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l. 0 INTRODUCTION 

l.l Objective 

The major objective of this program is to determine 

methods of improving the ride quality of the Metroliner 

through modifications of the dynamic configuration. For 

the program two levels of modifications are considered. 

The first level of modifications are achievable utilizing 

the existing hardware with suspension component modifica

tion or replacement. The second level of modifications 

allows, in addition to changes achievable with existing 

hardware, the introduction of a new truck configuration. 

For the first level of modification, a series of 

recommendations and their effect on dynamic performance is 

presented. For the second level of modifications, a 

specification for a new truck is prepared and dynamic per

formance of the truck presented. 

l. 2 Plan 

The program was centered around the development of a 

dynamic simulation of a Metroliner railcar subject to track 

irregularity inputs. Once developed, this dynamic simula

tion was systematically varied to evaluate the effect of 

suspension component modifications and alternate truck con-· 

figurations. Based on these results, recommended modifi

cations to the existing suspension component and the new 

truck requirements were established. 

Two major test programs were performed in the conduct 

of the program to aid in the development and verification 
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of the dynamic simulation. A road test was performed on a 

single Metroliner car to examine the performance of suspension 

components in service, aid in establishing the nature of the 

inputs from track irregularities, and provide a baseline for 

ride quality. Supplementing this test,measurements of track 

irregularities over the road test course were performed to 

aid in establishing the inputs. In the laboratory, a series 

of shaker tests were performed on the identical Metroliner 

to aid in parameter identification and verification of the 

dynamic simulation. Supplementing these tests, shaker tests 

were performed on a few suspension components. 

The major constraints which were imposed on the improve

ment program are: 

1. The existing trackage and wayside clearance envelop 

shall be used. 

2. The existing carbody shall be used. 

3. The new truck configuration shall utilize the exist

ing traction equipment and incorporate off tread 

friction braking. 

4. The new truck structural configuration shall be of 

a design with proven passenger experience. 

In the development of this program two major assumptions 

were made: 

1. The railcar is assumed to be dynamically stable and 

the modifications recommended can be accomplished 

while maintaining dynamic stability. 

2 



2. Improvements in the ride quality of a single car 

will result in improvements in the ride quality of 

a train of cars. 

This report describes the development and verification 

of the simulation using the laboratory test results, an 

analysis of the rail inputs using measured inputs from the 

road test and track measurements, the performance of the 

existing Metroliner with comparisons to road test results, 

the development and performance of the modified design, and 

the development and performance of the modified design with 

new trucks. 

1.3 Participating Organizations 

During the conduct of this program, major contributions 

were supplied by The Federal Railroad Administration, 

Battelle Memorial Institute, N.A.S.A. Langley, and ENSCO, Inc. 

The Federal Railroad Administration, Rail Research 

Division, directed the Metroliner road test and track measure

ments in accordance with test plans developed by The Budd 

Company. ENSCO was responsible for the implementation of the 

Metroliner instrumentation and performance of the Metroliner 

road test and subsequent track measurements using the rail 

research cars. The laboratory tests were performed at The 

Budd Company Testing Laboratory with suspension component 

testing performed by Battelle Institute. The Analytic Com

puting Division, N.A.S.A. Langley performed the data reduction 

of the Metroliner road test results. The Loads Division, 
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N.A.S.A. Langley provided consultation during the development 

of the simulation by The Budd Company, performed the computer 

programing of the simulation, and ran the required simulation 

on their digital computer facility at Langley. 

Three reports have been published concerning these 

efforts and are referenced in this report: 

l. Metroliner Ride Data Collection System 

J. May, Report No. DOT-FR-72-ll ENSCO, Inc. July 1972 

2. Supplement to Summary Report of Experimental Evalua
tion of Elastomeric LIM Truck Suspension Elements 

Battelle Memorial Institute (available through F.R.A.) 

3. Summary of Metroliner Test Results 

J. Herring & P. Strong Report No. PB-208-284 

The Budd Company, February 10, 1972 

2.0 DEVELOPMENT AND VERIFICATION OF THE SIMULATION 

The simulation is a single railcar responding to inputs 

from track irregularities. The simulation is linear and the 

solutions are under steady-state conditions. Originally a 

non-linear simulation was considered, but was not pursued due 

to schedule requirements. 

The simulation is composed of two models. The "vertical" 

model describes the vertical, longitudinal, and pitch motions 

of the railcar. The "lateral" model describes the lateral, 

roll and yaw motions of the railcar. The simulation was 

divided into five subsystems, the carbody vertically and 

laterally, the truck and the power transformer vertically 
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and laterally. The power transformer was included since its 

weight is comparable to the truck frame weight and is mounted 

on a suspension system under the carbody. 

The development of the simulation was coordinated with 

a series of dynamic tests performed on the Metroliner in the 

laboratory. Dynamic tests were performed on the carbody 

subsystem, the truck subsystem and the transforner subsystems 

with boundary conditions identical to those of the subsystem 

simulations. The results of the laboratory tests were used 

to verify and identify parameters of the simulation of the 

five subsystems. 

Once the subsystem simulations were verified, they were 

combined into the "vertical" and "lateral" railcar simulations. 

A detailed description of the formulation and computer 

solution of the simulation is contained in Appendix A, Railcar 

Dynamic Simulation. 

2.1 The Carbody Subsystem 

The carbody subsystem consists of the carbody with the 

transformer removed resting on the truck secondary suspension 

with the primary suspension locked out. Figure 2.1-l illus

trates this subsystem and shows the location of the application 

of the dynamic force during the laboratory tests. 

The carbody was simulated as seven rigid segments con

nected by flexible joints. Seven segments were chosen in 

anticipation that the first carbody bending modes would be 

significant. Additionally the seven segments correspond 

with the seven subdivisions of the carbody under floor sepa-

5 
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rated by major cross bearers. These segments are shown on 

Figure 2.1-l. The transformer is attached under the 4th 

segment and the trucks between segments land 2, and 6 and 7. 

Using the Metroliner design weight tables, the mass proper

ties of the segments were computed and are tabulated in 

Table 2.1-l. 

The carbody flexibility is defined by a series of 

influence coefficients. These coefficients were calculated 

in terms of the carbody modulus and area moment of inertia 

assuming the carbody has uniform stiffness. The damping of 

the carbody is described in terms of the structural damping 

coefficient. 

The vertical carbody simulation has nine degrees of 

freedom; one vertical motion for the end of each segment and 

a common longitudinal motion for all segments. The lateral 

carbody simulation has 15 degrees of freedom, one roll motion 

for each segment and one lateral motion at the ends of the 

segments. The vertical or lateral motion at adjacent ends 

of connecting segments are assumed equal, requiring only 

one degree of freedom. 

The vertical laboratory test results are compared to 

the "vertical" carbody subsystem simulation results in 

Figures 2.1-2, 2.1-3, and 2.1-4. In Figure 2.1-2, 2.1-3 

and 2.1-4, the vertical acceleration on the center line of 

the car floor 4'4", 45'2-l/2" and 84'1" from the A end of 

the carbody is shown. In .both experiment and simulation 

this is the acceleration in response to an input force 

1 



Table 2.1-1 

Calculated Mass Properties of Metroliner Carbody 

Without Power Transformer 

Segment Weight Segment C.G. Location-Inches Radii of Gyration at e.G. 
No. Lbs. Length X * y * * Z ***in inches about 

In. X axis Y axis Z axis 

1 17,790 150 446 -1.6 65.9 44.8 62.7 58.3 

2 11,469 130 291 1.7 62.5 41.7 50.9 45.7 

3 15,828 144 156 - . 3 55.4 43.5 49.6 45.5 

4 14,942 152 0 -4.3 69.1 43.8 51.9 47.4 

5 17,195 144 -138 . 3 50.8 42.1 49.0 43.4 

6 14,556 144 -280 2.8 69.4 51.7 59.1 41.7 

7 l3 '425 150 -447 - .6 66.2 44.7 63.0 57.1 

Carbody 105,205 12.1 0.3 62.4 45.3 298.5 297.3 

* origin at carbody center 

** origin centerline of carbody 

*** origin top of rail 

8 
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located as shown in Figure 2.1-l. The force is normalized 

in terms of acceleration by dividing the input force by the 

weight of the carbody. Relative maxima were experienced 

during the laboratory test at 1.2 hertz, 6.6 hertz, 7.4 hertz 

and 14.5 hertz. It was anticipated that a relative maxima 

should occur near 1.2 hertz due to the carbody rigid body 

resonance on the truck secondary suspension, and between 

6 hertz and 8 hertz due to the carbody first mode bending 

resonance. The presence of two maxima in the 6 to 8 hertz 

range was due to the coupling of the longitudinal resonance 

of the truck on its anchor rods with the carbody bending. 

The longitudinal acceleration of the truck measured during 

the vertical testing is shown in Figure 2.1-5 with the input 

force normalized as described previously. As the carbody 

bends about its bending axis, a longitudinal motion is induced 

at the anchor rod/carbody connection a reasonable distance 

below the carbody bending axis. This induced motion excites 

the truck in the longitudinal direction. Using the reported 

value of the anchor rod longitudinal stiffness and the truck 

weight, the estimated longitudinal resonance of the truck 

is between 6.5 and 7 hertz which corresponds favorably to 

the experimental result. This coupling effect masks the 

experimental determination of the precise frequency of the 

carbody vertical bending resonance and reduces the measured 

gain at resonance, were this coupling removed. The required 

values of carbody stiffness and structural damping to achieve 

the simulation results of Figure 2.1-2 are: 

12 
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vertical carbody stiffness (EI) 1.07 x 1012 lbs/in2 

vertical carbody structural damping coefficient .08 

The value of the structural damping required appears high 

for structures of this type. The similar test, reported 

later, on the carbody laterally, resulted in a structural 

damping coefficient of .04. During this test no truck 

coupling was experienced. 

