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APPENDIX A
DERIVATION OF VEHICLE-GUIDEWAY INTERACTION EQUATIONS

A.1 The Guideway Model

A.l1.1 General Formulation

The guideway analysis is developed from the partial
differential equation describing the motion ot a singie bean
which may span several supports. In the derivation of the equation
of moti{on the following assumptions are used:

(1) Cousideration is restricted to the transverse
motion of a homogeneous, isotropic beam with a
linear constitutive law ralating stress and
strain.

(2) The beam rests upon rigid supports.

(3) An individual beam is considered to be a Dernoulli-
Euler bean. Tne neglect of rotary inertia and
transverse shear which are present in a Timoshenko
beam model is justified for spans im wiich lenzth-to-
height tatios are much greater thaa onc aad in which
span forcing functions are generated by vehicles
traveling less than 10% of the veclocity of souad
in a span. These assumptions ate valid for typical
vehicle-guidevay systems in which vehicle velocities
are less than 400 mph.

(A) Damping is assumed to be lincar, viscous damping
and is assuned to ba small, i.e. less than 102
of critical daaping.

(5) A beam is assumed to be flat vith no surface
irregularities under its own weight.®

Utilizing these assumpcionl; the partial differeontial
squation of motion for a bean resting upon multiple supports and

excited by an arbitrary forcing function may be derived as:

*The effects of cawber and surface irregularity may be imcluded in
the analysis with little adlitfonal complexity and Jdo mot alter the
basic nodal shape functions or eigenvalues derived.
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?® 32 2
El ~% + pa —32'- +b e £(x,t) (A.1)

ox ot at
vhere:
El = beam bending ripidity
pa = beam mass per unit length
b= beam damping per unit length
f(x,t) = time and spatially varying force per unit
length
ys= guideway transverse Jisplacement
x= spatial horizontal coordinate
te time

To complate the description of the multi-span beam, the
boundary conditions at the supports and the initial state of the
neam at t = 0 must be specitied. The followiny boundary conditions
may be derived using the nomenclature illustrated in Fig. A.l.

(1) At all supports: p = O to k

The vertical displacement y is zero since
the supports sre rigid.

(2) At all intermal supports: p=1ltok -1

(3) The span slope is continuous from spam 3 (o
s+l

(b) Thea span moment is continuous from span s to
s+l

(3) At the external supports: p = 0 and p = k the span
is considered to rast freely upon the support, I.es.,
a pimned end condition, with the moments at
supports p = 0 and p = k zevo

A-2
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The explicit use of these boundary conditions and the
specification of span initial conditions are described in a following
section.

In the modal analysis technique it is assumed that the
transverse motion y(x,t) of the beam which satisfies the partial
differential equation (A.l) and the boundary conditions may be
written as an infinite sum* of the products of time varying modal
coefficients :\-(t) which are functions only of timc and modal

shape functions ¢n(x) H

y(x,e) = L A () o (x) (A.2)

where ¢. are rfunctions only of x and are orthogonal over the interval

0« x<L:
L
I%(x) $,(x) dx = 0 for m ¢ n A.3
o
k
whare: L = beaa length » .Ell. for a k span bean

9.. ® length of span

9, © mode m shape fuaction

0“ = mode n shape function

A. ® time varying modal coefficient

" . " - .. sa——

*Ia practice (1] only the first few terms of the sum and in soms
Cases only the first term are required in many cases of practiecal
interest to achieve results of acceptable acciracy for eagineering
purposes.



The modal shape functions ¢n(x) are Jdetermined from the
natural unforced vibration of the span and represent the natural
modes of vibration of the span vwhile the time-varying coefficienis
.-\n(t) depend upon the forcing functlon f(x,t) and must be determined
from tiie complate forced equaticn.

The quantities An and ¢m may be determined by substituting

(A.2) into (A.l) with the regult:

®* - . viee \ . . et . ’
whl -‘\m el t:m + 0a om '\n +b Am"m_ t(x,%) (A.4)
vhere:
d
t - ——
() “( )
L] d
()= de ()
The natural modal shape functions nuet sacisfy the
hoawgeneous part of (A.4). Setting f(x,t) = 0 introducing the consiant
of separation W, and noting that Oq 3¢ orthogonal functlons. an
equation for each mode m is derived as:
st hid .
ELy A +bA/m 2
s - ce (A.5)
M. a L]

vhere:
u. = constant of separation

b. ® damping sssociated with mcde n

A5



Equation (A.5) may be written as two separate equations:

0 T TE %" a.6)

unich is expressed solely in terms of ¢ (x) and its derivatives wuitn

regpect to x and:

N bIAl 2
A+ -
"t Toa T, A0 a.7)

whica 13 expresscd soielv in teri: of A“(t) md itg derivatives
with respect to t. Jirectly from (A.7) it a3y be seen that e
represeats tie undawped uatural frectuency of tiae mth node of
Huam vioratioa.

A set of orthogounal functions Qm(x) and values of
"y are required wiich satisfy (A.6) and the supp.rt boundary
conditions.

The derivation of appropriate functions om(x) and values
of w, for the discrete and gseni-continuous span svsteme considered
in this study are described in Section A.1.2. For the single span

systan ¢ _(x) and w_ are relatively simple and may he expressed
] in

as
(- ]
Py ™ sin (T:x) (A.8)
2.2
IS L )
“m Lz . Da “09 )

while for other span systeas they are more comple:. as shown in

Section A.1.2.
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The time varying modal coefficients depend upon the force
distribution acting on the beam f(x,t). When (A.6) which the
'bn(x) must satistfy, is combined with the forced equatiocn of motion (A.4)
the following complete equation of motion may be derived:

e . B 2 1

olp (AL * pa M teg A eyt g f0e) (A.10)

When each side of (A.10) 1is multiplied by the modal shape
function on(x) for a given mode m and buth sides are integrated froan
0 to L, an equation is obtained for each individual modal coeffi.icat
A. in terms only of the nth mode shape On, natural frequency w, and
dampiny: ratio fa 8ince O  are orthogonal as indicated in(A.3) , ¢
in addition the mode shape functions uscd are required to be normalfzed

$0 that:

L

vhere:

;.(x) = & normalized mode shape function satisfying (A.1l1)
the resulting ejuation derived from (A.10) is:

TS
At KAyt nh” paL < f(x,t) ¢, (x)dx (A.12)
wvhere
b
n
‘a " .Zpu-

&7



For many cases of intcrest. the integral on the right
side of (A.12) may be evaluated prior to solving (A.12) completely.
The force distribution on tihe span in this study is assumed to
result from the parsage of a vehicle suspension air cushion or
magnetic suspension pad or wheel. The force spatfial distribution
along the pad is considered to he uniform and varying in magnitude
as a function of time; thus f(x,t) may be written as a sun of the
products of a tima varying function and a uniform spatial distribucion
function:

4

fx,t) = & F () p (x) (A.13)
wiere:

pi(x) = uniforu gpatial distribution for 1th suspansjon pad

F‘(t) = net force generated by the ith suspension p:d

qas number of pads

A guideway excited by a single suspension pad of
length lp is {llustrated in Fig. A.2 for the three types of loading
situations which must be considered. Usiny the nomenclaturc

introduced in the Figure. p‘(x) mav be written as:

0 for x < %y~ lp,z

- & 01‘
Py(x) = L/g, tor x tafr S XXy R, A.14)
) for xv1 + tp,z < x
vhere lp has been assumed to be identical for all pads ui.ier considera-

tion at any given time and L is the midpad position on the beam.

A-8
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The right-hand side of {A.12) may be written using (A.14)

L x . +L
q .Fl(t) ( - q Fl(t) \”‘_’i n/2 q Fi(t)
i g P9 900 ax =k g Y a0 iy G Vet
° X1 " *ns2
(A.15)
wiera
:vi + ip/?.
1
wllh‘vi.) = ';u(x) dx (A.16)
Jx -2
vi p/2

The function wn (xvi) depends only upon the iength of
the pad "p and the pad location and can be computed for a given pad

and modal shape function :.(x). The cowputation and tabulation of
these functions are described in Section A.1.2. When the pad leagch

approaches zero x’.a.(:u) reduces to simply 5- (= vi.)'

when (A.12) through (A.16) are combined, a single equation
is obtained which yields thc modal coafficients resulting from the
nassage of multiple finite pad length suanensions :

q F‘(t)

. . : 2
Agt? %t L -til pal Y (‘vi) U.17

For each mode of besm vibration (A.17) may be used to
detarnine A_(t) for 0 < t when at t = ) the initial conditions
A-(o) and i.(O) are specified and when tha forcing functiomns r‘(c)

and 0-(1“) are specificd for 0 < t.

A-10
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With the solution of (A.17) the guidewvay deflection profile
y(x,t) may be determined directly eince ;-(8) are determined from
(A.6) and (A.1l):

yx,0) = B A(e) § (x) (A.18)

and, in turn, the bending moment and stre-s in the span may be

determined as:

32 32‘-
M o &L = g1 ¥ oa() -2 (A.19)
t 3:2 Izl. n 3:2
2-
M c* ¢
n
o, = 'xL - 5“-“.11 A (E) T (A.20)

vhere:
“t = bending moment

°t = gtress dus to bending moment

che distance from beam centroid axis to stress surface

The primary feature of the modal analysis techmique 1s
that for mamy typical semi-continwous guideway spsns where vehicle
traverse velocities are less tham 300 sph, the number of modes
of vibration required in an analysis to obtain am sstimats of the
vehicle-span interaction with sufficiear accuracy for eagimearing
purposes is approximately equal to k where k equals the aumber of
spans .

A~



A.1.2 Beam Eigeavelues and Modal Shape Functions

The beam eigenvalues and modal shape functions are determined
by seeking the solution to Equatiocn (A.6) which satisfies the iaternal
and external boundary conditions represented at each support. Equation

(A.6) is of fourth order and has a solution of the general form:

w(x) = a’ sinh «+ b7 cos A x + ¢ sian A x + d/ cosh A x (A.21)
ul [ny n (8] 1) m 13 m N

waere the narameter AL has heen introduced with,
Wl

4  Pa 2
AT A T T A.22
n & ( )
< RNY . : T < ;
Aand where s bm' cLe d” are arbitrary coetficients to ne determi -
i

W bounuary conditions.
It L8 unvced that in order tu satisfy the interaal boundary

conditions as well as tae external boundary coaditivns  tae values

VY . -
0l "n' u‘. c'_’. and dl; 4re, in general, different tn caca sHan of

i taus, Lt i3 covrvenient to express ou(x) 48 .

Kk
o * Ld : g K 5.23
W) = 2y G () (A.23)
el .
4= spain nawer 1, 2, 5. .... lrom left to ri:ht
K= cotal twmecr o v s in o peam
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¢ = individual shape function for mode mot span s,
defined as zero outside of span s

x = horizontal coordi.ate for span s extending over
the interval 0 < Xy < !.'

% - length of spans: § L =1L

Each 0" may be written expl.citly in terms of the coefficients

for each span as:

¢.' =a, sin A' X, + bms coa An x, + €ne sinh X- x +

d\u cosh An x, (A.24)
vhere:

b c d are tae individual coefficients for

a , »
ns mns ns

s’
each span.
It 18 noted that each ‘,bm is defined oaly over the part of
x represented by np:n s; L.e., %3 is defined for 9 < x, < S.J or

for L, + "2 < x < .5‘ l.' and is zero elsevhere.

1
The general form of the modal shape functions are given by

(A.23) and (A.24) where the specific external amd iaternal boumdary

conditons are used to evaluate the coefficieants in the peneral

functioms. It is noted that tue formulation allows individual spans

of various lengths 9.'.

At each support the coudition that the beam displacement is

sero requires for each mode m that:

0-(0) - 0-(2..) =0fors=1t¢tok (A.23)
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The houndary condition (A.25) may be used to simplify the
fori of tac wodal shape Fanctions., For (A.24) to satisfy (A.25)
requires:

d L Y
s ms

and resulis directly iun the stmolificition of (A.24) to:

9 = sin A _x + b
m s

(g A Y = cagiv & ) +
iR a8 v

ey s ™ 5

€ s siah R (A.26)

ailch wil) be ased {a further work.
e aoundary coudition; at the Internal cusnorts nvo= 1o,
k - | require thac for each wde n:

(a) he bewm slope {3 continunus

¢’ ) =

- (0) for s = L to k = 1 (A.27)

ﬁl
‘m(s + 1)
(b) The beam wowment is continuons

':“ms(ls) * :‘”m(s + l)(") (or & % Jto bk -1 (A.28)

The boundary conditions at ¢h: external supnorts p = ) and
P = k require for cach wode m taat:

The bean {s pinned with zcro monwenla
‘e e ; -
0y (@ = ) =0 (A.29)

The elzeavalues and modal sliape functions nay be Jetermined

divuctly by utilizing the boumdary condittons of (A.27and (A.28) and
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(A.29) and the shape fuactiow of (A.26). First the eigeavaluss are
determined.
The eigesnvalues of a semi-continucus beas may be conveniently
determnined by deriving a set of homogensous equations to describe
the unforced beam in terms of the moments at sach support. 8ince
the momsnts may be directly expressed in terms of the second darivative
of the modal shape functious of (A.26), such a set of equatioms
iovolves terms in A.. The condition for the occurrence of a natural
vibration corresponds to the raquirement that a nontrivial solution
to the homogeneoue equation set in terms of the support moments
exists; thus, the determinant of the woment coefficient matrix
must be sero. Setting the coefficient matrix detemminant to sero
yields a characteristic equstion in terms of l- vhich may be solved to
‘ deteruine the eigenvaluas of the beam. The details of the procedure
are described below.
ucl.mmmtacmruu-hndndofam

ch

o Tesiiag on support p dus to the deflection of the m  aatursl mods

of vibraticn. The moment fer amy mode m at every iaterior swpport
p-ltot-lnyhupmuduu:-olo-u:

Moo = "KL 07 (b)) =B " e e )@ -

.
WA Vote + 1) | (.%0)
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The equations relating the momeant st a given imternal
support to the moments at othar internal supports may be derived
using the axpression for ¢ given 1n (A,26), the two conditions of
moment and slope continuity at each internal support givea in (A.27)
and (A.28) and finally using (A.30) to relate M, to the mode shapes.
When the internsl eupport woment and slope conditions of (A,27)
and (A.28) are spplied to (A.26) the coefficients a8, 80d c__ may be

expressed in terms of b- and b-(’ +1):

=b__cos A L +5D
" ._qT:.x_-T_u-_LA) A.31)

b cosh AL -Db
c o 2 ‘J.‘!_i‘_l). (A.32)

ne -m_.

