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EXECUTIVE SUMMARY 

This program is the result of a progressive steerable truck development 
program undertaken by the Transportation Systems Centre (USDOT) for use by 
US rail transit authorities. The objective was to design, analyze and 
recommend a steerable truck retrofit to the Washington Metro Rockwell 
trucks. The Urban Transportation Development Corporation was tasked to 
carry out the Program as Phase I (later 1a). 

The design features two point body-to-axle steering, replacing the axle 
bearing rubber sleeve and end cap with an axle bearing box, top mount and 
laminated rubber/steel sandwiches. Steering input is by lever and push/pull 
rods. The brake housing-to-sideframe mountings are modified to ensure 
maximum pad/disc contact area. 

The incorporated design was analyzed mathematically via high speed computer 
for performance with respect to dynamic stability and curving ability. The 
results showed a stable vehicle within the operating envelope of the WMATA 
system and flange-free curving ability on curves of radii above 500 ft. 

Because of the large design change at the sideframe/axle interface a finite 
element stress analysis was performed resulting in the requirement for a 
preliminary design sideframe reinforcing c~p to be welded to the sideframe. 
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INTRODUCTION 

BACKGROUND 

The Transportation Systems Center (TSC) of the U.S. Department 

of Transportation competitively awarded two parallel design 
feasibility studies aimed at developing rail rapid transit car 

steerable trucks for use by U.S . rail transit authorities. The 
Urban Transportation Development Corporation (UTOC) was awarded 

one contract to apply its design to the Chicago Transit 
Authority (CTA). This initial work was completed but the CTA 

withdrew from participation. The Washington Metropolitan Area 
Transit Authority (WMATA) expressed interest in replacing the 

CTA by applying the UTOC design to its trucks. 

A research grant was based on the WMATA wheel and rail wear 
problems and the desire to maintain the original competition . 

Funding was approved, and the UTDC was awarded a contract for 
the design and analysis of a WMATA Rockwell truck, to be known 

as Phase 2A of the WMATA Program. 

PROGRAM OBJECTIVE 

The objective of this program was to design, analyze and 
recommend a steerable truck retrofit to the WMATA Rockwell 

trucks to WMATA specifications and system operating envelope . 
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The WMA TA Program as envisioned by the UTDC was to begin with 

the gathering of data and end with a tested, acceptable, 

near-production, steering retrofit for the Rockwell truck. The 

Program was divided into three phases, Phase 1 being the 

gathering of data and the design, modelling and analysis of the 

retrofit and test on instrumented track, and Phase 3 

encompassing the testing of the retrofitted truck on the WMATA 

track. This report contains the results obtained during 

Phase 1 (later renamed Phase 1A). 

The retrofit to the existing WMATA trucks would yield economic 

and rider acceptance benefits to the WMATA operations and could 

form the basis for future truck orders. These benefits would 

be experienced in reduced wheel flange forces, contributing to 

a reduction in track maintenance and noise; a reduction in 

flange and tread wear which would bring about a reduction in 

wheel maintenance, and a diminution of rolling resistance for 

reduced energy costs. 
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2.0 DESIGl-1 

2.0 . 1 Section 2.1 summarizes the 6esign criteria contained in 
the WMATA Specification, Section S14, anci, othE:r data 
provideci by wfwlATA. 

Section·i.2 is a description of the WMATA truck as 
designed by the manufacturer, Section 2.3 is the 
description as modified for steering by OTDC R&D, and 
section 2.4 is a description of the steering operation 
of the steered truck. 

2.1 SPECIFICATIO~ 

2. 1 • 1 The following vehicle specifications were consioered in 
the design of the steering retrofit: 

a) vehicle weight - loaded - 105,000 ·16. 
- empty - 72,000 lb. 

b) maximum speed - 80 mi/hr 

c) track gauge - tangent - 4 ft. Bi in. 

d) wheel diameter - mean - 28 in. 

e) truck height - 32½ in. 

f) truck wheelbase - 87 in. 

g) t::-uck centre-to-centre - 52 ft. 

h) journal bearing life - 1,000,000 mi. 

i) running rail - 11 5 RE canted 1 : 4" 

j) n.inimwn curve raciius - 225 ft. 
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k) trucks fully interchangeable between either enc ot 
car 

l) truck parts to withstand maximum loads imposed by 

torc&s acting on the trame, without exceeding 
stresses greater than 60% of the endurance limit 
for the materials. 

2.2 DESCRIPTION - AS DESIGNED 

2.2.1 The truck (Figure 2.2-1) is a three-piece unit 
consisting of quasi "T"-shaped siaeframes (1) and a 

bolster (2). The sideframes are interconnected via 

self-aligning ball bushings (3) permitting whe&l load 

equalization while limiting truck lozenging. 

2.2.~ The sioeframes connect to the axles (4) by wrapping 
around a rubber sleeve which surroun6s the journal 

bearing. The motor and gearbox units (5) are supported 

by the sidefrarnes through rubber-cushioned hangers and 

the axles. 

2.2.3 The bolster (Figure 2.2-2) is supported by the 
sideframes on two .double convoluted air springs (6) . 

Its position with respect to the sideframes is 
controllea through lateral stops (7) and longitudinal 
rubber-mounted radius roes (8). In turn, the carbody is 
located by a centre pin (9) and supported by stainless 

steel/polymer side bearing pads (10) . 
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2. 2. 4 The truck is e:guippe·a with a hydraul_ically actuatea disk 

brake (11) at each wheel, with the discs attached to the 
axle end and the actuator mounted through four-piece 
articulated bracketry (12 ) to the sid~frame. 
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FIGURE 2.2-1 - WMATA ROCKWELL TRUCK 
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FIGURE 2.2-2 - WMATA TRUCK WITH BOLSTER 
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DESCRIPTION - STEERING RETROFIT 

The design of the steering conversion (retrofit) affects the 
following vehicle elements : 

a) primary suspension 
b) disk brake actuator mountings 

c) carbody underfloor 
d) si deframes 
e) air piping 

The wrap-around rubber sleeve at each journal bearing is 
replaced by a cast journal bearing housing (2), angled 

steel/rubber pads (25) and cast top supports (7) to allow 
axle-to-sideframe yaw. (Figure 2.3-1). 

The disc brake actuator mountings (Figure 2.3-2) become 

five-piece systems (26) to allow lateral and longitudinal 
pad-to-disc alignment. 

The carbody underfloor has a pivot connector installed to 
provide the steering input . 

2.3 .5 The steering connection between the carbody and the journal 
housing (Figures 2.3-3 & 2.3-4) is provided by a horizontal 

push rod (11) connected to a vertical link (15, 16) pivoted on 
the top support which is connected to a connecting rod (27, 28) 

which is finally attached to the journal housing. All 
. connections are terminated at rubber bushings . 

2.3.6 A complete list of retrofit parts is contained in Appendix A. 
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FIGURE 2.3-1 - PFt.l!-lARY SUSPENSION - UNSTEERElJ 
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2. 4 . DESCRIPTION - STEERING OPERATI0?-1 

2.4.1 As a vehicle enters a curve (Figure 2.4-1), the coned 
wheels are aisplaced laterally on the outer rail and 

initiate axle and truck yaw. with a truck semi-spacing 
of Land a curve radius R, the truck-to-carbody yaw 
angle becomes the inverse sine of L/R ( AOB), assuming 
perfect steering. In addition, still assuming perfect 

steering with the axle radial, the steering angle ot the 

axle to the truck is the inverse sine of L1/R ( COD). 

This results in an overall steering ratio L/t1• 

2.4.2 tmploying the truck frame as the fulcrum (Figure 
2.4-1), it remains necessary only to attach a lever 

between the carbod~ at A to the axle at B of such a 

ratio that the oisplaeement A-A1 between the carbody and 

the truck frame produces a displacement ~-B1 between the 

truck frame and the axle. It .should be clear that on 

tangent track, A and Al coincide· as do Band s1. 

2.4.3 It should be evident that any physical limitations on 
B-Bl in turn limits how small the curve radius R can be 
before mechanical linkages fail. It should also be 

evident that a significant difference between A-A11 

( perfect displacement) and A-A 1 will aff·ect the steering 
accuracy throughout the operating envelope. 
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KINBMATIC ~ALYSIS 

A kinematic analysis of the proposed steering 
mechanism was carried out to ascertain overall 
steering ratios, steering lever lengths and the 
expected displacement of the axle while the vehicle 
negotiates a curve of known radius . 