Due to the uncertainty in the vert1cal carbody stiffness 

and structural damping, when a promising configuration was 

established, it was tested with carbody stiffnesses and 

damping which covers the range of uncertainty. These ranges 

are: 

vertical carbody stiffness (EI) l. 07- 1.17 x 1012 lbs/in2 

vertical carbody structural damping coefficient .04 - .08 

The lateral laboratory test results are compared to the 

"lateral" carbody subsystem simulation results in Figures 

2.1-6, 2.1-7, 2.1-8 and 2.1-9. 

In Figures 2.1-6, 2.1-7 and 2.1-8 the lateral acceler

ation on the centerline of the car floor 4'4", 

45'2-l/2" and 84 1 1 11 from the A end of the carbody is 

shown. In both experiment and simulation this is the acceler

ation in response to an input force located as shown in 

Figure 2.1-l. The force is normalized in terms of acceler

ation by dividing the input force by the weight of the car

body. Relative maxima occurred at .7 hertz, 1.4 hertz, and 

8 hertz as anticipated. The .7 hertz and 1.4 hertz maxima 

are the two rigid body lateral-roll resonances and the 

14 
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8 hertz maxima is the carbody lateral bending resonance. 

During the lateral laboratory test, additional accelerometers 

were located on the A end carbody floor to measure roll. 

The experimental and simulation results are shown in Figure 

2.1-9 with the force normalized as previously described. 

The major disagreement between the experimental and simulation 

results under lateral forcing inputs, is the distribution 

of damping between the two rigid body lateral roll modes. 

In each case in the simulation insufficient damping was avail

able in the lower mode. A similar disagreement occurred in 

the lateral transformer testing. Presently we are not able 

to identify the cause of this disagreement. 

Table #2.1-2 is a summary of the vertical and lateral 

carbody properties used to simulate the existing Metroliner. 

Table 2.1-2 

Metroliner Carbody Properties 

Vertical Carbody Stiffness (EI) 1.07 x 1012 lbs/in2 * 

Lateral Carbody Stiffness (EI) 1.58 x 1012 lbs/in2 

Vertical Carbody Structural Damping Coefficient .08 * 

Lateral Carbody Structural Damping Coefficient .04 

* refer to text for range of uncertainty 
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2. 2 The Truck Subsystem 

The truck subsystem consists of the truck with the car

body side of the secondary suspension system fixed. 

The truck configuration is a generalized form of an 

equalizer beam truck. The truck includes two suspension 

systems, a primary suspension between the wheel and axle 

assemblies and the truck frame assembly, and a secondary 

suspension system between the truck frame assembly and the 

carbody. The major load in the secondary suspension is 

carried by the bolster coil spring. The air spring in paral

lel with the coil spring is designed to provide load leveling 

of the carbody under passenger load. During testing a nominal 

pressure of 5 psig was applied to the air spring to maintain 

contact with the spring seats. This pressure has a negli

gible effect on the secondary spring rate. 

Within the truck frame assembly is a truck bolster which 

can yaw with respect to the truck frame. The bolster is 

attached to the carbody through longitudinal anchor rods. 

Across the primary suspension, the traction motor gear box 

is mounted. Figures 2.2-1, 2.2-2, and 2.2-3 are sketches of 

the existing truck showing major dimensions. For this simu

lation the truck wheels follow the vertical and lateral irregu

larities of the track. It is assumed that the wheel sets 

are performing in a stable manner and their displacements 

are controlled by track irregularities. 

The truck subsystem simulation has seven degrees of 

freedom: vertical, pitch, longitudinal, lateral, roll, 

20 



,_ :::---

I 

lU 

1(
,, . 

. 
' 