By wsing (A.31) and (A.32) with (A.26), uttlising (A.2S5)
(0-.(1.) = 0) and fisally substituting for b__ with ll-(. - 1) for
Puts + 1) (o 2) ViR M (g 4 1) %@ sives by (A.30),
the followiag recursioa relationship may be derived for each iatermal

Uttlll- aad for b-

support poiat:
&.-(.-1) - w-’cl(.+1)) l‘-"'.-(oo-l.) l‘l(o+1) -0
,33)

Mmmmuuc_un_mmmnuua:

G- = ooth l.l. - oot \l. *.M)’



H-‘ = csch Anzs - cs¢ A_l. (A.35)

Equation (A.33) may be used directly to duvelop the moment
aquations ‘v each of tie ipiernal support points on tue heam, i.e.
support p = 1L to k - | corresponding tc spansd s =~ 1 to k - 1. it
i3 noted that In deriving (A.33) a divigion oy sia ;\u;. has been
performed and systems for which ;\m:L' = uN are ¢i.cuvalues represent
singularities tu the equatioa set. <Conditivas for winich tnese
stagularities exist* will be Jliscussed subsequently.

io complete tie forwulatioa che conuitions ai the
exterior right and left supports must be coupled with the equation
set generated using (A.33). For the case of lntcresc, tae

axternal onds of tae beauw are pinned, which requires that:

At suppori p=0
4 =0
0
at support p = k
"0 (A.36)

Thus, the equation set descriving the frev vib:ation of a
aulti~span besm may be developed by nsuccesasively aprlyin: (A.33) at
esach internal support and them using (A.36) to eliuinate 't o And

In the general case, the equations describing the natural

vibration of a beam consisting of equal lcagthi spans may be summarized

*The singularity exists for s systca with identical lerpgth 3i.ns
vhich has pinned ends and exi:l:. in general, for any span ror
vhich sin nxli. is a mode shanc,
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in matrix form as snown in Fig. A,3. Because tac monments are zero
at each end of the beam, the coefficient matrix is a (k - 1) by
(k - 1) matrix.
Since the set of equations in Fig. A.3 is homogeneous, the
condition for a nontrivial solution to exist, {..., 1 natural
mode of vibration, requires the determinant of the coefficient
matrix to b; zero. Values of A*m for which the determinant cquals
Zero are the beam ¢igenvalues and define modes of iree vibration.
For calculation purposes, tie oxpression tor the determinant
of the coefficient matrix can he sowwhat siupli-ted ror heams »ith
spans of equivalent length. iy cxpanding the je:eral leterminunt
of Fiy. As3 by cofactors it may be noted that the u.-tueminant of
k span beanm Dk may be written In terms of tne determinants of k - |

and k - 2 span beans:

2

" T2C Y Ly mHTD (A.37)
Jdoting also that
v, = -%, (A.38a)
and
cac2_ . 2
Dy = 46" - u, (A.38b)

e

Slote the uy® the Leam natural frequencies, are related to the X
by (A.22).
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aigher order determinants can be generated from (A.37) using lower
order determinants beginning with (A.38),

To determine the eigenwalues of a k span bean, the characteristic
equation

D, = 0 (A- 3’)

k
must be solved for the roota A“{ Becaude the equiation is transcendental,
a two step procedure is uaeful In finding the solution. Firs., the
equition ie plotted using a digital computer to fiad the approximate
location of the roots. A licston-Rapnhson iteration is tnen used to
converze Lo more accurate values. ANlso as aoted previously, the

aigenvalues for a single span pinned enc beaw,
Ak = oan mel, 2,3, ceesene

constitute a singularity in tne sbove defined equations. These ore
also eigenvilues of all multi-apan pinned end heaus.
tigeavalues i; - Amln for 1 through 9 spau beams ave
tabulated in Teble A.l. .ute that thcy occur in clusters or bands deiined
by ®» < A-l. < 4,7%, 2n < A-£,< 7.853, etc.
The lower limits of each band are eilgenvalues of a single
span pinned end beam as previously noted, while the unper bounds
sre eigenvalues of a single span fixed end Deam. ine numder of
sigenvalues in each band corresponds to the number of apans in the
beam. Tais ‘bandpass’ proparty is cinarscteristic of all neriodic

structures.
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TAoLe A.l  EIGEJVALUES Xm - Aml. I3 FIRST TWo BANUS FUOK Osg THROLCH

NINE PINNED END SPAN BEAMS

Number of Snans

1 2 3 4 5 6 7 3 V]
n n if ™ T N4 i g n
3.927  3.556  3.393 3.3 3,261 3.u5) 0 3,210 3,196
4,298  3.927  3.790  3.535  3.40)  3.393 3,345
4.463 4.15) 3.92i e 704 2,045 3.5
4.5%) 4.295 4.049 3.927 3.3v)
4.691 4.3 4.208  4.053
4.634 4.463 4,294
4.655 9.4
4.7
2n 2n 2n 2n 2n 2 2n 27 2n
7.069 6.703 6.5%5 6.460 6,410 6.370  $.I57 6.342
7.430 7.069 6.449 6.705 6.612 6.5:5 A£.497
7.592  7.289 7.069 6.911 6.795 6.708
7.677  7.430 7.226  7.009 6.944
7,727 7.225 1.342 27.192
7.75%  7.592  7.43)
7.780  7.640
7.795

A-21



The modal shape functions ¢n(x) are found by deteruining
an expression wm' (x.) for each spany the coefficients amﬂ. bm'
and g 18 (A.26) must be found which satisfy the beam boundary
conditions. To deftne each mode shape ¢“§x) over all k spans thus
requires the detcrmination of 3k coefficients (ams. hms' and A
for s = 1. 2, ......h). dote that d__ in (A.24) vas previously
eliminated from (A.26) using the boundary conditions stated in (A.25).
Siuce a jlven mode shape has associated with it an arbitrary asnlitude
(L.e., 1f ¢m(x) i{s a mode shape, then any constant ti-es ﬁm(x)
ia also a mode suape), one of the 3k coefficients to ue deternined
is arbitrary®. leaving 3k - 1 indenendeut coe.ii-ients, For
convenience, anl is selected as thic arhitrary const.at lor each mode
in the work that follows. UGubsequently, the value oi a vill be

1l
salected to normilize the mode shine.

The basic detemaination of the 3k -~ 1 independent coefficlent«
nay be performad in two steps:
1) vetermine the cuvefficients of tae tirst span,

f.e., b and ¢ in terns of a
wl [

wl 0|

2) Deterwine a recursion relation for all spans s = 2

to k which relates an(s + 1) bm(, + 1) and

c.(s +1) to 'na‘ b.s. and cm..

The relations for the first span are considered first.

For a pianced end the boundary condition of (A.29) which requires

sero moneat yields:

——— ————— -

Sote siimilarity between this and nther eligenval e pronlems where the
magni tude of the eigenvectors is arbitrary.
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L] 2
’.1 (0) - A- b“‘ =0

Mating (A.40) an eaxpressios for Ca1 ™ be deriwed civectly ia terms of
4, using the 3ero displacemsat comittion ’-l"l) 0

ein A-.!.l )

‘al " w1 SR AL (.41)

The derivation of the recursion relatioms f~r successive
spans follows directly by using the boundary conditiom (A.25), (A.27)
and (A.28) in mammer similar to that weed to derive the vecursioa
relations for determination of beas eigemvaluss. Using (A.31) and
(A.32) derived with determinstion of the eigenvalues and noting
| (l.) = 0 the followimg recursiocn vrelaticas may be cbtaimed:

b-(. +1) - LI sin A.l. + b- cos A.!.. (A.42)

sinh A R

a - g (J! +1) ].
n(e + 1) [ siab A_ (o +1) ~sin l-l(. N l)l
[.- coe A-l. - b- (sinh l‘l. + sin l-l..)

+c_ cosh At dntes + 1)” Aty o
m 0 Agt| ~ Vpe 1) TR et

a (s +1)

(A.43)



link-l'*l }.
)

[ -
mn(s + 1) sinh A.).(. +1) sin A-’.(' +1

[-._ cos AL+ b (stnh AL +sia A L)

cosh A & - cos A R

-c_coshA L |+ b n (s +1) (s +1)
ne ne a(s +1) -
sinh A-!.(. +1) linl.l(. +1)

(A.44)

Por a given k-span beam the coefficients in 0_. fors=1
to k may be determined for each mode m in torms of a single constamt
a, ueing (A.40) and (A.41) for the first span and equations (A.42)--
(Ay44) for all spans s = 2 to k. The modal shape function 0-‘1)
uybo!onodﬂnnbyn—iuo-mro-ltok(rounQ--o
outside of spam s) vhere for each mode -.0.(-) is determined in terws
of the single arbitrary constant ..

In semsrical wurk it is convenisnt to use normalised modal
shape functioms. To cbtain a normaliszed fumction, the valus of the
arbitrary coasteat o is eelected to yield:

)
-2 k ]
! 1 2
-}_ 9, (W dxeleg I.S 8 o (=) ax *.43)
® [

where ?_ ® sermalised modal shape fumction
$os = normalised spam shape functions
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While it is difficult to derive an explicit value for LY
vhich will yield a normalized function, numerically the task may

be accomplished by computing 0-(x) with a al " 1 and then computing:

L
2 2 .
L - S[-O- (x)] dx/L (A.46)
° a1 ° 1
and finally forming:

k k
- 1 -
Y * 1 E_(x)].-l Ly T Omr " ek e 4D

Normalized mode shapes may be determined directly with the
use of (A.46) and (A.A7),

A.1.3 Besm Forcing Functions
The forcing fuaction for the lu' mode of vibration defined
by Equation (A.13) 15

L
q P (¢) - qQ P (¢)
th oa J P ) dx = by o W (=)

Far & ocuspension with peint force comtaci pt(x)hu-o
mmmmumC(x-M)ummzmm
bo'q.-
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q -
‘;1 ;l._ 6(' - x'l) “.(‘) dx = 1£1 r- ¢ ('V’.). (A".)

In this case the function wﬂ (xu) simply reduces to the mode
shape :- (x '1). . -
The function w-(‘vi) for a finite length pad crossing a

beam can be writteng

b

Va(xyq) -S Py(x) ¢ (x) dx (A.49)

°

where pi(x) - :— within the region where the pad is on the beam
P

and serc elsevhere as defined in (A.14). For convenienca during the
derivation that follows, (A.49) is written in terns uf the varisble
ivi -x, + "plz vhich denotes the position of the front of the pad
as illustrated in Figure A.2 and the limite used to defins pl(x)
will reflect this chenge in variasble.

L
V(5 - f Py (x) 3 (x) &x (A.50)
o

A8 a pressure pad croseses a guidewvay comeistiag of a
series of semi-continuows besms, three states are poesible with
_mmtuonhh-u-honhm.A.z. Stata 1 occurs while
the pad is eatering the beam, state 2 vhile the pad is fully oa the
u-.-domoaammu‘zmmu-, Note that
state 3 vith respect to oms beam appears as state 1 to the succeeding
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beam and vice-versa. During states 1 and 3, the pad is influencing
(forcing) two beams, while during state 2 only one beam interacts
with the pad. Each of the above ] states vill now be examined in
detail. It will be assumad in each case that the pad l.p is leas

than the length of each span of the bean.

State 1
During state 1
0 x<0
pi(x) - :— 0<x < ivt (AS51)
P
0 3 1 <%
Substituting (A.51) iato (A.50)
x o
wEy) -ﬂ ¢, (x) dx (A.52)
0

Since the functions ¢ (;'1) must be evaluatel from the. wode
shepes ¢_ (x) which are written ia terms of individusl spsn wode shapes
;- (x,), 1t 1s comvemieat to write sepsrate expressions corresponding
to each spea for 0.(;“) sinilarly as ¥ (;u). The swbecript s demotes
that '- 1o an expression for O.du.eh is valid vithia cthe spen s
sad ¥, 1 the positics of the frout of the pad om span s. Using this
somsnclature, (A,52) cam be writtea



Substituting the expression for ;-(x) defined by (A.26) and integrating,

"1 L

0“(;.1) - Tr- by sin A _x'“- T;‘x_- a,y o8 A ;.1
L _ 2 _
+ "'p A. by sinh A x .t "p X- cooh-l- x4
* %‘x‘ (0 -~ ) (A.53)
P 'm

Note (A.53) ts valid for the region 0 < 5'1 < "P for s = 1 only.

State 2
Duriag state 2
0 x < iv!. -l'
P = } Ty Hp BT, .58)
o’ % <x

Subgticuting (A.54) isto (A.S50)

X t— ? e A.59)
wh



For this state, two cases which require different expressions for
5-():) must be considered depending upon the position of the pad on
the span. For the first case, consider the pad to be iupported
completely on only one span s, Substituting; the span =c. 2 and the
span position ;.i for the beam position ivi as bcfore, (A.55) can be

written

i

; 0y e L. -
Ve (x“) lp 3 Qms (x) dx

-

Substituting (A.26), integrating, and rearranging using the proper

trigonometric fdenticies

3

ns .,
P m
"s
+ -,jl:-x-n-] ln- (cos A- zp -1) + bm aja .\mlp] o5 Am x
l' _
+ l"uk— [bu {conh ).. "P -1) + <. “ira l‘.An; inh Am x

. x . - Cey A )
b (x“) P laM sin An "'p + b‘“(l coa by 'p” sin g ¥

si

si

(3

e T A - -
+ | b- sinh - lp + Cru (1 - cosh A. IP)) cash A-

(A.36)

(A.56) 18 valid for tp < !“ < l.a. s=1,2, ....,%

For the secomnd cs+e, the pad is crossing a support and {s
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supported by twvo spans, requiring that separate expressions bde used
for 6.(3:) over each span. i(f the front of the pad 1s iocat:d on span s

and the rear on span s - 1, (A.55) can be written

r&(s - 1) x
- 1 - L M
wus (x“) o j 0u(s - 1)()‘, dx + i \ ¢m (x) dx
| 4 » 4
L 1

-

(s - 1)"tu ¥

Substituting (A.26), integrating, and rearranging using the proper

trigonometr!c identities

“ms (x 0"
"g- -1
!.n A\: L .-(u 1) sia A- (!( -1 ln) - bm(a n -t A!!l“'(s -1) lp)

+--'.‘--- h in A_x + -:-(»'—:-—” a
£ X Tmaf 0 Ny %ge DAY [‘-(5-1) cos

» e ('(s -1) lp)

¢ -
- b-(. - l) sin A. (“' - 1) - lpg - “"%'- I-J ety 'm ,.‘

[ X
+ ip i- )Eﬂo - 2)comh Ag (b, 1) % " -1y *1nbAL (o - n - l"’]

