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-longitudinally qtiffehcd highway bridgc decks has received a.ttcntiOn

. PREFACE - S C
The :lpplication.of orthotropic plate theory to the dqsigh of

in~

;eécnt years. Thu 1nv~thqatxon deals with the three aspects ‘of desi ign

: '

of such bridges n:-mmly static, frequency and forced vibration analysis -
and design of longitudinally étirréned, sinmlv supported deck systems

ased on idealization of the bridge deck as a hornou,m,oub orthotropic

plate of constant thickness. The study -prov,ldCt- new dx_bxgn concepts
including geometric¢ and structural optimization which ultlmately leads
to minimum -weight design. For the purpose of rapid analysis of fre-
quencies of vibrations, the theoretical procedure is supplemented by,

an imnirical formulationw Forced vibration analysis of the plate

Bl

structure ts ha.bcd on equwaln,nt and mtcrconnc;ted bt.a.m ;deahzatlon
LY

A combined proﬁ-,ramm:. is devn.loned for thr... “three abDCCtb of d:,su,n and,
a*ualvsm and the“final results are shown as a SCI‘].C!:- ol design tables and
charts covering practical ranges of deterministic and ‘stochastic para-

meters of the problem. Theoretical resulfs are supplemented by

1

extensive experimental investigations.. .

This stadyrwas undertaken te investigate the accuracy of

orthotropic idealization for static and dynamic-design of longitudinally

stiffened bridge decks. Both deterministic and stochastic design

paramete‘rs are investigated in detail. Simplifying assumptions are -

. .
. ~
* *
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introduéed thch are seen to reduce the complgxity of ﬁathematical
procedures and making the method more suitable for design purposes.
Tge inﬁéractiﬁn of dcgign‘pafametérS §s stuéied‘and govérning parametérs
are-tréated for optimisations of final design.

i ‘Important features of this_investigation‘are:
a) Developin§ combined p;oéramme for deflections, moments,
frequehcies and amplificétibn'factors b;sed oﬁ c;osed.fbrm ﬁathematical
. analy#ié of orthtrqpié plate includin§ the effect of Poisson's ratic.
bi‘Intrbducﬁion of new cohcepts—of gecm§tric and structu-
rgl‘optimi:atién for econemical désigﬁ in each of the £hree phases.,
c)fAccoﬁnting plate action by introducipg'néw conceptg.
of interco?negted and equivalént béams and computing amplificatiens
and dynamic deflections under.and away from vehicle zuns.

d) Empirical fd%mﬁlation for rapid.compﬁtations-of'frq~
quencies of fundamental and higher modes.

e) Simultaneous treatment of deterministic and stochastic
parameters cof both bridge ané vehicle, and to study their interactiqn
for assessing their relative importance for their accurate determ;naticn'
in design processes.

. [~
f) Presenting results of investigations in the form of

‘design tables and charts covering practical range of paraments for

optimum design.
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The accuracy of simplifying‘assumptions on the final
results is lnvcstlgated by extensive experlmentatlon. The important
features of the ewbcrlmental programme anlude \\

a) Accuracy of orthotropic ideali:atiop in static, fre-

-~

guency and forced vibFafion analysis by -tests on models.

b} Accuracy of resulth by empirical methods.

c) Accuracy of conceépt of equivalent and interconnected

beam idealization of plate structure in a range of plate to beam

transition.

-

= ' &) Accuracy of results based .on simulated initial condi-

tions of vibratioﬁs of vekicle. This is done by comparing deflections
and strains at cnd away frc@ centre (17 model tests), frequencics.of
vibrations §96 values) and amplification factor% under and awayv from
vehicle run (86 tests). S

From_these theocetica; and experimental investifaticns

- .
it is seen' that orthotropic flexual rigidities have comparatively -

more influence on deflections, freguencies and therefore needs careful
considerations. - Optimum sclution based on freguency and mass maximi-

sation glves economical design both under statzc and cvnam;c loads.

l
The dvnamic amplification factors for these optimum sectlons are seen to. be

consistantly less for most combinations of design parameters. These,
. - g

opgimum sections can be .obteined by using geometric relationship between

L

__ :
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‘dimensions of the slab dnd stiffeners. Empirical method for determining

frequencies of vibration gives sufficiently accurate results, and can

be used for replacing trial and error solution to transcendental
L N .