( I • 
i 

EG;JUPL! 2:::.\: B 

£Q(J4L!ZE.f.-~ SPr:/l/'1\ 

80LS TER. .SPR lNG 
ANCI-IOR. ROD 

PE:DE5TAL LINGR 

1''1 li1 
~ ! Ito 1;1 

i 

-------Itt- !:, 
~~~ ''"'-SHAKE:R. fOR.~E LOCATfONjlf ·~-

VeRTICAL AND ROLL TEsr.J"j..+-181~ 

. SHAKeR. FOR.CE; LlX:ATI0N 
PITC.H TEST . 

II 

~-------~7.S """i 

,, 

----·--------

lOt----

SIDE: VIEW ME.TROLit'~ER TRUCK 

Ae,UR.E: 2.2-1 

39'' 



,, i 
-------- I 06 ------------~ 

~-----?:_OLS 7""£R SPRIN(j S.Aq<;_(,Y~------ ___ 9 ?'
1 1 

! ~...::::....:::......::...:...::.::..:..:.....~.:.:..::..:z_=-:....:...:=::"L.-___ ~u 1 a'' --~---·- I 

1

-4 _.,:E::Z UAL l'ZER SPRINt£ .SP;::IC/Nq l 
1 

! 
l I 

!
! i : 
I I 

I 

l 

EN!) VIEW !1£TROLINER TRUCK 

FI~URE 2.2-Z. 
-~'(.-



~L~' 
. _j 

@ 

TR.,t:/CT/CJN MOTOR 

~.EAR.. BOX 
I 
I 
i 

PLAN 1//Et-/ ,1\ft:r~k)L/VER TRUCK 
FIC::,UR.E. ,e.z-:5 

-Z3-

---

(0' 



yaw of the truck frame,and yaw of the truck bolster with 

respect to the truck frame. Using the Metroliner truck 

design weight tables, the mass properties of the truck were 

computed and are tabulated in Table 2.2-1. 

The dynamic force during laboratory testing is applied 

to the truck frame assembly as shown in Figures 2.2-1, 2.2-2, 

and 2.2-3. The vertical test was performed with the dynamic 

force applied vertically at the geometric center of the truck 

frame. 

The results of the vertical truck subsystem test is 

compared with the simulation results in Figure 2.2-4. The 

truck vertical subsystem resonance occurred at 9.5 hertz. 

This value is considerably higher than the anticipated ver

tical resonance of between 5.5 and 6 hertz based on the 

reported stiffness of the equalizer and bolster springs. 

The bolster vertical spring rate per truck based on the car

body subsystem vertical resonance of 1.2 hertz is 7740#/in. 

per truck. The vertical equalizer spring rate was reported 

to be 8000 to 9000#/in. per spring, or, considering four springs 

per truck, 32,000 to 36,000#/in. per truck. To achieve the 

9.5 hertz vertical truck subsystem resonance assuming the 

primary suspension stiffness controlled by the equalizer 

springs, the stiffness of the equalizer springs would be 

27,250#/in. per spring. 

Two explanations for this difference were proposed 

First, the gear box connection across the primary suspension 

was appreciably increasing the primary suspension stiffness. 
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Component 

Truck Frame 
Assy. Less 
Motors & 
Truck Bolster 

Truck Bolster 

Traction 
Motor #l 

Traction 
Motor #2 

Total Truck 
Frame Assembly 

Gear Box #l 

Gear Box #2 

Total Wheel & 
Axle Assembly 

Total 

Weight 
in Pounds 

5,554.5 

2,669.5 

2,086.0 

2,086.0 

12,396.0 

787.5 

787.5 

9,652.0 

23,623.0 

Table 2.2-l 

Mass Properties of Metroliner Truck 

c. G. Location - Inches 
Longitud- . Laterally Vertically 
in ally From Truck Above Top 

From Truck Center of Rail 
Center 

0.0 0.0 20.9 

0.3 0.0 27.6 

34.0 10.5 19.5 

-34.0 -10.5 19.5 

0.0 0.0 21.9 

45 18 18 

-45 -18 18 

-- -- --

--

Radii of G ration - Inches 
Longitud- Lateral Vertical 
inal Axis Axis Axis 

Through Through Through 
e.G. e.G. e.G. 

31.5 28.0 38.1 

37.2 8.7 37.4 

9.3 8.6 9.3 

9.3 8.6 9.3 

28.6 28.1 37.5 

9.6 12.9 9.6 

9.6 12.9 9.6 

-- -- --
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Second, the equalizer springs constructed from a coil spring 

encased in elastomeric material had appreciably increased 

in spring rate due to creep or aging of the elastomeric 

material. 

To investigate the effect of the gear box connection, 

vertical static and dynamic tests were performed on the truck 

subsystem with the coupling between the motor and gear box 

disconnected. The results of the statici tests are shown in 

Figure 2.2-5. For this test the carbody was not fixed. The 

results with the gear box coupling connected and disconnected 

are identical,with a nominal vertical static stiffness of 

75,000#/in. per truck or 18,750#/in. per spring. The results 

of the vertical truck subsystem dynamic test with the coupling 

removed is shown in Figure 2.2-6. The results indicate the 

same vertical truck frame resonance with the coupling con

nected and disconnected. From these tests it was concluded 

that the motor gear box mounting had no effect on the vertical 

primary stiffness. 

Further tests were performed on the equalizer spring 

by Battelle Memorial Institute. The results of their dynamic 

test is shown in Figure 2.2-7. Theseresults indicate dynamic 

spring rates of 24,000#/in. for loads comparable to the ver

tical truck subsystem test. As a result it was concluded 

that the increased vertical stiffness of the primary suspen

sion was due to the difference in the actual stiffness of 

the equalizer springs over the reported value. It should be 
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noted that the reported value was based on a short term static 

deflection curve of the spring. 

The truck subsystem roll test was performed by exciting 

the truck frame in a combined vertical and roll mode by 

locating the shaker 18" laterally from the truck frame center. 

The roll acceleration experienced is compared with the simu

lation result in Figure 2.2-8. The truck frame roll resonance 

occurs at 15 hertz. 

The truck subsystem pitch test was performed by exciting 

the truck frame in a combination vertical and pitch mode by 

locating the shaker 18 11 longitudinally from the truck frame 

centerline. During this test we were not able to obtain a 

reasonable pitch wave form. The wave form appeared to be 

mixed with a signal of 50 to 60 hertz. It is not electrical 

noise as the amplitude varies with forcing frequency and 

alternate instrumentation gave similar results. 

Based on the matching of the simulation results to the 

truck subsystem and carbody subsystem tests, the vertical, 

lateral and longitudinal parameters of the truck secondary 

suspension and the vertical parameters of the truck primary 

suspension were identified. The lateral and longitudinal 

parameters of the primary suspension were estimated based 

on the equalizer springs lateral and longitudinal rate. The 

truck suspension parameters are tabulated in Table 2.2-2. 

2.3 The Power Transformer Subsystem 

The power transformer subsystem consists of the power 

transformer with the carbody end of the suspension mounts 
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Table 2.2-2 

Metroliner Truck Suspension Parameters 

Primary 
Suspension 

System 

Vertical Stiffness Per Truck 109,000#/in 

Lateral Stiffness Per Truck 55,800#/in * 

Longitudinal Stiffness Per Truck 55,800#/in * 

Vertical Damping Per Truck 260# sec/in 

Lateral Damping Per Truck 260# sec/in * 

Longitudinal Damping Per Truck 260# sec/in * 

* Calculated 

Secondary 
Suspension 

System 

7,740#/in 

3,386#/in 

96,660#/in 

115# sec/in I 

173# sec/in 

78# sec/in * 



fixed. A sketch of the transformer subsystem is shown in 

Figure 2.3-l. The suspension mounts are elastomeric and act 

in shear vertically and laterally, and in tension and com

pression longitudinally. The mass properties of the trans

former were calculated and are tabulated in Table 2.3-l. 

The results of the vertical transformer test are compared 

with the vertical transformer subsystem simulation in Figure 

2~3-2. The force is normalized in terms of acceleration, 

by dividing the force by the transformer weight. The trans

former subsystem has a vertical resonance at 4.6 hertz. 

The results of the lateral transformer test are compared 

with the lateral transformer subsystem tests in Figures 2.3-3 

and 2.3-4. 

The lateral results indicate two lateral-roll resonances 

at 3.6 hertz and 6.4 hertz. As in the case of the lateral 

carbody test, the major difference between test and simula

tion is the distribution of damping between the two lateral 

roll modes. In the simulation insufficient damping is avail

able in the lower mode. A similar result occurred in the 

carbody subsystem test. Presently we are not able to identify 

the cause of this disagreement. 

Based on the matching of the vertical and lateral test 

results, the vertical and lateral transformer suspension 

parameters were established. The longitudinal parameters 

were calculated. The transformer suspension parameters are 

tabulated in Table 2.3-2 .. 
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Table 2.3-l 

Mass Properties or Transrorrner 

Weight 

Longitudinal e.G Location rrorn "A End" Mounts 

Lateral e.G Location rrorn Right Side Mounts 

Vertical e.G Location Below Mounts 

Radius or Gyration about Longitudinal Axis 

Radius or Gyration about Lateral Axis 

Radius or Gyration about Vertical Axis 

12,350 pounds 

42.2 inches 

18 inches 

ll inches 

17.7 inches 

21.6 inches 

23.2 inches 
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TABLE 2.3-2 

PRESENT POWER TRANSFORMER SUSPENSION PARAMETERS 

Total System 

Vertical Stiffness 28,800 lbs ./in. 

Lateral Stiffness 27,000 lbs./in. 

Longitudinal Stiffness 260,000 lbs./in. 

Vertical Damping 72 lbs.-sec./in. 

Lateral Damping 72 lbs.-sec./in. 

Longitudinal Damping 72 lbs.-sec./in. 
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3.0 TRACK IRREGULARITY INPUTS 

Though at any one time the inputs to the rail car due 

to track irregularities consist of a mixture of vertical, 

longitudinal, lateral,pitch, roll and yaw of a single truck 

and combinations between the two trucks, for this study the 

