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1. INTRODUCTION

1.1 Background

In the past few years substantial interest has developed
in advanced, innovative urban and intercity mass ground transpor-
tation because of the need for transportation of people and
commodities with increased energy efficiency, acceptable environ-
mental impact, convenience and economy. Systems under current
development include 20-60 mph personal rapid transit systems
[1]*, advanced 60-150 mph rail transit systems (2-4], and high
speed 100-300 mph air cushion and magnetically levitated vehicle
systems [5-9]. The economic feasibility of implementing these
advanced systems depends significantly upon the development of
guideways which minimize construction and maintenmance costs while
meeting system performance specifications since a major fraction
of total system cost is represented by guideway comstruction and

maintenance.

In urban enviromments and some intercity corridors,
substantial portions of a system guidewmy will be elevated to
negotiate rights of way and topological barriers, utilisze air
space and provide safety. This repori focuses upon the design
of elevated structures for tracked, levitsied vehicles. Guide-
way design for these systems offers both a mmber of problems
and opportunities [10-14]) which have not been considered in

*humbers {n [ ] refer to references listed in the Bibliography
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classical highway snd rail transit elevated structure design.
Because of the distributed low unit pressure suspension loadings
which characterize levitated vehicle systems and the high vehicle
speeds vhich may occur in intercity systems, the vehicle induced
loads on the guideway may be significantly different in conven-
tional and levitated vehicle systems. Also while in classical
highway and rail bridge design passenger comfort criteria have
been specified indirectly in terms of a maximum permissibla
guideway midspan deflection to span length ratio such as the

1/800 specification in {15], for advanced systems the Depart-
ment of Transportation has established passenger comfort require-
ments directly in terms of permissible levels of vehicle accelera-
tion. To design a guideway-vehicle system to meet an acceleration
specification requires consideration of vehicle characteristics
and of the vehicle-guidewvay dynamic interaction. In this report,

an integrated vehicle-guideway design procedure is developed.
1.2 Vehicle-Elevated Guideway Design Literature

Vehicle-elevated guideway design literature prior
to 1969, primarily describes analytical techniques to determine
guideway deflections due to the passage of constant and pul-
sating forces, masses and simple, one-dimensional vehicles.
Ia the last few years, perametric data, basic analyses and
computer simulations of vehicle-guideway imteractions for tracked
levitated vehicles have been developed. Both the early and more

recent work concerning besm-type guideways is reviewed in soms detail
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in [26].1 In (26] work is reviewed based upon [10, 19, 22 and

25) which determines single and multispan guideway dynsmic deflec-
tions due to the passage of constant traveling point force or
pressure pad vehicle models. These studies have showm that dynamic
amplification factors resulting from a single constant force passage
are vithin 202 of the quasi-static case for vehicle velocities

v < 0.5 l..f. for single span guideways and for v < !..f* for con-
tinuous span guideways where l. is the span length and f* the

span natural frequency. For speeds above these values, span
dynmmic effects are important vwith the single span guideway ampli-
fication factor approaching 1.76 at v > 1.3 !..fl and the com-
tinuous guideway approaching a resonant condition for v~ 2.0 l..fi.
This report extends the single moving force amplification factor
data to include deflection and moment (stress) umplification factors
for multispan guideways excited by multiple finite length suspension
pads and shows that, for specific vehicle to span leagth ratios,

the sultispan resomance at v = 2.0 l..t. may be suppressed.

Analyses and simulation programs of wmulti-uimensional
point contact suspension vehicles crossing siagle and multiple
span guideways are described in (16, 17, and 18]). The simulation
program 1isted im [18] is complemented by [19]) which discusses
coantinucus guideway spaa design for cases which are either
stress or deflection limited.

1y [27) through-truse and cable stayed structwias are reviewed
for systems ia vhich span lengthe eaxceeding 200 ft. are required.
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Analyses which include vehicla models with finite
length suspension pads are discussed in [21--25 and 31]. 1In
{22, 23, and 24] numerical solution procedures are developed
which allow simulation of a multipad air cushion ve.hicle with
a three stage passive suspension traversing cambered and un-
cambered single span guideways. In [21] a computer program
which determines the accel:rations of a two-dimensional vehicle
with finite pad length suspensions crossing a single span guideway
is developed using an approximate f:onstant suspension force

snalysis similar to that summarized in Chapter 3.

Recent guideway design studies have illustrated the
relative importance of structural loading design constraints in
comparison to passenger coaufort design constraints for specific
urban and intercity air cushion vehicles [11-13]. Reference
[13) has showmn for 50-150 ft. span guideways that the passenger
comfort constraint represents a more severe guideway design con-
straint for typical 150 mph air cushion systems than stress con-
straints resulting from vehicle loading. This study [13]) and
complementary studies (11, 12, 14 and 25) have highlighted the
need to develop efficient guideway desigr proceiures and pera-
metric data for urban and intercity levitated vehicle systems

which include pussenger comfort constraints directly.
1.3 Scope of the Study

The primary objective of this study is the development

of parsmetric design data and a preliminary design procedure for
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tracked, levitated vehicle system guideways. The beam-like
guideway configurations illustrated in Figure 1.1 are con-
sidered including (1) the single span guideway, (2) the multi-
span guidcway in which continuous beams span several supports,
and (3) the continuous span guideway in which a single continu-
ous beam spans all supports. A primary advantage of a multispan
structurc compared to a single-span structure is that for the
same span material and cross section the multi- or continuous
spen deflection, due to a given static load, is less than that
generated in an equivalent single span structure. As summarized
in Figure 1.1 a multispan beam with 3 or more spans sustains 70%
of the deflection of a single span due to a static load while a
continuous span sustains 53X of a single span deflection.
Equivalently, a multi~ or continuous span structure may provide
the same deflection as a single span system and use less span
material or have greater distance between span supports. In
multi- and continsous span structures, span—-to-span coupling may
result in possible dynamic resonance copditions for vhich dynamic
deflections are greater than in single spans. In the study, multi-

span resonance conditions are evaluated.

Since the level of passenger ecnfort' desired for levi-
tated vehicle systems [11-14] represents a guideway design com-
straint vhich is more stringent than vehicle induced stress coe-
straints, technigques are developed to estimate directly guideway
structural properties required for the vehicle-guideway system to

provide a specifiod level of passenger comfort and then stress
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levels are checked. The passenger comfort coastraint consiiered
is an extension of the one hour ride comfort criteria of the
International Standards Organization which specifies a permissible
level of rus passenger compartment acceleraiion as a function of

frequency.*
1.4 Summary of the Study

As 3 result of thris study the following models and
design procedur2s have been developed for the evaluation and

design of passenger transport vehicle-guideway systems:

(1) Pully Coupled Vehicle-Guideway Model Simulation

This model allows determination of the response of

a completely coupled vehicle guidewny system as a
function of time. The vehicle model includes vehicle
body mass and pitch inertia, front and rear secondary
suspensions wvith stiffness and damping characteristics
and primary suspensions with stiffness and finite pad
length characteristics. The guideway model inrludes
single and multispan cambered beams with distributed
stiffness, mass and demping properties suppurted om
rigid piers.** In the model the time varying vehicle
accelerations and suspension deflections and forces are
computed as well as span deflections, moments and
stresses. The model is described in Chapter 2 amd
jnstructions for the computer simulation program based
upon fourth order numerical integration of the model
equations are given in Appeadix C.

“Ihe specification 1s displayed in Pigure 4.1 and N
acceleration level of lass than 0.04 g's ia the 3-~12 herts fre-
qeuncy range. The desiga procedures devaloped are applicable to
any form of specification which involves rue accelerations e
fuoction of frequency.

*n
The influemce of pier-support motion upom vehicls-guidewsy dymsmic
iateractions is showmn to be negligible in Appendix B for the systems
considered in this study.
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(2) Partially Coupled Vehicle—Guideway Model Simulation

The partially coupled simulation model provides
determination of vehicle acceleration versus time,

ras acceleration versus frequency, suspension de-
flections and guideway deflections, moments and
astresses. The model allows coupling between the
vehicle and the guideway but assumee that the

vehicle suspension forces on the guideway are con-
stant and equal to the vehicle weight. All other
features of the vehicle-guideway model are similar

to those of the model described above. This partially
coupled model is described in Chapter 3 and Appendix G
in which it is shown to be valid for vehicles with
high levels of passenger comfort (0.07g peak accelera-
tion or less) which operate at span encounter fre-
quencies, i.e. vehicle velocity divided by span
length v/Lg, less than the vehicle suspension natural
frequency, f,, for both conventional and levitated
vehicles vit; unsprung to sprung mass ratios of 0 to
0.66 and/or for the full range of tracked levitated
vehicle operation for vehicles with the ssall un-
sprung to sprung mass ratios characteristic of passen-
ger carrying air cushion vehicles, i.e. less than 0.1
This partially coupled simulation is implemented in
the computer program described in Appendix D which
allows computation of system characteristics in less
than one quarter the time required for the full
simulation described above.®

(3) A Vehicle-Guideway System Design Procedure

A systematic procedure has been developed to design
transport vehicle guideways. This procedure is hased
upon the partially coupled vehicle-guideway model

and results in the determimation of guideway main
support besm structural properties required so that
for a given type of vehicle specified levels of
vehicle passenger comfort (and guideway stress) are
met. The procedure is described in Chapter &4 and may
be performed with the aid of the design charts using
s desk calculation or may be performed with the com-
puter program described in Appemdix K.

&

In many of the cases 1un in this study the partially coupled model
runaing time wves less than one eighth of the fully coupled simula-
tion time.
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In sAdition to the simulation models, design methods
and associated working computer programs, design data for genmeral
vehicle-elevated guideway systems har been developed in Chapter 3
vhich shows:

(1) Yor vehicle operating speeds
(a) 1less than 0.5 !..ft for single span structures
(b) less than !..f* for multiple span structures

(c) less than 1.5 l.f* for continuous span structures

the span deflections, due to a vehicle passage, are
quasi-static and multispan deflections (for 3 or
greater spans) are 70% vhile continuous span deflec-
tions are 53X of comparable single span structures.
In thase operatiig ranges multiple and continucas
spans require less material and/or fewer supports
than single span guideways.

(2) Por vehicle operating speeds v that approsch 2 A f¢
resonance conditions may occur in multiple sad com-
tinuous spans. The span deflectioms are influc.ced
strongly by span damping and for a damping ratio of
0.02, maximum deflections in three amd contimuous
spans caused by the passage of & comceatrated force
are respectively 3.7 and 4.6 times the qussi-static
deflections.

(3) Vehicles with a suspension separation lesgth in the
viciaity of 0.8 L, may effectively suppress the multi-
opan resomance coadition descridbed in (2).

(4) As vehicle loads are distriduted acroes suspeansiou
pads, guideway deflectioms are reduced. Ia the
quasi-etatic operatisg range, vehicles crossisg
single spens with pad leagths 350X and 100X of &
spea length reduce span deflections respectively
by wore than 20X and 402 compared te comcemtrated
force vehicles.

Specific design data has besn developed for 40,000,
80,000 and 120,000 1b. 150 mph and 300 mph air cushica vehicle

guidownys. This data was developed weing the
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design program of Appendix E for prestressed concrete twin I
besm structures traversed by vehicles which meet the passenger
comfort specifications of Figure 4.1, i.e. rms vehicle body
accelerations are less than 0.045 g's in the 2.5-12 hertz fre-
.quency range. The conclusions reached from this specific study
include:

(1) Por all desigus, the passenger comfort constraint
is more striugent than vehicle induced stress con-
straints. The maximum induced span dynsmic stress
is less than 775 psi for both low and high speed
vehicle systems. The guideway designs are directly
dependent upon the passenger comfort level required.
Yor an 80,000 1b. 150 mph vehicle with 2 hertz sus-
pension natural frequency traversing a single 100
ft. span guideway, if the permissible rms acceleration
is incressed from 0.045 g's to 0.09 g's span material
requirements may be reduced by 15X.

(2) Por system designs constrained by passenger comfort,
vehicle characteristics may strongly influence guide-
way requirements. Vehicle suspension nmatural fraquency
and damping, vehicle body mass distributivm (pitch
inertia) and vehicle suspension attaclment point loca-
tion may sll influence spen requiremeats as weli as
total vehicle sise and weight, vehicle speed and sus-
pemsion pad length. Por an 80,000 1b. vehicle crossing
a 100 tt. single span system at 300 mph, a reduction ia

matural frequescy from 2.0 to 1.0 herts sllows
a reduction f{a spen reguirements of 29X while an in-
crease im pitch inertia from that of a wniform mass dis-
tribution to & body with an effective mass distribution
concentrated at the suspension attaclment poiats allows
a veluction in spen material of 14%.

(3) Spaa configwation and camber may stromgly ia-

fluente spen structural requireneats. Ia all cases
stuiied the use of muiciple span guidmmys required

1e0s span materisl timu single span structures des-
igned for the ssme operatiomsl vehicls. For am 80,000 1b.
wehicle with a 2.0 herts suspension creesing 100 ft.
spans at 300 mph, a two span system requires 91X and

s three spea system 87% of the materisl of a simgle

span system.
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The use of cambered spans for single and three
span systems can result respectively in 112X and

122 material reduction in comparison to uncam-
bered spans and can, also, provide a tolerance of +
332 variation in camber due to thermal effects from
the precamber amplitude and still meet ride quality
specifications for 150 mph vehicles.