frequency eguations. The concept of interconnected beam idealisatidn
. o N
considerably simplifies the complexity of forced vibration analysis

cf two dimensional slab structure and gives resultis sufficiently‘

-

accurate for dééign purposes. The results which are shown as design
tables and charts take into consideration practical ranges‘bf both

stochastic and deterministic paramecters and. can be used forxr direct

design and optimisatien -
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CHAPTER 1
INTRODUCTION

1.1.0 Object and Scope

The object of this study is to invéstigate.the statie,
free and forced vibrétion design aﬁd analvsis of sigple span,
longitudinaily stiffened highwav bridge decks using the theofy of
orthotrdpic plate formulation. The investigation also provides néw
design concepts including geometric and stru;tural optimization which
ultimately leads to minimum weigh; design. TFor the purpose of rapid
analysis of frequencies of'vibration, the theo;etical procedure‘ié
sﬁpplemented by empirical fermulatiom and finally a forced vibration
analysis ccrrespoading to two dimensional plate behaviour is provided
using the concept of interconnected beam idealization. A combimed
programme is develcped ,for the complete three phase design znalysis
and final results are shéwn ina.sariesof design tables and charts
covering a practical range of parameters. Also, theoretical_results
are supplemented by extensive experimental Investigations aﬁd good
agreenments are found. .

The static analysis qf a bridge deck commences with the
determination of geometric dimensions namely those of slab and
stiffeqerS'to satisfy the reéuirgnents.of'defleétions and moments
undér standard loading conditions, while dynamiec analysis leads to

natural frequencies of vibrations, mode shapes and finally amplifica-

tion factors under forced vibrations caused by passing vehicles. A

&



parametric study of the problem reveals that the results-of static

\

‘and free vibration amalysis .can serve advantagequsly as an input to

. -

forcad vibration analvsis which involves interaqfion of both vehicle

0

and plate parameters. -

1.2.0 Litevatuyre Survev ‘ S

So;e research results dealiﬁg with the staéic and dynamic
behaviour of stiffened simpiy_suppo:ted drthotropic bridge decks or
similér structures are available. Inglis (2$) andlvzed a prismatic
beam subjected te relling maésland pulsatinglloads at constant speé&s
and he introduced the concept of impact factors. Biggs and others
(4,6,16,35,50 and 52) investigated the dynamic behaviour of bridges

idealized as beams and conducted expe:imentsfgh some beam models. He
concluded thét_vertical oscillation of vehicles is é major factor of
impact‘on such bridgés. Valetsos and others (53,54) studied the dis-
tribution of loads to girders-inm slab and girder bridgeé and verilied
the theoretical results bv field tests. More recently, Valetsos and
Huang (51) reported a general method of treatment of .the dymamic res-—
ponse of continuous and cantiléver bridges.idealized as simple beams.
Walker (50) considered a more realistic formulationm ro represent tﬁe
moving leoad and studied the effects of such formulation on bridges

idealized 2s simple beanms. Csagoly‘(lO) SCudiéd the variation ofJ
frequency of vibration with dimensions of ;ongitudinal stiffeners.

Richardson (43,40) stressed the need for further research and veri-

fication bf field tests from design considerations.



Plate action was. taken into consideration by Valetsos and
Yamada (49), who obtained frequencies of vibratioa by treating the deck
as i) a plate continuous over the beam and 1i) an orthotropic plate.

They neglected the efject of Poisson's ratio and no experimental

LA N

esulrs were reportedfto compare with those obtained analytically.
Ivenger and othefs (28,29.30) also‘studiéd'the-ffee'vibration of Q;tho—
tropic plates ﬁegleccing the effect of Poisson's ratio and suggested
modificatioﬁs.]%eiﬁs_and Loonéy (20) opresented the stat;c analysis
of'o;tﬁotrobic plate§ using finite difference techniqdesL. No experi-
mental work was repér:ed. Most.of'rhe work reported oﬁ forced vibratioa
analfkis'is‘in'thé-form of numerical studies (23,24,25,26,27,49,50,52),

laboratory tests (285,29,30,36) and field tests (14,42,34). Timoshenko
and Krieger (47) noted that the formulation for determining rigidicy
parameters of equivalent orthotropic plates can be based on the dis-

tribution of stiffnesses of longitudinal beams and such parameters

should be verified by model tests. They observed that lateral con~-

rt

rac

r1

ion of such plates has negligible effects on the deflections.
Troitsky (48) supplemeﬁted these suggestions and discussed the methods
of, determining the rigidicy paraﬁeters‘of orthotropic plates.
Huffingten (19) presented a theoretical analysis for the determinaticn
of the rigidity parzmeters of svemetrically stiffened orthotropic‘
plates and suggested modifications for extend;pg the analysis to other
boundary conditiéns- ﬁdpﬁmann and others (17,18) studled the beﬁding
of orthogonally stiffened plates. - No.experimental work 1s reported

in these works. As part of the present work, Ng and Kulkamni (38,39,

o«
.