L

L
- -1 .
- l’""i_' ‘-] siah A_x, * [‘z'Li' ~42 [%ae - 1) ot 7, Cg-1) =%

2
8 . ;
- c.(. -1 cosh ‘. ('-(. - 1"' l'a L i.;.i; Gm 05y .\m )-.‘

ol 2.

o [ %ata 1) ™A Ly B, - pste A kg | gy = sinnd e,

pla ‘-l))

[ 1
* Cutn - 1) 0N A, s - l.)]’ f;%. (a--c-‘)]

A.57)
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(A.57) ie valid for 0 < x

ol < lp. g8 = 2, 3, ..000k

State 3

During state 3

0 x<x.0- Qp
p,(x) = L X =L <xc<|
1 L vi p -
P
0 L < x
(A.58)
k
vhere L = ozl l' is the length of the beam. Substitu:'n- (A.58) into
(A. 3)): L
- 1 -
Valx ) = Tp‘ S ¢, (x) dx (A.59)
LIV i.p

Substituting the span number s and the spsn positton ;' as

i
before, noting that for this case the front of the pac is o: the

firet span of the next beam,

2(0 -1)

- 1 -
"ls (xli) ® 1-; I *n(n -1) (x) dx

”(u -1 Q'p""‘sl

Using (A.26), imtegrating, and rearranging usisg the proper

trigonometric identities,
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v (x,) =

me ol
Yo - 1)
zp"—An- [ In(. -1) sin X. (l(’ - 1) - 2p) - bm(s e o |SA£I2.(’ - 1) RP)]

L

s - 1) - - -
sin A x .+ .'p X {cos (t, . 1) 2 "B -1y MM AL (R TR
cos A x + 51-:--1-) {b cosh ) (& -i) =

1 DR m(s -1)° m (s -1 p
- . .

als - 1) sinh )m (l( - lp)] sinb lm xq t —-9—‘:»- :)-m-—‘-
[bn(n 1 sinh An (2“ 1 ﬁp) Cols = 1) cosh (\‘ n - Zp)]

1(1 - 1)
cosn Ay Xy * EAE (=3 0s = 1) 9% Mgy Ly P b oy s ALy,

(A.60)

Equation (A.60) is valid for 0 < Ry ¢ zp for s » h + U only,
Bquations (A.53), (A.56), (A.57) and (A.60) form the necessary
expressions to determine v,':-(;“) for all 0 < ;ﬂ< L+t or
for any position of the pad on the beam. Use of these e‘juations can
be simplified by moting that as the front of the pad crouses each
individual span of the besm, two expressions for wm(};“) are requirad.

One expression is valid for 0 < X , < ‘l’ and the other is valid for

sl
"p < ;“ < L. Also, since a portion of the pad remains on the beas
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after the front of the pad has left the beam (State 3), vm (2.1) is
defined for a region of the first span of the naxt beam which is
designed as span o = k + 1 defined by < i“ < ,’p for the beam in
consideration. It therefore becomwss convenient to divide each

span into 2 segments, one of length ﬂ.p and the other of length

l. - lp. In addition, a segment is defined of length Lp to the
right of the beam as described abcve which corresponds to the first
span of the next beam. The segments are numbered from left to
right, the first segment of the next heam designated segment 2k + 1
for the calculation for the bsam of interest.

Each of the equations (A.53), (A.56), (A.57), and (A.60) are

of the form

Vog (Xgq) = H; sin Ay %y + Hy cos )\n X+ iy stoh >\ %
= A.61
+H, cosh A x_ . +H, ( )

vhere the coefficients, lll. "2' “3- Il‘. and us are different
for each of the segments.
For a k span beam vith equal lemgth spans of le-:t3 2.,

the coefficients avre summarized below. Por convenience, the

3 - )
dimsnsionless paramsters C. - -i! and l.p - i! » and the
s s

eigenvalue paraseter i. - A. t. ave used.
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Range: O < E' < E) {odd aumbcred segments]

s =1 (from Equation (A.53))

o=
.
(] ‘
|
-

g

4 = ¢ “ns
l.p -
. -
“5 ® i “-l c'b
P m

2<8<k__(from Ecaation (A.57))

H - 75 Tl -n e, ) - by cos LR R
P =
- 1 X v 'Y =
P m
'l'“!-—lb cosh A (1 -i) - ¢ ish A_ (1 -7
3 g1 ms-)) n » s - 1) * -('p)""-J
P =
N -1 o sl T (1-T) ¢ cosh i_ (1 - %
4 ii nis - 1) ] ] n(s - 1) © a( "")
P ®m
+e‘]
) - .
us - - ~ [-..‘. - 1) cos x. + b-(. - n(llﬂ l. = sianh 1-) + c-(. - 1)
| 2N

“T.fn--e']

A3



s*k +1 (From Equation (A.60)

1 - - - -

N - x; (-a link.(l-lp)-b*colx-(l.-!.p)]
P B

- 1 X - -

B, 1 lagy cosd (A-1)-b, staX Q LAY
P B
1 - - - -

Il3 - ¥ [b‘ cosh A- Q- lp) = ok sink A- - '.P)]
P D
1 .o - -~ -

B - % n"linhkn(l-lp)-c‘mhl. a- 1))
P =

By = ——— (~ay cos A +b_ (sin A - sinh A + e, cosh A)

o
i

Range: EQ E. <1 [even nusbarad segments]

0<s <k
oot (o, eaX, T 4 1 - coe X, T)]

i s a p

] -J—(-_(m I.i’-l)o-b_ sin X_ i"l

| 2
"'f:r__“- (cosh T T, - 1) +c stab T T
.‘.-Jx—(-s_.u‘i.t’ + gy (1 - cont X T
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A.2 THE VEHICLE MODEL
Direc:ly from Fiz. 2.1, the equations of motion for the

two dimessional wehicle may be derived as:

0.5 I' (’Zf + er +2g) + bb 02! + ’Zr) + kb(yzf + y2r) -

by (e + 31 + K0y +9,) (A.62)
2:' . o
2 Uae =9y + 0 U - dp) + iy Gy -y -
a

bb(ilf - ,ll') + "b (y,_f - er) (A.63)

03 m (e ¥ 00 +0y Nyg ¥ Uy + k) 3y = by $y PRy Yy v Ry
(A.64)

0.5 'u (.’.k"')“'b ,u*(kb*kor) ’k.bb ’2r*kb'zr*kar yor

(A.63)



vhere:
L vehicle s;prung mass
n - vehicle total unsprung aass

I = vehicle moment of inertia with respect to geomstric
center

yot(y“) = guidewvay displacement directly beneath front
(rear) pad midpoint

yu(yh,) a front (resr) suspension pad midpoint displacement

’2f(’2r) = vehicle displacement at front (rear) suspeasion
attachment point

g = acceleration dus to gravity
The net force on the guideway gensrated by the fromt and

vear suspension pads is:

ot = ¥ar 2g = Y50 (A.66)
For = %ar U1 = Yor (A.67)

vhere:

l.f (P") = net force acting on guideway due to front

(rear) suspension pad

The wodel is valid only vhen l’.f and r. ¢ 5F¢ negative
since Lif they are positive the vehicle suspension has left the
guidewvay, i.e. a vhesl-hop condition in & whesled suspension. For
vehicles designed to mest desired lavels of passeanger safety aad
confort this comdition should not occur.

To complete the description of the vehicle the {atitial
values of ¥y¢. p¢r Va0 Yopr V1ge 10 Yy 209 g, Wust be
opecified at t = 0.
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A.) Summary of Vehicle-Guideway Nondimensional Intsraction Equations

The complete sst of equations describing the two
dimensional vehicle model and the guideway mey be derived in
sondimsnsional form using the fumdamental paramaters defined in
Table 2.1. Por a given guideway beam of interest the dynamic
deflection profile is:

1@, = Ja (0 & &) (.68)

wvhere each a is determined from the equation:

da da

a 5 oo, 133
2 + 25- Wy @ + el 2&1‘1 rt *- ‘vi’!'p)

Y = y/y*

L=x I!..

T = 2ufee

a = A/y

i- = u /(2ut)

&30



The normalising deflection y* is the deflection® of a
single pinned end span of length l.. loaded at midspan by a
single conceantrated force equal to (-“ + 'v)“

3
2(m + -'); l.

,i - N . (A.'IO)
v Bl

The vehicle suspension position x" may be relatad to

time fo: & vehicle traveling at constant speed v:

A = ve/ty - Ry/ty = VI/2W - 1, (A.71)

where

it - lill. = sondimsnsional suspension position

at time € = 0 as weasured from x = 0

::. inicial coaditions for each beam represeated by the
valuss of a—‘-uc_mmumtmut-o.
For each wehicle comnsidered, the equations which

dovcribe the twe dimeneioaal wehicle arve:

g Sy P T ey -
Fd ooy wn

mmum-mmuuc-«anuuu
8(! ’V"‘ I-u.mummamtmb-m;y
uu.ov.t,mn The ratto 48/(v%/2) ts 0.98s.

A~



a’t  a%y

a®

dy dY
v 9 Yo¢ 2¢ 2¢ 2r
E I Rl “2)+2£vn(d‘r at )t (g = Y0
ar. . dr
1f ir -
-xa G Sh e, - (A.73)
- "2’u v1e B My as R il T
w7 a T 2 e R &
. q
MK
* 2 Yof (A.78)
"2'1;» XM A asn 2EMdYy
’“u’“z +1+ 4 it Y YIr o Ta *
M MK
Ao, o+ By (A.75)

The force generated by a given suspension may be vritten:

? -“— 1 ‘("Y)i
g? T+E Lo (A.76)

vhers for the fromt (rear) suspension of a single two dimensional
wehicle 1 » £ (1 = r) and vhere !“ is simply the displacement

Yo" !(xu.t) computed directly from (A.68) . The initial conditions
st time T = 0 for the wehicle include the specification of

o & av ax
o ¢ 4 ¢ 4 ¥t 4 B} 4
et "N &0 T2 Tar o Ve o W™ Yy

Bquetions (A.68) through (A.76) summarise the behavior
of a two dimemeional vehicle with finite pad leagth suspensions
traversiag & semi-continuous guidevay system. In addition to the



variables described by these equations the nondimensional woment

and stress are also of interest:

+ 2

Ho=Mme s S X (A.77)
L™ M ) o
s t

G =0/o*= M, (A.78)

vhere:
Ht* = first mode midspan moment in a single discrete
span due to a force equal to the vehicle
weight concentrated at the midspan.
ot. e first mode midspan stress in a sirgle discrete span
dus to 8 force equal to the vehicle weizht
concentrated at the midspan.
and vhere:
2
* 'Y
u' - BEE (A.79)
"s
'
M
g s il
t 1 (A.90)

Whea the normalising factors are selected as givea in
(AT9) and (A.80) it 1s noted that the mondimecsional stress is
equal to the mondimensional momeat.

A-41



A.4 SUMMARY OF VEHICLE TRANSFER FUNCTIONS

Tor the constant force amalysis it is convenieat to
represent the vehicle equations in transfer function form. For
the vehicle model described in Chapter 2 and represented by the
equations summarized in A.2 the pitch and heave transfer func-
tions may be derived as described below.

The pitch and heave transfer functions may be directly
related to the transfer functions which yield the front and rear
vehicle body suspension attaclment point accelerations, due to

the front and rear suspension motion:

g 2>

2f = To !of + Tc 'or

g 3>

2r - Tc 'of + T- !ot

where: T = froant (back) acceleration nondimensional
transfer function due to front (back)
suspension input displacement

T = front (back) acceleration nondimensional
¢ transfer function due to back (fromt)
suspension input displacement

(A.81)

(A.82)

Vhen }t is moted the vehicle hesve and pitch acceleratiouns

are related to !h by:

~ ~ ~

lc = 0.3 (Yu + 'Zt)

%1
< R 14
<R LS

- (o' ".L-) 2t =
) 2

A-42
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With accelerations normalized by the vehicle suspension
natural frequency w, and the midspan guidewvay displacement due to
a constant force y*, the nondimensional transfer functions 'r. and '1'c
mat be derived from the vehicle equations summarized in Appendix A.2

in terms of nondimensional frequency w = m/wv as:

() e ) e ) e (o) e 0 He (300

‘l'.(jmi) -_8 "
DM (jw 1) (A.85)
. Serluy 7+°cs(’“’£6*°cs‘£_1’5‘%4(5"’1"
m(jmi) (A.86)

Te(jmi)

where the system characteristic equation is:
D0N(30,) = dg (30, >4, (J0,) T4 (30,0 B (30,) >4, (40 ) %

a5000,) >4, (30,024, (Ju,) M4, (A.87)

The coefficients in (A.85) to (A.87) are tabulated in
Table A.2 in terms of the nondimensional persmeters identified
for the vehicle described in Chapter 2: ll‘l the uusprung mass
ratio, tv the inertia ratio, { the suspension demping ratio and

K the suspension stiffness ratio.

Tha heave and pitch transfer functions may be determined
from 'r. and te weing (A.81) and (A.82) directly.
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TABLE A.2

VEHICLE TRANSFER FUNCTIOJd COEFFICLENTS

Cs7
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APPENDIX B
EVALUATION OF PILR SUPPORT DYNAMICS

B.l INTRODUCTION

The general guideway model described in Chapter 2
is based upon the assumption that the pier and foundation
support structure are "rigid”, i.e. their dynamic motions
may be neglected in comparison to the span dynamic motions.
In the paragraphs below a dynamic model is formulated for the
pier-foundation-soil syscem. Methods for determining dynamic

motion of the pier resulting from a vehicle passage are derived.
B.2 SUPPORT STRUCTURE MODEL

A sketch of the supvort structure model considered
is shown in Figure B.1. The span, column and foundation are

zepresented by the effective masses l.. m, ard m,  while the

¢
visco~elastic propecties of the soil are represented by an
offective stiffness kt and damping bf. The guideway mans L
Tepresents the span effective translationsl mass*. The column
stiffuoess for the typical designs considered (column heights

up to 26 ft.) is sufficiently greater than the soil effuctive
stiffaces, i.a. worst case column stiffness is at least three

times the 501l stiffness, 80 that the column is modeled as a Mass**,

oThe distributed mass and flexibility of the spen are still
preseat ia the spen model equations.

o If the column stiffness is reduced to the poirt vhere it is
eonparable to the soil stiffness, its stiffness should nloo
be included in the model.
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The foundation is modeled as a lumped mass wince its stiffness
is substantial, i.e. greater than 10 times the soil stiffness
for all cases considered. The s0il effective stiffness kt and
damping bf depend upon the foundation area and the local soil
’topctiu.‘ When the soil is considered as a semi-infinite

region, the stiffness and damping properties may be derived
using the Lysmer soil model [33] as:

-0
k! i =)
]
2,F
‘f. 3.4 .c.
1-v)

G. e 301l shear modulaes

p. = goil density

v. = poisson ratio of soil

Ty ® omuivalent footing radiud®

The principel damping in the wodel arises from

radistion of energy through the #0il, The damping 1s pro-

portional to roz vhile stiffness is proportiomal to L

The dymamic equation of motion for the model may
be witten ia nondineasiomal form in terms of the pier motica,
!’. end the force actiamg on the pier, ”:

,! f
or a rectaagular footing, LA -‘-'L—- where the footing leagth

t‘ oad wideh ‘t asre dofined in Fig. 3.5.