The systematic application of the integrated vehicle-
guidewmay design techniques developed in this study is 1llustrated
for 150 and 300 mph 80,000 1b. air cushion vehicles crossing twin
1 beam prestressed concrete span guideways in Figs. 1-2 and 1-3. All
of the designs illustrated meet the rms acceleration specification
cited above and yield guideway stresses due to a vehicle passage
which are less than 750 pei. Pigs. 1-2 and 1-3 show that the

use of successive improvements in vehicle design through:

{1) Reduction of suspension natural frequency
(2) Redistribution of vehicle body mass
and in span design through:

(1) Use of multiple spans
(2) Use of camber

allow & reduction in span height from 7.1 to less then 3.0 ft.

in the 1350 mph case and from 11 to 4 ft. in the 300 mph case

and provide an incressed tolerance to thermal camber. Through

the successive use of imtegrated vehicle-guidewmy desiga tech-
niques, designs for advanced transport systems may be ideatified
vhich nest system performance specifications and as fllustrated for
air cushion vehicle guidewmy designs, may have reduced guidewmy

material requirements.
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2. GUIDEWAY-VEHICLE INTERACTION SYSTEM MODELS

2.1 The Vehicle=Guidevay System

The general vehicle-guidewvay system model considered in
this study is illustrated in Figure 2.1. The model is formulated
for the vertical mocion between the vehicle and the guidewmay. The
vertical motion of the guideway is excited by the full vehicle
weight wvhile lateral and longitudinal motions are excited by
only a fraction of vehicle weight; therefore, primary attention
is devoted to the vertical interaction problem. The basic design
techniques developed for the vertical interaction problem may be

extended to laterzl vehicle-guideway interaction design.
2.2 The Guideway Model

The model for the guideway is formulated in a general
sanner 90 that it is compatible with a variety of vehicles which
may use air cushion, magnetic or vheel suspensioms. For typical
guideway systems of htctuﬁ. span length to width ratios are
large enough so that individual spans may be considered as beams
rather than as plates. The model considers a structure consisting
of a fini~e series of beams which may be continuous acroes a
finite mmber of supports.® Each beam is represented by its
gensral structursl msss, stiffmess, aud damping properties so that
8 variety of detailed structure shapes ?box, I, T, inverted T,
chennsl or other shapes) and materials may bde considered.

gnddemy nodel for the limiting case of a completely contimuous
bean 1s Siscussed in [28 and 29)
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The spans are considered to rest freely upon rigid pler supports.
An evaluation of pier and foundation flexibility, mass and damping
properties is summarized in Appendix B. The work has shown that
for representative structures designed in accordance with standard
civil engineering practice, the motions of the pier supports, due
to a vehicle passage, will be small, typically less than 10X of
the motion of the guideway besm and will not, in representative
cases, strongly influence vehicle motion and vehicle~guidewvay
interactions.

When only the vertical span aud vehicle motion are
considered, the {ufluence of a vehicle upon s span may be
represented by a general force distribution £ (x,t) which may vary
spatially along the span and is a function of time while the
influence of the span dynmmic motion upon a vehicle may be
represented by the time varying guidewmy deflection profile
y(x, t) vhich 1is assmmed to be comstant across a spen width.
The complete guidewmy profile presented to the vehicle cousists
of the guidewsy time varying profile y (x,t) plus the iaitial
guidemy profile ye(:) which is & function of oaly spatisl
locsticn. The initial pofile Y. (x) may a:ize frem possible
uissligment, thermal camber, or istentiomal precember. The
wolile is apmmad to he tine imvarieat during a vehicle
peseage. Tims, the caplete guidomny profile presented to the
vehicle y, 1s:

Ve © X2 +y | a.n
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A number of analytical techniques, including (1)
lumped mass methods, (2) direct mmerical methods and (3) modal
analysis have basen developed to model beam-like structuraes.
These techniques are reviewed in [10]. In this study the
modal analysis technique is used in which the space and time
varying moi.on of a span y(x,t) is represented as the summation

of the span natural modes of vibratiom:

y(x.t) = £ A(0) ¢ (0 (2.2)

Where 0-(x) are the modal shape functions determined from the
boundary conditions and the Bernoulli-Euler besm equation and A-(t)
are time varying functions determined from solution of the beam equation
with the forcing function f(x,t). In practice the method is well
suited for distributed systems which have small inherent damping
such as guideway besms vhere damping is typically less than 35X

of critical damping [10]. The technique is particularly attractive
in this study because it provides an efficient®, general techmique
in which single and multiple span systems excited by a gemeral force
distribution f£(x,t) srising from vehicle passsge may be considered
i a uniform and consistent mamner. The detailed derivation of the

guidoway modal equations is described in Appemdix A.
2.3 The Vehicle Model
The vehicle model for this study illustrated ia Figure 2.1

may represent air cushiocn, magnetic or vheel vehicles. It 4o & two~

"er many of the systems cousidered, only s fow modes ia the summation
of (2.2) are required to represent the guidewny adequately ss die-
cuooed in Sectiom 2.5.



dimensional,rigid body vehicle with mass L and inertia I which is
capable of both heave and pitch motion and is supported upon
identical front and rear suspensions separated by a length !.‘.
Each suspénsion consists of a secondary atiffness kb and damping
bb' an unsprung mass m and a primary stiffness l:.r*- The sus-
pension force is sssumed to be uniformly distributed on the
guideway over the suspension pad length lp. The total suspension
force is represented by the force generated in the resultant
primary suspension spring k“ vhose effective displacement 1s
based upon the distance between the pad midpoint and the point

on the guideway directly beneath the pad midpoint.

For an air cushion vehicle the stiffness kn represents
the air pad stiffness, L the pad mass and kb and bb secondary
suspension perameters which may be implemented as a classical
secondary suspension or as a flexible skirt. In a similar sanner
for a magnetic suspension k" represents the magnetic gap stiffness,
LW the unsprung magnet mass and kb and bb secondary suspension
stiffness and damping parameters. For vheeled vehicles kor repre-
sents the tire or wheel stiffness, s, the unsprung vheel mass and
h‘ and bb secondary suspension stiffness and damping perameters.
The suspension pad length l., may be selected as a significant
fraction of the vehicle length to represent typical air cushiom
vehicle pads and magnatic suspemsion modules or as a very small
fraction of vehicle length to represent a tire footprint length
or vheel contact leng.h. The equations of motion describing the
vehicle model are derived in Appendix A.

®a_ 1s the total vehicle unsprung mass while ko kb and b are
t‘s”cttvoly the primary and secondary stiffness and d-p!u for each

suspension.
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2.4 Vehicle~Guideway Interaction Model Parameters

From the guideway and vehicle equations derived in
Appendix A, a set of fundamental nondimensional parameters may
be derived to characterize _he vehicle-guideway model. The
parameters required for a vehicle with identical front and rear
suspensions crossing a guideway with equally spaced identical
spans are summarized in Table 2.1. In Table 2.1 the crossing
velocity frequency Vc characterizes the vehicle speed and is
the ratio of the vehicle span crossing frejuemcy v/!.' to the
natural frequency f* of the first mode of vibration of a simple

pinned end beam of length !...

£* = n El
2 oa (2.3)
u?, \

The crossing frequency ratio is small for low vehicle speeds and

increases as the vehicle speed increases. At s value of Vc = 1.0,
the vehicle crosses the span in a period equal to the time it takes
a span to undergo one full period of vibration. At values of

Vc > 2.0 the vehicle crosses the span in a time less than the span
can complete one half cycle and the vehicle begins to "outrun” the
span. Typical velues of Vc for tracked, levitated vehicles are
tabulsated in Table 2.1. For typical 150 mph systems

0<'c< lvhiletorm-ph.yotao<vc<2.

*The value of £* in (2.3) is also the first mode frequency for a
multiple span pinned end besm.
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TAME 2.1

Fundamental ‘ehicle-Guideway Interaction Paramsters

-

~ypical Values for
Tracked, Levitated

Parameter Definicion Vehicle Systems i
)
vc: Crossing Velocity v ‘ 0+ 1 (150 sph urban
Frequency Ratio rey i system) ;
0 + 2 (300 mph inter-
IS city system) '
{1: Span to Vehicle i 1+10
Suspension Frequency pres / J :—.b- 1 i
Ratio v _ B ___l
M: Vehicle to Span (n, +m )/cat x 0.1+1.0 )
Mass Ratio . L ___{
L,: Vehicle Suspension L /2 0-+3 1
Length Ratio a 4
!
L : Pad Length to Span i) 0-1 X
P Length Ratio P e
K: Vehicle Primary to | %/ S —= Sow
Secondary Suspension ’
Stiffness Ratio : -
M Vehicle Uneprung to x- I“/I' 02 - .3
Sprung Mass Ratio 3
+
T,: Vehicle Nondimenstonal| I fa_ 1 %/12 0.75 + 1.25
Issrtia
: Vehicle Suspemsion ()
% Denping Racts b v/b\ 0.15 + 0.75
€,: Spea Dampiag Ratio b_/zp-_ 0.005 « 0.1
k: Number of Symi-
Coutinuous Spane ————e 1-—3
*
These valuss asoums that both a primary and a secondary swspension is weed.
1f a carriage suspensiocn is weed, such as the tracked air cushion ressarch



Values of the other parameters required to define the
vehicle-guideway system for typical tracked, levitated vehicle

systems are also susmarized in Table 2.1.
2.5 Solution of the Interaction Model Equations

A computer program using & fourth order Runge-Kutta
integration routine has been developed to solve the fully coupled
vehicle guideway interaction equations. The program description and
listing are contained in Appendix C. The program input parameters
required to specify a vehicle-guideway system are the nondimensional
parameters summarized in Table 2.1. The program is set up to treat
single and 2 and 3 multispan systems and prints out fromt, midpoint
and rear vehicle accelerations in g's and nondimensional midspan
mnoments and deflections as 3 function of time as the vehicle traverses

a guideway system at constant speed.

In the guideway model the number of modes required to
represent the guideway must be selected. As shown in [10], the
mmber of modes required to represent the guideway depends upon
the vehicle crossing frequency ratio Vc. For all of the typical
system designs considered in this study Vc < 2.0. TYor cases
Ve < 2.0, the contribution of each mode m to the span deflection
in a single span system is approximately proportiomsl to 1’!‘. snd in
the calculation of the aidspan deflection, the third mode* comtribu-
tion is approximately 1/81 = 1.2%.

*The even modes have no contribution to the midspan deflection of
a single pinned end spen.
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Yor a k span guideway in which the mmber of modes
is selected as an integer multiple of k*, the contribution ¢
each highex set of modes to the deflection is approximately
proportional to 1/(2 s,

The contribution of esch mode to the moment in a
single span system is approximately 1/-2. thus the third mode
contribu.ion to the midspan moment is 1/9, 11X and the use of
a finite mmber of modes to represent the guideway results in
greater errors in the moment calculation than the deflection

calculation.

For a k span guideway with m selected as an integer
multiple of k the contribution of each mode to the moment {s

approximately 1/ (E) 2.

For the design examples considered in this study k
modes (» = k) have been used to represent the guideway. In
this study guideway moments and the resul.ting stresses due to
8 vehicle passage have not provided stringent design constrants;
however, for design cases in which moments and stresses provide
strisgent deaign constrairts, the use of more nodes to repre-
seat the guideway mey be warraanted so that higher accuracy 1a
the aonent and stress calculatioa is achieved.

*Iaak spaa guidewmy the eigenvalues occur im clusters of k
eigenvalues in each band with the first, k + 1, 2k 4+ 1, etc.
eigesvalnes corresponding to the single span eigenvalues.
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To indicate the accuracy resulting from the selection
of k modes to represent the guideway, the data in Table 2.2 has been
computed for a typical air cushion vehicle-guideway system using

the full eimulation program listed in Appendix C.

In the table, the maximum steady--state values of the
system variables which occur as an 80,000 1b. air cushion
vehicle with air cushions covering 75% of the vehicle length crosses
100 ft. single and three span guideways have been tabulated for

crossing frequency ratios of 1.0 and 2.0.

For the maximum values of span deflections, suspension
deflections and vehicle accelerations, the difference in using
® = k modes and either m = 2k or w = 3k modes is less than 2%.
Por the moments the maximum difference is greater, and for the
single span system at Ve = 1.0 a 6% difference exists between
using a one -~ and a three-mode approximation.

Por all of the data the level of accuracy obtained using
8 ® k modes compared with m = 3k modes 1s sufficient for the
design examples considered in this study and is adopted.
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3. GUIDEWAYS EXCITED BY CONSTANT FORCE VEHICLES

3.1 The Constant Force Vehicle Model

The study of a guideway excited by a constant force
vehicle model, which is a limiting case of the complete vehicle-
guidewvay interaction model, illustrates a number of fundamental
vehicle-guidevay dynamic characteristics. This case is considered
in the following paragraphs.

The influence of the two-dimensional vehicle upon a
guideway span is represented by the front l"f and rear F or suspension
forces defined in (A.66) and (A.67). These forces may be expressed
in terms of the front §2f and rear er sprung mass accelerations and

front ?u and rear .’.lt unsprung mass accelerations as:

- B, WYy e+ 5y) 2L (3pe -y
Pl LR 5 + — (3.1)
v v 8 8 n L 8
- v a
¥ . -V' 1+ 32 + 32 _1‘; + (’2f + ’2!.') . ZIV (’Zf - ’21‘) (3.2)
sr 2 B 2 2 g '
"N a

A primary goal in advanced vehicle design is to achieve
passenger compartment accelerations in the range of 0.05g or less.
For vehicles which meet this goal, Yor /s ® Yo/ s < 0.05 and for

vhich the unsprung mass inertia forces are small, 1.e.
W | S

a8 . s < 0.03,
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the front and rear suspension forces on the guideway deviate
from constant values equal to half the vehicle total weight by

less than 10X and may be approximated as:

--1, (1+:21 (3.3)
2 v8 n, ¢

rlf

1 *u
- . 2 -vg 1+ ;—] (3.4)

sr
v

When (3.3) and (3.4) provide a good approximstion to

the vehicle suspension forces, the guideway dcflections, moments
and stresses may be computed independent of vehicle dynamics, and
parametric plots, may be used to determine maximum guideway loads,
deflections and stresses for many cises of interest; also, once
the deflections are computed they may be used directly to determine
the vehicle dyammic response accurately for the partially coupled
wodel. The use of a constant force model which partially decouples
the vehicle-guidewvay equations leads to considerable simplification

in the vehicle-guideway design task.