inputs have been reduced to five major inputs (the simulation 

is capable of accepting any mixture). The major inputs con-

sidered are: 

1. Vertical - both trucks translating vertically in 
phase 

2. Pitch - both trucks translating vertically 180° 
out of phase 

3 . Lateral both trucks translating laterally in 
phase 

4. Roll - both trucks rolling in phase 

5 . Yaw - both trucks translating laterally 180° 
out of phase 

Considering these major inputs, there are track irregu-

larities of particular wave length where one or more of 

these inputs will dominate. The wave lengths are dependent 

on the wheelbase of the truck and the spacing between the 

truck centers. 

To aid in establishing the nature of the track irregu-

larity inputs, a road test on the Metroliner and track 

measurements were performed. Samples from six sections of 

track were analyzed and subsequently track profile measure-

ments over these sections were performed. The six sections 

of track are described below. 

41 



Run #1 is a low speed run south of Baltimore station 

between milepost 97.25 and 98.25 on track #3. The speed 

through this location was between 3i and 45 miles per hour. 

This location was primarily chosen as a test case to check 

the data processing system and is included here as a sample 

of low speed performance. The track at this location is a 

mixture of continuously welded and bolted rail. 

Run #4 is Stony Run between milepost 106.5 and 109.5 on 

track #3. The speed through this location was 105 MPH. This 

location is an example of operation over rough track. This 

location has 1 mile of continuously welded and 2 miles of 

bolted rail. 

Run #5 is south of 30th Street Station, Philadelphia, 

between milepost 6.75 and 9.25 on track #3. The speed 

through this location was between 87 and 97 MPH. This loca

tion is an example of acceptable ride quality. The track 

at this location is continuously welded. 

Run #6 is south of 30th Street Station, Philadelphia, 

between milepost 11.75 and 12.75 on track #3. The speed 

through this location was 103 MPH. This location is an 

example of performance on a curve when the carbody is riding 

on the lateral secondary suspension stops, by traveling at 

speeds greater than the balance speed of the curve. The 

track at this location is continuously welded. 

Run #7 is entering Wilmington Station between milepost 

25.25 and 26.75 on track #3. The speed through this location 
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is between 85 and 35 MPH. This location is an example of 

transient inputs, characterized as "lurch". The track at 

this location is continuously welded. 

Run #8 is south of New Brunswick, N. J. between milepost 

33 (N) and 34 (N) on track #3. The speed through this loca

tion is 105 MPH. This location is an example of what appears 

to be a lateral dynamic instability of the truck. The track 

at this location is continuously ~elded. 

The conditions for each location are summarized in 

Table 3. 0-1. 

As previously stated, the Metroliner road test and track 

profile measurements were performed by ENSCO Inc. and reported 

in Metroliner Ride Data Collection System report No. DOT-FR-

72-11. The description of the test sections, test setup, 

test results and data reduction procedures are described in 

Summary of Metroliner Test Results report No. PB-208-284. 

3.1 Wheelbase Dependent Inputs 

The average vertical acceleration of the wheel and axle 

assemblies of a single truck will have a relative maxima when 

the truck wheel base is some integer multiple of the track 

irregularity wave length as shown in Figure 3.1-1. Examining 

the road test results from track section five, this effect 

can be illustrated. 

Figure 3.1-2 is the power spectral density of the average 

vertical acceleration of the wheel and axle assembly of the 

lead truck of the test car traveling at an average speed of 
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Table 3.0-l 

Summary of Road Test Locations 

Run l 4 5 6 7 8 

Mile Post Location 
Start 97.25 106.5 6.75 ll. 75 25.25 33(N) 

Mile Post Location 
End 98.25 109.5 9.25 12.75 26.75 34(N) 

-1= 
-1= 

Track No. 3 3 3 3 3 3 

Speed (M.P.H.) 31 - 45 105 87 - 97 103 85 - 35 105 

~- -- - ---- -- ~ ----



TRACK IRREGULARITY WAVE LENGTH AT WHICH 
RELATIVE MAXIMA IN AVERAGE VERTICAL ACCELERATION 
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92 miles per hour. With the truck wheel base of 8'6" we would 

expect maximums in the vertical acceleration of the truck at 

track irregularity wave length of 8'6", 4'3", .... 

At 92 miles per hour the frequency results from these wave 

lengths are 15.9 hertz and 31.7 hertz which is illustrated 

by the test result. Additionally, a minimum in the average 

vertical acceleration of the wheel assemblies should occur 

when the wave length of track irregularities is such that one 

wheel set is at a maxima and the other is at a minima as 

shown in Figure 3.1-3. This occurs at track irregularity 

inputs of 17', 5'8" .... At 92 miles per hour the frequency 

resulting from these wave lengths is 7.9 hertz and 23.8 hertz 

which correspond to the minima in vertical acceleration on 

Figure 3.1-2. The same effect can be seen in the average 

lateral of the wheel assemblies for track section five as 

shown in Figure 3.1-4. 

Figure 3.1-5 is the power spectral density of the average 

yaw acceleration of the truck frame, determined by the dif

ference in the lateral acceleration of the lead axle journal 

box and the trailing axle journal box of the truck, on track 

section five. 

If we examine the yaw of the truck frame the situation 

should be reversed with relative maxima in yaw occurring at 

7.9 hertz and 23.8 hertz and minimum yaw at 15.9 and 31.7 

hertz for a speed of 92 MPH as shown in Figure 3.1-5. 

Figure 3.1-6 is the power spectral density average 

roll acceleration of the truck frame assembly, determined by 
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TRACK IRREGULARITY WAVE LENGTH AT WHICH 
RELATIVE MINIMA IN AVERAGE VERTICAL ACCELERATION 
OF TRUCK WHEEL AND AXLE ASSEMBLY OCCUR 
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the difference of the average vertical acceleration of the 

left and right equalizer beams of the truck, for track sec

tion five. Since roll is primarily generated by vertical 

inputs, we would expect the average roll of the wheel assem

blies to have maxima and minima similar to the vertical as 

shown in Figure 3.1-6. 

The frequencies of track irregularities where relative 

maxima occur in the average vertical, lateral,roll, yaw 

and pitch accelerations of the truck frame assembly are 

plotted in Figure 3.1-7 for the Metroliner truck wheelbase 

of 8'6tt as a function of train speed. 

3. 2 Truck Spacing Dependent Inputs 

Using arguments similar to those developed in section 

3.1, we can determine the wave lengths of track irregulari

ties where the two railcar truck motions are in phase or 

180° out of phase. Where the truck motions are in phase, 

relative maxima in the vertical, lateral, and roll inputs 

to the railcar should occur. Where the truck motions are 

180° out of phase, relative maxima in yaw and pitch inputs 

to the railcar should occur. 

With the Metroliner truck spacing of 59'6" relative 

maxima in the vertical, lateral and roll inputs should occur 

at track irregularity wave length of 59'6", 29'9", 19'10" ... 

The relative maxima in the yaw and pitch inputs should occur 

at track irregularity wave lengths of 119', 39.6' .... 

In Figure 3.2-1 the frequencies of track irregulari

ties where the Metroliner truck motion are in phase and 
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180° out of phase as a function of train speed are shown. 

3. 3 Rail Joint Dependent Inputs 

Bolted rail is laid in 39 foot sections. The left rail 

joint is staggered 19.5 feet with respect to the right rail 

joint. Power spectral densities of rail measurements taken 

of the right bolted rail in track section four are shown in 

Figure 3.3-l and 3.3-2. For this rail the domina.te ampli

tudes of track irregularities in both alignment and profile 

occur at 39 feet, 19.5 feet, 13 feet and 9.75 feet wave 

lengths which are the fundamental second, fourth and sixth 

harmonics of the rail joint spacing. The rail profile and 

alignment wave form aresymmetrical as no odd harmonics are 

evident. 

A wheel set traveling along the track has an average 

vertical motion which is the average of the vertical position 

of the two rails, an average roll motion which is the average 

difference of the vertical position of the two rails, and an 

average lateral motion which is the average lateral position 

of the two rails. In Figure 3.3-3 the vertical amplitudes 

of the fundamental second, fourth and sixth harmonics of 

the right and left rail are shown with the left rail joint 

staggered 19.5 feet with respect to the right rail joint. 

For this track, the average vertical motion of a wheel set 

should have a relative maxima at wave lengths of 19.5 feet 

and 9.75 feet since when the wave forms of the two rails are 

added, the 39 foot fundamental and the 13 foot fourth 
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harmonic tend to cancel. The average roll motion of the 

wheel set should have a relative maxima at wave lengths of 

39 feet and 13 feet, since when the wave forms of the two 

tracks are substracted the 19 foot second harmonic and 9.75 

foot sixth harmonic tend to cancel. 