METHOD 

Osing the cimensions ot the wMATA specification, 

section 5.2 (corrected and/or validated} and the 
conceptual layout of the preferred steering 
mechanism, a graphical analysis was carried out. 
The results were then checked numerically using a 
hanc calculator. 

RESOLTS 

The ·complete results of the kinematic analysis 
appear as Appendix B. They show that for the 
preferred two-point steering system on a 230 ft. 
(70 m) radius curve the recommended steering lever 
lengths would produce a 0.61 % understeer in push (R 
trucks, right curve; F' trucks, left curve) and a 
1.49 I understeer in pull (R trucks, left curve; F 

trucks, right curve). The chosen lever ratios also 
ensure that no steering input exists on tangent 
track. 
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DISCUSSION 

Because of the restrictions of space between the 
carbody and the truck frame, the limitation imposed 
by the gearbox/motor/si6eframe mountings and the 
known flexibility of the motor/gearbox coupling, it 

became evident early in the program that two-point 
steering was a necessity. On that basis, it also 
became evident that analyzing more than one 
mechanism was unnecessary. 

As shown in the results, a slight unaersteer has 
been preferred • . Experience has shown that although 
an oversteer condition may be preferred for the 
leading axle of the leading truck, to compensate for 

rubber element strain and lever and pushrod 

flexibility, the trailing axle of that same truck 
would aiso achieve oversteer to the detriment of 

good steering, i.e., tending to flange on the 
outside rail. Consequently, perfect steering to 

slight understeer is pr~ferred. 
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DY~AMIC S~ABILITY FwALYBIS 

INTRODOCTI0?-4 

For steerable trucks there are three groups of 
instabilities which can arise. These are 
representec schematically in Fig. 4.1-1. 

Region I contains unstable modes which are similar 
to those found in conventional rail vehicles. 
Region II contain modes which are peculiar to 
steered axle vehicles. In these mooes the direct 
coupling which exists between axle anc boay motions 
produces a situation in which the dynamic coupling 
is depenoent upon frequency, a resonant coupling 
effect. In these instances an instability occurs at 

a relatively low frequency and velocity, but as 
velocity increases the frequency can eventual·ly 
become high enough for aecoupling to occur and the 
instability disappears. Similar modes can sometimes 
be seen in conventional vehicles, but they are not 
usually very pronounced and can be controlled quite 
easily through damping of the carbody. This is 
because the coupling which exists is indirect and 

rather weak. In the case of steered axle vehicles 
the coupling is direct mechanical and far stronger. 

The thira region of instability, region III, 
c_ontains a moae which is entirely unique to steered 
axle vehicles. In this moae the action is not a 
perioaic one: it is a monotonic aivergence and only 
one truck is involved, the leading truck. It can be 
shown (see OTDC internal report •some 
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Characteristics ot Steered Railway 'l'rucks" by 
R.E. Smith and R.J. Anoerson) t"hat below a certain 
conicity the leading truck of a steered axle vehicle 
will exhibit this divergence of its yaw position 
relative to the track. The effect of this 
phenomenon is that any yaw deflection of the truck 
will result in a moment being applied which 
increases the yaw oeflection. This will continue 
until the wheels of the truck contact the rail 
flanges. 

It can be seen trom Figure 4.1-1 that this 
divergence occurs only at low conicities, and it can 
be shown that the limiting value of conicity is a 
function of a number of the truck ~esign va~iables, 
including the steering mechanism stiffness and 
amplification ratio, truck geometry, wheel size and 
creep coefficients. In general, high stiffness 
increases the limiting conicity and high creep . 
co~fficients aecrease it. 

There is a fourth region of instability attributable 
.to steered trucks, which is not shown in the . 
figure. This is a divergence of the trailing truck, 
which occurs at and above certain high levels of 
conicity. This instability can only occur with very 
high levels of steering stiffness and usually for 
levels of conicity which are far beyond the range 

normally found in practice. For these reasons this 
fourth region will not be aiscussed . 
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The divergent instabilities of region III anl IV 
have been named "The weinstock Effect" in 

recognition of Dr. H. weinstock of the u.~. D.O.T. 
who was instrumental in leading Dr. R.J. Anderson 

and R.E. Smith to discover the phenomenon while 
working on a program of analysis funded by the o.s. 
government. 
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l'if.TBOD 

A linear mathematical moael of the wMATA vehicle was 
formulated to provide stability information. The 
carboay and two trucks were represented as a system 
ot rigid masses interconnected by parallel elastic 
and viscous elements. 

The motions of the wMATA vehicle were oescribea with 
11 mass elements comprising a total of 33 

degrees-of-treedom (qi), as shown in Figure 4.2-1 
Suspension components and interconnections between 
mass elements amounted to 98 linear and torsional 
springs with parallel viscous dampers. Creep forces 
arising from wheel ano rail interaction were assumed 
to vary linearly with creepage, with no flange 
contact. A computer eigenvalue analysis was 
utilized to gather stability intormation regarding 
the system, for small amplitude motions. 

The condition ot lateral instability or hunting was 
considered in terms of the forward speed (or 
critical speed) at which damping in the least damped 
eigenvalue dropped to zero. The linear analysis 
predicts that the vehicle will oscill~te with an 
amplitude aependent on the initial conditions at the 
critical speed while going unstable at higher 
speeds. The maximum operating speed of the vehicle 
should be kept somewhat below the critical speed. 

The dynamic stability of the steered truck/empty car 
combination was examineo for modes of interest and 

critical speed in the as-designed condition. All · 
vehicle parameters were given their design values. 
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A crush loadea vehicle was simulatec by incr-easing 
carbooy weight by 36,300 lb. (220 passengers at 165 

lb/passenger). Changes in inertias, axle load ana 
creep coefficients were included in this analysis, 
while stiffnesses of load cepenaent elements were 
left unchange:a. 

At the request of WfllATA Vehicle Engineering UTDC 

also ran out a few stabil1ty cases based on the 
stiffness parameters of the modified primary 
bushings as contained in Reference 1. In general, 
the modified bushings provided stiffer springing 
vertically and softer laterally and longitudinally. 
The numerical value are contained in Table 4.2.6-1. 

All other vehicles parameters remained unchanged. 

STA!-.DARD aODIFIED 
BOSH BUSh 

~rimary Vertical 8tiffness 74,000 lb/in. 116,000 lb/in 
1. 299 E; 7 ~/m 2.036 E 7 N/m (per wheel) 

Primary Lateral Stiffness 62,300 lb/in 32,000 lb/in 
1.093 E 7 ~/m S.615 E 6 N/m (per wheel) 

Primary Longitudinal Stiffness 115,000 lb/in 29,000 lb/in 
2.01&.E 7 ~/m S.089 E 6 N/m (per wheel) 

Table 4.2.6-1: kociifiea Primary Bush Parameters 
(measured in Laboratory) 

The vehicle critical speea was calculated for four 
conicities -- o-os, 0-10, 0.15 and 0.20 -- ana 
com~ared to the results obtained for the standard 

bushings. 



4.3 

4. 3. 1 

- 25 -

R~SOLTS AND DISCUSSION 

The examination indicated five principal modes of 
interest. Figure 4.3-1 shows the damping ratio for 

these modes as a function of speec, for full Kalker 
creep coefficients and a wheel conicity of 0.05 (1 
in 20). Frequency variation with speed for these 
modes is also presented in Figure 4.3-2. 
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The moce whicL tirst becomE:s unstable does so at a 
speed of 137 mi/hr and involves motions within the 

trailing truck. It is characterized by lateral and 
yaw excursions of both the trailing truck axles, 
sideframes and bolster, combined with yaw motions of 
the steering levers. A similar mode associated with 
the leading truck becomes unstable at a higher speed 
ot 156 mi/hr. 

The remaining modes involve carbody motion and are . : 
substantially damped at all speeds considered with 
frequency being relatively insensitive to speed. 
They are: 

( a) Carbody, upper center roll, frequency of 0 . 6 hz 

( b) Carbocy, lower center roll, frequency of 

-approximately 1. 3 bz 
. ( C) Carbody, yaw, frequency of approximately ,. 4 

Bz. 