The approximations leading to ths comstant force model of
(3.3) and (3.4) involve botl sprung mass and unsprung mass inertia
forces. As noted in (3.1) and (3.2) if the sprung nass acceleration
forces are iirectly limited to 0.05g by passenger comfort requirements,
only if the unsprung mass inertia forces become a significant fractiom
of the vehicle total weight will the suspension fo-ces very signi-
ficanrly from the constant values of (3.3) and (3.4).
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For a number of low speed PRT and higher speed

urban and intercity systems, air cushion and electromagnetic
suspension vehicles have been proposed with very low -u/- < 0.1
or no unaprung mass. For these low unsprung mass systs‘,, if
high ride quality is achieved, the sprung and unsprung mass
inertia forces in (3.1) and (3.2) are small and the constant
force approximations of (3.3) and (3.4) are valid for pre-
liminary design over the compiete range of operating conditions

considered in this report.

For some types of PRT system wheeled vehicles,
unsprung mass ratios exceeding 0.15 have been proposed while
the tracked levitated research vehicle {6] and electromagnetic
suspension vehicles* [30--31] have been proposed with unsprung
mass ratios in the 0.33—0.66 range. The range of operating
conditions for which the constant force approximations are
valid for these large unsprung mass systems is discussed in
Section 3.4 vhere direct crmparisons of the fully coupled and the
partially coupled models are presented. The work presented in
Section 3.5 and Appendix G shows that for vehicles with unsprung
mass ratios less than 0.66, if the crossing velocity Vc is less

than 1.5, the suspension force variation is less than 15% {if v/ g <
s

fv and the sprung mass acceleration is limited to less than 0.07g.
Thus, a considerable operating ra:ge of interest exists for

*The unsprung mass depends to some extent upon the type of
propulsion, its coupling to the vehicle and presence of a
chasis housing the suspension and propulsion elements.
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vehicles with large unsprung mass ratios and high Jcvels of
passenger comfort for which the constant suspension force model
is sufficiently accurate for preliminary design. Additional
paramerric data is presented to show the levels of force
variation which occur for v/z > fv as a function unsprung
mass ratio, suspension unspru:g to sprung mass frequency ratio
and crossing velocity ratio. For cases v/z > 5 fv’ Hu = 1,0, it
is shown that the force variation may exceed 50X and the par-
rially coupled model agrees poorly with a fully coupled model.
These operating ranges in which significant force variation
occurs are identified where a fully coupled model is required

to determine vehicle guideway interactions.

3.2 Determination of Span Deflections and Moments

In the constant force vehicle model the guideway
sotion is uncoupled from the vehicle dynamics and d.:pends only
upon the vehicle weight, speed and pad configuration. The non-
dimensional equations describing a multispan guideway excited by
a constant force vehicle mndel may be derived directly from

Appendix A in terms of the nondimensional span dynamic deflection

Y as:

Mx0) = ba (0 (3.9)
wherc for each mode a, is determined from:

2
da, + 2o da 4+ Gz-
) dc
where it is noied i.f - F

1
“- - Iy lw.‘fo’LP) + ‘-(‘"’Lp))(s 6)

or = 1 has been used inthe derivation
2
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of (3.6) and where the mode shape functions ;- and forcing functions
w- are derived in Appendix A.

Using the solution of (3.6) the nondimensional guideway
deflection Y(x,T) due to the passage of a constant force vehicle
may be determined directly from (3.5). In addition, the non-
dimensional bending moment ﬁt’ vhich for a given span configuration
is directly proportional to the nondimensional stress, may be

computed directly from (A.79).

The maximum guideway deflections, moments and stresses
due to a constant force vehicle passage have been determined to
illustrate guideway dynamic performance characteristics. The
values of the maximum midspan deflection and mament which occur
on any span in a k span system are presented, i.e., Y- and iu have
been determined as:

Y = Maximum of [Y(1/2, T)| peeeeerecennencs Y(1/2,7) ] ]
iu- Maximum of [ﬁt (1/2, r)|1_1,.............itu/z.z)|1_k1

wvhere all spans in a k span system are searched for the maximm
values for a given vehicle passage and where:
Y(1/2,7) | 4 = nondimensional midepan deflection of the

th

i span in a k span systea.

it (1/2,v)| 4 = wondimensional midspan momemt of the gth

span in a k span system.
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The nondimens’onal maximum midspan deflection Y- and

moment itn are functions of the following parameters:

1. Span Configuration*: k multiple spans
2. Span Damping: E-

3. Vehicle Configuration

(a) Pad Separation distance: L_= !,./!.s
b) Pad L h: L =2 /%
(b) Pad Lengt » p/ s

4. Vehicle Guideway Nondimensional Crossing Velocity: Vc

Data illustrating the influence of these parameters
on Y_ and H_ 1s presented in Figures 3.1 to 3.11. The data for
the k multispan guideways (k,finite) has been obtained with the
computer program listed in Appendix D using k normal modes for
each configuration. The data presented for the continous span

(k=) gystems has been obtained from [28 and 29].

Data in Figure 3.1 shows the nondimensional maximum
uidspan deflection which occurs in single (k=1), sultiple (k=3)
and continuous (k=) spans due to the passage of a single concentrated force.
Por all three span systems for vc<o.s, the maximum deflections are almost
independent of vc and equal to the deflections calculated from
static beam theory. In this operating range, Y-=1.0 for single

spens vhile for cthree span and continuous spans it is reduced to

%¥or all the data, the k spans in a given configuration are assumed
to be of equal length and identical in cross section properties.
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0.7 and 0.53, respectively due to tne transter of moments acrnss
support points in the multi and continuous span sysiema. For
guideway designs which are deflection limited, and operate in this
quasi-static region, the use of multiple spans would allow either
a reduction in span cross section required or an increase in span

length (therefore fewer supports)compared to use of single spans.

In the range 0.5 < Vc < 1.0, Figure 3.1 shows that Y.
increases vith Vc for the single and 3-span system while the deflec-~
tion of the continuous system remains essentislly at its static
value. Thus, the continuous system has both a reduction in static
deflection and an increased operating range over which its behavior
is quasi-static compared with single and multi-span systems. Por
a 100 ft. length, 3 hertz natural frequency span, the response of
single and multiple span systems is quasi-static for vehicle
speeds up to 100 mph while for continuous spans it is quasi-static
up to 200 mph.

Por Vc > 1.0 dymamic effects become importan: for all
span systems with the single span reaching a maximm deflection
of 1.76 at Ve = 1.33 and the three- and continuous-span systems
reaching maxima of 2.6 and 2.4, respectively, near v: = 2. The
ratio of the pesk deflection to the static value at 'c w0 in-
creases as the number of spans increases, from 3.7 for a three-span
to 4.6 for a continucus guideway. This increased dynsmic ampli-
fication, as the mmber of spans increases, occurs because in

sultiple spas systams the excitatiom on one span canm propagate



to and excite adjacent spans. In single spans the vehicle force only
excites the span on which it is located; each span is at rest before
the force arrives and its deflection is limited by the transient
passage of the force. As the number of spans increases, the peak
deflection occurs at values closer to Vc = 2 which corresponds to
the resonant excitation of the system at its first-mode natural
frequency (span crossing time coincides with a half cycle of free

vibration).

Data ic Pigures 3.2 and 3.3 illustrate the influence
of span dsmping on values of !- and ﬁt- for single concentrated
force vehicles crossing 1,3 and 5 span systems. PFor values of
Vc < 1.0 increasing the span damping from 0 to 0.1 has very
1little influence on either deflections or moments, however,
near 'e = 2.0, spen damping significantly influences the dynsmic
response. At & resonant condition, span damping of 0.1 reduces
the deflection and moment of a single span by 12X, of a three
span system by 353 and of & five span system by 43% in comparison
to systems with sero damping.

The data ia Figures 3.4 to 3.7 illustrates that for all
crossisg froquency valuss, Y  and iu are decressed as the pad
length imcresses. PFor vc < 0.4 in the single span case, Y- and
R, sre reducet to 808 for L = 0.5 and to 602 for L = 1.0 of
ths sero pad leagth valuwes, while for the thres span case !-lﬂ
i, ore reduced to 852 for L, = 0.5 and t0 S7X for L = 1.0 of the

sero pad length values.
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At higher crossing frequency ratios as the pad length is increased

the values of Y- and it- are also decrcased, At the three span

resonant condition, Y‘ and ﬁm are decreased by 14% for Lp = 0.5

and by 50X for LP = 1.0 for zero span damping and by 11% for LP -

0.5 and by 441 for Lp = 1.0 for 0.1 span dawping cumpared to the zero pad

length case.

The pad length has an additional influence upon the
values of Y- and ﬁt-; as the pad length is increased, the crossing
frequency ratio Vc at which span dynamic effects become important

is increased. The values of Y  and #tm arc almost independent of \A

and equal to the static case values for Vc < 0.4 at I‘p = 0. and for
Vc < 0.7 at LP = 1.0 for t.he single span case and in the three
spen case for Vc < 0.5 at Lp = 0, and for Vc < 1.0 at LP = 1.0.
Thus, for a given span systes a vehicle with a distributed sus-
pension force on the guideway not only produces smaller moments
(stresses) and deflections, but may also be run at higher

speads before span dynamic effects become significant in compari-

son to a vehicle with a more concentrated suspension force.

Figures 3.8 to 3.11 1llustrate the influence of
vehicle length upon span deflection and moment for the cases of
L, = 0.8 and L, = 1.6 with pad lengths of O and 50X. At lov crossisg
frequency ratioe, 'c < 0.4, the data for the single and three span
systems indicate that Y and it- are reduced by 501 for both L = 0.8

and I.'.* = 1.6 in comparison to the zero leagth vehicle.
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64 L‘ > 0.5 only half the vehicle wveight is at the midspan while
the other half is off the span, thus the deflection is reduced by

50X in comparison to a zero length vehicle.

When a vehicle vith two suspensions is considered, the
repetitive forcing of the span by first the front suspension
and then the rcar suspensiou ieads to a mmber of crossing

frequency ratiss Vc at vhich local relative maximums in Y‘ and

ﬁu may occur as illustrated in the zero pad lemgth data. For
vehicles vith pad length ratios of 50 these local maximums are
essentially eliminated and for Vc < 0.8 the values of Y- and
ita for L. = 0.8 and 1.6 are equal and are 50% of the corres-
ponding values for L. = 0.0.

At values of 1 > vc a span resonant condition may occur
which is significantly influenced by vehicle length. For both
the single and three span systems, the longer vehicle, L. = 1.6,
has & significant increase in Y and . L.e. iy 24and W =28
st V_ = 1.9 while the vehicle L_ = 0.8 and t.’ = 0.0 has very little
incresse in Y and H_, 1.c. maxtmm values of Y, "0.8andf _=1.2
at ‘c ® 2.2. This marked difference in behesior between the low
crossing frequency ratio cases, Vc < 1.0, in wvhich data for the
two vehicle lengths are similar and the high crossing frequeacy
ratio cases Vc > 1.0 ia which the data is significantly differeat
oceurs because the phasing between the front and rear suspemsions

is wot as significant a factor for 'c < i.o as it is st s nearly

=21



resonant condition where Vc = 2.0. For the vehicle L. = 0.8

.t V= 2.0, the rear suspension approaches the midipan at a time
when the span is moving upward with a positive velocity and tends
to decrease the deflection. For the vehicle, L‘ = 1.6 at

vc * 2,0, the rear suspension approaches the midspan at a time
vhen the span has sustained almost a full cycle of oscillation

and is nearly at its -xiin upward deflection and thus reinforces

the oscillaticen.

3.3 Vehicle Excitation

As the span is excited by the vehicle passage and under-
goes a dynsmic deflection, the vehicle is excited by the span
dynamic deflection beneath the suspensions. For the two-dimensional
vehicle model the influence of the span upon the vehirle may be
represented by the nondimensional deflections under the front and
rear suspension attachment points,i.e. Yof (x,1) and Yor (x,1).
These deflections are periodic for a vehicle traveling at comstant
velocity. PYor a single span system the deflections are periodic
for each span crossing, while for a k span semi-continuous system

they are periodic every k span crossing.

At low crossing frequency values, vc < 0.4, in which
the span responds in a quasi-static manner, the suspension deflec-
tions may be calculatel from the classical beam theory of (3.5)
and (3.6) for deflection under a distributel load traveling across
the besm®.

.u.urc G.S presents the time history of the suspension point
in comtact with the guideway for a constant traveling force.
The influence of the small amplitude oscillation of the lightly
demped span about its static equilibrium point is shown for low
speesd vehicles.

3-22



For two suspensions, superposition may be used to calculate
the deflection due to both forces. In the quasi-static case,
the front and rear suspension deflections reach maximum
values which are equal to maximum nidspan guideway deflection
values given in Figures 3.1 to 3.11 for Vc = 0.2 and are

simply related.

As the crossing frequency increases span dynamic effects
become important and the front and rear suspension deflections
differ in magnitude. Data to 1llustrate these dynamic effects
have been determined for the constant force vehicle model with
I.. = 0.8 for crossing frequency ratios of Vc = 1.0 and 2.0. The

data is presented in Figures 3.12 co 3.15 as plots of Yo and

£

Yor versus nondimensional time, 7, with t= 0 corresponding to
the front suspension midpoint at the position X = 0 for the

first spen of a k span system.

The data in Figure 3.12 shows the difference between

the front and rear deflections for Vc = 1.0; Yo vhich until the

£
second suspension reaches the span results from the front
suspension forcing an initially at rest span, decreases mono-
tonically with increasing time frow T = 0.6 until a maximum
negative value of -0.8 is reached and then increases monotonically
until Y , = 0 at 1= z'/vc"or' vhich results from the rear
suspension forcing a span which has already been excited by the
front suspension, sustains both positive and negative deflections

and reaches a meximum negative value of -0.7. PFor the suspension
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length L. = (0.8 the rear suspension reaches a support at v = 0.8

2“ =
(vc) vhere Y__ = 0.0.