(8.1)

(3.2)



& ay a2 ¥
+ + Y =
.‘_r..z ZEPS!‘,_&% PP —-L‘ -3 (8.3)
T P
vhere:
. /
Y' _’_E
F - f
’ 4—
0.3 (.n + -')g

g - 05 b
| 4
J;f (-. + LR + 'f)

:2. J:fl (-.+-c+-f) ) w

8 =

TR et
L] L] ]
s+ c+ £

l’- -

and where it is noted the normalized factors are consistent vith those

ueed in the derivations of Appendix A.

Witk the specification of the force F’ the pier dynamic motion

may be determined.
3.3. Computation of Pier Forces Due to a Vehicle Passage

Aa approximste nethod is used to compute the force acting
on the pler. mpw!moucmtdnthuotmuhur
forces generated ia the spans resting om the pler. These shear
ferces sxe conputed for the span resting upon "rigid” supports
as it is traversed by & coastaat suspension force vehicle sodel.
The computatica of the pier forces using & rigid support asmump-
tien is adopted initislly since this ssswmption will allow an
estimate of the force magaitudes wvhich can be used to check the
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rigid support assumption. The pier force fp may be written as:

%'ﬂ*ﬂ (B.4)

where: V. is the left span shear force

't is the right span shear force

and where the shear force in a span may be written as:

3
(2, 1) -"—‘ !i‘;-ﬁﬂl - !.;,.Il 3-—?%:1 a (1) (3.9%)
. N v ax

Por interior continuous supports V. - 'lt - % v,

while for exterior supports (B.5) must be used to compute the

individual left and right span shear forces.

The computation of ip using (B.S5) directly leads to
oumer ical computation difficulties because the series conver-
gence is slow, i.e. it converges as 1/n, and the resultant compu-
tation involves differences of small mmbers. To alleviate this con-

vergence difficulty, the shear force may be expressed as:
Y@T) =V, ) + Vio @D (.6)

where: '“ = gshear due to a stationary load on the span

"‘ = ghear due to traveling load effects on a besm.

The quantity '.t is computed from classical force-moment
amlysis of the loads on the span and represents the limit of a
slovly moving load as the velocity approaches zero, vwhile the shear
due to the moving load ". is computed using the dynsmic contributions
of the firet fifteen terns of (B.5). Terms above the fifteenth
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term have span natural frequencies associated with them that

are greater than fifteen times the crossing frequencies con-
sidered and thus only their static contributions are important.
The static contributions of these higher order teras are included

in V.t. The details of the computation are described in [34].

The force occurring at the pier of a system of
single spans due to the passage of a single concentrated force
at crossing velocity Vc has been computed using the method
described and is plotted in Figure B.2. The case for Vc = 0.0
is the static case vhile the influence of dynamics are shown
ia the cases Vc = 0.4 and 0.8. The case Vc = 0.4 essentially
1llustrates dynamics which only slightly modify the static
Tesults and results in the ssme maximum shear force, while
the case 'c = 0.8 vhich excites span dynami:zs significantly
results in & maximum shear force wvhich is 50X greater than
the strtic force. This higher speed case also illustrates that
the spans on the pier are left in an oscillating mode* as indicated

ia the Figure.

Pigure 3.3 shows the pier force resulting from the
passage of a pressure pad of length l.’ - 0.3!.‘. The same general
offects shown in Figure B.2 are illustrated except that due to
the fiaite ped length, the pier force magnitudes are reduced emd
;ht time histories are smoothed.

The epen damping is sero.
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Figure B.4 shows the pler force resulting from the
passage of tvin pressure pads of length !.P - 0.5!.. and separated
at length l.‘ - O.Sl.. The further spreading of the vehicle forces
across the tvin pads results in a further decrease in pier force
maxinum sagnitude and further smoothing of the time history in

comparison to the single pressure pad case.*

Using the methods described, the pier forces due to an

arbitrary vehicle suspension force distribution may be determined.

B.4 Evaluation of Pier Motions

To evaluate the motions of the pier-foundation systea,
the four design cases summarized in Table B.l are considered.
These cases consider the pier-foundation system sketched in
Pigure B.5. The designs represent 12 and 24 ft. high guidevays
for 150 and 300 mph vehicle systems. The dimensions of the
footiag and pler were determined using the design procedure
outlined in [34] which is based upon AASHO design codes ard civil
engiseering practice. The procedure results in designs which
sre similar to those described for the urbanm air cushion vehicle
guidoway design descrided in [11]. The procedure is based upon
deteraining the environmental and the dead loads on the pier.
Por the cases cousidered it was found that a primcipal design

constraint is represeanted by a 100 mph cross wind on the structure

#The same total suspension load is used in Figures B3-2, B-3 and B8-4
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TABLE B.1

PIER-FOUNDATION STRUCTURE PROTOTYPE DESIGNS

FOR 100 FOOT SINGLE SPAN GUIDEWAYS

Design Case 1 2 3 4

Speed: mph 150 150 300 300
Column height: ft. 12 2 12 2

Span height: in. 69 69 84 84

Span weight: 1b 233,700 | 233,700 | 268,400 |268,400
Column weight: 1b 6,000 | 17,150 6,500 | 18,600
footing weight: 1b 60,900 |113,600 | 70,200 |121,800
Soii stiffness, k :1b/,, 36 x 10% |43 x 105 | 37 x 105 {44 x 10°
So1l damping, £ A4 .57 .4€ .56
Troquency u: rad/ 6l 62 s8 58
Proquency Matio, 8 2.2 2.2 1.75 1.77
Span Stiffaess: 1b/,, 2.6 x 10% }2.6 x 10%] 4.25 x 10%] 4.25 x 10°
Pooting Size: ft x ft 23 x 8.6 28 x11 24x9 29 x 11
Pooting Thickmess: ft 2.0 2.4 2.1 2.5

Seil Paramsters: Vehicle Parameters:
Weight = 75,000 1hs

‘ -
a/t, = 0.3

Shear w4 -"ug = 5000 lblinz
Demeity = 110 1b/fed
Peisera ratio = 0.333

Beariag capecity = 3000 1b/fe? pie, = 0.3

=11



Centerline Guidewvay

Fig. 3~5. A Prototype Pier-Footing Design
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with the vehicle present. The overall footing size is essentially
set by balancing this moment against the soil bearing capacity at
the outward edge of the footing.* Thus, as the soil bearing capacity
decreases, the footing size increases. For the design examples cited,

& bearing capacity of 3000 lblft:.2 wvas used.

Also tadulated are the values of the footing stiffness
and damping ratio and the span-column-footing mass-soil stiffness
natural frequency. For all the design cases the soil-footing
stiffness 1is at least eight times the span stiffness, thus it 1s
expected that pier motions will be small compared to span motions.
Also it is noted that the pier system damping ratiocs are in the
range of 0.5 and dynamic amplifications of motion will be sx~»ll1, par-
ticularly since the vehicle forcing frequencies are less than one

alf the pier system natural frequen:ies.

The detailed time histories of the pier motion due to the
passage of a 753,000 1b. air cushion vehicle with pad lengths of
!.’ ® 0.3 and suspension separation distance L' = (0.5 across
single 100 ft. spans sre displayed in Figures B.6 to B.9 For the
four piler designs summariszed in Table B.1. These time responses
wvere obtained by first determining the pier forces from the
vehicle passage using equation (B.6) and then determiming the
pler motion by solvisg (B3.3) with numerical fategration. The
aaxiaun nondimensional pler deflectioms, dimensional deflectioms

*The pier-footing desigas differ for 150 and 300 mph systems
because spen heights are different.
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and ratios of pier to span maximum deflections are summarized in
Table B.2. As noted in the table, the computed piler maximum
deflections are small, i.e. all pier deflections are less than

0.013 in. and are similar. The ratios of the pier to span deflections
are also small with the 150 mph system pier deflections lass than

6X of the span deflections and the 300 mph system pier deflections
less than 9% of the span deflection.

Por the design cases considered, the pier deflecticne
are small enough compared to the span deflections so that the
asemption that vehicle-span interaction dynamics may be determined
aseming rigid supports is justified. Also it is noted that as
showa in the Figures B.6 to B.9, the pier motion is essentially
independent of vehicle operating speed, i.e. the pler is responding
ia 2 quasi-static sanner as is expected since the pler-footing
systea natural frequencies are in the 10 hertz range, while the
ssxinum vehicle crossing frequency is less than & hertz, thus
the pier is excited at a frequency less than its natural frequency
and responds almost quasi-statically. For the cases considered,
pler-footing dynamics do not significantly influence span
dynemics.

The pier-designs comsidered sre expected to bde typical
of those employed in tracked levitated vehicle systems and it is
anpeocted that the rigid support assumption will be valid for
desiges which are similar to those studied. VYor designs which
ave sigaificantly diffecest from those descrided, the methods
outlined ia this apperiix may be used to evaluate the validity
of the vigid pler support asswmption.
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TABLE B.2

PIER MOTION DUE TO A 75,000 1b

AIR CUSHION VEHICLE PASSAGE

Design Case 1 2 3 4
Speed: mph 150 150 300 300
Column height: ft 12 24 12 24
Maximum Pier Deflection: in .015 .016 .014 .015
Maximum Spen Deflection: in .284 <284 .170 .170
Ratic of Maximum .052 .056 . 086 .087
Pler to Spam Deflections
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APPENDIX C
COMPUTER SIMULATION PROGRAM OF TWO-DIMENSIONAL

VEHICLE OVER A MULTISPAN GUIDEWAY
This program simulates a two-dimensional vehicle
traversing a semi-continuous guideway as described in Chapter
2. The program allows for either a sixth order vehicle
nodel with no unsprung mass or an eighth order vehicle model
including unsprung mass. The vehicle interacts with the guide-
way at each suspension via a uniform pressure pad with pad

length to spai length ratios in the range of 0.0 < :’2 < 1.0.
L

s
The guideway deflection under the center of the pad provides the
deflection input to each suspension. Vehicles with vehicle

to span length ratios in the range 0 < _‘jr_ < 2k, vhere k is the

L
mmber of spans per besm, are pcninibl.:. Vehicles longer than
this, which would interact with more than three besas simul-
tanecusly, are not considered. The guideway is assumed to be
undisturbed as the vehicle approaches it. EBither of two pre-
deternined camber shapes, 3n arbitrary camber shape, or no camber
are prograa optioms.

In the computer simulation the coupled vehicle-guideway
system equations are integrated using a fourth order Runge-Kutta
solution techmique. This solution technique requires that some
care be exercised in choosing the time step used to avoid mmerical

instabilities.
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The inputs to the program which effectively govern the time step
are the crossing frequency or velocity and the mmber of points
at wvhich the state variables are determined per span [CRFQ and
INT respectively in the program]. The time step is inversely
proportional to both of these parameters. Thus if one is de-
creased, the other should be increased proportionally to keep
the time step constant. Experience has indicated that a crossing
frequency--points per span product of about 40 provides good
numerical stability for most systems with vehicles having no
unsprung mass. Adding unsprung mass effectively adds a high
frequency vibrational mode to the system and tends to require

a decrease in the time step (or increase in the crossing fre-

quency x points per span product).

Inputs to the program include the following:

vC: Crossing frequency ratio or dimsionless velocity, Vc

oM: Span to vehicle frequency ratio, Q

AK: Prisary to secondary stiffness ratio, K

Iv: Vehicle damping ratio, £v

o Spen damping ratio, E-

VL: Vehicle attachment length ratio. This is the ratio of
the length between suspension attaclments to the span
length

L= L /0, = (&, - lp)/l..

A Vehicle to span mass ratio, M,

PLR: Pad to span length ratio, Lp = ).plz.

Al: Vehicle inertis ratio, I

R Unspcung mass ratio, ll“. 1t )lu is set equal to sero, the
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NSPAN:

INT:

order of the vehicle equations is automatically reduced

from eight to six in the progras.

The mmber of modes used to model each bean of the guide-
way. The program is dimensioned to accommodate up to six
modes, but more can be added by changing only the apyrop-
riate dimension statements.

Paiametar vhich designates the mumber of span crossings, or
length of tbs simulation. (Note variation due to value of
MNT below).

Parsmeter vhich allows continuation of previous rum. If

‘IC 1is set equal to szero, initial conditions are chosen

from static equations. If IC is set equal to one, initial
conditions of state variables are read in as data.

Wumber of time steps per span crossing. (See choice of
time step above).

Wumber of spans per besm, k. The prograa is dimensioned
<0 accommodate up to 5, but more could be added by changing
the appropriate dimension and format stateaents.

Parameter which varies output. If MNT is set equal to
sero, midspan deflections are output. If MNT is set

equal to 1, sidspsr moments are output. If MNT equals 2,
aidepen deflections are output for RSPAN span crossings
aod then midspan moments are output for k more spea
crossings (1 more besm).
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CAMCD:

AL(I):

Camber code 'A' for camber shape equal to Kclli.n x|,

'C' for camber shape equal to Xc (1-cos 21!!)/2, 'G' for
general camber shape equal to Zc (x, (X)), vhere values
of ¥(X) are read from succeeding cards, or blank

Camber amplitude, Kc .

Rigenvalues of beam. Correspond to A- !.. in text.

(See Appendix A for listing).

Program outputs are printed in columns with the following

headers from left to right.

r:

The beam number the leading edge of the front suspension

is on. If IC is set equal to zero, the leading edge of

the front suspension begins on beam 1. (Also designated
beam A.) As time progresses, the front pad moves on to
beam 2 (also designuted B), beam 3 (also designated C),

and then on to besm 1 again, and the sequence repeats.

As the vehicle approsches each new k-span beam, it is
initialized to static conditions and the vehicle "sees"

it as a new, undisturbed guideway besa.

The number of besm the leading edge of the rear suspemsion
is on.

These headings designate the nidspen deflections of besms 1
(DiAn), 2 (MMBa), and 3 (NCn), where n represents the span
mmber. [See explamation for F above]). If MNT is read as

1 or 2, these headings are replaced at the sppropriate time



with 18An, MMBn, and MMCn, designating the corresponding
aiispan moments.

The acceleration in g's at the front attachment point of
the vehicle.