The lateral alignment of the rails is similar to the 

vertical profile with the exception that the rail joints are 

either closer to the center of the track or further from the 

center of the track than a point on the rail midway between 

the joints. In either case, the resulting relationship 

between the left and right rail alignment is the same as 

shown in Figure 3.3-3 with the exception that the amplitude 

of the right rail is reversed. As a result, the average 

lateral motion of the wheel set should have a maxima at wave 

lengths of 39 feet and 13 feet since when the lateral align

ments are added the second harmonic at 19.5 feet and the 

sixth harmonic at 9.75 feet tend to cancel. 

The cross level measurements and gage measurements of 

track section four, Figures 3.3-4 and 3.3-5 respectively 

show dominate wave length amplitudes at 39 feet and 13 feet 

and the absence of the 19.5 foot wave length as anticipated. 

Figures 3.3-6, 3.3-7 and 3.3-8 are power spectral 

densities of the average vertical, lateral and roll acceler

ations experienced by the truck wheel and axle assemblies 

traveling over track section four at an average speed of 

105 MPH. The vertical acceleration, Figure 3.3-6 has 
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considerable energy at 7. 8 hertz and 15 .1, wave lengths of 

19.7 feet and 10.2 feet as anticipated. The lateral and roll 

accelerations Figure 3.3-7 and 3.3-8 respectively has con

siderable energy at 3.8 hertz and 11.3 hertz wave lengths 

of 40.5 feet and 13.6 feet as anticipated. 

The effects of the 39 foot rail joint spacing while 

dominate on this bolted rail section, are not limited to 

bolted track. Welded rail has characteristic similar to 

bolted rail as shown in Figures 3.3-9 and 3.3-10, the profile 

and alignment measurements of the right rail in track section 

five which is welded rail. 

Figure 3. 3-ll is a plot of the frequencies where maxima 

in the vertical, lateral and roll accelerations of a wheel 

set occur due to rail joint wave lengths as a function of 

train speed. 

3. 4 Summary of Track Irregularity Tnputs 

At a track irregularity wave length of 39 feet the 

effects of the truck spacing and rail joint discontinuities 

reinforce. At 39.67 feet a relative maxima in railcar pitch 

and yaw inputs occurs with the truck motions 180° out of 

phase. At 39 feet a relative maxima in lateral and roll 

acceleration of a wheel set occurs due to rail joint dis

continuities. The combination of these two effects results 

in a dominate railcar yaw input. The railcar roll input is 

small since the trucks are rolling in opposition to each 

other. The frequency of the dominate railcar yaw input is 

shown in Figure 3.4-l as a function of train speed. 
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At a track irregularity wave length of 19.5 feet, a second 

reinforcement of the truck spacing and rail joints occurs. 

At 19.83 feet a relative maxima in railcar vertical, lateral 

and roll input occurs with the truck motions in phase. At 

19.5 feet a relative maximum in the vertical acceleration 

of a wheel set occurs due to rail joint discontinuities. 

The combination of these two effects results in a dominate 

railcar vertical input. The frequency of the dominate rail

car vertical and yaw inputs is shown in Figure 3.4-l as a 

function of train speed. 

There are additional dominate yaw and vertical inputs 

at 13 feet and 9.75 feet respectively. 

A minimum in the average vertical acceleration of the 

truck wheel and axle as-sembly occurs at a wave length of 

17 feet or two times the truck wheelbase. If the truck 

wheelbase were increased from 8'6" to 9'9", the minimum in 

the average vertical acceleration of the truck wheel and 

axle assembly would occur at a wave length of 19.5 feet. 

This effect would tend to reduce the magnitude of the domin

ate vertical carbody input at 19.5 hertz and increase the 

magnitude of the dominate vertical carbody input at a wave 

length of 9.75 hertz. While a truck of this wheelbase is 

not considered in this program due to clearance constraints, 

this effect should be evaluated in the near future. 

4.0 PERFORMANCE OF PRESENT METROLINER 

The subsystem simulations described in section 2.0 are 

combined into the "vertical" railcar simulation and the 
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"lateral" railcar simulation. In this section we shall 

discuss the results of these simulations and make comparisons 

to road test results where practical. 

The simulation results are presented as plots of the 

accelerations at various locations on the railcar resulting 

from input accelerations applied to the wheel and axle assem

blies of the trucks, as a function of frequency. Five input 

configurations are used. These input configurations and 

values of input accelerations are tabulated in Table 4.0-1. 

Direct comparisons of the simulation results to the test 

results cannot be made since the test results are weighted 

by input amplitude variations with frequency as described in 

section 3.0. As a result,in comparing simulated and test 

results these input effects must be considered. 

4.1 Performance of Vertical Simulation of Present Metroliner 

Figure 4.1-1 is the vertical acceleration of the truck 

frame due to a vertical input. The resonance of the truck 

frame is 9.5 hertz. The truck frame isolates track irregu

larity inputs at frequencies above 13 hertz, and~preciably 

amplifies track irregularities in the 6 to 12 hertz range. 

Figure 4.1-2 is the measured vertical acceleration of the 

truck frame assembly from track section five. Comparing the 

truck frame acceleration to the input acceleration during 

that track section (Figure 3.1-2), there is considerable 

amplification between 5 and 13 hertz as indicated by the 

simulation. 
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Type of Input 

Vertical 

Pitch 

Lateral 

Yaw 

Roll 

Table 4.0-l 

Simulation Input Configurations 

"A end"Truck Wheel and "B end" Truck Wheel and 
Axle Assembly Axle Assembly 

Magnitude Direction Magnitude Direction 

lg vertical lg vertical 

lg vertical lg vertical 

lg lateral lg lateral 

lg lateral lg lateral 

8.4 ra% roll 8.4 rad/ 
2 

roll 
sec2 /sec 

Phasing Between 
"A end" and"B end" 

Truck Motions 

in phase 

180° out of phase 

in phase 

180° out of phase 

in phase 
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The longitudinal response of the truck frame assembly 

to pitch inputs is shown in Figure 4.1-3. The dominate 

peaks occur at 1.32 hertz, the pitch resonance of the carbody 

and 2.6 hertz the longitudinal resonance of the carbody on 

the anchor rods. During the road test the force in the 

anchor rods of the "A end" truck was measured. This force 

is related to the accelerations of the truck in the longi

tudinal direction. Figure 4.1-4, the average longitudinal 

force in the anchor rods on track section five, shows con

siderable energy at 1.4 hertz and 2.6 hertz similar to the 

simulation. 

The simulated carbody accelerations at the "A end" of 

the carbody due to vertical and pitch inputs are shown in 

Figures 4.1-5 and 4.1-6. These results show resonances at 

1.05 hertz the vertical carbody resonance, 1.32 hertz the 

pitch carbody resonance, 4.6 hertz the vertical transformer 

resonance, 7 hertz the vertical carbody bending resonance, 

and 9.5 hertz the vertical truck frame resonance. Figure 4.1-7 

is the measured vertical acceleration of the carbody over 

the "A end" truck from track section five. This measured 

acceleration is dominated by energy at 1.14 hertz, a combin

ation of vertical and pitch carbody resonance. The measured 

vertical acceleration of the carbody over the "A end" truck 

on track section four where considerable high frequency input 

energy was experienced is shown in Figure 4.1-8. This 

measurement shows considerable energy at 1.07 hertz the 
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vertical carbody resonance and 4.9 hertz near the vertical 

transformer resonance. The energy at 3·9 hertz and 7.6 hertz 

is near the input acceleration peaks and as a result cannot 

be considered railcar resonances. 

Figure 4.1-8 shows significant energy at 34 hertz and 

36 hertz. The amount of energy at these frequencies is 

considerably higher than indicated since all the road test 

measurements were filtered as shown in Figure 4.1-9. Energy 

of this frequency was not transmitted from the truck frame 

(Figure 4.1-10) but is present in the bolster coil spring 

(Figure 4.1-11). Estimates of the surge frequencies of the 

two nested coil spring which make up one bolster coil spring 

set are 34 hertz and 36 hertz. Therefore, a reasonable 

explanation of this energy is surging of the bolster springs. 

The simulated vertical acceleration at the center of 

the car to a vertical input is shown in Figure 4.1-12. The 

response is dominated by the carbody vertical rigid body 

resonance at 1.05 hertz, with a second resonance at 7 hertz, 

the vertical carbody bending resonance. Figure 4.1-13, the 

measured vertical acceleration at the center of the carbody 

in track section five, shows maxima at 1.07 the vertical 

carbody resonance, 4.6 hertz the vertical transformer reso

nance, and a split at 6.8 hertz and 7.5 hertz similar to 

that experienced in the laboratory test, due to the vertical 

carbody bending resonance and truck longitudinal resonance. 