At a higher velocity, Vc = 2.0, the front
suspension "outruns" the span and the maximum deflection is
~0.4 wvhile the rear suspension reachns a maximum deflection
~0.78 crossing the span which has already been excited by the

front suspension.

A compari‘sou of Figure 3.12 for zero pad lemgth with
Figure 3.13 for 50X p~d length indicates that at Vc = 1.0,the
deflections are somewhat similar in waveform to the case Lp =0
with the saximm deflections reduced for Lp = 0.5 by 152 for the
front suspension and by 8% for the rear suspension compared to
the case L" = 0. For the higher speed case, Vc = 2.0, there is
less than 5X differerce between the suspension deflections for Lp = 0.0

and the corresponding deflections for Lp = 0.5.

The date n Figure 3.14 illustrates the front and rear
suspension deflections vhich occur on a 3 span semi-continuous
systaa for L’ = 0.0. The moximm deflections for the lower
speed, vc = 1.0, for the front suspension and for the rear suspension
are respectively 22X sud 17X less than the corresponding single
span results of Figure 3.12. Por the higher speed case, Vc = 2.0,
the maximum deflections for the front and rear suspensions are

respectively 20X r vre and i%% less than the corresponding siagle

spaa data.

A comparison of the thre: spaun data in Pigure 3.14 for l.’ = 0.0
awd 3.15 for Lp = 0.5 at Vc = 1.0 indicates that a 50X ped length reduces
the maxinum front and resr suspension deflectioms by 27% and 21X
respectively compared to the zero pad length case.
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At the higher speed, Vc = 2.0, the 0.5 pad length front and rear
suspension maximum deflections are respectively only 6% and 4%
less than the maximum suspengsion deflections of the zero pad

length vehicle.

3.4 Computation of Vehicle Dynamics Using the Constant Force
Vehicle Approximation

An efficient method of determining the steady-state
time histories and rms accelcrations and deflections of a vehicle
may be formulated based upon the comstant force vehicle approxi-
nation. This method of computation allows a factor or more
reduction in computer time compared to a fully coupled numerical
integration solution methou. Por vehicles in which the sprung
and unsprung mass acceleration forces are small enough so that
the front and rear suspension forces st and Fnr of (3.1) and
(3.2)may be represented as the constant forces in (3.3) and
(3.4), vehicle dynamic motion may be c.mputed accurately in the

folloving manner when a linear vehicle model is considered:

(1) The guideway motfon is dctermined from the constant
force vehicle xodel and the nondimensional deflec-
tions under the vehicle froint and rear suspensions
are determined.

(2) The suspension nondimensional deflections, which are
periodic functions, are represented in terms of a
finite Pourier cosine and sine series.

(3) Using a vebicle description in terms of transfer
functions and the Fourier representation of the
suspension deflections, the vehicle nood imensional
acceleration time histories and rmes accelerations,
as a function of frequency,are determined.
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<his description of the vehicle-guidevay system

allows full coupling between the guideway deflection and the

vehicle dvnamic motion, but ussumes the vehicle forces on the

guideway are due only to vehicle weight with the variation in dynamic

suspension forces acting on the guideway neglected.

The vehicle front and rear suspension deflections may

be determined directly as described in Section 3.2 using the

progran listed in Appendix D. These deflections are periodic

over k spans for a k span system ard may be represented in terms

wvhere:

. of a Fourier series as:

n
-a + 151 [aﬁ cos wit + bf:l sin wit]

Yofn
n
orn ™ ®ro +1§1 [ati cos w,t + bri gin wit]
th N
Yofn (Yom) n  order Fourier series representation

of Yt’f (Yor)

a8 s bfi' bri = non dimensional Fourier series

coefficients

2::" = crossing frequency of k span system

01'
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The Fourier series coefficients may be defined in terms of

» - - / - :
X vt/!.’ and xd v:/z. 2‘/£s-vr,£s L‘

k

_bf Y . (X) dx

a =1 Kl
ro { Y, (xd) dxd

%o -

"l

and for 1 =1 ton

B¢y '% f Y (X) cos (2t gx
[+
k=), X,
a_, .% {' Yor (xd) cos [ X ] dxd
- a
k
amiX
- X) sin [ ) dX
bey =2 5 Y M
k
[+]
k-L 2nix
- a '——.ﬂ. dX
by 12_[ Y, (X) sinf 519K,
- a

The nondimensional Fourier coefficients for the fromt
and rear suspension displacements have been determined by imple-
menting (3.9) through (3.14) with direct numericai integratiom
as a part of the digital computer program listed in Appendix D.
The Fourier coefficients are determined so that the representa-
tions of ‘ofu and Yoru reproduce the exact phase rclation of the
front and rear vehicle suspension deflections as they occur on

the vehicle.

-3

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)



If periodic guideway camber or misalignment is present,
it 1is added to the contribution to Yof and !ot provided by the
guideway dynamic motion and the resulting complete suspension
motion, Fourier analyzed. The program in Appendix D computes
Fourier coefficients for both initially flat guideways and also

for guidevays with a specified, periodic initial (camber) shape.

With the representation of the vehicle front and
rear suspension motion by (3.7) and (3.8), the acceleration
at any point on the vehicle may be camputed using vehicle
transfer functions. In general, it is convenient to define two
components of acceleration - the vehicle heave ecceleration
at the cenier of mass and the vehicle (pitch) angular
acceleration about the center mass. These accelerations may

be computed as:

Yc- 0.5 Th (Yof + Yor) (3.15)

§ = 0.5 Tp ('of + Yor) (3.16)
vhere: .

Y. " ?e'lws y*) = nondimensional vehicle center of

mass acceleration

§ = 6/(&3) = nondimensional vehicle angular acceleration
about the center of mass
'l'h = nondimensional vehicle heave transfer functiom

T ? = pondimensional vehicle pitch angle transfer function

w0, - vehicle heave natural frequency

3-32



The accelerations at other points on the vehicle may be
computed directly from these accelerations. For example, the
nondimensional acceleration on the vehicle body at the front

Yzf and rear Yzf susi 2nsion attachment points are:

S “ ol )

a
Y2f - Yc +6 ?y‘*
o a N

a
Y21' - Y4: 2y*

vhere 0.5 23' is the suspension attachment length from the
vehicle center of mass, Accelerations at other points on the
vehicle may be computed by replacing 0.5 R.a by the appropriate

distance from the center of mass to the point of interest.

By noting that Yor and Yof may be represented by
the Fourier series of (3.7) and (3.8) and that the heave and
pitch transfer functions may be represented in terms of their
magnitude and phase, the steady-state heave and pitch
accelerations as a function of time for each frequency may be

expressed as:*

A
L)

Y4 =05 | T, (jﬁi) | cos &1t [(au + au) cos OM

+ (Isn + b“) sin em]

+0.5 | T (,101) | sin &it [- (auﬁ au) ein GM

+ (bgy + b)) cos em]

#In determining the vehicle accelerations, the contribution of the
average deflection represented by brot b“’ Bgo "fo is zero.
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-~

61- 0.5 l Tp (jwi) ' cos mit [:(lf1 - .ri) cos epi

+ (b = b)) ein epg

+0.5 ] 1, (Ju) | etnwt [- (agy - ayy) sin 8,

+ (b - b ) cos epJ (3.20)

~

~
Y., = heave acceleration at frequency w

ci b §

~
o

~
61 = pitch acceleration at frequency wy

Oh1 = phase angle of Th (jwi)

epi = phase angle of rp (jwi)

J=/T

The steady-state heave and pitch accelerations versus

time are determined by summing over all frequencies as:

- a &
Y = Y
€ 4ap3 i (3.21)
b a 2
6 =3 61 (3.22)
is}]
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The rms accelerations at a given frequency w, may also

be readily determined using (3.19) and (3.20) from the relationships:

v f 1212

v, -V, v, | a (3.23)
o

- \/ g oo ool

s, =V j [vci] de (3.24)
(-]

n
'ci = rms nondimensionsl heave acceleration at frequency

Oy

§, = rms nondimensional pitch acceleration at frequency
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For a vehicle described in terms of the heave and
pitch transfer functions, the steady-state acceleration versus
time and rms acceleration at any given frequency may be decermined
directly using (3.19) -- (3.24). Por the two-dimensional vehicle
model described in Chapter 2, the vehicle heave and pitch transfer

functions are summarized in Appendix A.
3.5 Comparison of the Partially and Fully Coupled Model Simulations

To illustrate the degree of approximation resulting
from the constant force vehicle model in comparison to a com—
pletely coupled model, vehicle accelerations, suspension forces
on the guidewvay, and guideway deflections under the vehicle
suspensions have been computed with the fully coupled vehicle
model and with the constant force model described above. The
results are presented in Figures 3.16--3.19 for the two vehicle
systems defined in Table 3.1 where a sufficient number of span
crossings have occured prior to those presented so that a steady-
state periodic response is achieved.* The vehicle parameters
have been selected to yield maximum vehicle body accelerations for
Vehicle A in the range of 0.05 and Vehicle B in the range of 0.1g
and correspond to vehicles with a relatively large unsprung to
sprung mass ratio of 0.25.#* The other vehicle parameters are
typical of advanced TLV systems.

*For the full simulation 5-10 span crossings are typically required

to achieve steady-state. The mmber of terms used in the Fourier
series representation is 2ktl.

#*The sprung mass secondary suspension natural frequency is 1.0
herts; the unsprung mass-primary suspension spring natural fre-
quency 1is 6.3 herts, and the span crossing frequency is 4.4 herts.
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Guideway midspan and vehicle suspension pad displace-
ments and suspension forces on the guidoway are presented in
Figures 3.16 and 3.17. For the 0.05g vehicle the suspension
forces differ in magnitude from constant values of 0.5 by less
than 0.05S, while for the 0.1g vehicle the suspension forces
differ in magnitude from constant values by less than 0.1. The
bean maximum nondimensional midspen deflection computed from the
full simulation is 0.736 and from the constant force model 0.74
for the 0.058 vehicle, while for the 0.1g vehicle it fs 0.88 from
the full simulation and 0.91 from the constant force model. The
time histories of the deflections sustained by the vehicle
suspension pads for both the constant force and full simulations

are similar for both vehicle systems.

Vehicle accelerations at the front and rear suspension
attachment points computed from the full simulation and computad
from a Tourier representation of constant force deflections and
subsequent transfer function representation of the vehicle are
preseated in Figures 3.18 and 3.19. The acceleration time
histories for the two simulation methods are similar with the
maximum acceleration for the 0.05g vehicle predicted by the full
simulition resching 0.06g's and that of the comstant force Fourfer
model reaching 0.64g's. For the 0.1g vehicle the full sismlation
accelerstion approaches 0.116g's and the constant force Pourier
model accelerstion approaches 0.120g's.

The 42ta fllustra 38 for both vehicles comeidered the
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validity of a constant force vehicle model in system performance
computation for high speed, high passenger comfort level vehicles
which have a relatively large unsprung mass equal to 25% of the
vehicle mass. Additional simulations of the two guideway systems
described have indicated that for similar vehicles with unsprung
mass ratios less than 0.25 the constant force approximation is

also valid.

Parametric data is presented in Appendix G based upon
a reduced order vehicle model (La = 0, Lp = 0) which shows the
range of parameters for which suspension force variations are
limited to 15% if the vehicle sprung mass accelerations are
limited to 0.07g. This data for undamped, single span guideways

has shown that:

(1) For span encounter frequencies v/z less than

half the suspension natural ftequeﬂcy £,
v/" < 0.5 fv’ the maximum torce variafion is

lesd than 102 for the full range of crossing
velocities .15 < V. < 1.5, unsprung to sprung
mass ratios .15 <M < 1.0 and unsprung to
sprung mass naturalufrequency ratios 2.5 <

f < 10 considered. In this range the fully
ald partially coupled vehicle models agree
within 10X in the prediction of vehicle anc
span dynamics.

(2) Por span encounter to suspension frequency
ra. ios vlz < fv’ the maximum force variation

1s less thin 15% for the full range of crossing
velocities .15 < V_ < 1.5 and unsprung to sprung
mass frequency rutlos 2.5 < ﬂu < 10 1f .15 < Hu <

.66. In this range fully and partially coupled
models agree within 15% in the prediction of
vehicle and span dynamics.

(3) Por span encounted to vehicle suspension fre-
quency ratios vll > t' the suspension force
s



variation is strongly dependent upon Hu' Qu

and v/ LE" The range for which suspension
8V

force variations are limited to 157 is dis-

played in Fig. 3.20 vhich is reproduced from
Fig. G.1l1.

Using the data in this chapter and Appendix G
an initial estimate of the range of system parameters for
which the partially coupled vehicle model is useful for
preliminary design may be made. As shown by the data presentod
for many of the advanced transportation of current interest,
the partially coupled vehicle model may be used for preliminary

design estimates over significant operating regions.
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4. GUIDEWAY DESIGN FOR PASSENGER CARRYING VEHICLES

4.1 The Design Factors

The design of an elevated vehicle-guideway systen is

influenced by a number of factors including:

(1) Structural loading due to (a) the vehicle live
loads, (b) the structure dead loads and (c)
environmentally relat.d snow, wind, thermal,
earthquake and settlement loads.

(2) Passenger safety and comfort.

(3) Community environmental impact.

(4) Cost.

The design constraints tor advanced urban and
intercity systems represented by these factors are discussed
in [11-14], while the structural loading constraints considered
in highway bridge design are summarized in the AASHO document
[15]. Of the factors listed, the two for advanced levitated,
vehicle systems which are primarily different from highway and
rapid transit elevated structure design are the influence of
vehicle induced loads on the guideway and the 4csign of a
vehicle-guideway system to meet a specific passenger comfort
criteriza. The distributed suspension forces and the high vehicle
speeds (150 - 300 mph for proposed vehi.-ies) produce load conditions
which are nct readily accounted for in the analysis described in [5}.
The passenger comfort specification for classical guideways has
traditionally been in the form of a guideway dynamic deflection

to span length constraint such as the 1/800 constraint in ([5].