These mocies cause no concern in terms of stability 
or ride comfort. It is of interest to note the 

coupling of motions as the frequency of the truck 
and body modes approach each other. 

A stability characteristic was produced in 

Figure 4.3-3 to show the behavior of the steered 
truck as a function of wheel conicity, for full 
Kalker creep coefficients. The empty car condition 
was again considered with all vehicle parameters 
having their design values. The critical speed (0% 
damping) prod~ces the stability boundaries, with 
regions below the curve corresponding to the stable 
operating regime. Curves of 2%, 5% and 10% critical 
dmx;p ing levels have also been included. 
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As wheel conicity increases from a value of o.os, 
the critical speed oecreases uniformly trom a value 

of 137 mi/hr to 64 mi/hr at a conicity ot 0.30. 
over this region of con.icity, the mode which first 

becomes unstable involves the lateral anc yaw 
motions of the trailing truck as discussed 
previously. As wheel conicity decreases below 0.05, 
the critical speed decreases significantly to a 
value of 78 mi/hr at a conicity of 0.04, and finally 
falls to zero at a conicity of 0.015. In this 

region of conicity, the first unstable mode involves 
the lateral and yaw . motions of the leading truck. 

Coupling of the truck and body mocies does produce 
regions where the damping levels of both truck modes 
(leading and trailing) fall below the 10% level at a 
somewhat lower speed (45 mi/hr) and then increase as 
speed increases. 'l'his results in the "knee" for the 
10% damping level shown in Figure 4.3-3 and can be 

seen in Figure 4.3-1. 

with the axle-to-carbody connections on a steerable 
truck, disturbances other than curves also prociuce 

yawing motions between the truck and carbody. The 
axles will be steered 'in ·response to these 

perturbations, affecting stability of the vehicle on 
tangent track. Steering induced instabilities can 
exhibit a fluttering behavior and are known to be 
caused by low conicity and low creep coefficients. 
It is recommended that the wheel conicity be kept at 
0.05 and above to avoid the low conicity effects on 

stability. 
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The actual cree~ coefficients experienced in rail 
vehicle operation can vary due to varying surface 
conditions and rail head shapes along the track 
length. hence, a stability characteristic 
(Figure 4.3-4) was also produced for the steered 
truck/empty car design in which the creep 

coefficients were reduced to 50% of their 
theoretical values (half creep) . As indicated, the 
design exhibits the desirable tendency of becoming 
more camped at conicities above 0.10, with the lower 
creep coefficients. The low conicity/low cr~ep 
coefficient effect is demonstrated by the shift of 

the stability boundary to the right for a conici ty 

less than 0.10. 

The effect of increased mass on critical speed is 

shown in Figures 4.3-5 and 4.3-6 for conicities of 
0.05 and 0.20, respectively. In both cases, the 

critical speed remains approximately the same, while 
the critical mode is slightly less damped at lower 

speeas. However, overall stability performance is 
not degraded to any signiticant degree as the 

carbody is loaded. 

For the comparison of the standard unsteered truck 
to that of the truck with modified primary bushings, 

it can be seen in Figure 4.3.10-1 that at low 
conicities, the modified bushings ~rovioe greater 
stability than the standard units, but as the tread 
cone angle is increased, as would be experienced in 

normal wear, the characteristic curves cross until 
that of the modified bushes becomes less than the 

standard. 
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Damping of 10% critical is still present at the 
worst case (modified bushings, 0.2 conicity) at 

65 mi/hr and th~ critical speed at that same 
conicity is preaicted to be some 94 mi/hr. 

It would appear then that the softer primary 

bushings could be used without any detrimental 
effects on the stability of the vehicle. 
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CURVING ANALYSIS 

~ETBOO 

curving performance with both a steered and 
unsteered vehicle was examined using a computer 
simulation of each vehicle moving at constant speed 
on several constant radius curves (steady-state 
curve negotiation). The carbody and two trucks were 
modelled iaentically to the stability analysis 
(Figure 4.1-1), although viscous damping elements 
were not required for steady-state calculation. 
using this multi degree-of-freedom model, the 
motions of the two trucks could be coupled, thus 
accounting .for the transmission of wheel/rail 
interaction forces to the carbody through the 

steering linkage. 

Inertial loads resulting from the curve negotiation 
were applied at the center of mass of each rigid 
body to represent the effect of mass distribution. 
The vehicle was moved in response to tread and 
flange forces arising from the wheel/rail 
inter~ction. A nonlinear formulation for creep 
forces was used, incorporating adhesion limits and 
flange contact. In each case, an overall force 
balance was obtained to predict angles of attack of 
each axle, lateral and longitudinal tread and flange 

forces on each wheel, positions of all rigid bodies 
and loads in each elastic element. The performance 
of both steered and unsteered vehicles was examined 
over a range of curve radii from 230 ft. to 

3300 tt. This range embraces all curves 
representative of revenue track. 
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A a irect comparison ot curving pE:rformanc1:: was 111aae 

between the stE:ered and unsteered truck, each in 
its design condition. Flange clearance was taken to 
be 7/16 inch (11 mm), with the coefticient of 
aahesion held constant at 0.3. Wheel conicities of 
0.05 and o.~o were consicered, with both an empty 
and fully loaaed car. 

In addition, as requestea by H. Weinstock, the 
curving performance of the standard truck with 
modified axle bushings was calculated. The moaified 
bushings showed an increase in vertical stiffness of 
157%, a lateral stiffness decrease of 51% and a 
aecrease in longitudinal stiffness to 25% of the 
standard bushing. 

RESULTS AND DISCOSSION 

The angle of attack of the leading axle (front 
truck) with respect to the track is shown in 
Figure s.2-1, for a wheel conicity ot a.as. The 
large angles experienced by the unsteered truck are 
evident, particularly as the curve radius becomes 
smaller. The steered truck follows the track for 

curve radii above 1650 ft., and is unciersteered at 
lower radii by at most 0.1S degrees. Loading of the 
car has little effect on the unsteered truck but 
aces induce a small degree of negative steering for 
the steered truck. For a wheel conicity of 0.20 
(worn wheel), shown in Figure 5.2-2, the angles of 
attack for both the steered and unsteered trucks 
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become somewhat less, particularly as the curv~ 
radius increases. The steered truck follows the 
track for curve radii above 500 ft. 

The average tread wear index for the front truck (4 
wheels) is given in Figure 5.2-2, for a wheel 
conicity of 0.05. - This index gives a measure of the 
work done per foot travelled against friction during 
sliding contact of the wheel treads with the rails. 
As indicated, the likely tread wear rate for the 

unsteered truck is more than two times that for the 
steereo vehicle for all curve raaii considered. 

~ear rate does increase in beth cases, of course, as 
the vehicle is loaded. In Figure 5.2-4, the tread 
wear index is shown for a wheel conicity of 0 . 20. 

In this instance , the tread wear is about five times 

greater for the unsteered truck than for the steered 
truck at low curve radii . As curve radii increase, 

tread wear for the steered truck becomes negligible 
in comparison. 

The average flange wear index for the front truck (2 
axles) is shown in Pigure 5.2-5, for a wheel 
conicity of 0.05. This index is used as an 
indicator of flange wear resulting from contact 
forces and slippage during flanging. F'lange wear 
for the unsteered truck .is substantially greater 
than that for the steered truck and increases the 

considerably as curve raaius decreases. Flange wear 
tor the steered truck remains almost constant for 
curve radii below 700 ft. 
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The curving behaviour ot the trucks with the 
modified primary bushings is shown in Figures 5.2-11 
to 5.2-20. These results were obtained using the 
modified bushing stiftness parameters, empty car 
(considered worst case), and wheel tread conicities 
of 0.05 (standard) anc 0.2 (worn wheel). 

In every c:as&, the curviilg :t,erformance with the 

modified bushings was better than that with the 
standard units. At large curves in excess of 
1,500 ft radius, the improvement in tread wear 
ranges from 22% with .a 1:20 profile to more than 

64% with a 1.5 profile. At the same time, the 
flange w~ar improvement ranges from near 9% using 
the 1.20 profile to 100% with the 1.5 profile. On 
curves of 500 ft and less, ~he diff&rence between 

the standard primary performance and that of the 
modified bushings becomes less pronounced and in 

some eases the standard performs better. 