In track section four, Figure 4.1-14, the carbody vertical 
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bending resonance dominates, due to the input energy spike 

near this resonance. 

The simulated vertical acceleration of the carbody 

center to a pitch input, Figure 4.1-15, is considerably 

less than the response to the vertical input as would be 

expected. 

The simulated longitudinal acceleration of the carbody 

to pitch input is shown in Figure 4.1-16 with two major 

resonances, the pitch carbody resonance at 1.32 hertz and 

the longitudinal carbody resonance on the anchor rods at 

2.3 hertz. 

The simulated vertical acceleration of the transformer 

to a vertical input, Figure 4.1-17, is dominated by the car

body vertical resonance at 1.05 hertz and the transformer 

vertical resonance at 4.6 hertz. The measured vertical 

acceleration of the transformer in section five, Figure 4.1-18, 

is dominated by the 4.6 hertz vertical transformer resonance. 

The simulated vertical transformer acceleration due to pitch, 

Figure 4.1-19, is considerably lower with basically the 

same result as the response to vertical input. The simulated 

longitudinal acceleration of the transformer due to pitch 

input, Figure 4.1-20, is similar to the carbody longitudinal 

response to pitch. 

4.2 Performance of Lateral Simulation of Present Metroliner 

The lateral simulation was tested with lateral, roll, 

and yaw inputs. Accelerations on the truck frame assembly, 

the carbody end and center, and the transformer are plotted 
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as a function of frequency with input acceleration level 

constant. 

Figure 4.2-l is the simulated lateral acceleration of 

the truck frame assembly to a lateral input. The result 

indicates appreciable magnification of the lateral inputs 

between 3.5 hertz and 8 hertz with isolation of lateral 

inputs above 9 hertz. The simulated lateral acceleration 

due to roll and yaw inputs, Figures 4.2-2 and 4.2-3, indicate 

the same result as the response to vertical input. 

Figure 4. 3-4 shows. the simulated roll acceleration of the truck 

frame to a roll input. The roll resonance occurs at 13.0 

hertz. The simulated truck frame roll acceleration due to 

lateral and yaw inputs, Figures 4.3-5 and 4.3-6, is dominated 

by a 7 hertz resonance as yet unexplained and 12.5 hertz the 

roll resonance. 

The simulated lateral acceleration of the "A" end of 

the carbody to a lateral input, Figure 4.2-7, indicates 

resonances at .64 hertz and 1.2 hertz, the carbody lateral

roll modes; 3.6 hertz and 6 hertz, the transformer lateral

roll modes, and 8 hertz, the carbody lateral bending reso

nance. The lateral measured inputs for all sections of track, 

with the exception of track section one, contain high lateral 

inputs in the 3 to 4 hertz range due to the dominate 39 foot 

wave length lateral input discussed in section 3.4. Figure 

4.2-8, the measured lateral acceleration of the "A" end 

carbody floor in track section one, shows the lower lateral 
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mode at .6 and the forced maximum of the 39 foot rail distur

bance at 1.6 hertz. 

The simulated lateral acceleration of the "A end" of 

the carbody to a roll input, Figure 4.2-9, is essentially 

the same as the response due to the lateral input. 

The simulated lateral acceleration of the "A end" of 

the carbody to a yaw input, Figure 4.2-10, does not show 

a strong influence of the carbody bending resonance, as 

experienced in the two previous cases. 

In the center of the carbody, the simulated lateral 

acceleration to a lateral input, Figure 4.2-11, is dominated 

by the lateral-roll carbody resonances at .65 and 1.25 hertz 

and the carbody lateral bending resonance at 8.4 hertz. 

Figure 4.2-12, the measured lateral acceleration at the center 

of the car on track section five, shows resonances at 3.8, 

6.8 and 8.9 hertz which correspond to the 39 foot wave length 

dominate track input, the upper lateral-roll transformer 

mode and the carbody lateral bending mode. It is interesting 

to note that the lateral carbody bending resonance did not 

appear as a major response in the measurements made on the six 

track sections. The simulated lateral acceleration of the 

carbody center to roll and yaw inputs are shown in Figures 

4.2-13 and 4.2-14. 

The simulated roll acceleration of the "A end" of the carbody due 

to lateral and yaw inputs, Figures 4.2-15 and 4.2-16 respec

tively, is influenced primarily by the lateral-roll modes of 
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the carbody and transformer, whereas the simulated roll 

acceleration of the "A end" of the carbody to roll inputs, 

Figure 4.2-17, is influenced primarily by the upper carbody 

roll-lateral mode. 

The simulated transformer acceleration to lateral, roll, 

and yaw inputs, Figures 4.2-18, 4.2-19, and 4.2-20 respec

tively, is dominated by the lateral-roll carbody modes and 

the roll-lateral modes of the transformer. The measured 

lateral acceleration at the bottom of the transformer in 

track section, Figure 4.2-21, is dominated by energy at 3.4 

hertz corresponding to the dominate lateral track disturbance 

of 39 foot wave length and the lower transformer lateral

roll mode. 

In addition to the dynamic performance of the lateral 

system described previously, two other conditions observed 

during the road test significantly influence the lateral 

ride. 

Through track section six, the lateral unbalance force, 

due to exceeding the balance speed of the curve (a common 

occurrence on the Metroliner route), was sufficient to force 

the secondary lateral suspension into contact with the 

lateral bumper stop. Through this section of track, the 

standard deviation of the lateral acceleration of the carbody 

over the "A end" truck was .065 gs as compared to .025 gs 

on the baseline track section five. In the center of the 

carbody, the standard deviation of the lateral acceleration was 

.049 gs as compared to .023 gs on the baseline track section five. 
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During road test section eight, a lateral instability 

of the wheel set was observed. This instability resulted in 

a large yaw and lateral acceleration of the wheel and axle 

assembly at 4 hertz, as shown in Figure 4.2-22 and Figure 

4.2-23. This input dominates the performance of the lateral 

system as shown in Figures 4.2-24, 4.2-25, 4.2-26, and 4.2-27. 

Under this condition, the standard deviation of the lateral 

acceleration of the carbody over the "A end" truck was .046 gs 

as compared to .025 gs on the baseline track section five. 

In the center of the carbody, the standard deviation of the 

lateral acceleration was .034 gs as compared to .023 gs for 

the baseline track section five. 

4.3 Summary of Present Metroliner Performance 

are: 

Table 4.3-l is a summary of present Metroliner resonances. 

The major results of the present Metroliner performance 

- The truck frame assembly is not isolating the track 

irregularities at frequencies below 13 hertz vertically and 

9 hertz laterally. 

- The power transformer is acting dynamically independent 

of the remainder of the system and has a measurable effect 

on the carbody vertical and lateral accelerations. 

- The carbody rigid body resonances and the vertical 

bending resonance has a major effect on ride quality. 

- The longitudinal response of the carbody to pitch 

inputs is not negligible. 

- Spring surge has an appreciable effect on ride quality 

120 



;.., 
+.) 

•-i 
Ul 
~ 
<ll 

C) 

r~ 
,]j 

~. 
.;.':.! 
;J 
\}) 

0. 
ifJ 

.... 
ll 
~ 
<) 

p.. 

FIGUHE 4. ~_f.~ 

P011l':H SPECTRAL DENSI'l'Y OF AVJ,:HAGE YAW ACCELERATION 

OF JOURNAL BOXES ON "A 11 END 'J'RUCK ( 1/2 the difference 

in lateral acceleration of the journal boxes.) 

RUN NO.8 

FREQUENCY RESOLUTION 

STANDARD DEVIATION 

. . 

:o3S 

,-ojo . .. 

il 
~tJ , I ,l - li ., ... 

" 
li 

... ol..CJ 'I 
I 

r 
I 

II 
II 

·o/ I, 
It 
I i 
I I 

= 

• 2. hz 

. Z5 gs 

, :.:-·..-:_ - . . . .. . . . v•• 

I N~ 
~ o/o. 

I; 
H .. ~---··------+------------·-·4 

I. --oo t 

' 

I 

+------+-----+-1 ---- -~ 

I 
' 

0 110 

Frequency, hz ---~-
-('(.!-



It 

;>, 
.p 
...... 
1/) 

t:: 
~ 

Q 

rl 

N~ ;'d 
~ 
,p 
0 
41.' 
0. 

Cl) 

~ 
41.1 
~ 
0 

Cl.. 

FIGURE 4-. '/_.- ~3 

1'0\-Jl-:H ::l'l•:C~l'Hl\L 1WN:n'l'Y CW 1\Vl<HAGE LA'I1EHJ\L 

I\CCJo:LEHA1l'lON OF JOUHNAL LUXE:: ON "A" END 'l'RUCK 

RUN NO.8 

FREQUENCY RESOLUTION 

STANDARD DEVIATION 

. . 

= .2 hz 

= • gr;, gs 

I 

' 

I -- i- --- -------- --·. ------ ----- --t- -- ------ • 

I I R-B -· I 
j P-3 
I 

C-<D 

I 

:I• 

.,2 I 
:I~· 

I 

.. '/0 

t 

I 
-- ---- 1 

------+--------- --- ---- -- j 

•08 f - ---------- --r------t-----+------

-o£~ 
I 
I 

------- ------- -t-------+-----+----------i 

I 
• ~t) . i 

r 
i 

--- t----- ---

! ·oz. I • 
i 

-- ·------ -·- -- ~----~-------~--------

30 40 

Frequency, hz 

- 1?/L-



i' .LllUhr:. 4. ~- 1..4-

POWER SPECTRAL DENSITY OF YAW ACCELERATION OF TRUCK 

FRAME ON "A" END TRUCK (l/2 the difference in lateral 

acceleration over the journaJ boxes.) 

RUN NO. 8 

FREQUENCY RESOLUTION 

STANDARD DEVIfTION 

I /6 w:·, • •<-

. . 

.... I 'f 

. /{) ; 
~ .... 

-og 

I. 
I; 
I! 
i' 
t ~ 
i: 

I 

/. 
0 

0 ('I 

= 

= 

• Z, hz 

-~0 gs 

.;,:~~~~~ . '~~:" 'v:-.. a.sn-;s ;t,;R(J(~.- z.~cqc-;z 

I 

' .. 

+ -

.. - . 

-·· 

1 
I . . -·· ·-· -----. 
I 

I 

I 

I 
I 

i 

t ---

! 

I 