Data for urban air cushion vehicle system in Chapter 5 indicates
that a simple guideway deflection ratio constraint is an in-
adequate method of specifying comfort because the level of
passenger comfort is strongly dependent upon both the vehicle

and the guideway characteristics.

Rather than indirectly specifying passenger comfort
in terms of a span deflection to length ratio, the U. S.
Department of Transportation has specified passenger coafort
in terms of permissible levels of vehicle passenger compartment
acceleration over the vehicle operating specd rarge. The
specification used in this report is derived from the
International Standards Organization rms acceleration
versus frequency criteria illustrated in Figure 4.1, in
vhich a maximum level or rms acceleration is allowed for
each frequency component of vehicle acceleration. This
criteria applied in this report to the vertical vehicle

accelerations produced by vehicle guideway interactions.

For a vehicle-guideway system for which a preliminary
dedign has been completed the computer program listed in Appendix C
which is based upon the complete vehicle-guideway iuteraction
model nay be used to determine vehicle passenger compartment

accelerations, suspension deflections and guideway loads, deflections,
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and guideway loads, deflections, moments and stresses. Complete
interaction simulation programs are useful to assess a prototype
design capability to meet design sper ifications; however, they do
not provide a simple, direct method for determining the guideway
structural properties required to meet a passenger comfort
specification as shown in Figure 4.1. 1In this chapter a method

is developed, based upon the constant force simulation which pro-
vides a preliminary estimation of the guideway structural pro-
percies required to meet the passenger comfort specificatior given
in Figure 4.1*% and to meet a given moment or stress level in the
guideway. Since the passenger comfort specification of Figure 4.1
tends, for typical advanced systems, to be a more stringent design
constraint than dynmmic stress or moment it is considered first
and then the dynamic stress level is checked to insure it is

acceptable.
4.2 A Guideway Design Procedure

A procedure for determining the guidews; main support
Leam structural properties required for a vehicle runving at its
design operating speed to meet the rms acceleration passenger com~
fort specification in Pigure 4.1 is outlined in this section.
The procedure utilizes the computation method descridbed in Sectiom

3.4 to determine the nondimensional acceleration at the vehicle

*The design procedure may be used with any passenger comfort speci-
fication which specifics rms acceleration as a function of fre-
quency or which uses a weighted sum o’ rms accelerations at
selacted frecuencies. With some modification it may be adapted for
use with criteria which specify peak acceleratioms.

&4



body front and rear suspension attachment points. These
accelerations are considered to be representive of passenger
compartment accelerations and are required to meet the
specification of Figure 4.1. 1In the procedure uniform cross-
section, simply supvorted single and multiple spans are considered.
The parameters listed in Table 4.1 are assumed to be specified
prior to the detailed design of the span cross-section, i.e. the
vehicle properties are specified as well as span material, lergth

and general cross-section shape.

With the specification of the span properties in Table 4.1
only two general parameters3 remain which can be independently

specified to describe the span's influence upon the vehicle:

(1) the flexural rigidity*: EI

(2) the mass per unit length*: pa

For a given spun system the flexural rigidity and the
mass per unit length have been included in a general way in the
nondimensionalization of the span deflections and the vehicle
accelerations through y* the nominal deflection of a single
pinned end span due to a force equal to the vehicle weight

concentrated at midspan:

2w 23
8

yh = % (4.1)
7 Bl

*Note: these actually reduce to { and a since p and E are specified
in Table 4.1.



TABLE 4.1 SYSTEM PARAMETERS SPECIFIED PRIOR TO SPAN CROSS SECTION DESIGN

(1) The vehicle properties
(a) Vehicle design operating speed: v
(b) Vehicle weight: W

(c) Vehicle pad length: lp
(d) Vehicle suspension attachment length: Ea

(e) Vehicle secondary suspension natural frequency: wv - Zﬂfv

(f) Vehicle suspension dmaping ratio: Ev

(g) Vehicle suspension stiffness ratio: K
(h) Vehicle unsprung mass ratio: Mu

(1) Vehicle inertia ratio: i‘_

(2) Basic span length and general configuration for which a design
is required.

(a) Span length: ls

(b) Span configuration: k span

(c) Material: elastic wmodulur E and density p
(d) General croas-section shape

(e) Span damping



and though the first mode beam natural frequency f* of a k span
. T /Q-_Wcs_ /l
202 Y a
s s

v

system:

wvhere ¢ =
]

h-X1-]

With the paramete.s in Table 4.1 only one additional
parameter requires spec:lf':\l;cati.:n so that the nondimensional
rms vehicle acceleration(;z - iiz/wzvy*) may be computed using
the Fourier coefficient--transfer function analysis described in

Section 3.4-~the vehicle cconsing frequency ratio Vc:
2%
V = _"_* - ___8 , a
c !.sf cg x 1

For a given span material the selection of Vc
essentially specifies the ratio of I/a for a span. Thus,
based upon the general span dynamic information in Chapter 3
a value of Vc can be selected for the vehicle operating speed,
implicitly selecting I/a, and then the vehicle nondimensional
ras acceleration as a function of frequency can be calculated

by the methods in Section 3.4.

Since the rms accelerations at all frequencies are
normalized by the same factor, they aay be proportionally
compared with Figure 4.1 to determire the frequency corres-
ponding to the limiting nondimensional acceleration and the

&7

(4.2)

(4.3)



corresponding limiting dimensional acceleration. If the limiting
dimensional acceleration in g's determined from Figure 4.1 is

designated -y-ld and the corresponding frequency wy

from the definition of the nondimensional rms acceleration
",

v a
(Y2 (wd) = 3}2 (wd),’f.)iyi) the following expression for the

. then directly

span EI required to mateh the vehicle dimensional rms accelera-

"
tion ¥ to the desired limiting ac~eleration .};Zd is from Fig. 4.1:

v
Y, (w)) 3
e - =X N e LR (4.4)
32.2x 7 Y2d
where EI is in 1b-1n2, W is in 1lbs., ’;Zd is in g's, fv is in hertz
and the corresponding value of y* in feet is:
y
y* = 2 —22_ 4.5)
\{2 (md) 4n”f v

With the determination of EI, since the span material properties
are known, the cross section area, a, may be determined since I/a
was implicitly specified in selecting Vc (4.3) to complete the

specification of the two independent span parameters

While the direct application of the procedure outlined
above will determine the span structural properties required to
meet the passenger coatcrt gpecification of Figure 4.1, the
span I/a and ares a, may not correspond to a convenient standard

section beanm.
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For steel I or box teams a set of standard size and cross-section
berms are available. For prestressed concrete spans a number of
general shapes, configurations and sizes are also available. The
use of standard sections o1 sections which are easily fabricated
may lead to a reduction in guideway cost compared to the use of
nonstandard sections. To design a beam so that a standard span
section or a given speciiic type of section is obtained for a
g'ven beam material imposes an additional constraint upon beam
design which relates the cross-section inertia I and the inertia
to area ratio I/a. The particular relationship between I and I/a
depends upon the span material and general cross section con-
figuration. In this report only prestressed concrete spans

are considered in detail.*

The relationships between I and I/2 and between 1 and
span height, h, for prestressed concrete guideway structures which
have been designed by a number of organizations are contained
in Pigure 4.2. All the spans represented have been designed for
span lengths between 75 and 100 ft. Also plotted in the Figure
is the relationship between I ani 1/a and between I and the span
height, h, for the twin I-beam span sketched in Figure 4.5. The
data for #11 the spans generally clusters about the curve for the
twin I-baem span for botliu 1 versus I/a and 1 versus h.
®Cost estimates for urban tracked air cushion vehicle guideways [11]

{adicate that concreie spans in the designs considered to Jate lead
to a lower cost structure thau steel spans. Although only comcrete

spans are concidered in d-tail, the design may be casily extended
to other types f beams.
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Spans which for a given I have a larger I/a require less material and
have a higher natural frequency than spans of the same material

with lower values of I/a. The value of 1/a for a given I is an
indication of the span efficiency of material utilizutiom. All

the spans which have a larger I/a for a given I than the twin

I-beam span also are greater in height at a given T then the twin
I-bean span. Since the twin I beam span is representative of

the data in Figure 4.2 it is used for purposes of 1llustration in

the design examples discussed in this report.

The design of a guideway structure to meet both the
passenger comfort criteria in Pigure 4.1 and to provide a beam
design which corresponds to a given class of beams as defined by
a specified relationship between I and I/a such as is shown in
FPigure 4.2 may be accomplished by using the design steps outlined
above in an iterative manner. Thus for a given class of beams
for which a relationship between I and I/a is specified an iterative
design procedure which will identify* the particular besm required
so that the ride comfort specification of Figure 4.1 1s satisfied
at the vehicle operating speed may be summarized as indicated ir
Table 4.2.

The procedure outlined in Table 4.2 is an iterative design

procedure. The mmber of iterations required to achieve a strucumre

*The possibility exists that for a given limited class cf beams
it is not possible to satisfy the passenger coafort constraint of
a given vehicle system.
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Step 1:

Step 2:

S.ep 3:

Step 4:

Step 5:

Step 6:

TABLE 4.2

DESIGN PROCEDURE STEPS

From the initial vehicle and span specification data
corresponding to the quantities in Table 4.1 compute:
Lp - !.P/!.', L - ﬁ../l...

Select an initial value of Vc and determine the Fourier
suspension deflection coefficients from the data in

Appendix F or using the computer program listed in

i
{ =1 to 2k is sufficient.

Appendix D for each w, = Ti%'i of interest; usually
sV

Determine the vehicle nondimensional rms front and rear
accelerations as a function of the frequencies ;1 either
using equations (3.23) and (3.24) or using the computer
program listed in Appendix D.

Using the passenger comfort specifications of Fig. 4.1

- 2niv
:lctnim wvhich nond imensional rms acceleration Yzf (T‘—k_ .

- 2niv 2niv
!zt (f:k_) st which frequency w, = _l.‘k provides the

liniting acceleration covstraint, and determine the
corTesponding limiting dimensional acceleration ?u from
the plot im Pig. 4.1.

Using equation 4.4 compute the span EI and them using
the value of E, determine I.

Por a given class of spans rsfer to 7ig. 4.2 (or ac
equivalent Figure for the Jesired span class) and

determine the span ares a.
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Step 7: Compute the span crossing frequency ratio Vc from
equation (4.3) and compare it with the initigl
value selected in Step 2. Select a new value of
Vc and return to Step 2 and perform steps 2 through 7
again. The iterative design should be repeated until
convergence is reached on values of the span I and
a vwhich meet desired levels of design accuracy.

Step 8: After the design values of I and a have been determined,
compute y* from (4.5). The maximum span deflection
and stress may be computed using the definition y--Y-y*
and equation A.78 from the information in Appendix F in
vhich the nondimensional deflection and stress are given

or from the Appendix D computer program.

*
When guideway surface irregularities as well as deflections are
considered, the steps outlined here represent only a part of the
overall design process. Additionsl design steps must be considered

to treat both surface irregularity and deflective generated vehicle
accelerations.

414



design vhich for two successive iterations is within desired levels
of design accuracy can be minimized with a good selection of the
initial value of the crossing frequency, Vc. The design data
developed in Chapter 5 for both 150 mph and 300 mph systems can pro-
vide a good initial estimate of the value of Vc for the design of
systems vwhich have similar operating conditions to those repre-
sented. The procedure has been implemented in the computer pro-
sram described in Appendix E, vhich iteratively searches for the
beam design from a family of beams such as defined in Figure 4.2
wvhich satisfy a prescribed passenger comfort criteria such as
defined in Figure 4.1. Fourier coefficient dats is also provided
in Appendix F so that for many cases of interest A preliminary

design can be performed with paper and pencil techniques.

To illustrate the design procedure outlined in Table 4.2,
the design of a guideway for an 80,000 1b., 80 ft. air cushion
vehicle operating at a speed of 150 mph 1s considered. The vehicle
is assumed to have air cushion suspensions which extend slong 75%
of its length and which have an effective suspension natural fre-
quency of 2.0 hartz and damping ratio of 0.25. The design of the
guideway main support besms for a 100 ft. three span system is con-
sidered for the basic twin I-besm span configuration illustrated in
Figure 4.2. Por the design example the system parameters which may
be specified prior to the structure design are summariszed in Table 4.3
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TABLE 4.3

DESIGN EXAMPLE PARAMETERS SPECIFIED PRIOR

T0 SPAN CROSS SECTION DESIGN

Q) Vehicle Properties
(a) Design operating speed: v = 150 sph
(b) Weight: W = 80,000 1lbs.
(c) Pad length: lp = 30 ft.
(d) Attachment length: 9.. = 50 ft.
(e) Suspension frequency: fv = 2 hertsz
(f) Suspension damping ratio: Ev = 0.25
(g) Suspension stiffness ratio: K = 10
(h) Unsprung mass ratio: Hn - 0.0
(1) Inertia ratio: I =1.0

(2) Span Properties
(a) Length: r.. = 100 f¢.
(b) Configuration: k = 3 span
(c) Paterial: concrete: K =5 x 10° 1b/1n%,p = 150 1be/fe?

(d) Spen damping: E. = 0.0

TABLE 4.4

SPAN PROPERTIES RESULTING FROM DESIGN EXAMPLE

2
7=1.9x10° 1a.* a =249 x10° 1a.
h=6.21 ft. ‘1 » 4.6 herts

~16



The steps in the design procedure are:
Step 1: Compute Lp and L.:

Lp - "p”'s = 0.3 tnd L. = l‘ll. = 0.5

Step 2: Select a trial Vc and determine the deflection coefficients:

For 150 mph systems operating on 100 ft. guideways, an
initial value* of Vc = 0.66 is selected. This value of Vc places
the inicial design below a crossing frequency where span dynamic
resonant effects and span damping afe i-po:_tant In the response.
Directly from Appendix F, the span deflectton Fout-ietj_‘cocfficientl
may be selected and their corresponding frequencies c&.;.c.:;:hted.'