When compared to the steerable truck, the effect on 
curving performance brought about by the modified 

bushings loses significance. The steered truck 
provides flange-free curving with a concity of a.as 
for all curve radii in &xcess of 1700 ft and with a 
coincity of 0.2 for all curves of ·radii in excess of 
500 ft. The curving performance of the unsteered 
but modified truck approaches the steered only when 

the unste~red has the greater concity while the 
steered has the lesser. 
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Fil"1TE E.;LEhl:NT STRESS ~ALYSIS 

INTRODUCTION 

The finite element stress analysis was carriec out 
on the ~MATA Rockwell truck sideframe with the 
proposed steering retrofit. The primary objective 
was to determine the principal stresses in the 
sideframe produced by various wheel loaas. It was 
also required to determine the axle stresses, 
steering link forces, deflection~of the various 
components, and in the event that any of those 
results exceeded normal rail engineering practices, 
to recommend corrective measures. 

Based on the results of the first analysis, two more 
were carried out incorporating the proposed 
corrective measures. A complete set of the reports 
appears as Appendix c. 

!i'I.ETbOD 

The initial model consisted of the following 
interconnected components: 

a) sideframe (steering link side): 

b) journal housing: 

c) top support: 

d) steering linkage: 

e) primary springs: 
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t) journal housing (non-steering side); 

9) primary spring; and 

h) axle. 

Four load cases were examined as follows: 

a) load case 1; 

i) vertically equivalent to loaded car, 

ii) longitudinally equivalent to maximum 
braking force, and 

iii) laterally equivalent to O .13 lateral 
acceleration ot the vehicles in a left 
curve. 

b) load case 2 - braking only~ 

c) load case 3 - laterally only; and 

d) load case 4 - vertically only. 

~he load cases were rerun after a sideframe 
reinforcement was designed and modelled. 

The load cases were rerun for a change in primary 
spring pad orientation . 
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RE:SULTS 

The maximum s·tress in the sicie:frame was found at the: 
underside of the arch, as shown in Figure 6.3-1. 

Its value was 46,400 psi from load case 1. At the 
same time, the: maximum deflection of the sideframe 

occurred at the extreme enc, quantitatively 0.065 in 
(FigurE: 6.3-2). 

The maximum force in the steering linkage: results 

from loao case 2 (braking) of magnitude 234 lb. 

For the axle, the maximum vertical deflection was 
found to be 0.17 in. at the steered side. The 

maximum bending stress was 6,740 psi (all results 
from load case 1). 

As a result of the high stress (46,400 psi) in the 
sicieframe, the reintorcing cap (Figure 6.3-3) was 
designed and the analysis repeated. TBe results 

showed a signiticant oecrease in the stresses at the 
sideframe arch but high forces were found at the 

primary pads and pad supports. In essence the 
stresses had.moved to the end of the arch as a 

result of the reinforcement (Figure 6.3-4). 

As a result of the high forces on the ~rimary pads, 
the pad orientation was changed and the cases 

rerun. The results showeci that although the forces 
were reduced, no significant changes were 

experienced in the magnitude ot the stresses. The 
analysis were terminated. 
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DISCUSSION 

This analysis showed high stress concentrations in 
areas of the sideframe never designed to sustain 
them. The loads that produced those stresses were, 
from experience, typical and reasonable for normal 

track operations. 

It can be seen, from the results, that the addition 
of the reinforcing cap moves the stress 
concentrations and ultimately, with further design 
work, should reduce the stresses to acceptable 

levels. The cost of this addition is estimated to 
be 400-600 pounds per truck in additional weight. 
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DISCUSSION - OVERALL 

This section summarizes Sections 2 through 6 and illustrates 
their relationship . 

The hardware design of the retrofit was by necessity a two 
point steering configuration to take advantage of the large 

allowable motor/gearbox coupling angle while eliminating any 
coupling longitudinal shear. The retrofit kit will add some 

weight to the truck mainly in the axle bearing box (estimated 
at 100 lb) and the reinforcement cap (estimated at 100 - 150 

1 b) • 

It should be clear that a vehicle stability and curving ability 
are trade-offs. High stable speeds are normally brought about 

through very stiff primary suspensions both longitudinally and 
laterally. The retrofit design, by necessity, requires 

reasonably soft axle yaw stiffness to allow steering. 

Irrespective of these compromises, the results of the analyses 

show that the truck is stable over the complete range of 
operating speeds at which coincities up to the worn wheel 1/5 
(0.2), and the curving ability is excellent on all curves of 

radii above 700 ft., the smallest curve on the WMATA revenue 
1 i nes . 

In addition to the ability to steer resulting from the truck 
modifications, it should be clear that tread wear, flange wear 

and tread and flange forces have been reduced significantly 
compared to the standard truck. The benefits of these 

reductions would be seen in reduced track and rail tie-down 
maintenance, as well as reduced wheel wear. 
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The finite element stress analysis results clearly showed the 
need for a sideframe reinforcing cap and an axle bearing box 
spreader bar. These results also showed the need for further 

design work on the cap. 



8.0 

- 71 -

SCHEDULE 

The program schedule is shown as Tables 8.1-1 and 8.1-2. The 
program was originally planned for a ten-month duration . 
Problems were experienced in getting accurate up-to-date 

vehicle and track information. This was resolved near the end 
of the second month. The bulk of the program was completed in 

July 1983 whereby a design review meeting was planned. The 
meeting took place 23 September 1983 at which the task of 
investigating the dynamic and curving behaviour of the Rockwell 
truck with modified primary bushings was requested. 

At the meeting of 2 December 1983, it was agreed that the 
completion and submission of the Phase lA, report would occur 
early in 1984 . 
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CONCLUSIONS 

It is concluded that this program has produced a steering 

retrofit to the WMATA Rockwell truck that: 

o adds 45 major parts and approximately 1,000 lb to each 

truck; 

o provides stee-ring within 0.61 percent; of theoretically 

perfect on all curved track of 230 ft radius or greater; 

o is dynamically stable within the WMATA operating envelope 

with a stable worn wheel profile; 

o will provide flangeless curving on the system revenue 

track (700 ft radius or greater ); 

o requires further structural design work at the primary 

suspensi on area of the sideframe (reinforcing cap) . 

It is also concluded that: 

the program has been completed within an admissible time 

period; and within the constrained budget. 
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RECOMMENDATIONS 

It is recommended that WMATA take the following actions: 

o initiate a new program of work to include the final design 
of the retrofit kit including the sideframe reinforcing 
cap; 

o install and test the retrofit kit on two ROHR cars; 

o include in further work, the retrofitting and testing of 

the Breda trucks; and if all successful, retrofit the 
complete fleet of WMATA cars with steerable trucks. 
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LIST OF RETROFIT PARTS 
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ITEH 

l 

2 

l 

4 

5 

6 

7 

8 
~ 

9 

Iv 10 

II 

11-1 

11-2 

11-3 

11-4 

11-5 

11-6 

12 

12-1 

12-1-1 

PART HO. 

42-8000-003 

42- 8000-027 

42-8000-025 

42- 8000- 0JJ 

t,2-8000-037 

42-8000- 035 

'• 2-8000-039 

42-8000-041 

42-8000-029 

t, 2-8000-030 

42-8000- 024 

SPAE NAUR IIC 24 l 

42-8000-021 

42-8000-022 

1,1 I 

PARTS J.IST - WHATA TRUCK SUERUIG RETROUT 

DESCRIPTION 

Truck Assembly 

- Housing 

- Housing 

- Support, Top, non-steered aide, 17-24 degree 

- Support, Top, lever pivot end, 41-46 degree, inboard 

- Support, Top, lever pivot end, 41-46 degree, outboard 

Support,.Top 1 steered alde 62-69 degree 

- Support, Top, non-ateerd aide, 36-48 degree 

- Ring, Retaining 

- Screw, Socket Head, Modified 3/8-16 UHC-2A x l 1/4 

- Wire (B.W. 18 GA (.042) DIA) 

- Rod, Push, Steering 

- Flat Bar HRS SAE 1018 2 1/4 x 2 1/2 x 3 1/4 

Flat Bar URS SAE 1018 3/4 x 2 1/2 x 10 1/4 

- Round Bar HRS SAB 1018 l 1/2 0 x l 1/2 

- Hech Tubing SAE 1015/1018 l 1/2 OD x .120 Wall x 13 . 6 

- Mech Tubing SAE 1015/1018 1 1/2 OD x . 120 Wall x 28.7 

- Screw, Hex llead GR5 l/4-16 UNF x 3" LG 

- Connector, Pivot 

- Screw Assy 

- Bar IIRS SAE 1018 l"O x.62 

QUANTITY PER 
IIIGIIER ASSY. 