. ------t· - -

I R-B 
i P-3 
I C.-9 

- - -~. - ... 

I 
-~-------- ·- -----·-·----- ... -· 

~-----+--+·-- ·--------

1 

J ------+----

1 
I 

-t-----~---t-------- .... f 

--+-------+------+-----... 

30 40 

Frequency, hz 



» 
..:> 
..-1 
Ill 
s:: 
Cll 

Q 

r-1 
aj 
~ 

.j.:. 

0 
l1l 
0. 

U) 

s.. 
G:• 

" 0 
j).., 

h 

POWER SPECTRAL DENSITY OF LATERAL ACCELERATION 

.OF CARBODY FLOOR OVER 11 A 11 END RIGHT BOLSTER SPRING 

RUN NO.· 8 
FREQUENCY EESOLU'l'ION .z hz 

STANDAHD DEVIATION 

v;•, • 

. . 
-oo(8 
• 

--+·-- ---------- -·+-·-·-·---·--- -- ·--· R-8 ·--- - -·· 

.a;/6" 

rt)O/Jf-

:t• 

, .... c>DI'L 
I 
t 

. :·. 

·tJoto 

~aolli 

t 

I 

I 

' 
I 

t -- ·--·- -····-----·1 -. 
; I I 

'P-1 
t.-3 

I I T ----- · ---- - --- --- ·- r 

.. --- . -- ·-·- --- - ·-- ------+---·- ----- ·---- - ---.-

·- - ·- - --- ----- -t----~'---+------·-+
 --·--- -t 

N~ rtJ!Jti ~- ·- ·-- ·-----· ---- -t------t-----t-----·--4 

,-t}!J()'f- t - . --~-· ---- ---- +----+-·----+-------

- 0/JO 2. ·--+- ------- -- ~-----t------r
------

1 

20 30 40 

Frequency, hz ~ 

-\'V-i-

•! 



;,., 
._..) 

·e-1 
(/J 
,_, 
>l> 

Q 

iJ 
~-
·•-
(J 

:11 
=~ 

U,.; 

;;... 
Q) 

l: 
0 

p., 

FIGURE 4. 2.- A Co 

POWER SPECTRAL DENSITY OF LATERAL 

ACCELEHATION OF THE CARBODY FLOOR AT THE CENTER 

HUN NO.8 

FREQUENCY RESOLUTION = . 2 hz 

STANDARD DEVIATION = • 0 '3"' gs 
-/ 

.{)0{ 

. . 

. ool o 

"'00()~ . - --

:r'· i 

I 

- --

! 

i R-8 
I 

: P-1 
I 

I e-5 
I 
I 
! 

I 

I 
i 
i II rJoob' 

t 't - t ·- ----·---· 

II 
---+------4----------- - -1-

I I I 

I I 

I ·I II 
I 

l 11 J ;; II 

· ootJ'I t 
. I 

N4~ 
l t 

I I 
! 

I 

-----+-- ---- ---- --- . 

,. OOt>2 .. 

Frequency, hz 
_·,z..s-



___., _,, 
•d 
Ul 
~: 
QJ 

c::l 

r-i 
C\l 
~' _,_, 
c_; 
Q, 

0. 
(/) 

~ 
QJ 

~ 
0 

Cl-. 

FIGURE 4: ~- ~ 7 

POWER SPECTRAL DENSITY OF LATERAL ACCELERATION OF 

BUTTOM OF POWER TRANSFORMER MOUNTED TO CARBODY NEAR CENTER 

HUN NO. 8 

FREQUENCY RESOLUTION 

STANDARD DEVIATION 

-------------·· ~---~ _:...-~--...:..:.:=.::..:---------------- =:: . .:.:...:::.:.::;:...-.:.;:_ ___ _ 

. 
·a{ 

.,. 

·08 

.-o? I 
.~ 

II 
)! 

~ot 
II 

r 
!J I 

·o t 

·o'f 

N~ ::N Ao) 
t ... C! ..__,. 

-o2 

·o! 

I 

t 
i 

R·B 
. P-'1 
. C·~ 

--- --- -----t--------- - ·-r 
I 
I 
I 

I 
- ----------t---- ---- + 

i ------------- -------- --t-

-+--- -- ---- )--~--t-----+--
1 

--+----- r-------+----------+------- -- ------
----- ---- -r----+------+---------

I 

--+---------+-------+- ----- ----

10 20 30 40 

Frequency, hz _________ :-:,_.. 

- 12.l.J)-



Table 4. 3-1 

Present Metroliner Resonances 

Mode Frequency - hertz 

Carbody - lower lateral - roll . 6 to . 7 

Carbody - vertical 1. 05 

Car body - upper lateral - roll 1.2 to 1.3 

Carbody - pitch 1. 32 

Carbody - longitudinal 2.3 

Transformer - lower lateral - roll 3.4 to 3.6 

Transformer - vertical 4.6 

Transformer - upper lateral - roll 6.0 

Truck frame - lower lateral - roll 6.1 

Car body - vertical bending 6.8 to 7.5 

Truck - longitudinal 7.5 

Carbody - lateral bending 8.0 

Truck frame - vertical 9.5 

Truck frame - upper lateral - roll 1.3 

127 



at frequencies of 34 to 36 hertz. 

A lateral dynamic instability of the wheel set 

occurred infrequently during the road test and appreciably 

affects the ride quality. 

The lateral unbalance forces are sufficient to force 

the secondary lateral suspension into the suspension stops, 

appreciably affecting the ride quality. 

5.0 MODIFIED DESIGN 

The design modifications of the present Metroliner are 

limited to the modification or replacement of existing sus

pension components. Within this constraint, parametric 

studies were performed on the effects of modification to the 

transformer suspension system and the truck primary and 

secondary suspension system. 

The goal of the transformer study was to achieve a set 

of parameters where the transformer interacted with the car

body vertical and lateral bending modes as a damped dynamic 

absorber. Additionally, the location of the lower lateral

roll resonance of the transformer at 3.4 hertz to 3.6 hertz 

should be moved as the dominate lateral track input occurs 

at thisfrequency at a train speed of 100 M.P.H. The trans

former parametric study resulted in a set of suspension 

parameters tabulated in Table 5 .0-l. Figures 5.0-l, 5.0-2 and 5.0-3 

show a comparison of the simulated performance due to the 

modified transformer parameters under vertical inputs. At 

the "A end 11 of the car, the transformer modification reduces 
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TABLE 5. 0-1 

MODIFIED TRANSFORMER SUSPENSION PARAMETER 

Total System Present Modified 

Vertical Stiffness 28,800#/in. 43,200#/in. 

Lateral Stiffness 27,000#/in. 57,600#/in. 

Longitudinal Stiffness 260,000#/in. 388,700#/in. 

Vertical Damping 72#sec./in. 384#sec./in. 

Lateral Damping 72#sec./in. 220#sec./in. 

Longitudinal Damping 72#sec./in. 90#sec./in. 
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the magnitude of acceleration peaks presently at 4.6 hertz 

and 7.0 hertz, and shifts the peaks to 5.5 hertz and 9 hertz 

at reduced magnitude. The performance below 2.5 hertz is 

maintained at its present level. In the center of the car

body, Figure 5.0-2, the present 7.0 hertz acceleration peak 

is considerably reduced, with the peak shifted to 5.0 hertz. 

Figures 5.0-4 through 5.0-12 show the simulated lateral 

performance with the modified transformer. The major improve

ment is the movement of the 3.6 hertz lateral-roll transformer 

resonance, which significantly reduces the lateral response in 

the 3.5 to 4.5 hertz range. 

The parametric study on the primary and secondary sus

pension of the truck was performed with the transformer at 

the modified set of suspension parameters. The emphasis of 

this parametric study is on the vertical suspension. With 

the present journal configuration, controlled modifications 

to the lateral primary suspension system are difficult. 

For the truck parametric study, the truck dynamic para

meters were described in terms of the resonant frequency of 

the truck frame assembly with the carbody, and wheel and axle 

assembly ends of the secondary and primary suspension fixed. 

The term "9.5 hertz truck" refers to a truck where the sum 

of the primary and secondary suspensions produces a 9.5 hertz 

resonance of the truck frame assembly. The present Metroliner 

has a 9.5 hertz truck. 

As the vertical truck frequency is reduced, the roll stiffness 

of the truck suspension reduces, when the same rigid carbody 

133 



.. 

MODIFIED 

CAR.OOD~ ''A 2ND
11 

l!(.{TER.AL AC.C.E.LERATION 'DOE. TO LA.TE:RA\. 'IMPOT 

~~----- ----------- --- ~-- -- ---T- - ----· ······--·---· ·--·--- ...... ----··---- .. , 
501-9 

; ' 

f--1~ . ..1. 

i 
' 
~ I 

i 
~ 

t. 
~ 
~ 
\J 

~ 

~1~ 

.1 

------ -. 

I 

I 

1 

FIC, VR.t; .5. 0 -!f 
- /$'-/-

I) 

I 
j 
! 

: 
I -t -f·----·-· ---- -----

(~p..eESENT 

I\ 
II 
f I 
I I 
J I 
I I 
I XFbRftfE:R. 

' II tfiOD!F 1~11770N ,, 
\L .. --------- -·. -- ---- --

10 

,. 

1o~n 
. I 

1~ 

I 
~ 
Q 
1-.: 
't 
r( 
l.ij 
..J 
l.ll 
'\.) 

v 
"<::( 

I 

.1J 

[ 
I 
I 
I 
I 

' ! . 



MODIFIED 

C.AR"BOt>'-1' 1
' A END'' L~TE:R.AL AC.C.E:L.E-.R.AT~ON "PoE. TO ROLL INPUT 

r--- ... ----·- ··-- ·-- -- ·- -· - ... - ·- . --·· 
! 
I 

; ' 

' 

~- --

' --------

.1 

,/\ I \ . 
/\ 

\ 
< .. \_ ·-·--· -- -.. 
i I 

\ 
\ 
1 
\ 

----- ·t 

• I 
---- --· --------------~ ·-------- ·-----------------· .. ----- ------·-·-------·---l. . ------------------··-

1 

Ft~Ute.E 5.0-15 

-!'35-

10 

510-9 

I 

1~ -1 

~1~ -; 
' 

I 
. ___ _j 



Moo1Ftf.D 

C.A~BoP'f 11 A END" l-ATERAL ACCE.L~RATION "'DOE TO YAW INPUT 

1-1G~------- --·------- ·· -- ---·-- ---

1 
i 

i • 

~ 1-~- . -. -- -

I 

.1_ 1 

-. - ···- t· 
X FORMER. ~ODIFit:JQnON 

I 

I \ 

~PteESF:NT 
I I 
I : 
I I 

I t -

Lt- -·--- --·- --
i 

I i 
I ! 
I 

I 
I 

.•.. J. --·-- ------ ·--

10 

FR.EG,>U£NCY - HERT%. 

Flti,OR.E. S: 0 -" 

- f'3C,-

10t: 
. ! 

.1~ 

--. - -- --- __ j 



MoDIFIED 

C!l.R BODY CE:I\JIE.R LATERAL AC.C.El-ERATION "DUE- TO 1-.ATE:RAL II\JPUT 

1 

I 

,~ ! 
11 i 
·~PR.t=SENT 

I 

FK E:QUENC 'I --<...- HER.TZ 

F!~ C.HeE. S,O- 7 

-137-

·- .. 1f'k .. 
. 501-I'Z. .VJ 

. ! 

.1~ 

•! 
' 
I 

. -- - __ j 



MODIFIED 

C.AR.'~Ot>"( CEt..ITE.R l.ATE:-RAL. A C.CELERATIOkJ DUC. \0 ROLL TN"PUT 

r1~------------------ ---------- ----,----------·· 
! 
l 

! . 

! 

--- .. - -~. r-·--

-·- -- -----------, 
I 
i 
I 

510 -1~ 1Gt! 
. I 

I 
! 

------ . 1~ 

XFOR#ER M~DIFI~~TIOAI 

I 
1=1~--
1 
I 

I 
I 

I 
~ -- -----
1 

I 

A I 

•I l~pA::~~NT 
\ ,. --- ,,_, I I 
\ . -

- - y'- -----'-··· -·- j__~----- -· ---·- ---
\I I I 
~ I I 

I I 

. I j 
I I 

I [ 

I I 

I ! 

i I . l' I 
·-------·------ --------· ·- ---· -- _____ .J. ______ --~--------------------- --------------- -- i_ --------------------

.1 1 

F!CiUR.E. 5,0- 8 

-138-

.10 

--------- -- --J~~ 
I 

i 

i 

I. 
_____ j 

' 



CARBOPY CENTER. LA.TERAL.. AC.C.E:.L~RATIO~ DUG 'TO '(AW IN P<JT .. 

i 
~--· .... - -r····---

.1 1 

- /'39-

1~ 

--- .... - .1~-i 

\ \ 

X FORMER. 
A/OOIF/cAriON 

·------' l ........................ -

10 

i 

-·- _j 



.1 

MoniFIE:D 

CFtRcCD'f ''A E:t-.. rc'' ROLL AC.C.£LERATION 'DOE TO LP.\f:R~L "!Nl'UT 

·-- ~-~-

j. 
I 
I 

. -· 
1 

. -····- ·- --------··- --- 1 

5o I -2.0 

---+-··----

i 

( X FORM Elf MoptFIC/fT!ON 

Fl~l.)ll..6. o.O - /0 
- !J../0·-

10 

81../--, 
I , 

8.Lf ·: 

-.81 

; 

. . -- _ __j 



MoDIFIED 