The first 2k = 6 deflection coefficients are:

4 4 r i T.-f—vi
b} -0.060 -0.013 =0.040 -0.045 0.37
2 -0.004 -0.007 -0.002 -0.005 0.73
3 0.182 0.091 -9.183 0.096 1.10
) 0.024 0.005 ~0.002 -0.024 1.46
S 0.028 0.002 0.034 -0.009 1.83
6 0.002 0.021 0.000 -0.007 2.2

*ata in Appendix F is tabluated for Vc = 0.33, 0.5, 0.66, 2nd 0.83 and 1.0
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Step 38

0.37
0.73
1.10
1.46
1.83
2.2

As noted from the table, the coefficients for ;3.
vl.\‘:[.c.h correspond to the nondimensional crossing fre-
quency‘of a single 100 ft. span*, are significantly
larger thn;: 'al_]_. other coefficients and make the most
significant contribution te the deflections under the

vehicle suspemsions.

Py

Deternine the rms accrlerations as a function of w,

For each Wy the nondimensional vehicle body accelera-

tions at the front Y £ and rear Y mub'enaion attach-

2 2r
ment points may be determined using the computér pro-

gram of Appendix D as:

~ ~
..

(_91/21) (hertz) Y2f er
73~ } 0.0067 0.0067
1.46 0.0057 0.0048
2.2 0.0805 0.3870
2.92 0.0698 0.0337
3.66 0.0494 0.0354
4.4 0.0669 0.0539

The largest rms nondimensional acceleration occurs

at the single span croni;a. frequency (u,l!!) - 2.2
herte and corresponds to ‘z: = 0.387.

#The first coefficient correspornds to the crossing frequemcy of
the complete k span systea.
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Step 4:

Step 35:

Step 6:

Deternine the limiting rms acceleration and frequency from

Figure 4.1:

The limiting acceleration and frequency can be found

from Figure 4.1 by dividing each nondimensional
acceleration at a given frequency obtained in Step 3 by
the corresponding dimensional acceleration in Figure 4.1.
The largest acceleration ratio provides the limiting
acceleration. By inspection it is noted th:t the limiting

nondimensional acceleration corresponds to Y e " J 178 at

2
(u3/21r) = 2,2 hertz and corresponds to 'y'Zd = 0.045 g's in
Figure 4.1. Tor this design case the limiting rms

acceleration occurs at the single span crossing frequency.*

Determine the required span EI:
Directly from(4.4) EI may be calculated as:

EI = 9.66 x 102 1b - in?

I = 1.93 x 10° 1n®

Determine the span cross-section area: a

For the twin I beam span configuration the area a and
height h corresponding to the I calculated above sy
be determined from Figure 4.2 as:

ae2.50x 10° in?

h = 6.25f¢c.

*For almost all the design cases considered in this report, the
limiting rms acceleration ocours at the single span crossing

frequency Wy
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Step 7: Compute the resulting crossing frequency Vc:
Using (4.3) Vc may be computed usa:

Vc = 0.49

This crossing frequency is less than the initial
design crossing frequency of 0.66. It is quite
close to & crossing frequency of 0.5 for vhich
data exists in Appendix F. Thus, a second
design iteration using Vc = 0.5 should bes per-
formed. The results of performing the design of Vc
= 0.5 are:
(1) The limiting acceleration.occurs at
(uy/2M) = 2.2 hertz with Y = 0.38 and
corresponds to §2d = 0.045 g's

(11) BT = 9.52 x 10'21b - 1n®

(111) a = 2.49 x 10° in® and h = 6.21 f¢.
(1v) V_ = 0.489

With this second iteratinn, the design span cross
section properties I and are within 21 of the
values computed with the first iteratiom, aleo the
value of ‘lc on the second iteration is 0.489 which
48 close to the value of 0.5 used to compute the
data. Thus, cwo iterations of the design procedure
have produced results which are of sufficient
accuracy for preliminary design purposes and

the design can continue to Step 8.
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Step 8: Compute the span deflection and stress:

The maximum span deflection is

y, = Y, ¥* = 0.15 in.
vhere y* is computed from (4.5) and Y, 1s 1listed in
Appendix F. and the maximus dynamic stress due to
a vehicle passage computed from (A.78) is

at - 212» psi
where it_ is taken from the data in Appendix F.

The span properties resulting from the design are
summarigsed in Table 4.4. It is noted thet the dynamic stress
is small and, in fact, the passenger comfort comnstraint s

more stringemt than a stress constraint.

The rapid convergence of the design procedure i~ the
exanple Tasults from the fact that at values of vc < 0.66 span
dynamic effects are not very significant and the deflections
generated uader the vehicle suspensions are not a stroag function
of 'c' Yor design cases in which Vc < 0.66 convergence is
usially very rapid. At mhcnlmo!'c the dynsmic suspeasion
deflections are influeated more stromgly by 'e and several iterastioss
ey be required to achisve a desiga of acceptable acceracy.

| The design procedure results in the specification of
a guidemy 80 that the paseenger comfort specification of Figuwre
4.1 10 satisfisd ot the vekicle design eperating spesd. It is
possibls thnt the acceleration at 2 lower speed would euceead the



Tms acceleration specification. Three factors in the present

case tend to limit this possibility:

(1) As the vehicle speed decreases, the acceptable
level of rms acceleration which occurs at the
'croning frequency increases since the original
frequency corresponds to (wk/2n) = 2.2 hertz

vhich is on the left "corner" of the speci-

fication in Figure 4.1.

(2) For frequencies lower than 2.2 hertz the magni-
tude of the vehicle transfer functions decreases

with decreasing speed.

(3) The magnitude of the deflections under the

vehicle decreases slightly with decreasing speed.

. To illustrate the influence of these three factors the
as ncccicntiona corresponding to the first six fundamental
Fourier frequencies have been plotted in Figure 4.4 for vehicle
speeds of 150, 135, 120, 105, and 90 mph over the guideway
oumarized in Tables 4.3 and 4.4. The data illustrates the
general tremd of decreasing acceleration as speed decresses. Thay
also illustrate that at all speeds the rms acceleration corres-
ponding to the single span crossing frequency, i.e., Was is
greater by a factor of at least four than the accelerations at
any other frequency. For all cases, the maximum ras accelerations
at speeds below 150 mph are less than the 0.045 g8's acceleration
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Rms Acceleration (g's)
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Vehicle Speed, MPH
Fig. 4~4. RMS Acceleration for Six Fundamental Frequencies for

Selected Vehicle Speeds
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at 150 mph for other systems it is possible that the accelerations
at lover speeds may be greater than those ar the design speed and
may exceed the passenger comfort specification of Figure 4.1. It
is recommended that after a preliminary design for tae vehicle-

guideway system is performed, a check of vehicle accelerations for

speeds lower than the design speed be made.* If the lower speed

accelerations exceed acceptable levels, then it may be necessary
to alter the guideway design. Such a modification can be
accomplished using the design procedure to design a guideway to

meet an acceptable acceleration level at the speed desired.

*The computer program listed in Appendix D may be used directly to
deternine rms acceleration levels as a function of speed.
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5. AIR CUSHION VEHICLE GUIDEWAY DESIGN DATA

5.1 Design Scope

In this chapter design data is developed for air cushion
vehicle guideways to illustrate the iniluence of vehicle speed,
weight,body mass distribution and suspension design and span
length, configuration and camber upon guideway structural require-
ments. The design data is developed so that the vehicles will meet
the passenger comfort requirement specified in Figure 4.} i.e. so that
vehicle body accelerations at the cuspension attachment points are
equal to or less than those specified in Figure 4.1. For each
design case the maximum dynamic midspan stress and deflection
have been calculated. In all cases the stress levels have been
found to be acceptable and the passenger comfort constraint has

represented the most stringent span design constraint considered.

In the first part of the study, the three air cushion
vchit.:le configurations summarized in Table 5.1 have been con-
sidered. Tor each vehicle the air cushions are distributed along
75% of the vehicle length and have been modeled as two effective
equivalent cushions, one located at the front of the vehicle and
the second at the rear*. The effective vehicle body attachment
point of these cushions has been assumed to be at the cushion
midpoint. For each vehicle configuration suspension matural

frequencies of one and two hertz have been considered. Current

*In a practical configuration the two effective cushions may each
consist of severzl smaller cushions or cushion compartments.
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urban air cushion designs for 150 aph systems have secondary
suspension natural frequencies somewhat greater than 2 herts.
In more advanced suspensions which may use active control, it
is anticipated that suspension frequencies in the 1 hertz range
will be achieved.

The suspension damping ratios for all three vehicles
bave been selected as 0.25. This damping ratio has been showm
to be nearly optimm for a mmber of passive air cushion vehicle
configurations designed to minimise vehicle acceleration for
operation on at grade guideways characterized by random roughmess
[31]. Also in [10] a damping ratio of 0.25 has been showm "¢
represent a good? .election of demping ratio for vehicles wvhich
must oparate over the crossing frequeacy range of 0.25 < 'c <1.
Oaly design data for ﬁ' = 0.29 is discussed in this rfpct. and
further ovaluation of the influeace of suspension damping on spen
requirensats is recommesded.

The suspensicn primary to secondary stiffness ratic has
bosn salected at K = 10 to represent & typicsl air cushioa vehicle,
vhile the uaspruag mase ratio bas besa set to M, = 0.0 to reflect
the sall waeprwag nase ratice which are charscteristic of cwrremt
whsa vehicle designe. Por the vehicles cossibured in the firet
yare of the stady, mmmuwuhw
~MW¢‘I’-1&. R
wmammummmmw




Design data is developed for the three vehicle
conf igurations running on single, 2 and 3 span prestressed con-
crete guideways* with a twin I-beam cross-section. The twin
I-beam configuration is representative of the family of box,
I-beam, and II-beam configurations. The specific configuration
considered in the design is the twin I-beam configuration illus-
trated in Figure 4.3 which has the I/a and h versus I relation-
ship 1{llustrated in Figure 4.2. In the design the height of the
bean is allowed to vary while other crose-section dimensions are
maintained constant. By selecting beam cross section dimensions
vwhich vary with height, for smaller values of h, i.e. h < 6.0 ft.,
beams could be designed which have a larger I/a ratio at a given I
than the configuration considered to further reduce the material
requirements; also for larger values of h > 10.0 ft. besms could
be designed which have a lerger I at a given h than the beam con-
sidered to reduce the height requirements. The design of beams with
cross-section dimensions which are a function of span height has been
considered in [34]) and found not to significantly alter the results
presented in this chapter for beamr with constant cross-section

for the full range of heights considered.

The span considered in the design is standard prestressed
concrete with the typical elastic modulus and density specified
in Table 5.1. The span material damping is assumed to be szero.
Span damping in typical guideway structures is small [10])

*Data in [11) indicates that concrete structures cost less than steel
structures for the typical air cushion vehicle guideways considered
to date.
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with E- < 0.05. For the designs considered in this section, the
effects of span damping are essentially negligible since the
vehicle crossing frequency ratios are less than 1.5. The use of

En = 0.0 will result in little error and will, in any event, result

in a conservative set of span requirements.

The design of guideways for the vehicle configurations
in Table 5.1 has been performed using the design procedure outlined
in Section 4.2. This procedure provides a design so that the com-
fort specification of Figure 4.1 is satisfied st the vehicle design
operating speed. The design results are summarized in the following

section.
5.2 Air Cushion Guideway Design Data

Design data for 40,000, 80,000 and 120,000 1b. air
cushion vehicles with 1 and 2 hertz suspension natural frequencies
are summarized in Tables 5.2, 5.3, and 5.4 for 150 mph design speeds
and in Tables 5.5, 5.6, and 5.7 for 300 mph design speeds. For
each design case the span flexural rigidity (EI) and corresponding
values of area (a), height (h), frequency (fl), deflection to length
ratio (y.l!..). stress (ot) and the cubic yards of concrete per mile
requared for the systems to meet the passenger comfort specification
are tabulated. As illustrated by all the data, the dynamic stress
levels are quite lov with no stress levels exceeding 775 psi, and
the passenger comfort specification has represented a more stringent

design constraint than stress. The deflection to span length ratios
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TABLE 5.2
GUIDEWAY DESIGNS FOR 150 MPH, 40,000 LB. URBAN VEHICLE

fv (hertz) 1.00 2.00
L, (fe) 50 100 150 50 100 150
2
el Qb-1n) ] 78010 138002 lo.sx10'? |2.0x10'% |1.21x10"? | 1.78x10%°
2
a (in%) 1540 2020 2480 1800 2630 2920
h (£9) 2.2 6.3 6.2 3.3 6.8 8.0

g f, (heres) | 6.6 3.2 2.0 9.9 4.9 2.5

m |y e, 1/3850 1/2780 1/2630 1/8580 1/10,460 | 1/4960

&

3 (]

2 t (psi) 286 378 386 192 160 266
cubic nrdl
vor mite "] 2080 2750 3370 2440 3570 3970
£ (b-1ad) | s.1x10tt | 3.0x101? | 6.ax10'? | 1.53x10'? |s.sx10'? | 1.18x10!3

__» (12 1460 1930 2260 1710 2420 2610
[ w (g0 1,90 3.9 5.3 2.9 5.9 6.7

w | f1 (hered) B sa 2.9 1.72 8.7 4.3 2.2 |

&

ol AL 1/2980 1/2950 1/2510 1/9640 1/20240 1/4900
o, (pet) 314 324 us 150 142 226
cubic yards

per mile | 1980 2620 3070 2320 32%0 3550
B Ob-109] o.sx10'! | 2.6x10'? |s.exio?? f1.e0m0'? 17.em0'? | 3.00a10"?
s (1ad) 1430 1870 2210 1630 2360 2530
a (£ 1.81 3.6 s.1 2.8 s.7 6.4
£, (boren) | 3.2 2.7 1.65 8.4 61 2.0