2 

2 

2 

l 

2 

2 

4 

21, 

A/R 

2 

2 



lTEH 

12-1-2 

12-2 

12-2-1 

12-2-2 

12- J 

12- 4 

12-5 

12- 6 

11 

)" It, 

15 
w 

16 

17 

17-1 

1ft 

18-1 

19 

20 

21 

22 

21 

rART NO. 

Ol-217-11-1020 

42-8000-031 

Wl58 

01-412-17-IOOO 

Ol-101-01-08-12 

IICT IJ/935 

Ol-101-17-1418 

Ol-511-01-1400 

42-8000-043 

42-8000-042 

4 2-8000-01,4 

,, 2- 8000-045 

01-101-17-1028 

OI-IOl-17-1212 

Ol-411-27-1000 

Ol -411-27-1200 

Ol-511-01-1000 

: .. . 

PARTS LIST - WHATA TRUCK STEERING RETROKIT 

DESCRIPTION 

- Screw, Cap, Hex Socket•GR5, 5/8-11 UNC x 2 1/2 

- Washer, Rubber/Steel 1/8" 'fllK 

- Tube HT 1018 7/8 OD 5/8 ID x .125 TIIK 

- Rubber l 1/2 7 /8 ID x , 125 TIIK 

- Washer, SPAE NAUR 41/64 Bore 2 1/2 OD x 3/16 

- nur, Hex Slotted 5/8-11 UNC-28 GR5 

- Pin, Cotter 1/8 0 x 1 1/2 REF 

- Bush, Rubber 1.50D, .625 Bore Hetalastlk 

- Screw, llex 7/8 -9 UNC-2A x 2 1/4 GR 8 

- Washer, Lock 7/8 NOH 

- Link, Inboard 

- Link, Outboard 

- Washer, F tanged 

- Dar, 2" DIA x 9/16 LG Stress Proof 

- Washer, Flanged 

- Bar, 2 1/4 DIA x 11/16 Streaa Proof 

- Screw, Hex 5/8-11 UNC-20 GR 5 

- Screw, llex 3/4-10 UNC-2A x 4 

- Nut, 5/8-11 UNC-2B GR5 

- Nut, J/4-10 UNC-28 GR5 

- Washer, Lock 5/8 Hom 

QUANTITY PER 
IIIGIIER ASSY, 

16 

16 

1 

2 

4 

2 

4 

2 

4 

2 



:i:,, 

,i:,. 

ITEH 

24 

25 

26 

26-1 

26-1-1 

26-1-2 

26-2 

26-J 

26-4 

26-5 

26-6 

26-7 

2.6-8 

26-9 ~ 

26-10 

26-11 

26-12 

26-IJ 

26-14 

26-15 

26-16 

PART NO. 

01-511-01-1200 

42-8000-020 

42-8000-055 

4 2-8000-046 

TWL-lOlt-28 

42-8000-047 

2-127 

GF-611 

TT-2800 

TWL-l04-24 

42-8000-048 

42-8000-05] 

42-8000-054 

TT-230401 

Ol-50J-00-l800 

6R0-lll 

Ol-412-17-2000 

Ol-lOJ-28-1416 

01-501-00-11,00 

. ·• .. ' 

PARTS LIST - WHATA TRUC~ STEERING RETRO~IT 

DESCRIPTION 

- Washer, Lock 3/4 Hom 

- Spring, Primary 

- Hinge Asay 

- Support, Swing 

- Lug HRS A36 1,75 PL 5 x J.63 

- Plate IIRS AJ6 J/8 PL 5 x 6. 75 

- Bushing HD Lese liner l 1/4 ID x l 5/8 OD 

- CAP 

- Seal, 0-Ring 1.424 ID x ,103 W 

- Fitting, Grease 1/8 NPT 

- Bearing, Thrust (modified) l" ID x 2 7/9 OD x l/8 

- Bushing, IID Leu liner 1 1/4 ID x 1 5/6 OD 

- Arm Swing 

- Pin Hinge 1 1/4 DIA 

- Pin Hinge 1 1/4 DIA 

- Hearing, n,rust I 1/4 ID x 2 J/8 OD x 1/16 

- Washer, Style AA l 1/4 ID x 2 J/4 OD 

- Spring, Steel Disc - for l 1/4 bolt 

- Nut l l/4 -7 UNC GR5 

- Bolt 7/8 -111 UNF x 2 LG Drilled Head 

- Washer 7/8 DIA 

QUANTITY PER 
IIIGIIER ASSY . 

4 

16 

4 

l 

2 

l 

2 

2 

2 

4 

2 

4 

l 

8 

2 

6 

4 
,, 



~ 

Ul 

ITEH 

26-17 

26-18 

26-19 

27 

2 7-1 

27-2 

27-3 

27-4 

28 

28-1 

28-2 

28-3 

28-4 

29 

PARTS LIST - WHATA TRUCl STEERING RETROlIT 

PART NO. DESCRIPTION 

Ol-lOJ-18-0610 - Dolt 3/8 -16 UNC x 1.25 Drllled llead 

Ol-501-00-0600 - Washer 3/8 DIA 

Ol-301-01-1622 

42-8000-050 

42-8000-049 

5 53 3-1000-lt 

01-431-27-1200 

Ol-301-01-810 

42-8000-052 

42-8000-051 

5533-IOOO-t, 

Ol-431-27-1200 

Ol-301-01-810 

DC 131903 

••I• 

- Pin, Cotter 1/4 DIA x 2,75 LG 

- Connecting Rod Asay 

- Connecting Rod 

- Hount Kit, Lord 

- Nut, llex, Slotted 3/4-11 UNC-28 GR5 

- Pin Cotter 1/8 DIA x 1 1/4 LG 

- Connecting Rod Assy 

- Connecting Rod 

- Mount Kit, Lord 

- Nut, Hex Slotted 3/4-11 UNC-20 GR5 

- Pin, Cotter, 1/8 DIA x I 1/4 LG 

- Bushing Rubber/Hetal 

QUANTITY PER 
lllGIIER ASSY. 

4 

4 

I 

1 

l 

l 

l 

I 

1 

12 

0 
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ISSUE 

2 

WMATA Steering Lin~age 
Kinematic Analysis 

REVISIONS 

DATE REVISIONS 

15/11/88 Spelling corrections of word 
"labelled" . 

Linkage ratio calculations 
corrected. 

99.0 rrm changed to 104 rrm 

B - 2 

42-TN-8noo-no1 

83.07.14 1 i ; i 
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The W.M.A.T.A. steerable truck was analysed using classical graphical 
methods. The outboard steering linkage was found to give perfect 

steering while the inboard steering linkage, as designed, featured an 
oversteer. A design change is recommended such that the inboard 
steering linkage gives perfect steering as well. 
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Ki n ema t i c An-al ys i s 

1.0 INTRODUCTION 

42-TN-8000-001 

83 . 07.14 1 1 

R.v.H . 

This report describes the graphical kinematic analysis of the 
inboard and outboard steering linkages on the W.M.A.T.A. 

steerable truck. The analysis and subsequent re-desi~n are 
based on a perfect steering condition on a 70 metre radius 
curve. 

Curves having a 70 metre radius are the tightest curves in the 
W.M.A.T.A. system. 

B - 5 

9 



2.0 

2.1 

WMATA Steering Linkage 
Kinematic Analysis 

GENERAL DISCUSSION 

KINEMATIC MODEL 

42-TN-8000-001 

83.07.14 1 2 

R.v.H. 

The model assumes a fixed carbody and the truck is assumed to 
rotate about the center pin, shown as (1,5) on all drawings . 

The numbering convention used for the links and pivots is 
shown on drawing 42-8000-003, where a pivot between two links 
X and Y is labelled: point (X,Y). 