CAR Booy "A END'' Rct.L. AceE:L.ERA.TroN Due: To YAW INPt>r 

;- - - --- ----.---- ---- - --·--- -----.- - ------ --
i 

j 
I 

I 519 -zo 
I 

I 
i 

; 

. -·- ··--- ·- ·- -+- -·- ---
! 

! 

B.~ --r 

~I 
Ill 

~· 
~ 
I::; 

~ 
~ 
~ 

l t
! 

' 
---- ---·-- ··------ -~--- --------------

I 
I 
I 

---.- -- --- ..... 8~ . -1 

__) I 

XFOR.ME.R. /t'/Qf)lrlt'"'TION 

pRE:S~NT~ 

! ~ 
- ! I . /\.I\ I 

I 
- .. - --- _ _j 

.1 1 10 

ri~OI~& 5 0-1/ 

- 1'-/1-



CRR.GC"D"r "A E:tvt/ 'ROLL AC.C.ELERAiiON ""Cl>E. \0 ROt..\.. 'lN'PUT 

I 

r84--------·--- ---------- ·---··r··---- . ·--·. . . ---_-- -~ 

510-GC 

1 
I 

I . 

i 
! 
' 

.i 

t 

I 
I 

I 
I 
' 

i 

i 
1 

I 
X FOR HER MOD!FIC~IION 

I 
,, / pR.t:SF:IJ 1 
IY I 

I I 
I 
I i 

- - ·-1--------·· ----·-- -·--+-- --·- --·----. ·-·--

Fl~UR,E 5.0- !.<. 

-1'-IR..-

i 
I 

! 

i 

10 

I 

8.1i i 

' ; 
I 

_____ j 



resonances are maintained. In order to maintain reasonable 

roll rates, the allowable truck frequency variations for the 

modified design were small. Increasing the truck frequency 

will increase wheel rail dynamic forces and reduce articu

lation. As a result, with the present truck the upper limit 

of truck frequency should be the present value of 9.5 hertz. 

A parametric study reported later in section 6.0 established 

that minor reductions in the truck frequency increase carbody 

acceleration response. Therefore, the modified truck is a 

9.5 hertz truck with the damping in the primary and secondary 

suspension modified. Table 5.0-2 is a tabulation of the 

modified truck suspension parameters. 

Figures 5.0-1,5.0-2,5.0-3, and 5.0-13 through 5.0-17 show 

the performance of the modified truck with the modified trans

former. The modified truck significantly reduces the rigid body 

vertical resonances of the carbody at the expense of increasing 

the resonances at the carbody bending resonance. The trade-off 

between reduced low frequency response and increased high fre

quency response is due to the increased damping required to 

control the low frequency resonance, which increases the high 

frequency transmissibility. In order to eliminate this trade-off, 

a damper whose damping reduces with frequency is required. 

5.1 Recommended Modifications to Present Metroliner 

In order to implement the transformer and truck modifi

cations, the transformer suspension system and the vertical 

truck secondary suspension spring must be replaced. Additionally, 
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TABLE 5. 0-2 

MODIFIED TRUCK SUSPENSION SYSTEM PARAMETERS 

Primary Suspension 
System per Truck 

Vertical Stiffness 

Lateral Stiffness 

Longitudinal Stiffness 

Vertical Damping 

Lateral Damping 

Longitudinal Damping 

Secondard Suspension 
System per Truck 

Vertical Stiffness 

Lateral Stiffness 

Longitudinal Stiffness 

Vertical Damping 

Lateral Damping 

Longitudinal Damping 

Present 

109,000#/in. 

55,800#/in. 

55,800#/in. 

260#sec./in. 

260#sec./in. 

260#sec./in. 

7,740#/in. 

3,386#/in. 

96,660#/in. 

ll5#sec./in. 

l73#sec./J-n. 

78#sec./in. 
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Modified 

109,000#/in. 

55,800#/in. 

96,000#/in. 

560#/in. 

260#/in. 

784#/in. 

5,500#/in. 

3,386#/in. 

96,600#/in. 

280#sec./in. 

173#sec./in. 

780#sec./in. 
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more damping will be required in the vertical and longitudinal 

primary and secondary suspension systems. 

The first recommended modification is to replace the 

transformer suspension. This will reduce the response of 

the carbody to the dominate lateral and vertical track 

inputs discussed in section 3.4. The new transformer sus

pension will probably require either friction or hydraulic 

dampers, since the amount of damping in elastomeric materials 

is not sufficient. 

The second recommended modification is to add dampers 

to the anchor rods as the benefits longitudinally are 

appreciable and the modification relatively simple. 

Before completing the truck modifications by replacing 

the bolster spring and adding damping, some consideration 

should be given to replacement with a diaphragm-type air 

s.pring and a damper spring combination to give reduced 

damping at high frequencies. The use of a diaphragm-type 

air spring will eliminate the spring surge and will provide 

a more uniform buildup of lateral stiffness to minimize the 

the transistion into the lateral suspension stops. In the 

consideration of an air spring, particular attention should 

be placed on its performance when deflated to insure safe 

operation. 

6.0 NEW TRUGK DESIGN 

For the development of the new truck, the transformer 

suspension system was modified as described in section 5.0. 
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The allowable variation of the vertical truck frequen

cies in the development of the new truck was not l~mited by 

roll stiffness consideration, since it was assumed that in 

a new truck design roll stabilizing devices could be incor

porated which would not affect the vertical stiffness of 

the truck suspension systems. In addition, the vertical 

truck frequency was not limited by wheel-rail dynamic forces 

and articulation, since it was assumed in a new design, 

reduction in unsprung weight and alternate methods of arti

culation might offset the effects of a high frequency truck. 

The truck frame weight of the new truck was assumed 

comparable to the present truck, since the new truck would 

incorporate the existing traction equipment and the static 

and dynamic load requirements of the new truck are identical 

to the present truck. 

The effect of vertical truck frequency on the vertical 

railcar performance is shown in Figures 6.0-l and 6.0-2. 

For this investigation 4.0 hertz, 6.6 hertz, 9.5 hertz and 

18 hertz trucks were simulated. The truck damping was opti

mized for each configuration. For comparison purposes the 

carbody rigid body resonance frequency and damping were 

held constant. As the vertical truck frequency is reduced 

from the present value of 9.5 hertz, the peak acceleration 

in the 4 hertz to 10 hertz range in the center and end of 

the carbody increases first and then reduces to a value 

considerably lower than present value. As a result, when 
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considering the modified design, small reductions in the 

vertical truck frequency are undesirable. As the vertical 

truck frequency increases above the present value of 9.5 

hertz, the peak accelerations in the 4 hertz to 10 hertz 

range in the center and end of the carbody reduced, at the 

expense of increased acceleratiOn above 10 hertz. 

As a result of this study, it was concluded that the 

new truck should have a vertical truck frequency as low as 

practical and a roll stabilizing device must be incorporated 

in the new truck to maintain the required roll stiffness of 

the truck suspension system. 

Results of the lateral simulation indicated that as 

in the vertical case, the lateral truck frequency should 

be as low as practical. The achievement of the low frequency 

lateral truck, assumes dynamic stability can be maintained. 

Table 6.0-l is a tabulation of the truck suspension para

meters for the recommended new low frequency truck configur

ation. For this design a roll stabilizing device is simulated 

in the primary suspension by increasing the lateral spacing 

of the primary springs from 79 inches to 200 inches. 

In Figure 6.0-3 through 6.0-30 the vertical and lateral 

performance of the recommended low frequency truck are com

pared to the present truck; On the same figures, the perform

ance of the high frequency truck is shown for comparison 

purposes. Table 6.0-2 is a tabulation of the truck suspension 

parameters for the high frequency truck. 
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TABLE 6. 0-1 

RECOMMENDED LOW FREQUENCY TRUCK SUSPENSION PARAMETERS 

Primary Suspension 
S;ystem :2er Truck 

Vertical Stiffness 

Lateral Stiffness 

Longitudinal Stiffness 

Vertical Damping 

Lateral Damping 

Longitudinal Damping 

Secondard Suspension 
~tern per Truck 

Vertical Stiffness 

Lateral Stiffness 

Longitudinal Stiffness 

Vertical Damping 

Lateral Damping 

Longitudinal Damping 

Present 

109,000#/in. 

55,800#/in. 

55,800#/in. 

260#sec./in. 

260#sec./in. 

260#sec./in. 

7,740#/in. 

3,386#/in. 

96,660#/in. 

115#sec./in. 

173#sec./in. 

78#sec./in. 
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Low Freg. Truck 

10,700#/in. 

13,980#/in. 

96,660#/in. 

686#/in. 

570#/in. 

780#/in. 

10,700#/in. 

4,800#/in. 

96,600#/in. 

343#sec./in. 

285#sec./in. 

780#sec./in. 
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TABLE 6.0-2 

SUSPENSION PARAMETERS OF VERTICAL AND LATERAL 
HIGH FREQUENCY TRUCKS 

Primary Suspension 
System per Truck 

Ve·rtical Stiffness 

Lateral Stiffness 

Longitudinal Stiffness 

Vertical Damping 

Lateral Damping 

Longitudinal Damping 

Secondard Suspension 
System per Truck 

Vertical Stiffness 

Lateral Stiffness 

Longitudinal Stiffness 

Vertical Damping 

Lateral Damping 

Longitudinal Damping 

High Frequency 
Truck for Vertical 

Simulation 

290,000#/in. 

96 ,ooo·#/in. 

533#sec./in. 

686#sec./in. 

5,390#/in. 

96,000#/in. 

266#sec./in. 

780#sec./in. 

184 

High Frequency 
Truck for Lateral 

Simulation 

10,700#/in. 

116,000#/in. 

686#sec./in. 

433#sec./in. 

10,700#/in. 

3,890#/in. 

343#sec./in. 

218#sec./in. 

62072 