3 %'t 1/2720 1/2630 1/2270 | 1/9160 1/9430 1/6420

h
o, (vel) 32 340 366 153 148 237
cubic yasrds

por mile 1350 2840 3000 2280 3210 3630




TABLE 5.3
GUIDEWAY DESIGNS FOR 150 MPH, 80,000 LB. VEHICLE

£, (hertz) 1.00 2.00
L, (fe) 0 100 150 50 100 150
g Gee1ad | eoxiot ! 72000 13000 | 106 1002 | 30013 5 peint3
a (ind) 1490 2330 2920 1610 2100 3070
b (fe) 2.1 5.8 8.0 2.5 7.1 8.6
2|t (neren 5.9 4.0 2.5 7.5 5.1 2.7
vy
E va't, 171730 | 173690 1/3490 1/3550 1/6880 1/6310
-
“© o, (psi) 586 370 i 353 253 225
cubic yards
per mile 2020 3160 3970 2190 3660 4170
EL (1b-102) | 2.9x10! | 6.2410'2 | 1.35x1013 | 6.0x101! 1.03x1013 | 1. s7x10%3
| & (nd) 1370 2250 2710 1510 2530 2810
—nuer | 1.5 5.2 11 2.1 2.5
. £, (herez) | 4.3 3.8 2.3 6.2 8.7 . 2.4
S| wrt, 171220 | 1/52%0 1/3780 1/2810 1/8120  |1/4400
~
o, (pet) 624 242 m 376 193 282
cubic yards
per mile 1860 3050 3680 2060 2430 3820
£ (b-ta?) 3.1x20M [5.3x10'2 [s.3x10"? | s.exiol | 9. srol? 1.42x1013
a (1a? 1380 2170 2630 1470 2480 2150
A (fe) 1.57 4.9 6.8 1.97 6.2 7.3
£ thereny | 4.a 3.6 2.2 .7 s 2.3
2
& n/t, 171060 | 1/4540 1/3390 1/2580 177790  |1/4010
&
o, (pe1) 746 264 330 378 196 299
ok I 100 2950 3570 2000 3370 3730
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TABLE 5.4

GUIDEWAY DESIGNS FOR 150 MPH, 120,000 LB. VEHICLF

fv (hertz) 1.00 2.00
L, () 50 100 150 50 100 150
Bl (1b-1n) | 1.27x10'% | 8.1x10'2 1x10!® | 3.8x10'? | 1.69x1013 | 2.sx101?
a  (1nd 1650 2390 3050 2020 2870 3190
ho(fe) 2.7 5.8 8.6 .3 7.8 9.1
. £, (hertz) | 8.1 3.2 2.7 E.s 5.6 2.9
S, n 1/3650 1/4660 173230 hsite0 1/9940 1/3860
ol ENUR
Blo (pen) 368 306 435 177 193 391
® cubic yards
per mile 2250 3240 4150 2750 3890 4330
L Oetah | ogoenol! 1oosa0!? 11.7800"0 [2.600*2 [ 1.01010" | 3.a1e0? |
a_(ind) 1550 2380 2900 1870 2530 2750
b (fe) 2.3 5.6 7.9 3.6 6.4 7.3
f, (herts) 6.8 4.2 2.5 10.9 4.6 2.3
»
s valt, 1/3780 175180 | 174800 111750 | 1/8120 1/3810
[
(3
o, (pst) 300 240 72 152 193 N
cubic yards
per_mile 2110 3230 3940 2540 3430 3730
B (b-ind) | 7.8x208 | s.8x10'? | 1.56x100 | 2.4x101 |3.ex10t? 1.30x10?
a (4l 1540 2210 2810 1850 2420 2680
A (f2) 2.3 3.1 7.8 3.5 . 7.0
g | G| 66 3.7 2.4 10.5 &3 2.3
&\ », 1/3320 1/4270 1/3960 /1170 | 1/70%  |1/3290
L 3
o, (pet) 338 292 L) 156 208 350
cubic yards
por mile 2090 3000 3820 2510 3280 3640




GUIDEWAY DESIGNS

TABLE 5.5

FOR 300 MPH, 40,000 LB. VEHICLE

f (hertz) 1.00 2.00
L, (f0) 50 100 150 50 100 150
Bl (b-102)] 1.38x1012 }7.6x1012 | 1.89x10!3 | 2.9v10'2 | 1.95x10'3 | 6.0x1012
a  (4nd) 1680 2360 2970 1910 2990 4100
h_ () |28 5.7 8.2 3.8 8.3 12.9
?. f, (hertz) | 8.3 4.1 2.6 11.3 5.9 3.0
("]
E Ya/t, 174880  |174340 178310 [r/12070 1/13130 1/14870
“lo s | 285 323 313 154 156 214
cubic yards | 2280 3210 4030 2590 4060 5560
Ser_nila
&I Onta?]1.0200' | 600102 |1anan® | 200012 | ) aoa0?? |3 610t |
a () 1600 2150 2760 1790 2730 3830
b (fe) 2.5 ‘.8 7.3 3.3 7.2 10.6
£, (herea)| 7.4 3.5 2.3 ’.8 5.2 3.3
2
& Y/t 174650 | 173340 1/3270 1190 | 1713700 | 1714020
~
o, (pet) | 266 353 368 137 130 186
cubie ysrds
per mile | 2170 2920 3740 2430 3710 4800
o1 (v-1e?) s.2x10'! | 5.1x10? | 1.sx10)? | 1.91x10'2 ) 1.21e10* |4.2x2013
s (1ad) 1580 2160 2800 1770 2630 3”10
h o (f0) 2.4 .8 7.8 3.2 .8 1.3
) (here) § , o 3.5 2.4 9.6 ) 3.4
g LA 1/4630 173030 1/4160 1m0 |112030 |1/1380
9 (ed) § o5 393 206 136 137 179
cudic yavds
pec nile 2140 2930 3200 2410 3870 5040




TARLE 5.6
GUIDEWAY DESIGNS FOR 300MPH , 80,000 LB. VEHICLE

£ (berts) 1.00 2.00
L, v 50 100 150 50 100 150
1 (b-102) | 1.67x10!7 [1.16x10'? |3.7x10'? | 2.7x10'% | 3.9x10'% |1.08x10'*
s (1ad) 1730 2600 3560 1890 3640 4880
b (f) 3.0 6.7 10.7 3.7 11.0 16.2
5|ty (eren) | 51 ‘.8 3.3 1.1 7.6 a8
; va/t, 1/3000 |1/6030 1/6360 1/6390 1/21370 1/22130
5| O (o) 499 273 276 286 127 180
cubic yards
—DRer aile 1 2350 3540 4830 2560 4940 6630
2t b-10d) | s.ex10!? |s.8x10'? |2.7x10!% |1.47x101? 2.8x10'?  |7.sx10'?
s (tad) 1560 2430 3260 1690 3300 4370
ho(f) 2.3 6.0 9.4 2.9 9.6 14.1
g, aren) | 68 4 7.9 8.6 6.7 4.2
-
&l v, 1/2030 /3910  |1/6330 1/as10  [1725930  {1/21100
§
~
O (po1) | gg 249 245 323 ” 164
cubic yards
» 2120 3300 4430 2300 4490 3490
1 (v-1ad) 17.4xa0tt | s.ox10'? | 2.ax10'® |1.47w10'2 | 2.5x101 [6.7x20'3
e (1) 1520 2390 3180 1700 3170 4240
" () 2.2 5.8 9.1 2.9 ’.0 13.5
£, (heres) | 54 s.2 2.9 8.6 6.4 41
i o't 1/18% 1/6290 1/5860 1/55%0 | 1721909 | 1718840
% (pet) { M e 1) 238 2% 106 176
Cubic yarde
por mile | 2070 3240 4320 2300 4300 5760
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TABLE 5.7
GUIDEWAY DESIGNS FOR 300 MPH, 120,000 LB. VEHICLE

I, (herts) 1.00 2.00
L, (f0) 50 100 150 50 100 150
B ab-1ad) | 2.3:10'? |1.11x10" [a7x108?  [a.9m10*?  fa.ou0!? | 1.3ema0®
s (1ad) 1850 2590 3810 2140 3650 270
b (fe) 3.6 6.6 1.7 .7 11.0 17.8
. £, (beres) |10.7 .8 1.6 14.0 7.6 5.2
& | vt 1/6340 1/4250 /7300 1215650  |172000  [1/21730
E o, (ps) | gy 38s 264 149 131 202
cubic yards
__sex mils | 2520 3520 5180 2900 4960 7160
1 v-10d) | 1.010!? | 7.ami0t? | 3.sx10t? | s.axiot? | 3.1x101? | 9.exi0®?
s (1ad) 1760 2350 3s10 1970 3390 4780
a (fe) 3.2 5.6 10.5 8.0 9.9 15.8
s L9 (hextz) 14, a1 3.2 h2.0 7.0 .7
2 Ta'ts 1/6460 1as10 | 177630 1/15170 1721980 | 1726800
Cg (ost) M1 303 223 1 12 s
eubic yards
2300 | 3200 4760 2670 4600 €300
1b-1a 1.50x20 2 | 7.201017 | 3.3m10!? | 3.x0d? | 2.7:10 | g.2m30"?
s (1ad) 110 2330 3460 1960 3260 4600
. (™ 2.9 s.s 10.3 3.9 2.4 15.0
g, (herts) 8.7 8.0 3.2 1.7 6.6 4.3
! v/, 1590 |1/3900 /7430 113,270 | 1719830 | 1723320
o, (pat) W 3% 226 143 1 19
_
oubis yards
per mile | 2320 3160 200 2630 4420 €230

-1




for the 150 mph case lie between 1/1040 and 1/11,900 and for the

300 mph case lie between 1/1830 and 1/26,800. These ratios vary
consideratly depending upon the span and vehicle configuration.

The use of a single deflection to length ratio specification to in-
directly specifiy passenger comfort as is done in classical design
procedures [15] would produce a marked variation in passenger com-
fort levels obtained in the design of the cases considered. The
deflection ratio required to achieve a given level of passenger
comfort is a strong function of suspension natural frequency as

shown in Table 5.9 where for the 100 foot span the 80,000 1b. vehicle
with & 2.0 hertz natural frequency suspension requires a ratio

of 1/6880 while the vehicle with a 1 hertz suspension requires a ratio
f 1/3690. For a mumber of the 300 mph vehicles with 2 hertz
suspension designs, the span deflections required to achieve
passenger comfort are so small as to be difficult to obtain and
maintain in guideway comstruction, i.e., less than 0.1 inches on a
150 ft. single span for 120,000 1b. vehicle and a lover frequency
suspeusion, an increase in acceleration or other design modi-

fication would be required to achieve a practical design.

The influence of suspension frequency, span length and
wehicle size and weight upon the span materal requirements for a
150 mph urban vehicle and a 300 mph intercity vehicle are
summariszed in Figures 5.1 and 5.2. The data illustrates that both
the vehicle and span configuration may strongly influence guideway

material requirements in systess designed to satisfy a passenger

312
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comfort constraint such as given in Figure 4.1. The data

specifically shows for the vehicle configuration parameters:

(1) Vehicle Suspenzion Natural Frequency

In all 300 mph and in all 150 mph design cases except
for the 150 mph 120,000 1b. vehicle crossing 150 ft. 2 and 3
multispan systems* a reduction in suspension natural frequency
from 2.0 to 1.0 hertz reduces the span material requirements.
The effect is more pronounced for the higher speed cases ds
noted by comparing Figures 5.1 and 5.2. For an 80,000 1b.
vehicle crossing 100 ft. single spans at 300 mph a reduction in
suspension natural frequency from 2.0 to 1.0 hertz reduces
material requirements by 292 while at 150 mph operation a
reduction of 14% is obtained. It is noted that for several of
the 300 mph 120,000 1b. vehicles equiped with 2 hertz suspensions
span heights of preater than 15 ft. are required for 150 ft.
spans, and either a reduction in suspension frequency, spen length

or other design change is required to achieve a practical design.

(2) Vehicle Size
Vehicle size, keeping the weight per unit leangth com
stant®*, may have an influence upon span material requirements.
While in many cases the data shows as vehicle total length and
weight incresse, spen material requirements iscresse, in a mumber
*This configuration has system parameters such that the vehicle
pitch mode is strongly excited at 150 mph operation on 130 ft.
spans with 120 ft. vehicle and a 1 hertz suspension.

#% For a given size vehicle as the weight per unit length in-
cresses, the span material requirements increase.
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of cases the vehicle total weight and length may increase with

either no increase or even a small decrease in span material
requirements. This factor occurs because,as the vehicle length changes,
the phasing between the front and rear suspensions 18 also changed.

In a number of cases, the suspension phasing has a more significant

effect upon span requirements than vehicle total weight.

(3) Vehicle Speed
For guidcways designed for a 300 mph vehicle, span

materials requirements are greater than or equal to those of

a corresponding 150 mph vehicle. For an 80,000 1b., 2.0 hertz
suspension vehicle crossing 100 ft. single spans, operation at
300 mph requires 1.35 times as much span material as that re-
quired for 150 mph operation. For some configurations, only
small increases are required, i.e. for 120,000 1b., 1.0 herts
suspension vehicle crossing 100 ft. single spans only 1.06 times
as much material is required for 300 mph operation compared with

150 mph operation.