Three points on the truck were isolated : the truck center 
(1,5), the fixed pivot on the steering link 3, (3,5), and the 
axle center rotation, (R) . The point R was assuned to remain 
fixed (with reference to the truck) for the graphical 
analysis. 

Misalignment and movement of link 3, with respect to the side 
frame (because of the rubber bushing in the fixed pivot point, 

(3,5)) was ignored and the link asstJTied to move parallel to 
the side frame. The small effect of the rubber bushings at 
all joints was also ignored. 

The graphical analysis method consists of tracing the linkage 
movements resulting from a steering input (truck rotation) 
through the model to the steering output. The angular 
rotation of the axle about the axle center of rotation is 
measured from the resulting graphical layout. This is the 

steering output angle, which can be compared to the anqle 
required for perfect steering . 
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2.2 

2.2 . 1 

WMATA Steering Linkage 
Kinematic Analysis 

RESULTS AND DISCUSSION 

Results 

42-TN-8000-001 

83.07.14 3 

R.v.H. 

The steering input angle resulting from a 70 metre radius 

curve is: 0 = 6.50 degrees, and the steering output angle 

required for perfect steering is: 0 = 0.9045 d~grees. These 

angles are illustrated on drawing 42-8000-KIN-01. 

Drawing 42-8000-KIN-02 shows the analysis of the outboard 

steering linkage. The analysis indicates that the steering on 

a 70 metre radius curve is virtually perfect 

i.e. Oactual = 0.904 degrees 

The analysis of the inboard steering linkage, as originally 

designed, indicated an oversteer of 11% (see drawing 

42-8000-KIN-03) . Since an oversteer can not be tolerated the 

steering link was re-designed to achieve perfect steering. 

A re-designed inboard steering linkage was analysed for both 

push and pull (see drawing 42-8000-KIN-04). The steering 

output was found to be O = 0.899° and 0.891° for push and pull 

respectively. Since O = 0.9045° yields perfect steering, 

there is 0.61% understeer in push, and 1.49% understeer in 

pull. 
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Kinematic Analysis 

Inboard Linkage Re-design 

83.07.14 

R.v.H. 

1 4 

Since the outboard steering linkage was shown to feature 
"perfect" steering, the steering 1 ink ratio of the outboard 

linkage can be used to re-desiqn the inboard. Notinq that the 

connecting link for the outboard linkage is perpendicular to 

the steering link and horizontal, the link ratio is the ratio 
of the link lengths (see figure A) : 

r = Lal/tpnt = 80 nm = 0.23689 

Linput 337.7 nm 

With the inboard linkage (see Figure B), however, since the 

net link ratio must still be 0.23689 (for perfect steering) 
and the .bottom connection is fixed to the frame while the 
centre one is connected to the link, we get: 

~ = 0.23689 

L;nput 

Where~= vertical projection of (3,5) to (3,4). (See 
figure B) 

Linput = (337.7 +2) 

B - 8 
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Thus : 

j = 0.23689 
337 .7 +.Q. 

0.76311 J = 0.23689 X 337 . 7 

] = 104.83 rrm 
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3.0 CONCLUSIONS 

83.07.14 1 

R.v.H. 

The outboard steering linkaqe, as desiqned, qave virtually 
perfect steering on a 70 metre radius curve. The inboard 

steering linkage, as desiqned, gave an 11% oversteer. The 

recommended inboard linkage re-design features a 0. 61% 

understeer, in pu~h. and a 1.49% understeer in pull. 
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Kinematic Analysis 

4.0 RECOMMENDATIONS 

42-TN-snoo-001 

83.07 . 14 1 7 

.• 
R.v.H. 

Based on the above calculation and the previously presented 

analysis, it is recommended that the inboard steering linkage 

be re-designed with an 11111 value of 104.0 rTTn (see Figure B). 

(The slightly reduced value of 0 t• was chosen to ensure a 

s 1 i ght under steer.) 
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FIGURE C: 
Redesigned Inboard Steering Link 
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1. GENERAL DESCRIPTION of WMA TA SIDEFRAME. 

A finite element analysis was carried out on the WMA TA Sideframe shown in Figure l 

(Appendix n. The following interconnected components of a front truck at the inboard 

axle (Dwg.# 42-8000-003) were modelled: 

COMPONENT DWG. ii FIGURE 

(See Subpart 
A) Steering Link Side: 

l - Sideframe 42-8000-017 2 

2 - J oumal Housing &. Primary Spring Pads 42-8000-01.5 l.S,16 

3 - Top Support, Primary -Spring Pads 42-8000-011 17 

4 - Steering Linkage 42-8000-003 19 

42-8000-016 

B) Non-Steering Link Side 

.S - Journal Housing and Primary Spring Pads 42-8000-014 20,21 

6 - Top Support Primary Spring Pads; 22 

inboard 42-8000-041 

outboard 42-8000-039 

C) General 

7 - "LK" Primary Spring Pad 42-8000-007 

8 - Axle 23 

2. OSJECTIVES OF ANALYSIS 

The primary objective was to determine the principal stresses in the sideframe. It was 

also required to determine the axle stresses, steering link forces and deflections of 

the various components. 

C - 5 
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3. DESCRIPTION of FINITE ELEMENT MODEL 

The finite element model was developed with sufficient detail at the sideframe, 

springpads and steering linkage to ensure that a proper overall response to the applied 

loads would be obtained. The final model contained 907 elements which resulted in 

over 3500 equations being solved. 

3(1) Comoonents 

Specifically the physical problem was discretized into 16 finite element groups: 

GROUP 

1 

2 

3 

5 

6 

7 

8 

COMPONENT 

Sideframe Webs 

Sideframe Front Section 

Sideframe Rear Section 

Section l 

Section 2 

Section 3 

Journal Housing and Axie 

Steering Side 

Rear Primary Spring Pad -

Steering Side 

Forward Primary Spring Pad -

Steering Side 

Spring Pad Truss Elements -

Steering Side 

Spring Pad Three Dimensional 

Elements - Steering Side· 

C - 6 

No OF ·ELEMENTS 

16 

136 

209 

90 

30 

32 

48 

8 

FIGURE(S) 
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4,5,6,7 

8 

9 

10,11,12 

13 

16 

17 

17 

17 

17 
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9 

10 

11 

1.2 

1.3 

14 

1.5 

16 

Interfacing between Journal 

Housing and Side Frame 

Steering Linkage-Beam Elements 

Steering Linkage-Truss Elements 

Journal Housing and Axle -

Non-steering Side 

Rear Primary Spring Pad -
.• 

Non-steering Side 

Forward Primary Spring Pad -

Non-steering Side 

Spring Pad Three Dimensional 

Elements - Non-steering Side 

Spring Pad Truss Elements -

Non-steering Side 

102 18 

16 19 

7 19 

89 21 

.2.2 

36 .2.2 

8 .2.2 

48 22 

The following comments should be made with respect to each fundamental 

component. 

(a) Sldeframe (Figure .2) 

the sideframe was modeled using 361 three dimensional 

elements. 

modules of elasticity CE) wa,s 190,000. MPa 

poissons ratio ("<_) was 0 • .27 
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(b) Journal Housing and Axle (Figure 14) 

the journal housings were modelled using three-dimensional 

beam elements. 

the modulus of elasticity and poissons ratio were assumed to 

be the same as the sideframe 

the section properties were selected such that the housings 

behaved in a rigid manner while still providing the proper 

load path. 

the axle, on the other hand, was given the appropriate 

section properties of a 5 1/2 inch diameter solid section 

( see Subpart B) 

the spring or shear pads were modelled using three-

dimensional beam and truss elements such that the provided 

compressive and shear stiffnesses could be obtained 

(see Subpart C) 

(c) Steering Linkage (Figure 19) 

the steering linkage was modified using three dimensional 

beam and truss elements such that the provided bushing 

stiffnesses could be obtained 

(see Subpart D) 
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3(ii) Load Cases. 

The following Load Cases were examined: 

LOAD CASE l 

( ? ll'rF) 
. 0~!-J I 

C?P1 ')( I 

! 

LOAD CASE 2 

111 

C - 9 
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LOAD CASE .3 

115 

9fGIP) 
"'tO~t,J (~ Ill (NON-STEERED) 

11·4 ~ - z 

y 

L.OAD CASE 4 

111 
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3(iii) Boundarv Conditions. 