40)-provided enpirical formulation for determining frequencies of



orthotrop ¢ and ibOCfOplC plates and obrained naximum amplification

factors und;r critical comblnatlonq of three bridge inltlal LondiCLonq

1.3.0 Limitations and Scope

All research work cited above have their own boundaries

ach research work gmphaq1~ed a few aspects of 'the

t73

of limitations.

) - . s . , e
total problem of static and dwnanic design to the exclusion of*E hers

: o LR
and some have dealt with only one phase of the thrae-uhabe ana-~31s
requiréd in design. For example the’ dngrlbuC on of ampllficatlo1

. o b
factors at points away Tom the vehicle received very liztle attentionm.

The bridge deck which is ‘stiffened by longitudinal beams is assumed

. .
equivalent to an homogeneous orthotropic plate of constant thickness.

The validity of equating the equivalence in deflections, strains and
' +

frequencies of an azctual stiffened bridge deck with an orthotropic
plate of constant thickness needs careful consideration. . khile the
defleccions under static loads are inversely proportional-to the

-"‘;.‘
%y

are’

5 I

rigidities of orchotropic.plates the frequencies'of uib‘ ilor
directly porportional_to rigidities of an equivalent orthetropic piate.
This opposite degree of dependency of deflectiqns'and frequencies on
stiffness pafameters.of orthotrepic plate may hac give the‘same
accuracy in results in the sratic and dynamic ahélysis. Thhslthe
formulation giving reasonably accurate results in'staéic analysis

n2y not give the same accuracy in frequency ‘analysis. This 1s of

. Particular importance as no exact theoretical method is suitable for

calculating the orthotropic stiffness parameters of plates stiffened

only from one side and therefore reliance of obtaining such parameters



must be based on model tests. Furfﬁer as the threewphaSe design and
nnalvsia refer to the $ame plate structure, experimental verification
needs to be performed on the same model.'hEguivalent beam idealieeEion
#n forced vibration analvsis may give close representation of the'
actuj) behavicur when the aspect rac10 of the plate (width/snan) is
small and terLfOTL, plate action is relacively insignifibant.—eForl
relatlvely large aspect ratios.‘the accuracy of the equivalent beem

. . : ' _~ . . )
ldealization ¢f the plate is expected to_deteriorate and therefore,
e&periﬁental verification by tesﬁs on models designed-.to cover plate
to beam tragéiéion‘becomesiﬁportant;' In many of the envestlgatlons
the bridge'wab assumed.at rest before 4 vehicle entered the span.
This may lead to underestimation of the amnllficaelon factors and
therefore in orde* to evaluaee the maxioum amplification factors,
careful consideration must pe given to.Ehe initial conditions of the‘
bridge. The sequence of design is use;?ly te determine the éimensions
of .slab and‘stiffenefs which would satisfy the deflection amd moment
Tequirement under static load. The adequaey of the section thps
finalized is then iﬁvestigated by.performing frequeney and forced
vibracion anelysis; Howeéer, once the seetice is finalizea to meet

the,ﬁeguirements under statie loaes, resulting cogstane valees of
frequencie; and mass parzmeters which eﬁﬁer into dynawmic anai&sis, do
not lead Eo an?eiternative to improve the resistance ef the section

for aehieving smélier am%liﬁication factors. To achieve this, siﬁul—
taneous treatment of commoﬁ paramecers involeed in the three aspects of

design and analysis is necessary. Such simultaneous treatment of

barameters may result in sections of maximum structural efficiency in



cach of the three design phases of thé plate. ' These points appear to

have received little attention in previous investigations,

1.4.0 Present Studv
Present investigation .deals with
1) Simultancous treatment of parameters involved in .

‘three-phase design and analysis, and developing a combined programme

A . -
Ny .

suitable for design purposes.
-~

2) the accounting of deterministic and stochastic parameters

and théir relative importance from design considerations. ‘ ’

3) the study of interaction of parameters.