The acceleraior in g's at the rear attachment point of
the vedicle.

The acceleration in g's at the center of the vehicle.
The displacement (beam deflection) under the center of
the front suspension pad.

The uisplacement under the center of the rear suspension nad.
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APPENDIX D

COMPUTER PROGRAM TO DETERMINE GUIDEWAY MIDSPAN DEFLECTIONS
AND MOMENTS AND VEHICLE SUSPENSION DEFLECTIONS
AND ACCELERATIONS BASED ON A CONSTANT FORCE MODEL

Program Description

A two suspension, constant force vehicle traversing
a simply-supported multispan guideway is simulated based on the guide-
way vehicle model described in Chapter 3. The constant suspension
forces are applied to the guideway through uniform pressure pads
with pad to span length ratios of 0 < llx,/f!.s < 1.0. When the
suspension forces are constant, the responses of each multispan
beam in the guideway are identical, thus, only the response of

a single beam is required.

The program determines the deflections under the mid-
points of the front and rear suspensions as a function of time.
Each suspension deflection profile which is periodic from besm-to-
beam, is then fit with a Fourier series using the number of terms
specified by the user. The resulting Fourier coefficients corres-
ponding to multiples of the beam encounter frequency are then
input to the vehicle transfer functions described in Appendix A
to determine vehicle sccelerations. The program also determines

the guideway midspan deflections and moments as a function of time.

To provide an efficient method of computing the
deflections and moments, the nmerical solution to the guideway
differentisl equations derived in Chapter 3 is obtained using a

set of first order difference equations of the form:

D-1



vhere
[¥] is the vector of state variables

[AAt] is the system transition matrix

[X.] is a vector of particular solutions for the state
variables and are calculated at each time step.
This solution procedure which is described in (35]
avoids numerical instabilities and has the advantage that the
difference equations represent exact solutions to the differ-
ential equations as long as the prescribed pad length and the
prescribed vehicle length represent distances traveled in an

integer mmber of time steps.

The effect of using guideway precamber can also be
determined by the program. Normalized camber deflectiomns - {
the guideway are calculated at each time step and are added to
the modal amplitudes before the suspension deflection Fourier
coefficients are computed. Three types of camber are included

and are denoted by the first letter in the name of each type:
(1) Absolute sine: y_ - Awlun " %;

vhere Yeom is the camber deflection of the beam,

x is distance along the beam, L, is span length,

and Ac- is the normalized camdber amplitude. This

camber type closely approximates thermal distortion

(A com > 0) or sag (Ac.- < 0) for a single-span

simply-supported guideway beam.
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1, X
Au- 2 {1- Cos 2n 2’)

(2) Cosine: Yeanm

This camber type does not have discontinuities

of slope as does type (1).

~

(3) General: Yean (1/nc.- x/zb) n Acu Yy
vhere lb is the length of the entire beam, n

cam
is the number of time steps in the aimulation de-
termining guideway deflections for one beam and
y is an array of equally - spaced camber deflec-
tion points read from cards (i=1, ncan)' General
camber allows complete flexibility in dealing with
multi-span beam camber which need not be periodic in

L.
s

Program Inputs:

The program inputs consist ~f the following parameters:
(Format (8110))

The number of modes used to simulate the besam. The
progran is dimensioned to accosmodate up to 5 modes, but
more can be added by changing the appropriate dimension

statements.

The number of spans of the beam. The program is dimen-
sioned to accommodate up to 5 but more can be added

by changing the appropriate dimension statement.

The number of points per span at which the state
variables are calculated as the vehicle traverses the

beam. This parameter effectively controls the time
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step at a given vehicle velocity.

NFC: The number of sine and cosine terms in the Fourier

series representation of the suspension displacements.

IPOP: Specifies the print option
IPOP = 1 results in printing of all outputs

IPOP = 0 suppresses some outputs (see discussion

of program outputs which foliows)

Cards 2, 3, 4, 5: (FORMAT (20A4))

These cards are used to read in headings that are
prirted on each page of the output during the simulation. Cards 2
and 3 represent one line of printed output and 4 and 5 represent
another. If headings are omitted from printcut, blank cards must
be read in. Typical headings used correspond to the columns of
output of time, midspan deflections, midspan moments, and front
and rear suspension deflections. (See description of output below

to determine desired heading format).

Card 6: (Format (8F10.0))
AL: A vector of M (no. of modes) eigenvalues (A-!..) as

described and 1listed in Appendix A.

Card 7: (FYormat (3710.0, AI, 9x, F10.0)
4 H The span damping ratio, Euin text.
PLR: The pad to span length ratio, lp/l. in text. The

program accepts PLR within the range 0.0 < PLR < 1.0.
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VL: The vehicle attachment to span length ratio, l./ll.8 -

(&, - L)/8, 1n text.

CDCAM: Camber type where
'A' = Absolute sine
'C' = Cosine
L

G' = general

'blank' = no camber

AMCAM: Normalized camber amplitude Am (see previous discussion

on camber)

Card 8: (Format (8F10.0))

Al: Vehicle inertia ratio, I,in text.

AM: Vehicle unsprung to sprun; mass ratio, Hu in text.

AK: Vehicle stiffness ratfo, K in text.

Z: Vehicle suspension damping ratio, Ev in text.

r: Vehicle suspension natural frequency (Hz), 21rmv1n text.

SL: Span length (ft.), 2.. in text.

\£H Vehicle speed (miles/hr.), V in text.
Cards 9 and 10: (Format (16F5.2))

vX: A vector of up to 32 crossing frequency ratios, vc at
vhich the guideway vill be simulated using the damping
ratio, vehicle length ratio, and camber specified on
Card 7, as well as the vehicle parameters specified on
Card 8. If less than 32 crossing frequency ratios are

desired, the computer discontinues as soon as it encoun-
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ters a zero (or blank field) on the card. Two cards
must be included, however, even if only 16 or less
crossing frequencies are desired [in this case card 10
would be blank].

Card 11: (Format (3F10.0, AI, 9x, F10.0))

If this card contains a 10.0 in the first field, the
program terminates. If it encounters a 1.0, it reads a new set
of carde for another run, beginning with Caxd 1. If the first
field contains a number less than 1.0, the card is assumed to
contain the same variables as Card 7 above and Cards 13 and 14
should contain & vector of crossing frequencies (similar to
Cards 9 and i0) to be rum at the damping, pad length, and vehicle
length ratios specified in Card 11. Card 12 should contain
vehicle parameters as on Cerd 8. This sequence of runs will con-
tinue until a value of 10.0 or greater is read in the first
field of a card corresponding to Card 11.

Program Outputs
The program outputs, in addition to printing out

headings specifying the values of system parameters that are
reas include the following system mhbiu in columns from
left to right.

(Format 3x,16¥7.3)):

TR A dimeasionless parameter in units of span crossings.
(Priated in columm 1)



™: A vector of NS (no. of spans) normalized midepan deflections,

beginning in column 2 with YM(1).

BM: A vector of NS normalized midspan moments, beginaing in
column NS+2 with BM(1).
A: A vector of M normalized modal coefficients, o, beginning

in column 2#NS+2 with A(1).

YF: The normalized deflection under the center of the front
suspension pad (column 2NS+M+2).
YR: The normalized deflection under the center of the rear

suspension paac (column 2NSHH3).

The headings HEAD1 and HEAD2 defined above can be used
to properly position headings above each of the cutput variables,
since the number of output variables changes with the number of
spans and number of modes. As the leading edge of the front pad
of the vehicle enters a nev span of the guideway, a new page of
print is begun. On each page, at the bottom of each of the columns
containing midspan deflections and moments, the maximum deflection
or moment which occurs during the span crossing (labeled SMAX)
and the maximm deflection or moment which has occurred up to that
time in the simulation (labeled CMAX) is printed.

Optiomal Outputs
Item 1: At the end of the simulation, the suspension deflection

profiles (guideway deflection under center of suspension pads) are
printed out in the phase ia which they would be seen _by a vehicle
traversing a guideway.
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Item 2: A single line stating camber code and azplitude is printed

if camber is included by reading am 'A', 'C’, or 'G' on Card 7. If
camber effects are included, the suspension deflection profiles
front (Y?) and rear (YR) will be printed out as a function of time

step. In addition, the camber smplitude (CF) will be printed.

Item 3: The root mean square vehicle accelerations are printed

out preceeded by a heading 1listing the vehicle characteristics in-
cluding speed and guideway span length. Included in tiis printed
output from left to right is the non-dimensional frequency (beam
encounter frequency/ vehicle natural frequency) labeled 'W/FV', the
front r.m.s. vehicle acceleration at this frequency, labeled 'Y2F',
the total r.m.s. front acceleration 1n91uding all preceeding fre-
quencies ('SUMP'), the rear r.m.s. vehicle acceleration (‘iaw';,
the total r.m.s. rear acceleration ('SUMR'), the vehicle center of
gravity r.m.s acceleration at this frequency (*YCG') and the total
center of gravity r.m.s. acceleration including all previous fre-

quencies ('SUMC').

Item 4: The total r.m.s. acceleration for the fromt, resr, and
center of gravity of the vehicle is printed out including the

speed for which these values are calculated.

Item 5: The coefficients of the first WFC terms of a Fourier
Series representstion of the suspension displacement profiles
sre thea priated. The coefficients of the cosine and sine terms
of the fromt suspension profile are labeled 'AF’' and 'BF' respec-

tively, while the cosine and sine coefficients of the rear profile



are labeled ‘AR’ and 'BR' respectively. The frequency in hert:x
corresponding to each coefficient (a multiple of the beam en-

counter frequency) is also printed and labeled 'W'.

Item 6: A reconstiuction of the front and rear vehicle accelera-
tion using the Fourier series coefficients obtained by inputting
the suspension deflaction coefficients to the vehicle transfer
function are printed for 51 points representing equal fractions

of the time the vehicle takes to traverse a single guideway beam.
The fraction of the traverse time is printed out (and labeled
'1/TP') followed by the non-dimensional front and rear vehicle
accelerations at each fractional period labeled as 'AY2P' and
'AY2R' respectively. Failure to specify IPOP=1 in data Card 1
vill result in suppression of ali optional outputs except items

2 and 4, A complete listing of the Portran program follows.
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APPENDIX E

GUIDFWAY DESIGN PROGRAM BASED UPON A CONSTANT
FORCE VEHICLE MODEL

This computer program provides design data for the two
suspension constant force vehicle models traversing the multispan
contfiguration described in Chapter 4. The program computes epan
deflections and moments and vehicle accelerations and suspension
deflections using the constant force vehicle model described in
Chapter 4. The program permits beams having either of two pre-
determined camber shepes, an arbitrary camber shape, or uncambered
beams. The program has two options. Option #1 implements directly
the design procedure summarized in Table 4.2. In this optiou the
minimum span stiffness and related cross-section properties re-
quired to provide a vehicle-guideway system that meets passenger
comfort specifications at the vehicle operating speed are deter-
mined. As inputs to the program the vehicle characteristics, the
span length and the number of spans in the semi-continuous guide-
way beam must be specifield. As presently constituted the program
is based upon the twvin I beam prestressed concrete span configura-
tion 1illustrated in Pigures 4.2 and 4.3 and the passenger comfort
specifications 1llustrated in Figure 4.1. Other span configura-
tions and materials and alternat~ passenger comfort specifications

sy be implemented through modification of the program.

In option #2 span deflections and moments and vehicle
sccelerations and suspension deflections are determined for a
completely specified vehicle-guideway system over a specified
range of operating epeeds. This option is comvenient for determining
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the system performance characteristics over the complete operating

speed range after a preliminary design has been completed.

In addition tv the two moder uf operation, two levels
of printing detail may be specified in the program. By specifying
the detailed output mode the constant force simulation sequence
for one bLeam will be printed in detail for a complete vehicle
passage. Included in the ccnstant force simulation printing are
the normalized midspan deflections and moments, the modal co-
efficients, and the front and rear suspension displacements. At
each time step during the passage the normalized front and rear
suspension displacements are printed. From these phased dis-
placements the suspension deflection Fourier coefficients are
calculated and printed. The non-dimensional front and rear rms
accelerations for each non-dimensional excitation frequency, the
total non-dimensional acceleration for the speed being simulated
and the maximum ratio of non-dimensional acceleration to the
limiting specified acceleration are printed. If program option
#1 1is in effect, the guideway design parameters are also printed.
Finally the maximum midspan deflectioms and moments at each

crossing velocity are printed.

If detailed informstion is unnecessary, s limited
printing mode may be specified in which only the accelerations
and design data are printed for option #1, and only the total rms
accelerations and the acceleration ratio for each speed are printed

for option #2.



The input parameters required in the program and the

specification of program options and printing modes are described

below.

INPUTS
CARD #1
FV(cps)
(€,)
SL (ft)
®)

WTOT (1lbs)
((lv + lu)s)

VMAX (mph)
(v. )
max

VMIN (mph)
(vlll’o)

VDEL (mph)
(Av)

D _#2

FORMAT SF 10.0

vehicle suspension natural frequency

span length

total vehicle weight

for option #1, the design velocity of interest
for option #2, the maximum vehicle velocity of
interest

for option #1, blank

for option #2, the minimum vehicle velocity of
interest

for option #1, blank

for option #2, the velocity increment (the pro-

gram will simulate v = Vain + (n-1) A up to

Veax * " 1, 2, 3)

FORMAT 4F 10.0

vehicle moment of inertia ratio

ratio of total vehicle unsprung mass to vehicle
sprung mass

vehicle stiffness ratio

vehicle suspension damping ratto
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CARD #3

ll( subscript m)

NS
(k)

WPTS
NFC

IPOP

CARDS #4—#7

AL(T)
gL

CARD #9

(Q\

@)

PORMAT 5110

specified mmber of modes used in simulation

specified mumber of spans per beam in simulation

specified mmber of time steps per span in
simulation

number of Pourier coefiicients to be determined
in addition to the zeroth coefficients

0 or blank to suppress bulk of printout any
other integer for detailed printout

FORMAT 20A4

These arc header cards used to resd in headings
that are printed on each page of the output
duriug the constant force simulation. Cards #4
and #5 represent one line of printed output.
Carde #6 and #7 another line. If no headings
are desired blank cards must de included.
Typical headings used correspond to the columns
of time, midspan deflections, midspan moments,
and front and resr deflections. If limited
printing option is in effect, cards #4—-#7
must be included but may be blank

FORMAT 8F10.0
The eigenvalues, one for esch mode (I = 1, M)
(See Table A.1) If more than eight eigen-

values must be resd, additional cards follow
in sequence.