The following components were restrained from moving at specific locations as 

shown in Figure 24 and noted below. 

(a) the rear of the side frame 

(b) the upper end of the steering linkage 

(c) the top of the forward and rear brackets at the · 

non-steering .side. 

3(iv) Inout and Output 

The input and output is given in Appendix V. The input consists of the following 

sections: 

(a) nodal coordinat_es and boundary conditions 

(b) definition of the 16 element groups.(material and geometric 

properties. 

(c) loading. 

The output consists of the following sections; 

(a) nodal displacements and rotations for each load case 

(b) stresses in each element for all 16 element groups and all 

four load cases. 

(c) overall equilibrium check and the strain energy density levels. 

4. RESULTS OF ANALYSIS 

The entire model as shown in Figure l was subjected to the load cases as given 

earlier. The following results were obtained: 
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(a) Sideframe - Stresses/Deflections 

- the maximum von Mises stress was found to be 320 MPa (46,400psi) as shown 

in Figure 25 due to load case l. Other stresses are illustrated at selected points 

of interest in Figures 25 and 26. 

- the maximum deflection in the sideframe was found to be 1.66 mm (.065 

inches) in the vertical direction as shown in figure 27 due to load case l. It 

should be noted that the sideframe underwent severe twisting as displayed in 

Figures 28,29 and 30. 

(b) Steering Linkage - Forces 

-the steering linkage forces are shown in Figure 31, with a maximum value of 

1040 N (234 lb) being obtained due to load case 2. 

(c) Axle - Deflections/Moments/Stresses 

-the deflections in the x,y and z directions for load case l are shown in Figure 

32. A maximum vertical deflection of 4.33 mm (.17 inches) was obtained at the 

steered side. 

-the axle moment diagram was plotted for the combination of horizontal and 

vertical moments in Figure 33. 

-the maximum bending stress was 46.5MPa (6740psi) due to load case l . 
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Figure 33 - AXLE BENDING MOMENTS - Load Case 1 

Vertical &. Horizontal moments combined. 

Chadwick Engineering Ltd. 
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APPENDIX C 

Part One 

Subpart B 

AXLE 

111 

The Analysis and Findings 

Axle 

Area (5.5 inch dia)= iir2= 15 • .39xl03 mm2 

(140mm) 

I = I -rrr.a. 
18.86xl06 mm4 = - = xx zz 4 

I = j :21 = .37.7lxl06 mm4 
yy xx 

Chadwick Engineering Ltd. 

: However, J was chosen to be relatively small, such that the proper behaviour 

between the housing and the axle could be modelled. 

J = 100mm4 
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APPENDIX ·C 

Part One 

Subpart C 

SPRING PADS. 

The Analysis and Findings 

Spring Pads 

,·' ,, 
I', 

, , 

l ,_ -- -. ' 
I ' 
I 
I 

Given spring pad stiffnesses 

normal 280,000 lb/in = 49033 N/mm 

shear 2,600 lb/in = 455 N/mm 

C - 48 
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Calculation of Egui valent Truss Element Stiffnesses 

All elements act within .Imm of the centre line of the pad. 

NORMAL 

= 49033 = AE = AE 

4 L' .1 

A.E = 1226.N Therefore 

with E = 1000 N/mm2 Therefore A = 1.226mm2/per element 

SHEAR 1 

K51 = 455 = AE = AE 

Therefore 

with E = 1000 N/mm2 

SHEAR 2 

4 L 63.25 

AE = 7195.N 

Therefore A = 7.195mm2/per element 

K52 = lli = AE :AE 

Therefore 

with E = 1000 N/mm2 

4 L 145 

A.E = 16494.N 

Therefore 2 A = 16.494mm /per element 

A number of sample test runs were carried out to ensure that the pads behaved 

properly. 
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APPENDIX C 

Part One 

Subpart D 

STEERING LINKAGE 

\ 

The Analysis and findings 

Steering Linkage 

~ ~--- ~=25mm (t--~TL '7) 
: ' 

Chadwick Engineering Ltd. 

,/ 
LC z=; mr-,-, (KAT1-'5:,} / 

// 
I TOP C;,C RA IL- ~-,, _________ \ . ---- --~ -:------..-: 
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Given radial stiffnesses at CD 
@ 
0 
0 

24t500 lb/in 

49 tooo lb/in 

49t000 lb/in 

490t000 lb/in 

Calculation of eoui valent soring or truss stiffnesses 

Chadwick Engineering Ltd. 

These calculations were carried out in a similar manner to the pad calculations 

using K = AE/L and E = 1000. 

Consequently the following areas were input to achieve the proper bushing 

stiffnesses; 

Truss 

Element Length(mm) K(N/mm) A(mm2) 

l 56.4 4290. 242. 

2 .52.5 8581. 450.5 

.3 22.1 858.l. 189.6 

4 2.5.0 8.5&1. 214.5 

,s 2.5.0 8.581. 214.5 

6 2.5.0 85807. 2145.0 
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l. REVIEW OF EXISTING WMA TA SIDEFRAME ANALYSIS. 

A finite element analysis was carried out and presented in a report entitled 

'WMATA SIDEFRAME - Finite Element Analysis', dated July 22, 1983. The results of 

this analysis indicated that the sideframe and journal housings underwent excessive 

twisting and the entire sideframe experienced maximum von Mises stresses in the 

order of 4~,000 psi. 

Consequently it was decided to reinforce the existing sideframe and add a tie 

bar with bushings a_t each end between the journal housings in an attempt to reduce 

the twisting and high stresses. 

2. OBJECTIVE OF ANALYSIS. 

The objective of this analysis was to determine the effect on the stresses of 

reinforcing the existing sideframe and adding the tie bar. 

3. MODIFICATIONS. 

3(i) Sideframe 

From the first analysis, the maximum stress locations and values were 

determined as shown in Figure 1, consequently attention was primarily focused on 

increasing the cross-sectional properties in this region. 1n an attempt to choose an 

appropriate section, a series of hand calculations were carried out for two possible 

modifications shown in Subpart B in Figure A2-1 and Figure A2-2. Modification 1 

consisted of a .5.62.5 in. by .5 • .5 in. cast section while Modification 2 had overall 

dimensions of 6.62.5 in. by S.S in. 

Based on these initial, approximate calculations, eithe'r modification appeared 

satisfactory in reducing the stresses to an acceptable level. It was decided to use 

modification 1 consequently a modified sideframe drawing was prepared from which 

- C 54 -
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the current finite element model illustrated in Figure 2 was changed as shown in 

Figures 3a, 3b and 3c. 

3(ii) Tie Bar 

The initial analysis indicated that the sideframe underwent severe twisting 

about the longitudial axis and the journal housing toed out under a vertical load. 

(Figure &). As a result, a tie bar was added between the journal housings with 

bushings at each end having a stiffness of 600,000 lb/in: This change was accomplished 

by adding a bar or truss element with an equivalent stiffness of 300,000 lbLin as 

shown in Figure 4. 

4. RESULTS OF ANALYSIS 

It is important to note that the initial investigation of the journal housing and 

sideframe was carried out in one analysis. Due to the size and complexity of the 

modified sideframe problem and resulting computational costs it was decided that the 

analysis would be split into two parts. The first part was an analysis of the journal 

housing subjected to the wheel loads with the top pad plates, interlacing the 

sideframes on both sides, being completely fixed out. The second part consisted of an 

analysis of the sideframe on the steered side subjected to the opposite of the 

reactions on the top pads obtained from the first analysis. This approach was felt to 

be conservative since higher forces would be atrac:ted to the stiffer outboard pad 

areas on both sides due to the rigidity of the support conditions compared to the 

stiffness of the sideframes. 

4(1) Comparison of Deflections 

The same load cases were applied as in the initial analysis and the resulting 

movement for each load case of the modified journal housing (with tie bar) and 

original journal housing can be compared by examining the following figures. 

- C 55 -
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Load Case Original housing Modified housing 

l. (combined) Figure 5 Figure 9 

2. (Longitudinal) Figure 6 Figure 10 

3. (Lateral) Figure 7 Figure 11 

4. (Vertical) Figure 8 Figure 12 

In comparing these genral motions little change is noted except as is evident in 

load case 4 where the toeing out was removed due to the tie bar. It was also observed 

that there was a slight overall increase in stiffness of the system and reduction in the 

twist of the journal housing. 