4) Determination of sections with maximum structural effciency in

stat;c and dynamic behaviour - optimum design. ’

5) 'Presen:ation cf empirical formulation for rapid
analyéis of’frequencies of vibration. |

8) IncroducFion of interconnected beam coneépt which
consiaérably reduces the comﬁléxity of two dimen$ionél forced vibra-
tion analysis of plates and comparing the accuracy of dist;ibution of
amplificafionlfactors thus obtained, with experimental results.
Theoretical analysis gncludes, as basis, the critical combinations of
bridge initial.conditions to give limiting vélues of amplification‘in
individual caseé. i

7) Presentation of ready reference design charts znd tables

for deflections, frequencies and amplifications covering a wide range

of practical cases.



LY rThe experimental érﬁgrammé inclgdes
a) Comparing accurac? of orthotropic fo?mulatioﬁ by
static and dynamic tests on models havi&g identical boundary condi-
tiéns and comparing.deflections,fstr;ins and frgquencies.
b) Comparing accuracy of émpi:iﬁal formulation by
comparipg.values with theoretical' and experimental frequencies.

¢) Comparing concepts of equivalent and interconnected .

.
7

beam idealization by dynamic tests on models covering a wide range of
plate beam trahsitioq. This is achieved by-com;arison of the
distribution of amplificafion facters under and away from.the vehicle.
The investigation presented in the followiné-ordef:

Tﬁeoretica; Analyéis - Chapter 2

Interaction of Parameters - Chapter 3

Optinum Design - Chapter 4

Experimental Programme -~ Chapter 5

Comparisons ana Discussions - Chapter 6

Conclusions - Chapter ?

References T-Appendix_I

Programme - Appendix IJ

Figures - Appendix III

Tables - Appendix IV

Tests - Results - Appendix V



CHAPTER 2
THEORETICAL ANALYSIS

2.1.0 Introduction

ihis Chépter deals with the sgatic, frequency and forced
vibration analvsis of the bridge deck CDmprlSlng deck slab and
.svmmetrlcall\ located longltudlgal stiffners located on one 51de of
the slab. The important assumption introduced is that the slab-
stiffner'system‘can be represented by an equivalent.ofthotropic plage
of ﬁonstant thickness'havidé elastic proﬁertiés coinciding with the
axes of thelsystem. The analysis is presented in the follcwing'stages:

a) Derivation of the governing digfgrentialrequation
based on equiligrium, mowment, shears and rigidities; .

b) Three phase 'analvsis of crthotropic platé and intro-
duction of the concept of iﬁterconnectea bean ldeallzatlcn of the plate
‘or obtalning distribution of amplification factors.

¢) Computgtiﬁn_of orthotropic rigidity parameters of a

*

typical section under consideration. ~

d) Combined programme.

2.1.1 Equilibrium of an Orthotropic Plate Element

2.1.2 Assumptions Following or:.gznal treatment by Timoshenko (47) -
1) The deflection of the orthofropic plate 1is small and
- does not exceed one-fourth of the platé thickness.

2) The plate material is perfectly elastic, continuous,



!

iy

homogeneous, obeys Hooke's law and possesses different elastic properties

in-ortHogonal directions.
3)" Thickness of plate is small as compared to the
dimensions of the plate.

/

. . " \
N 4) Body forces of the plate material can be neglected in

thé‘derivation of the governing differential equaﬁions.
- 5) There.is no deformation in the middle plane of the
plate, {.e., the middle plane of the plates remains unstretched dufing
beﬁding.

6) Linear elements remain perpendicular to the middle plane of

the plate before bending remains straight and normal to the deflection

surface of the plate after bending. - ;
7)" The normzl stresses transverse to the plane of the

plate are neglected.

