffness increases the 

effective inter-axle bending stiffness of the truck and, 

therefore, increases the critical speed or stability margin 

of the design.

11. Analysis shows that the forced-steered design configuration 

with 3 0 ,0 0 0-lbs,/in. longitudinal primary stiffnesses in, 

series with 2,000-lb. sliders can provide:excellent curving 

performance (angles of attack nearly zero) without sacrificing 

high speed stability (assuming^^1/20 f 1/2. KalkerJ.

12. Self-steering action will be present (assuming sufficient 

wheel/rail adhesion levels) and will actually aid the per­

formance of the force-steered design configuration^ This will 

result in lower force levels in the force-st.eering link.
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CONCLUSIONS (Cont'd)
13. Force-steered operation in curves will ensure radial perforin- 

ance Cnearly zero angle of attack) with or without the aid of 
self-steering action under all wheel/rail adhesion conditions.

14. Linear analysis shows that force-steered design configura­
tion has the possibility of kinematic instability at low 
values for the Kalker coefficient associated with creep 
and low values for the wheel conicities.

15. It is not known whether such low values of creep coefficients 
are possible or not. This can best be answered by full scale 
testing on wet or lubricated rail.

16. It is also not known to what wheel profile a steerable truck 
will wear. This can be answered only by full scale testing 
of a steerable truck.

17. If necessary, alternate force-steered design configurations 
can be used to prevent kinematic instability caused by.
low valuesof'' CreCp-and-low':-values of wheel conicities, but 
this approach will result in' .sacrificing improved curving 
performance.

18. Based on. a, reduced wear index, It:: has;, been estimated that the 
addition of - steering*-' can: significantly reduce wheel flange 
wear and, curved rail wear during curving.
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CONCLUSIONS (Cont'd)

19. Because of the reduced angle of attack during curving, the 
force-steered configuration should significantly reduce the 
noise levels typically associated with negotiating sharp

. . curves.

20. It is anticipated that the, force-steered truck design could 
result in improved ride quality because of its ability to 
track the rail center better than a conventional truck with 
an equivalent secondary suspension.

21. The capital cost for manufacturing two prototype■trucks for 
road testing was estimated at $290,200.

22. It is common practice that before a prototype truck design 
is released for field testing one truck frame undergo 
structural fatigue testing. This cost has been estimated at 
$111,900 and should be part of the- total prototype truck 
costing. _

23. The capital cost , for retrofit-ting. ..the-.PATSOrtrucks, with ■ 
steering was estimated, at' $L5s,0.$5 per.-truck .(.based-on- 400 
trucks). -- • -

24. The capital cost -premium, for steering; on a.- new truck design
was estimated at $73 00 per?. thue_lc,.--(based, on A00̂  trucks). v - v, ‘

25. Steering could reduce PATCO wheel maintenance costs" by about

r* $50,250 per year.
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CONCLUSIONS (Cont'd). - ■ r)

26. Steering could reduce PATCO rail maintenance costs by about

$34,030 per year. ^

27. Steering could reduce PATCO tractive power consumption by about 

2% or $20,735 per year.

28. The base payback period for retrofitting the PATCO fleet was 

estimated at 21 years.

29. The base payback period for the premium cost of steering on 

a new truck design was estimated at 11 years for the PATCO 

system.

30. The cost benefit of steering, with respect to -a specific 

transit system, depends on the total number of sharp curves

Cgreater than 4 degrees) and the railcar fleet size to be -f

retrofitted.
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