FORMAT 3F10.0, Al, Fl0.0
besm damping ratio

pad leagth ratio



VL(L ) attachment length ratio
a
CAMCD camber code--'A' fcr camber shape equal to Ac|sinﬂxl,
'C' for camber shape equal to Kc(l-cOI 21TX)/2

'G' for general camber shape equal to Kc (Yc (X)) where

values of Y (X) are read from succeeding cards, or
blank for no camber.

AMCAM camber amplitude
Q)
CARDS #9 a,b,c FORMAT 8F10.0

Optional cards used only when CAMCD above is 'C'.
Values of Y (X) for each time step from 1 to
NSANPTS are‘read. The program is set up for 60
points.

3) If card #11 has values as specified for care #9,
a card specifying VCMAX should follow (any number
of pairs of cards #9 and #10 may follow after
which the run may terminate or continue with new
parameters read according to the other two options
for Caru #11.

OUTPUT

OPTION #1

ITEM #1 "Option 1 in effect"

ITEM #2 the vehicle natural frequency, span length, design
velocity, (echo check of card #1)

I™EM #3 the constant force simulation sequence

ITEM #4 suspension dAisplacements front and rear

ITEM #4a camber code and camber amplitude (camber option only)

ITEM #4b suspension displacements including cember. and camber
displacements (camber option conly)

ITEM #5 the Fourier coefficients printed

ITEM #6 complete list of simulation parameters
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ITEM #7

ITEM 8

ITEM #9

ITEM #10

ITEM #11

ITEM #12

OPTION #2

ITEM A1

ITEM #2

™™ #3
ITEM #4
ITEM f4a
ITEM #4b

IT™M #5
ITEM #6
™ #7

e 9

non~dimensional front and rear KMS accelerations
for each non-dimensional frequency

total front and rear RMS accelerations for the
vehicle design and velocity

Fourier coefficients for each dimensional
frequency

maximum ratio of non-dimensional acceleration
to the acceleration specification limit

the guideway design sequence

maximum non-dimensional midspan deflection and
midspan moment for the design crossing velocity

“option #2 in effect"

vehicle natural frequency, span length, maximm,
minimum, increment velocities (echo check of

card #1)

constant force simulation sequence

suspension displacements fromt and rear

camber code and camber smplitude (camb.r option only)

suspension displacements including camber and camber
displacements (camber option only)

the Fourier coefficients printed
complete list of simulation parameters

non-dimensional front and rear WMS sccelerations
for each non-dimensionsl frequency

total frout and rear MMS accelerations for the
vehicle speed being simulated

Fourier coefficients for euch dimensiomal frequency



1T 10 maximum ratio of non-dimensional acceleration
to the acceleration specification limit

ITEMS #3—#10 repesated for each velocity up

to vﬂ!

ITEM #11 saximum non-dimensional mid-span deflections
and mid-span moments for each crossing velocity

If IPOP is O or blank only items #1, #2, #6, #8, #10, and
#11 are printed for option #2, only items #1, #2, #6, 710, #11 and
#12 are printed for option #1.

The program listing is iacluded on the following pages.
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APPENDIX F

TABLES OF NONDIMENSIONAL SUSPENSION DEFLECTION
POURIER COEFFICIENTS

r-1



PRSP WNEO

CONONION~O

Table F.1

Nondimensiocssl Suepension Deflection Feurier Ceefficieats
wmu“l 'g - 0.33. L. - 0.5. L’ - 0.3. g = 0.0

AF
-0.3208
0.249
0.0%1
0.002
0.00%
0.002
0.001

AF
=-0.209
=0.043

O.178
0.026
0.020
0.006
0.001
0.001
0.001
0.000
0.000
0.001
0.000

-0, l.2
=-0.0%0
=0.000
0.160
0.020
0,019
0.01)
0.006
0.002
0.001
0.001
0.001
0.700
0.000
0.000
0.000
0.000
0.000
0.000

0.123
-0.000
0.002
-0.000
’°o°°°
-0.,000

-0002‘
0.107
-0.007
-0.000
0.000
0.001
-0.000
-0.000
=0.001
0.000
0.000
=0.000

-0.014
-0.010
0.102
-0.001
-0.004
-9.000
0.003
0.002
0.001
-0.000
=0.002
-0.001
0.000
0,001
0.000
0.000
-0.000
-0.000

=2

AR
-0.328
-0.2%0

0.051
-0.002
0.003
"00002
0.000

-0. 209
-0.024
=-0.178
0.007
0.020
0.004
-0.001
0.000
0.000
-0.000
-0.001
0.000
0.000

-0.182
-0.042
-0.009
-0.160
-0.009
0.011
0.01)
0.00%
0.000
"00“‘
=0.000
-0.000
0.001
0.000
=0.001
=0.000
0.000
0.000
0.000

0.123
0.001
0.002
0.001
-0,000
0.000

-0.043
0.107
-0.026
0.000
0,006
0.001
=0.002
0.000
-0.000
=-0.000
-0.002
0.000

=0.04)
‘00”’

0.101
°0.0! ]
=-0.011

0.000

0.004

0.003
-0.000
-0.001
~0.002
=-0.002

0.000
=-0.000
-0.000
=0.000
=-0.001
-0.000

Single
Spam
!‘- 0.7

K- 0.7

1;-1»52

1“-IL$3

!.- 0.47

R 0.8
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Table I.2

Neudimensional Suspensios Deflection Peurier Coefficieats

Configuration: Ve = 0.5, L = 0.5,

AF
-0.334
0,261
0.055
0,013
0.005
0.003
0.001

AF
-O.Zlh
‘0.0‘5

O.178
0,057
0.023
-0.023
0.004
0.002
0.002
0.001
0.001
0.001
0,000

AF
‘°ol.6
-0.0%9
-0.002

0.162
0,019
0.016
0.01¢
0.009
0. 004
0.002
0.002
0.001
0.002
0.001
0.001
0.001
0.000
0,000
0.009

L1

Oe 139
0.06%
-0.021
‘0.00‘
-0.002
-0.,002

6F

-0.022
00113
-0.012
'00005
0.003
0.002
0. 000
0.000
0.000
0.000
0.000
0,000

SF

-0.013
-0.011
0.10)
-0.,016
0.008
0,009
0.023
=0.007
=0.003
=0.004
-0.002
'°o°°°
-°o°°°
=0. 000
-0.000
-0.0%0
'°o°°°
-0.000

™3

AR
-0.33%
Qe 241

0,053
’0001“
0.00%
-0.,003
Q.031

AR
‘002“
-0.022
-0, 178

0.012
0.023
0.003
-0.003
‘°o°°°
0.002
0.070
-0.,001
'°o°°°
0.000

AR
-0.186
-0.042
-0.006
=0.161
-0.017

0,029
0.018
°°.°°7
0.009
=0.,001
-0.,001
=0.,001
0.001
0,001
-0.000
‘000“
-0.000
‘°o°°°
0.000

L = 003.

BR

0. 164
G. 109
0.038
=0. 007

-0.,003

'000"
O.113
=0.,057
0,009
-0,923
0.002
=00 002
=0.000
0.001
0.000
'°o°°l
=0+ 000

~0.045
-0.006
0. 109
=0.011
G.001
0.013
0,020
0.014
0. 005
0.003
=-0.901
=0, 001
0. 000
0. 001
0.000
-0.000
'°o°°l
=0.000

E. 0.0

Siagle
Span
Y,=0.82
R -0.82

Twe
Spmm

‘;r 0.5
ll_- 0.57

- 0.5

X - 0.35
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Table F.)

Mondimemsional Suspension Deflectiom Fourier Coefficleats
co.!‘.ﬂ'.“.lﬂ Vc e 0.66, L. = 0.5, L’ ® 0,3, :‘ = 0.0

AF
-0.337
0.310
-0. 023
0,017
0.007
0.006
0.001

AF
-0.219
'0-0“

0.21 4
0.024
-0.008
2.004
-0.009
0.005%
0.0013
0.902
0.001
0.001
0.001

AF
=N, 191
‘00060
=N, 004

2% 182
0.024
0.028
0.002
0.004
-0.00%
0.0
0.002
0. N1
N.001
N.000
%.001
0.001
0.001
0,000
0.000

aF

0.103
0.033
0. 000
0.000
0. 000
0.000

BF

‘0.0‘0
0.092
N.023

"0. 000
N.001
0.001
0.000
0.000
0.000
0.000
0.000

BF

‘00013
-0.007
0. 091
0. 003
0.002
0.021
=0. N06
-0.007
-0.00[
0. 700
-0.000
-0.000
0.700
-00000
-0.000
-0, 000
°00°°°
-0.000

AR
-0.337
‘00310
-N,023
-0.017

0,007
-0.004
0. 001

AR
'002‘9
-0.0[0
'0.?"

0,007
-0. 009
-0,008
-ﬂ. 007
-0.002

0. 002

0.000
-0,001
-0, 000

0.001

AR
-0.190
-0.040
-0.002
-0.183
-0.002

0.03%
0. 000
0.006
0.012
°0.002
-0.002
-0.000
0.001
9.001
-00000
=0,001
=0,000
<0, 000
0,000

0.102
-00033
=-0.000

0.000
-0.000

0.000

BR

=-0.043
0.092
-0.,021
~-0.,026
0.008
-0.003
-0.004
-00000
0.002
7.000
‘0.00'
=-0.,000

=0.045
-0.00%
0.096
~0.024
-°-°°.
-0.007
0.003
0.004
0.003
‘0.00‘
-0.001
-0.001
0.001
0.001
0.000
‘0.000
=0.000
-0.000

Single

T - 0.68

nt‘-ILOI

!;r 0.46

W= 0.50

lir 0.49

W - 0.3
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Table 7.4

Nondimsasional Suspemsion Deflectiom Fourisr Coafficieats

Configuration: 'e = 0.83, L. = 0.3,

AF
-0.357
0e334
-0.010
0.010
0.005
0.003
0.001

AF
~0e229
-0.,0%5

0.215
0.037
-00006
0.00%
0.008
0.004%
0,003
0.002
0.9%01
0.001
0.000

AF
-00191
’00060
-0.,007

0.180
0.035
0.020
0.011
-0.008
0.004
0.000
0.003
0.002
0,001
0.001
7.001
0,001
0.001
0.000
0.000

8F

0.186
-0.020
-0.002
-0.001
-0-000
-0.000

oF

-0,02%
N, 144
0.004
0.003
0.006

'0.005

-2.001

-0,101

'0.001

‘0000‘

-0.000

-0.001

BF

’0.013
-0.025
0.13)3
0.013
0.020
-0.008
=0,008
-0,0013
'00000
°0.001
-0.000
-0.000
-9.000
-0, 000
‘00006;
-0.000a
?°o°°°
-0,000

AR
-0.,336
-0.222

0.0%6
'0.019
0,009
‘00005
0.092

AR
-0.221
-0.01)
-0.181

0.004
0.009
~0.011
-0.013
-0.,001
0.006
0.000
-0.007
-0.000
0.901

AR
-0019‘
-0.038
-0.,018
-°ol7°

0.006
-0.,000
0.013
0.009
-0.003
-D.OO!
~-0.004
0.001
0.002
0.001
-0,000
-0.001
-0.00[
0,000
0.000

l’ = 0.3,

L1

0.14%
0.000
‘°o°°°
0. 000
-0.000
0.000

8R

-0.016
0.152
0.013
0.029
0. 007
0.004

-0.006

'0000‘
0.003
0. 000

-OQOOl

°°o°°°

-0.042
0,000
0.122

-0.014
0.012
0.004
0.00%
0.008

~0.001

-0000’

-0.00%

-0+ 000
0.001
0.001

0,000
-=Ce¢001
-=0e 001

‘°o°°°

E, = 0.0

Siagle

!ir 0.8

q“;-o.a

Y= 0.58
Ru- 0.61

!"1LS‘

!b- 0.60
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Table 7.5

Nondimsnsional Suspension NDeflection Fouwrier Coefficients

Coanfiguration: V.= 1.0, L," 0.3, L’ = 0.3, E- = 0.0

AF
<0383
0.297
0.022
0.013
0.006
0.009
0.001

AF
-0.239
«-0,042

0.215
0.033
0.009
=0.002
0.004
0.002
0.002
0.001
0.001
0.000
0. 000

AF
-0.20H
-0.098

0.014
0.2C8
0.020
-0.000
-0.013
0.004
0.001
0.0CS
0.003
n.002
n.002
n.001
n.0C1
0.001
0.00t
0.001
0.000

B8F

0.258
-0.020
-0.009
-0. 002
'0000‘
-0.001

oF

-0.013
0.167
0.007

-0.010

-0.008

-0.001

-0.000

-0.,000

-0.000

-0.000

-°o°°°

=0.000

'00009
-0, 002

0. 131

0.002
'0.0'0

0. 006
-0, 001
0. 003
-0.002
-°o°°°
-C.OOO
-C. 000
-0.000
=0. 000
=-0,000
~0. 000
-0.000
-0.000

AR
’0.3‘3
-0.297

0,022
-0.013
0.006
-0.003
0. 001

AR
‘0'237
‘0000‘
-0.207

0.028
0.010
0,007
-0.006
-0.000
0.002
0.000
'0.001
-°o°°°
0.000

AR
~0.206
'000"
-0.000
-0.186
‘0000’

0,004
0.004
9,003
-0.004
-0,007
-0.002
0,001
0,002
0.001
-0.,001
-0000‘
-°o°°°
0. 000
0,000

r-6

0.257
0.028¢
-00005
0.002
-0.001
0.001

=0.032
0.15%
«-0.004
0.009
0.011
0.000
=0.004
-0.000
0.002
0.000
-0.00!
-0.000

-0.043
-0.,007
0.127
-0.012
'0.0‘,
-0.003
0.006
-0.002
0.001
-0.001
-0,002
=0.,000
0.001
0.001
0.000
-0.001
-°.°°'
°°o°°°

Y- 0.9

‘- 0.91

Y~ 0.38
la- 0.67

l;r 0.5
l‘;-o.i'



APPENDIX G

PARAMETRIC DATA FOR SPRUNG AND UNSPRUNG
MASS INERTIA SUSPENSION FORCES

G.1 COMPUTATION OF VEHICLE SUSPENSION FORCES

In this appendix parcmetric data is presented to
1llustrate the regions of operation for which vehicle sus-
pension forces may be approximated as constant and equal to
the vehicle weight. To perform the parametric evaluation, the
reduced order vehicle model shown in Figure G.l1 is used in
vhich the effects of finite vehicle length and finite pressure
pad length are neglected. The model includes vehicle sprung
n, and unsprung m mass, a primary suspension stiffness kp and
secondary suspension stiffness ks and damping ba' The input to
the vehicle model is the guideway deflection yo(t). For this
uodel the suspension force f. say be expressed in terms of the

sprung ?2 and unsprung §1 mass accelerations as:
f. n -(-u + nv); + L Y +-v Y,

or in noidimensional form:

_ < u“ s " n
Fgo14 1+H LHhtr1Tew N
u - u
wvhere:

' "

- M =
s (-“ + Iv)' u n

2 2

K = . w, = wav - a,

G-1

(G.1)

(G.2)



yz(t)

P 7, (%)

Fig. G-1. Fourth Order Vehicle Model
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and where y* is the deflection of a single span beam due to

a single force of (-“ + -v)g at midspan. The nondimensional
suspension force is & functicn of the unsprung and sprung mass
vehicle accelerations. These accelerations may be computed
directly from vehicle acceleration to guideway input transfer

functions for a specified guideway input Yoz

2
(") PN A A
u —1“ (s* + 26,53 + 8%
[“’v & (G.3)
CPOL

'I‘_ -
2

: (I)“ A3 Az)
T- = —z——, - — mv (c.‘)

o . CPOL
where:

cro--us-»zgv[u +1]s +[1+u +(—-) s¢ (6.9
+ % (—3—) S + LY (—)

and vhere:

l'- = Nondimensional sprung mass transfer function

T - Nondimensional unsprung mass transfer function

»

8§ = h' = Nondimensional LaPlace Operator

G-3



The ratio of accelerations is also of interest

and may be derived as:

Y, s? 4+ 265 + 1 (G.6)
. - A
Y, 26, 5+1

For a vehicle crossing a uniform beam system at
constant spesd v, th: steady-state guideway deflection Yo
beneath the suspension is periodic. It is comnveniemt to
represent y  as 2 Fourier series and to evaluate vehicle
accelerations using transfer function methods. Thus, Yo for

a vehicle traveling at constant speed may be represented:

‘" 4 [a, cos fw t + b, sin w t] .7)

Y - b
1=0 1=0

vhere: ‘o 1" suspension deflection component at frequency m‘

a, (bi) = Pourier coefficients determined as described

in Chapter 3.

e,

Using (G.7) and (G.3) -(G.4) with the substitution § = jw_wvith

~
W, = wy - u., , the ve.icle accelerations at auny given frequency
W

v
m. may be determined and, in turm, the accelerations as a func-

tion of time mey be determined:

c-4



-~

T, -13_50 T () Y, (G.8)

~

tz-!’ T (w)Y

qeg ™ e oi (G.9)

where the detailed operations implied in (G.8) and (G.9) are
identical to those described explicitly in the Fourier am}yoh

of Chapter 3. With the computation of the accelerations, Yl and

Y,, the suspension force P. may be determined from (G.2).

G.2 VEMICLE CHARACTERISTICS

The acceleration transfer functions of the vehicle
model as a function of excitation frequency provide useful
information concerning the suspension force ?. since for a given
input Y the force ?. depends directly upon the vehicle accelera-
tion transfer functions. The nond.mensional magnitudes of the

transfer functions are functions only of Ev' H“ and ("”u/ ) vhen

w,
plotted versus § = "’/u « Plots of transfer function magnitudes
v
for £ = 0.25 and parametric variations in N, and (“'u/u ) are
v

presented in Figures G.2 and G.3. The sprung mass scceleration
transfer function shows & low frequency behavior, & < 1, in i‘n‘ich
the vehicle follows the guidewsy motion and the acceleration ;z
incresses proportiomal to frequency squared until § = 1.0 which
corresponds to the sprung mass natural frequency. Relative

®
peaks occur in the transfer function at w = 1.0 and w = “i- corres-

v
ponding to the sprung and unsprung mass natural frequencies. Por
all the cases plotted, the frequency which excites the maximum

accelerstions corresponds to the unsprung mass natural froquncy.
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Fig. G-2. Sprung Mass Acceleration Transfer PFunction
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As 0w increases above wu. the suspension filteriug characteristics
reduce the acceleration and the acceleration decreases with a

slope vf 1 as w Llucreases.

The unsprung mass acceleration in Fig. G.4 at low
frequencies also increases with increasing frequency with a
slope of +2, with minor peaking at (:) = 1, the sprung mass natural
frequency, and an absolute maximum at ; - wu/m » the unsprung mass
v

natural frequency. At frequencies above W, the magnitude becomes

constant and equal to (”u/u )2.
v

Because in advanced transportation systems, the sprung
mass accelerations may be directly constrainted by passenger
comfort requirements, the ratio of unsprung to sprung mass
acceleration is of direct interest since the unsprung and sprung
mass accelerations determine the suspension force variation.

Pigure G.4 displays the ratio of unsprung mass acceleration sagni-
tudu versus frequency. This ratio is m-pcadcnt of M_ and “/u
as shown b7 (G.6). At low frequencies w < 1, the ratio of unsprumg
to sprung mass nondimensional acceleration is 1.0, with the sprung
and unsprung misses responding in unison to the input. At fre-
quencies above ; e 1.0 the ratio of unsprung mais accsleratior:z
increases with a slope of +1. Thus, only for guideway inputs whick
have frequemcy content greater than the sprung mass matural fre-
quency can unsprung mess accelerations significantly excced sprung

mas accelsrations.

*If lower values of demping E' were used, the peaking at w = 1.0
would be more promounced.

-8



uoj3eaaradoy ssey Sunads o3 Bunadsup jo oried °y-9 813

A
3\3 iaduanbaag [PUOTSUIW]PUON

0°00T 0°0T 0°T 1°0

T0°0

LAk SR 2N v L] J‘-xd-\d T v L] ) LARAL v v v

L )

B 0°1

- 40°0T

L 40°001

0°0C0T

c-9

83; n3jusey

UOTIRIITRIOY sswy Bunadg
o] 8unadsup jo ojawy

) 3

—

} §

o
v

4
1




G.3 Evaluation of Vehicle Suspension Force Magnitudes

To evaluate vehicle suspensiown force magnitudes,
the vehicle response to the crossing of single R A |

has been determined. Two types of data are presentds _<'i ;

(1) Parametric data illustrating vehicle su.;.asion
force variation magnitudes occuring in the par-
tially courled constant guideway force model.

(2) Data comparing the partially coupled model and
the fully coupled model simulations.

First parametric data is presented based upon the
constant guideway force model. The noniimensional deflection
of the guideway Yo beneath a constant force traversing tte
guideway is a function of only the span crossing velocity ratio
Vc and span damping. Figure G.5 displays Yo as a function of
nondimensional time Vt/l for several values of Vc and for Vzero
span damping. At low cr:uing velocity Vc-0.15, the deflection
beneath the traveling force is symmetric with a ripple at the span
natural frequency caused by the undamped span oscillating with a
small amplivude about its quasi-static deflection. As the vehicle
speed increases to Vc > 0.5 the curves become asymetric showing
the ovorall influence of the span dynamic effects upon the response,
i.e. the span response time is approached and then exceeded as Vc
incroases. As the crossing frequency exceeds 1.0, the maximum
deflectiva under the force decreases, even through, as shown in
‘Chnptu' 3, the maximun midspen deflection increases since for
vc > 1.0, the force crosses the span midpoiat before the maximum

span deflection occurs.
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The guideway deflection beneath the suspension Yo
generated due to the constant force (mu+ nv)g has been repre-
sented in the Fourier series of (G.7) and the vehicle sprung
and unsprung mass accelerations computed using (G.8) and (G.9).
The suspension force F. resulting from fhne accelerations has
then been determined using (G.2). If the suspension force
variation is sufficiently small then the assumption of the par-
tially coupled model that the guideway motion may be determined
assuming a constant suspension force is valid. The magnitude
of the suspension force variation E- due to the vehicle
accelerations in the partially coupled model has been computed
to provide a measure of the partially coupled model accuracy:

The variation in suspension force Af- is determined as:

M 2 a
= = u 1
AF = Max. of Ir' + 1|=Max. of l“’"u kY + THL K vzl

which is the maximum absolute variation of the suspension force
from a constant value equal to the vehicle weight. This maximum
variation is a function of the sprung and unsprung mass accelera-

tions.

The nondimensional accelerations computed irom the

partially coupled model are functions of:
(1) Spen crossing velocity: vc- v/, f*
s
(2) Span damping: 5.

(3) Vehicle unsprung to sprung muss frequancy ratio:

nu-m“/mv' |

(4) Vehicle unsprung to sprung mass ratio: L

G-12
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(5) Vehicle suspension damping ratio: Ev

(6) Vehicle span encounter to suspension frequency
ratio: ?e =vf ¢
sV
where it is noted that specification of Vc and fe are equivalent
to specification of Q-f*/fv, the spa:* to vehicle suspension
natural frequency ratio, and either the span crossing velocity
Vc or the vehicle span encounter to suspension frequency ratio.

In Chapter 2, Vc and Q are used while in this Appendix it is con-

Venient to use V_ and fe.

In order to determine the suspension force variation
Ai_. in addition to the six quantities defined above, a value
of ¢ = wzvy‘/g must be specified. The selection of x essentially
sets the dimensional sprung mass acceleration level.* In the
parametric data presented below, the value of k has been set to
represent the class of high levels ride quality vehicles, i.e.
K has been set so that the vehicle sprung mass peak dimensional
acceleration 1is 0.0707 g's. Thus, the data has been specifically
prepared for vehicles with the high levels of passenger comfort

desired in advaaced transportation.

Parametric plots presented in Figs. G.6--G.10 illustrate
the saximum suspension force variation Af- as a function of
Ver 8,0 M and !. for fixed values of £ = 0, £ = 0.25 and for

a peak wvalue of 32 = 0.0707 g.
*Selection of k also sets the vehicle total mass to span mass
ratio M = (a_ 4+ m )/ pal With the selection of M and the six

quantities lfltcd'prevﬁ\.nly, the vehicle-guidewvay system is
completely defined in terms of nondimensional parameters.
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For all the data including the full range of vc. llu
and @ the suspension force variation Af'- < 0.1 1f the vehicle
span encounter to suspension frequercy ratio Ee < 0.5 and as f‘
decreases approaching 0.01, AP- spproaches 0.0707. At low values
of encounter to suspension frequency ndo the sprung and unsprung
mass move in unison with 'y'l- §2 and the nondimensional force
variation Af- is equal to the value of dimensional acceleration
in g's, l.e. at small £, AF =« §2 = Yom
vehicle acceleration m g's as shown in (G.9). In the range

vhere ’h is the pcak

'/!. £ < 0.5, the suspension force variation is directly related

to :h: level of passenger comfort, 92- and for vehicles with

mall values of 92. and for vehicles with small values of ;2-: 0.0707g
the suspension foice variation is less than 101 as shown even for
vehicles with large unsprung mass ratios, llu-l.o. and the computa-
tion of vehicle and span motiom and ucclcuti&kyith the partially
coupled model produces data vhich for all cases studied in this
report have been found to be within better than 10X agreement

wicth the fully coupled model. If vehicles have large sprung mass
sccelerations ia this operating range, the force variation Af-

is correspondingly large and the partially coupled model is not

in close agresment with a fully coupled model.

For the vehicle encounter to suspeasion frequency ratio
range 0.5 < ¥_ < 1.0, the meximum force varistion AF_ < 0.1 for
all the dats except for thoumvc-o.uudl.s. Tor the cases
V. " 3 .67 and 1.0, the span deflection benesth the suspeasiocn
!° is represented priscipally by the first Fourier componeat at the
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encounter frequency and higher harmonics are not very important.
For these cases when v L < fv. Fig. G.4 shows that the unsprung
to sprung mass .ccchnt:on ratio 1s 1.0 and the suspension force
variation is simply Ai_ - K ;2 for all !e < 1.0, thus, Ai.- 1s
less than 0.1 for f. < 1.0. Por the cases V =0.15 and 1.5 the
deflection profile 'o has principal harmonic conteat at the

span encounter frequency v /l,.‘ however, significant harmonic
content is also contained in the higher harnonics, thus when

f. 2 0.5, the harmonics at multiples of !‘ are sufficiently

large so that the unsprung mass is driven to higher accelerations
than the sprung mass and Af- increases from 0.0707 to values
approaching 0.15-0.2. The harmonic ccatent at multiples of the
encounter frequency in the span deflection at vc-o.ls is shown
by the ripple in 'o displayed in Fig. G.5, and is preseat in
the high speed case Vc-l.s because of the asymmetry of the deflec-
tion profile. Even though the magnitude of the higher harmonic
content in the deflection 'o is less than the content at the
span encounter frequency, because the ratio of unsprung to sprung
mass acceleration increases directly proportionsl to frequency
as shown in Pig. G.4, the higher harmonics in Y csn generate
unsprung mass accelerations which exceed the sprung mass accelera-
tica. The influeace of these higher harmonics results in the
incresse of the force varlation from 0.1 to 0.13-0.2.

Although the higher harmonics influence the force
wvariatioa, for all cases imcluding 0.13 < ll“ = 1.0, ve-1.s.
0‘ = 10, the msximum force variation is less thaa 15X of the
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encounter frequency v/l i3 less than the suspension natural
s
frequency fv and the partially coupled model may be used to

gain a good preliminary estimate of vehicle-guideway motions.

In the operating range v/l > £ (fe > 1) the data
shows the force variation Ai‘- may b: large and is strongly
dependent upon M, O and fe at a given value of V_ . The data
shows that as f. increases to greater than 5, the force
variation increases as Te and M_ increase. In the range 'fe > S,
force variations greater than 0.5, may occur for vehicles with large
unsSprung Mass Hu > 0.66. Comparisons of the partially coupled with
the fully coupled model for cases with force variations of C.5
have shown that vehicle accelerations predicted by the two models
vary by nesrly 502 and for systems vwith these large force variations
the partially coupled model does not agree well with the fully

coupled model.

To provide summary information from PFigs. G.6~~G.10
identifying the regions of parsmeters for which the maximum
force variation AAF. is less than 15%, Fig. G.11 has been prepared.
In the figure for all values of 0.15 < 'c < 1.5, the limiting
values of mass ratio ll“ and encounter to suspension frequency
ratio I_ have been identified for three. values of R, which yield
F_ < 0.15 when the vehicle maximm eprung mass acceleration
is 0.0707 g. The data shows that for a given nu as the uasprung

mass ratio increases, the span encounter frequency ratio !‘ for

which force variations are 15X decreases. As the unsprung to
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sprung mass frequency decrsases, providing stronger coupling

between the sprung and unsprung mass motion, the value of !e

increases for a given llu. For axample, in the case Hu = 1.0,
the force varistion 1s 15X 1f ¥ < 1.5 for @ = Sor if ¥ < 2.5
even if ll“ = 1.0 a significant range of speeds v < 1.5 fv!.. exist

for which AF < 0.15.
s

Simulation results for the partially coupled and
fully coupled vehicle-guideway models have been obtained to
illustrate the correlation between the variation in the maximm
suspension force variation AT'- and the agreement between the
partially and fully coupled models. The three cases summarized
in Table G.1 have been selected for comparison. Case 1 with
T = 1.0 corresponds to a condition in which AF_ < 0.1 and should
provide good sgresment between the two models even though n“-o.se.
Case 2 vith f_ = 5.0, M =0.33 corresponds to A!_ = 0.3 which should
provide measurable differences in the two models while Case 3 with
£, = 5, M = 0.66 corresponds to Af- = 0.45 and should provide
even greater difference between the two models.