4-(ii) Comparison of Stresses 

In order to examine the effect of the sideframe modification, a comparison was 

made between those regions in the original and modified sideframe that had stresses 

exceeding 55 MPa (8,000 psi). Figures 1.3 to 19 illustrate these high stress areas. It 

can be seen that a significant change has occurred with the critical stresses moving 

away f.rom the largest, overstressed region at the centre of the original sideframe 

(Figures 1.3 to 17) to the outside of the sideframe flanges towards the outboard pad 

(Figure 18). Similarly high stresses occurred in the forward portion of the webs of the 

reinforcement (Figure 19). 

In additiion to the above comparison, selected areas of the sideframe have been 

identified in Figures 20 and 21 on which principal stress values have been noted for 

the modified and original sideframe (bracketed numbers). From these numbers it is 

evident that all the significant stresses have been reduced however there are still 

regions on the modified sideframe within which the stresses are well in excess of .55 

MPa. 
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It must be noted that the stresses were not reduced to the level tnat was 

anticipated. This fact lead to an examination of the individual pad normal forces and 

the resulting lateral and longitudinal forces from a pair of pads. It was found that the 

total normal force was extremely high as borne out by approximate hand calculations. 

Consequently, the individual pad orientation, although slightly different for each pad 

within a pair created relatively large lateral and longtudinal forces. This, in turn 

produced large unaccounted for torsional and additional bending stresses in the 

modified sideframe which were not employed in selecting the reinforcement size. 

Typical normal forces for each pad and reaction forces for each pair of pads are 

shown in figures 22 and 23 respectively • 

.S. CONCLUSIONS 

The effect of reinforcing the sideframe and adding the tie bar reduced the 

stresses by appr~ximately one-third .in the initial regions of high stress. However they 

are still in excess of the 55 MPa maximum stress requirement of UTDC. In addition 

other areas became more highly stressed as a result of the change in the load path 

due to the reinforcement. 

It should also be noted that during this analysis it was revealed that there are 

relatively high normal pad forces and consequently high resultant lateral and 

lontitudinal forces acting on the pad supports and sideframe respectively. 
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Figure 21 - COMPARISON OF PRINCIPAL STRESSES - MODIFIED AND 

ORIGINAL (BRACKETED NUMBERS) SIDEFRAMES 
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Figure 22 - PAD NORMAL FORCES ON JOURNAL HOUSING DUE T_O A VERTICAL 

LOAD 

Note: Normal Forces directed at an angle of 20• to horizontal. 
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APPENDIX C 

Part Two Sideframe and Reinforcement 

Subpart B APPROXIMATE STRESS CALCULATIONS FOR 

MODIFIED SIDEFRAME 

SIDEFRAME Sx TOP Sx BOTTOM r:1" max (psi) 

TOP BOTTOM 

UNMODIFIED 2.28 2.78 -25200 47700 

MODIFICATION 

1) Fig.A2 -1 22.7 22.4 - 2.S00 .5900 

2) Fig.A2 -2 28.l 28.7 - 2000 4600 

A stress comparison was made by considering a ratio of Sx Top and Sx Bottom 

values between the unmodified and modified sideframes. 
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1. INTRODUCTION 

Throughout the two previous WMA TA sideframe analysis reports: 

REPORT l : W MAT A SIDE FRAME Finite Element Analysis - July 22 1983 

REPORT 2 : W MAT A SIDEFRAME Finite Element Analysis 

Addendum l - Sideframe· Reinforcement - Sept. 30 1983 

every attempt was made to understand the response of this relatively complex system. 

Upon a close examination of the outboard normal pad forces and reactions it was 

discovered that the normal to each of these pads was in a direction which created a 

net moment on the sideframe. This was discussed with UTDC and it was decided to 

revise the orientation of these outboard pads and examine the effect of this change 

on the analysis. 

2. SPRING PAD REVISION 

Both pairs of outboard spring pads on the steering and non-steering sides were 

modified in such a way that their orientation in the horizontal plane remained the 

same while being rotated symmetrically about, for example, line AB shown in Figure 1. 

Thus the pad surface remains orientated at the same angle of approximately 20% 

relative to a vertical plane through AB. A comparison between the original housing 

and the revised journal housing can be examining the following figures. 

Original Housing 

Steering Figure l 

Non-steering Figure 2 

Revised Housing 

Figure 3 

Figure 4 

A complete set of revised drawings are shown in Figures 5 to 11. 
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.3. RESULTS OF ANALYSIS 

The revised journal housing was subjected to the standard four load cases and 

the results were examined to determine it there were any dramatic change in the 

behaviour of the system. 

3(i) Comparison of Deflections 

In general there was a marginal increase in the movement of the journal 

housings shown in Figures 12 to 1.5. These Figures can be compared in a global sense 

to figures 9 to 12 in Report 2. Consequently the revised pad orientation made the 

system slightly more flexible . 

3(ii) Comparison of Spring Pad Normal Forces - Vertical Load - Case 4 

There was no significant change (maximum of 10%) in the magnitudes of the 

normal forces, as shown in Figures 16 and 17 • 

.3(iii) Comparison of Reaction Forces - Combined Load - Case l 

It can be seen in Figures 18 and 19 that the reaction forces in the vertical and 

longitudinal directions (Z and X) were reduced by no more than 1.5%. These forces in 

the vertical plane are considered_ to be the major factors causing the excessive 

flexural stresses in the sideframe. It should be noted that there is a reduction of 

almost .50% in the lateral force which will reduce the torsional stresses significantly. 

4. CONCLUSIONS 

The revised journal housings did not result in significantly large changes in the 

primary reaction forces. As a result, the sideframe stresses would not be reduced to 

acceptable levels. 
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Figure l - ORIGINAL JOURNAL HOUSING - STEERING LINK SIDE 
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Figure 2 - ORIGINAL JOURNAL HOUSING - NON-STEERING LINK SIDE 
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Figure 4 - REVISED JOURNAL HOUSING - NON-STEERING LINK SIDE 
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Figure 5 - REVISED JOURNAL HOUSING - GENERAL VIEW 
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Figure 6 -

! -

~ 

l ,I I I f 

REVISED JOURNAL HOUSING AND TOP BRACKETS - STEERING 

LINK SIDE 

• 

I 

z 

I 
)---- y 

X 



II! 

n 
\0 
00 

WMATA SIDEFRAME - Finite Element Analysis 

Figure 7 -
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Figure 8 - SPRING PADS - STEERING LINK SIDE 
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Figure 9 - REVISED JO~RN~L HOUSING AND TOP BRACKETS - NON 

STEERING LINK SIDE 

i 

I 
;/ 
f; 

A!_-J_ __ \ I ~VJ I L-1f:rl\ \'l ~ I •. , ,r ~ • • • 

I ' • • ✓-_ I 
i/ ,, i ' i 

I f \ I / 
\_1/ 

-/ / 

- ----- / --,:.:::--- ,// - - _7\ -- ~--- ' / ~_...:.--

• • , • . t 

X 

• 

l 

I 
i 
i 

/ ·- -., / . 



I: 

n 
I-' 
0 
I-' 

WMAT A SIDEFRAME - Finite Element Analysis Chadwick Engineering Ltd. 

Figure 10 - REVISED JOURNAL HOUSING - NON-STEERING LINK SIDE 
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Figure 11 - SPRING PADS - NON-STEERING LINK SIDE 
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Figure 12 - REVISED JOURNAL HOUSING - COMBINED LOAD - CASE I 
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r--- Figure 13 _ REVISED JOURNAL HOUSING - LONGITUDINAL LOAD - CASE 2 
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Figure 14 - REVISED JOURNAL HOUSING - LATERAL LOAD - CASE 3 
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Figure 1.5 - REVISED JOURNAL HOUSING - VERTICAL LOAD - CASE 4 i 
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Figure 18 - ORIGINAL JOURNAL HOUSING - REACTION FORCES - COMBINED 
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Figure 19 - REVISED JOURNAL HOUSING - REACTION FORCES - COMBINED 

LOAD - CASE I 
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