For the Span:
(4) Span Configuration

In every design case multispan besm configurations
required less material than single span configurations. In the
majority of cases a greater reduction in material is obtained by

replacing a single span, by a two span beam, rather than by re-

{
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placing a 2 span beam by a three span beam. For an 80,000 lb.,
2.0 hertz suspension vehicle crossing 100 ft. spans, at 150 mph
a 2 span system requires 94X and a 3 span system 921 of the
material of a single span system while at 300 mph a 2 span syste

requires 91Z and a 3 span system 87% of the material of a single

span system.
(5) Span Length

Por a given vehicle, as the span length increases, the
cross section material requirements increase*. For an 80,000 1b.
2 hertz suspension vehicle crossing a single span, at 150 aph the
span material requirements per unit length of 100 ft. and 150 ft. spans
are respectively 1.7 and 1.9 times greater than a 50 ft. span and at
300 wph, 100 ft. and 150 ft. span requirements are respectively 1.9

and 2.4 times greater than a 50 ft. spen.

All of the design data discussed has been developed for
the specific passenger comfort specification of Figure 4.1. Since
the designs are essentially limited by this comstraint, they
are sensitive to the levels of permissible scceleration specified.
An indication of the sensitivity of span material requiremeants to
the acceleration level has been determined for sn 80,000 1b. vehicle
with a 2 herts suspension metural frequency crossing a 100 ft. single

*In guideway design, the cost of the spans must be balanced against
the support costs. As span length incresses more span material is
roquired, but fewer supports are required.
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span system. At a 150 mph opcrating speed, if the permissible
acceleration level is increased from the 0.045 g's represented
by the specification to 0.09 g's, the span material requirements
are reduced by 15%. At a 300 mph operating speed if the per-
missible lavel of acceleration is increased from 0.04g's to
0.08 g's, the span material requirements are reduced by 15%.

The specification of the levels of passenger comfort in an
advanced system thus has a significant influence upon the guide-

vay requirements.

In addition to the parametric data presented for
all three size air cushion vehicles, data has been developed
for the 80,000 1b. vehicle equiped with a 1.0 hertz natural
frequency suspension to illustrate the influence of guideway
camber and vehicle body mass distribution (pitch inertia) on

system requirements.

The data illustrating the influence of camber on
guideway requirements is summarized in Table 5.8. Camber in a
guideway may result from a number of factors including thermal
effects, dead-load and/or by purposely comstructing the guide-
way with an initial shape. For typical guideways, specified
amounts of positive camber® can reduce the guideway "net dymsmic
deflection presented to the vehicle"and can compensate for the

dynamic deflection due to the vehicle.

*The initial shape of the span results in an upwerd deflection
which contacts the dynamic dowaward deflection due to a vehicle

passage.
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For a given vehicie, span and vehicle speed, an optimum camber
shape exists which will minimize the excitation generated in the
vehicle due to the span motion. Thus, in high performance systems,
precamber may allow either a more comfortable ride or permnit a
reduction in span material requirements. 1n addition to inten-
tional camber, because of thermal gradients resulting from environ-
mental conditions, thermal camber will occur in guideway spans.

For a 100 ft. single span defined in Pigure 4.3 which is 4.3 ft.
high, a uniform thermal gradient of sCr results i{n a deflection

of 0.2]1 in*. This deflection is comparable to the dynamic de-
flection due to a vehicle passage and may significantly in-

fluence ride quality. Because multispan guideways have signi-
ficantly reduced thermal camber in compar ison to single spans

(13), multispan structures may be used to reduce fherul camber
effents to levels which will not: strongly influence system
performance. The influence of a specified camber on single

and multispan guideway-vehicie performance uay be assessed with
the guideway simulation and design computer programs in Appendicies
C, D, and K.

The data in Table 5.8 has been developed for s periodic
cosine camber shape. The nondimensional cssber amplitude lc
is normalized by y* the midspan deflection due to a concentrated

Miote the experimental data in{11] which confirms the large
thermal camber deflections occuring in single spans due to
solar heating and night cooling.
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TABLE 5.8

INFLUENCE OF CAMBER ON SPAN REQUIREMENTS

v (mph) 150 300
camber None Compromise None Compromise
A 0.0 0.60 0.0 0.60
-
min. allowable Xn _— 0.45 _ 0.40
p—
ma. allowable Zc  — 0.80 —_ 0.90
EL (1b-ind) 7.2x1012 | 4.3x10'? | 1.14x20%3 | 7.5x1012
(7]
E a (ind) 2330 2070 2600 2360
w
E h (ft) 5.5 4.5 6.7 5.7
21, (h2) 4.0 3.3 4.8 4.1
/%, 1/3690 1/2670 1/6030 1/3180
o, (pe1) 370 420 270 440
-
cubic yards/mile 3160 2810 3540 3200
Kc 0.0 0.40 n.0 0.40
min. allowsble A E 0.28 o 0.05
.
max. alloweble T\ﬁ —_— 0.48 —_— 0.75
EI (1b-10d) sx31012 s.oxt0!? | 3.0x10'2 | s.3xi0'?
5 a (ind) 2170 1920 2390 2180
£, (hs) 3.6 2.9 4.2 3.6
40
v/, 1/4540 1/2260 1/6290 1/3610
F" (pe1) 260 410 230 330
cubic yds/mile 2950 2600 3240 2960

Vehicle:

the configuration specified in Table 5.1.

Spant
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force equal to the vehicle weight. The data compatres the span
structural requirements for designs with and without (i.e. initially
flat) camber vhich meet the passenger comfort specification of
Figure 4.1. The cambered designs have been selected so that for

a variation in camber over a tolerance band, the passenger comfort
constraint is satisfied. This tolerance band is indicated as mini-
mm and maximus allowable lc in Table 5.8. The data in the table
shows that for both 150 and 300 mph operation a positive precamber
of xe = 0.6 for single span systems provides a design which meets
passenger comfort, utilizes 11X for 150 mph operation and 9.6X

for 300 mph ope-ation less material than uncambered guideways and
allows at least a 33X decrease or increase in cambar amplitude before
the passenger comfort specification is exceeded. For the thres
span system a camber amplitude of Ic = 0.4 utilizes 12% for 130

uph operation and 8.6% for 300 mph operation less material than
uncambered guideways and allows at least + 20X incresse or decrease
in camber amplitude before the passenger comfort specificatiom is
encesded. Thus, the ure of precamber on siagle and multispes
guidamys car both reduce span materisl requirements and provide

& tolersace to the offects of th-ul canber.

uuuuhmummm.amum.-
,”.mmumuu fn Tadle 5.9 fer an 80,000 1b. vehfele
‘mmmn.mx-m Amuuwm
;!'...xx.oamqu.w.-umnmmwm ile
auh.d!.ﬂcmuth-nmauatmm
“siepeasion sttaciment points. Por o sero pad leagth vilitels T, = 1.0
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ylelds a pitch natural frequency 1.73 times the heave natural
frequency while iv = 3.0 yields a vehicle with equal pitch and
heave natural frequencies. In the urban air cushion vehicle
[11], the distribution of mass, especially the compressors
and the linear induction motor, aul suspension diatribution
yields a vehicle with nearly equal pitch and heave natural

frequencies.

Table 5.9 summarizes guideway structural require-
ments ss a function of vehicle pitch inertia for vehicles
designed to meet the passenger comfort specification of Pigure
4.1. The data shows for the 100 ft. single span that an increase
in pitch inertia iv from 1.0 to 3.0 allows a reduction in span
material requirements of 18% for 150 mph operation and 15% for
300 mph operation compared to those of a uniformly distributed
nass vehicle. For the three span system an increase in pitch
inertia iv from 1.0 to 3.0 reduces span material by 19X for
150 mph operation and by 142 for 300 mph operation compared
to the requirements of a uniformly distributed mass vehicle.
For the vehicles and span configurations comsidered in this
report, vehicle pitch motion produces an important comtribution
to vehicle body accelerations, thus reduction of the pitch
frequeacy by incressing the pitch inertia results in less pitch
acceleration and the span structural rigidity may dbe reduced.
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For vehicles with lengths much shorter than the span length
in which principally the vehicle heave motion is excited,
an incrasse in pitch inertia will not significantly alter

span requirements.
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6. SUMMARY AND CONCLUSIONS

This report provides analysis techniques, a design

procedure and design data for passenger carrying vehicle single

and multispan guideways. Three documented computer programs

have been developed to aid in design:

)

2)

3)

Fully Coupled Vehicle-Guideway Simulation-Appendix C

This is a computer simulation based upon mmerical
integration which determines the response of a
completely coupled vehicle-guidewvay system as a
function of time. The vehicle model includes vehi-
cle body mass and pitch inertia, front and rear
secondary suspensions with stiffness and damping
characteristics and primary suspensions with stiff-
ness and finite pad length characteristics. The
guideway model includes single and multispan
cambered beams with distributed stiffness, mass and
danping properties supported on rigid piers. In the
model the time varying vehicle accelerations and sus-
pension deflections and forces are computed as well
as span deflections, moments and stresses.

Partially Coupled Computer Simulation-A ix D

This program determines vehicle accelerations versus
time, rms accelerations versus frequency, suspension
deflections and guideway deflections, moments and
stresses using a partially coupled vehicle-guideway
model. The model allows full coupling betweem the
vehicle ard the guideway but assumes that the vehicle
suspension forces on the guideway are comstant and
equal ‘o the vehicle weight. All other features of
the vehicle-guideway model are similar to those of the
nodel described above. This partially coupled model
is valid for many high performance transportation sys-
tems as described in Chapter 3 and allows computation
of system characteristics in less than one quarter the
time required for the full simulation program.

Guid Des Program - A ix B

This program is based upon the partially coupled
vehicle-guidevay nodel and determines guidemay main
support beam structural properties required for a
vehicle-guideway systea to provide specified levels
of passenger comfort. The program is set up for
prestressed concrete twin I-besm type structures but

may be essily modified for other types of structures.
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In addition to the working computer programs, general

design data fc~ -/ehicle-elevated guideway systems has been

developed which show:

(¢}

(2)

()

Por vehicle operating speeds v
(a) less than 0.5 !..f* for- single span structures
(b) less than !..f* for multiple span structures

(c) less than 1.5 £ f* for continuous span
structures

The span deflections, dus to a vehicle passage,

ere quasi-static and sultispan deflections (for 3 or
greater spans) are 70% while contimuous span deflec-
tions are 53X of compara’l: single span structures.
In these operating ranges span dy: amics are rela-
tively insentive to span dasping.

Por vehicle operating speeds v that approach 2 L f*
resonance conditions occur in sultiple and contifu-
ous spans. The span deflections are influenced
strongly by spen damping and for a damping ratio of
0.02, meximum deflections in three and contimuocus
spans caused by the passage of a coucentrated force
are respectively 3.7 and 4.6 times the quasi-static
deflections.

As vehicle loads are distributed across suspension
pads, guidewmy deflections are reduced. In the
Quasi-static operating range, vehicles crossing
single spans with ped lemgths 50% and 100X of a

spen leagth reduce span deflections respectively by
sore than 20X and 40X compared to conceatrated force
vehicles.

Specific desiga data has been developed for 40,000,
80,000 end 120,000 1b. 150 mph and 300 mph air cushion vehicle
guidewny. This data was developed using the design
progran of Appendix £ for prestressed concrete twin I besa

structures traversed by vehicles which meet the passesger comfort.
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specifications of Figure 4.1, i.e. rms vehicle body accelerations

are less than 0.045 g's in the 2.5-12 hertz frequency range. The

conclusions reached from this specific study include:

(1)

(2)

(6))

For all designs, the passenger comfort constraint
is more stringent than vehicle induced stress con-
straints. The maximum induced span dynamic stress
is leass than 775 psi for both low and high speed
vehicle systems. The guideway designs are directly
dependent upon the passenger comfort level required.
For an 80,000 1b. 150 mph vehicle with a 2 hertz
suspension natural frequency traversing a single
100 ft. span guideway, if the permissible rms
acccleration is increased from 0.045 g's to 0.09
g's span material requirements may be reduced by
15%.

For system designs coastrained by passenger com-
fort, vehicle characteristics may strongly influ-
ence guidevay requirements. Vehicle suspension
natural frequency and damping, vehicle body mass
distribution (pitch inertia) and vehicle suspension
attachment point location may all influence span
requirements as well as total vehicle size and
weight, vehicle speed and suspension pad length.
For an 80,000 1b. vehicle crossing s 100 ft. single
span systea at 300 mph, a reduction in suspension
natural frequency from 2.0 to 1.0 hertz allows a
reduction in span requirements of 292 while an in-
crease in pitch inertia from that of a unifora mass
distribution to a body with an effective mass dis-
tribution concentrated at the suspension attachment
points sllows a reduction in span material of 14X.

Span configuration and camber may strongly in-
fluence span structural requirements. Ia all

cases studied the use of multiple span guidewmys
required less span material than single span
structures designed for the sam: operationsl vehicle.
Por an 80,000 1b. vehicle with a 2.0 hertz suspemsion
crossing 100 ft. spans at 300 mph, a two span systea
requires 912 and a threse span system 87X of the
material of a single span systema.
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The use of cambered spans for single and three
span systems can result respectively in 11X and
12X material reduction in comparison to uncam-
bered spans and can, also, provide a tolerance
of + 332 variation in camber due to thermal
effects from the precamber amplitude and still
met ride quality specifications for 150 mph
vehicles.

This report has provided design programs and data which
are directly useful in determining guideway structural requirements
based upon the vertical deflections induced in straight guideway
spans by a vehicle passage. Extension of the work to provide design

information for:

(1) The guideway vertical, angular and lateral misalign-
ment tolerances required to provide acceptable ride
quality.

(2) The structural design of curved and possibly super-
elevated sections of guideway.

(3) The lateral support surface structural requirements.
(4) The torsional restraint structural requirements.

(3) The pier-span interface structural requirements.

(6) Vehicle vertical and lateral optimized suspensions

and vehicle body mass distribution and flexibility
characteristics.

would provide sdditional valuable information for advanced
transportation system designers. ‘n addition, an important
contribution to vehicle~guideway der .2n would be provided by the
correlation of analytical design techniques with experimental

data for vehicle-guidewvay dynamic interactioms.
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