Simulation results presented in Table G.2 show the
sodels vwith the difference between all variasbles 10% or less.
Thes, for cases in which AF _ 1s less thea 0.1, agreement which
19 sufficiently good for preliminary design achisved. In Case 2
vieh AF = 0.3, and ¥ = 0.33, the differences between the
pertislly and fully coupled models for the sprung and umsprung Eass
accalerations are respectively 34% and 472 vith the partislly coupled
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Case:

Rass acceleration based on the partially coupled model.

Case

W W NN = e

TABLE G.1

CASES SELECTED FOR COMPARISON OF

FULLY AND PARTIALLY COUPLED MODEL SIMULATIONS

0.66
0.66

0.66

1.0
5.0
5.0

0.66
0.33

0.66

5.0
10.0

10.0

0.38
0.24

0.14

0.25
0.25

0.25

£

0.0
0.0

0.0

All cases designed nominally to have 0.0707 8 peak sprung

TABLE G.2

COMPARISON OF PARTIALLY AND PULLY

COUPLED VEHICLE MODELS
Maximum Values of

Modeling
Coupling

Partial
Pull
Partial

Y
o

-1.48
-1.50
-1.40
-1.50
-1.33
~1.50

6-23

AP

;m
.075
.071

25
<30
«25
.45

¥,(z's)

- 074
.071
.053
.071
. 042
.071

?1 (s's)

. 065
.071
.83
1.15
.75
1.2



wodel predicting greater accelerations, forces and deflections
than the fully coupled model. In cases 2 and 3 for which

Ay em > 0-3, the agreement between the partislly and fully coupled
models is poor.

For both case 2 and 3, the constant force model
predicts greater span deflections, vehicle accelerations and
suspension forces than the fully coupled model. In the fully
coupled mndel 25 the span is deflected downward by the vehicle,
the sprung and unsprung masses must move dowaward also; the
acceleration of these masses decreases the force exerted on
the guideway span as the vehicle first enters the spcn and
as shown by the dats, the maximum guideway deflections beneath
the vehicle are less in the fully coupled than the partially
coupled model. The reduced guideway deflections im the fully
coupled model also result in reduced accelerations and suspension
force variations compared to the partially coupled model. Por
the cases presented the emcounter frequeacies are less tham the
wasprung mass sstursl frequemcy LR and the constant force model
predicts sccelerastions which are sigaificastly greater thaa fully
coupled model acceleraticns. Nowever, for cases ia which the eacowater
frequescy is greater tham the wasprung mass matural frequeacy, {.e.
T, > Q,, the pertially cowpled model may predict lowsr accelerations
thea the fully coupled medel.-

The data in this sppeadix hae showmm that for vehicles
with low levels of sprung mase scceleration, i.¢. peak syrung mase



acceleration less than 0.0707 g, thc partially and fully coupled
models are in close agreement, within 15 when the suspension force
variation AP __ 1s small, 1.e. less than 15%. Pig. G.11 summarizes
operating conditions for 0.15 < Vc < 1.5, Ev = 0.25 and E- =0
which correspond to AF_ < 0.15. For all values of 0.15<vVv < 1.5
llu < 1.0, 2.5 < Qu < 10 except for H“ = 1.0, 9“ = 10, Vc = 1.5, 1f
v/,' is less than fv’ the suspension force variation is limited to
158 while for v b, > 1:0, the range of v/&.fv in which aF __ < 0.15
decreases as l(u increases and as Ru increases. The data shows that
even for vehicles with large uncpruﬁ; mass ll‘l « 1.0, a sigunificant
operating range exists for which the pertially coupled model yields
results in close agreement with the fully coupled model. However,
for conditions in which Ar_ is large, the partially and fully
coupled models are in poor agreement. These cases may occur for
v/& < f' only if the sprung mass acceleration is large since
tho.lprm and unsprung mass accelerations are similar and the
vehicle has poor ride quality. PFor v '. > t' these cases of large
force variation may occur evem if the sprung mass acceleration

is small because the umsprung mass scceleration may be large as
shown in Fig. C.11. The data in Fig. G.11 may ba used to identify
these regions of large force variatiom.
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APPENDIX H
NOMENCLATURE

span cross section area

nondimensional Fourier series coefficient of 1th

cosine term for representation of Yo-’Yof’Yot

coefficient in function representing 0-

coefficient in function representing ¢'“
span camber amplitude
nondimensional span camber amplitude: Ac / y

time varying -th modal coefficient
beam damping per unit length
secondary suspension damping

nondimensional Fourier series coefficieat of

the ith sine term for representation of Yo"of' Yo

r
guideway foundation damping
damping associated with mode m

coefficient in function representing 0-
coefficient in function representing 0-'

secondary suspension damping, one dimensional vehicle
bean dimension defined in Pig. 4.3
distance from besm centroid axis to stress surface

coefficient of 1“' order of mmerator of l'c
transfer functiom

coefficient in function representing 0-
coefficient in function representing 0-.

%7
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'l’ 'ot' ’u‘

o b Bt

‘l‘ H.' L 4

s’ “of “eor

coefficient of 1th order term of numerator of
T . transfer function

coefficient of 1th order term of denominator of
'l.'. and 'rc transfer functions

coefficient in function representing 0-
coefficient in function representing 0..

span elastic modulus
general force distribution acting on a span
force acting on guideway pier support

natural frequency of the first mode of
vibration of a simple pinned end beam

vehicle suspension natural frequency

h

net force generated by the 1': suspension pad

net force acting on guideway due to a suspension
pad, a front ped, a rear pad

nond imensional suspension forces: !‘/w.  J ./'.

'cf/"’ 'u/"

nondimensional force acting on pier f’ /
w

scceleration due to gravity, 32.2 fe./vec.?

s0il shear modulus

beam dimension defined in Pig. 4.3

beam height defined in Fig. 4.3
guidewsy pier height

spen cross-section soment of imertis
vehicle ondinemsions]l moment of imertia
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/=1

number of spans per beam
secondary suspension stiffness
guidevay foundation stiffness

primsry suspension stiffness, one dimensional
vehicle

secondary suspension stiffness, one dimensional
vehicle

primary suspension stiffness

vehicle primary te secondary suspension stiffness
ratio

length between front and rear suspension attach-
nent points

pad length

distance between suspension pad 1 and 1 + 1
length of span

l.. + lp, total vehicle length

beam length

vehicle suspension separation length ratio: 2 ‘/‘
s

nondimensional distance between suspension pads:
"1/'.
s

ped length to span length ratio: l.p /'.
s

node mmber

guideway support column mass
guideway foundatioa mass

-3
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vehicle total unsprung mass
vehicle to span mass ratio

ratio of guideway spen to span plus colusm
plus footing mass

dynaric span bending moment

mxisus midspan moment

vehicle unsprung to sprung mass ratio
first mode midspan moment in a single
discrete span dus to s force equal to the
vehicle weight concentrated at the midspan

ratio of midspan moment to normsliszing moment ll:

maximum normalized midspan moment

an integer, also number of terms in Fourier
series

pler support mmber

uniform spatial pressure distribution for 1th
suspension pad

number of pads

effective guideway footing radius

spaa mumber

Laplace transforam operator

nondimensional Laplace transform operator 8/“'

time

nondinensional time: uu'

nondimensional vehicle cross suspemsion trans-
for function

sondimensional vehicle heave transfer functiom



YorYor*Yor

’10 ’11' ’1!

nondimensional vehicle pitch transfer function

nondimensional vehicle self suspension transfer
function

nondimensional vehicle sprung mass transfer
function, one dimension vehicle

nondimensional vehicle unsprung mass transfer
function, one dimensional vehicle

vehicle speed
crossing velocity frequency ratio: v/" *
nondimensional span ehear force ‘
beam width defined in Fig. 4.3
total vehicle weight
spatial horizontal displacement
position of center (front) of pad on beam
position of center (front) of pad on span s
nondimensional horizontal position
n;n:hculoul horisontal displaced position:

a
deflection of a point on the beam due to a load
initial beam camber profile
maximm dynsmic midspen deflection
pier deflection
bean total vertical displacement: y 4
vertical displacement of guideway directly

beneath a pad midpoint,a front ped midpoint,
a8 rear pad midpoint

vertical displacemeat of a vehicle unsprung
uiss, & front unsprung masSs, & Tesr UNSPrUAE BASS

=S



,2' ’Zf » ’2!

y.-

3
2 (-uhv) "'l
w‘ll

vertical displacement of vehicle sprung mass
at a suspension attachment point, a front sus-
pension, a rear suspension

normalia >y deflection defined as the deflection
of s single pinned end span of length L_loaded
at midspan by a -1n;1¢ concentrated forle equal
to (- +m );

vehicle center of mass acceleration

passenger comfort limiting dimensional accelera-
tion in g's

ratio of vertical displacements to normalizing
deflection

saximum nondimensioral dynamic span deflection

nondimensional values: Yot / ye, Yor / yo

nth order Fourier representations of !ot’ Y

or

nondimensional pier displa ts
ens pler displacemen yp/,‘

gondhmtml vehicle heave acceleration:
Yeg[y* (20e%)?

_!oudi-mlml vehicle heave acceleration:
’cq/'»f r

nondinensianal vehicle heave sccelerstion at
frequency 01

nondinensional vehicle body acceleratioms at
!mt and rear suspension attachment poiuts:
Yarful » I ’zr/u

mvd.uuof!

A ~
.

2e* Yorr Yoy

mlml a2 th nodal coefficient

vehicle pitch angular acceleration
nondimensionsl angular ac_elerstion: 6/03



w, = hiv/u

- hiv/u

w -Zlf'

goq !. O

W
sV

pondimensional angular acceleration at frequency
w
i

T™Ms value of 61

constant defined in Appendix G

Ith span =igenvalue

A-!,., -th normalized span eigenvalue

poisson ratio of soil

frequency at which acceleration passenger comfort
specification is just met

th

undamped natursl frequency of the m  wmode of

besa vibration

ratio of -th mode natural frequency to first
mode natural frequency of simple pinned end
span

pler-foundation natural frequency

h

1t Pourier frequency

1“‘ nondimensional Fourier frequency

vehicle suspension natuaral frequency

span to vehicle suspension frequency ratio: f'/f'
ratio of pier to span natural frequemcy

3.1416

-ﬂ' modal space function
noraslised -th modal space function

-ﬂ' modal space fuanction of spen s

noraalised -ﬂ' modal space function of spen s

B-7



Ith modal suspension pad effect space function

-th modal suspension pad space on span s

span mass density

2011 mass density '

ratio of midspen stress to normalixzing stress
dynamic stress at besm exterior surface

first mode midspan stress in a single discrete
span due to a force equal to the vehicle weight
concentrated at the midspan.

nondimensional time

phase angle of Th“;:l.)

phase angle of tp(jﬁi)

-th mode span damping ratio
pier foundation damping ratio

vehicle suspension damping catio



APPEMDIX 1
REPORT OF INVENTIONS

A diligent review of the work performed under this contract

has revealed no new innovation, discovery, improvement or
invention.

I-1



	00001A03
	00001A06
	00001A07
	00001A08
	00001A09
	00001A10
	00001A11
	00001A12
	00001A13
	00001A14
	00001B01
	00001B02
	00001B03
	00001B04
	00001B05
	00001B06
	00001B07
	00001B08
	00001B09
	00001B10
	00001B11
	00001B12
	00001B13
	00001B14
	00001C01
	00001C02
	00001C03
	00001C04
	00001C05
	00001C06
	00001C07
	00001C08
	00001C09
	00001C10
	00001C11
	00001C12
	00001C13
	00001C14
	00001D01
	00001D02
	00001D03
	00001D04
	00001D05
	00001D06
	00001D07
	00001D08
	00001D09
	00001D10
	00001D11
	00001D12
	00001D13
	00001D14
	00001E01
	00001E02
	00001E03
	00001E04
	00001E05
	00001E06
	00001E07
	00001E08
	00001E09
	00001E10
	00001E11
	00001E12
	00001E13
	00001E14
	00001F01
	00001F02
	00001F03
	00001F04
	00001F05
	00001F06
	00001F07
	00001F08
	00001F09
	00001F10
	00001F11
	00001F12
	00001F13
	00001F14
	00001G01
	00001G02
	00001G03
	00001G04
	00001G05
	00001G06
	00001G07
	00001G08
	00001G09
	00001G10
	00001G11
	00001G12
	00001G13
	00001G14
	00002A03
	00002A04
	00002A05
	00002A06
	00002A07
	00002A08
	00002A09
	00002A10
	00002A11
	00002A12
	00002A13
	00002A14
	00002B01
	00002B02
	00002B03
	00002B04
	00002B05
	00002B06
	00002B07
	00002B08
	00002B09
	00002B10
	00002B11
	00002B12
	00002B13
	00002B14
	00002C01
	00002C02
	00002C03
	00002C04
	00002C05
	00002C06
	00002C07
	00002C08
	00002C09
	00002C10
	00002C11
	00002C12
	00002C13
	00002C14
	00002D01
	00002D02
	00002D03
	00002D04
	00002D05
	00002D06
	00002D07
	00002D08
	00002D09
	00002D10
	00002D11
	00002D12
	00002D13
	00002D14
	00002E01
	00002E02
	00002E03
	00002E04
	00002E05
	00002E06
	00002E07
	00002E08
	00002E09
	00002E10
	00002E11
	00002E12
	00002E13
	00002E14
	00002F01
	00002F02
	00002F03
	00002F04
	00002F05
	00002F06
	00002F07
	00002F08
	00002F09
	00002F10
	00002F11
	00002F12
	00002F13
	00002F14
	00002G01
	00002G02
	00002G03
	00002G04
	00002G05
	00002G06
	00002G07
	00002G08
	00002G09
	00002G10
	00002G11
	00002G12
	00002G13
	00002G14
	00003A03
	00003A04
	00003A05
	00003A06
	00003A07
	00003A08
	00003A09
	00003A10
	00003A11
	00003A12
	00003A13
	00003A14
	00003B01
	00003B02
	00003B03
	00003B04
	00003B05
	00003B06
	00003B07
	00003B08
	00003B09
	00003B10
	00003B11