2.1.3 Stress Distribution

The distribution of normal, tangential and shearing
stresses (i.e., ¢ ,C , T , T , T and T ) acting on an element of
Ty oyx’ xy’ vz - Xz
dimensions dx and dy of ‘the orthotropic plate of constant thickness h
is shown in Fig. 1. "The plane Oxy 1s taken as the middle plane of the
element and as such coincides with the middle plane of the system.
'The internal stresses vary throughout the plate. At any point dx and

o Elo1
£ & and :;z dy. The stress
ay : .

dy from the origin, the increments are
! ' c
distribution and resulting moments. and shears are shown in Tables 1

and 2, and Fig. 2. These moments and shears acting on the element are

in equilibrium with the external loading p(x,y) acting on the element.
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2.1.4% Eguations of Equilibrium
"Projecting ali the forces acting on the element onta the

Z axis and neglecting quantities of higher order (48) :

_ . —3—1_+ —a-;-—'= - pl(x,¥) . ‘ ) (]_)

_ Taking mowments of all forces with respect to the x and

the-y axis and neglecting quantities of higher order

v wv A
H s - = 0 2
ot E T % (2)
and
BMY e VX
—_— = . 1
éx I Qx (3)
Differentiating Eq: 2 and Eq. 3 with respect to ¥ and x
and using Eq. 1,
-2 ~2 -
g M‘\c e M c:')}{v
=+ 2 ~ —«‘ + = = U(K,V) (4)
.2 oxoY 2 el
ax 3y

2.1.5 Orthotropic Elastic Constants

If the.element in Fig. 1 having its sides parallel to the

orthotropic axis be subjected to the action of Gx, Gy and TTY uniformly

' distributed over the sides the resultant components of deformations

€ , E_ and n are given by (48) -
=« y 2 {xy g ¥ (28)

and Y1§ = EEX (5
p Ty
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‘€\§ rigidity modulus and Poisson's rarios in x and v

'where ELJE ~ v
- N x -\'

direction, and(]tv - shear modulus.

Using Bett's reciproeal theorem,

X ' tﬁ)

M =y
Z\'E\' v E

3

Expressing deflections of the element at a distance z fro

neutral surface as w(x,v), unit strains‘st,sv and Y .G30 be written

il.e.
2
. gTw
g€ = —o—7% - ”
X 2 2
v ] o SW -
) and Y _ = = 22 o (7N
5 Py XY
. 3w
\-\- - - -~
- av

2.1.6 "Moments. shears, Orthotropic Flexural, Torsional Rigidities and

Differential Equation of Equilibrium of Bent Orthotropic Plare.
Elizinating € € and Yoo from Eq. 5 and Eq. 7, and using

the resulting expressions for G‘, C_ and TTV the moments and shears

can be obtainmed as ! :

-\2“ ﬁzw
= - [=] a .
M_{- D:-:(,\.. -L\J_:_Nz)
8x oy
N\ 2 iy
g W c_W
M}_ = - Dy (ﬂ 5 + Vi > )
oy o X
. 2 : _
M =-2p 2V _' (8)
xy xy ox3dy
2 '\2
_ 9 g” w g W
G = " ax O T3+ E 5
% Jy
2 2




in which
EY h” . ‘
D, = s3]/ Flexural rigidity of orthotropic plate in
X l.'.(l—\) \ )
: Xy in x diregtion
- n’ Flexural ridigidity of orthotropic plate ' .

Dy Fy lZ(l-vav) in ¥ direction

b g B

- o G Torsienal rigidity of plate . (N

2, = D v+ \XDv + 4D
1 x v o

and froaz Eq. 6. D v = Dyvx= Dl

Using Eq. § in Egq. &

4 . : 4. 4
. w g

2

]

p(x,¥? _ - ao

which is the differential equation of equilibrium for the bending.of

orthotropic plates.

2

"~

.0 A.Sratic Analvsis

g%

.2.1 Dimensions and Svstem cf Axis

a4

A typical bridge deck of width b and span a with sym-
etrically placed beams at ¢/c spacing s is'simplf supported at x = 0
and x = 2, and subjected to point load P at.f and n (Tigs. 3, & ;nd.S).
The system of axis 1s so chééen that.2t x = 0 the free edges_ére
located.at y =1

1 and (—ﬂz). A complete monolithic action between

slab and stiffeners 1s assumed.
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2.2.2 Singular Solutions for Bent Orthotropic Strip ald Plate

The soluﬁign for defieﬁtion, moments under the load and

' at4§nyjpoin; on‘thc slab is obtained by solving the governing dif-
ferntial equation of equiliﬁ?ium_Eq. 10. It should also satisfy the
simply supported and free bound#ry conditions of the system. The.
closed form solution”is‘obﬁained by superimposing the singular
solution for the bendihg of an infinitely long simply supported ortho-

tropic strip of spad a having deflection function w. on that of the

1
finite orthotropic plate of dimensions b and a and having deflection
"W, '$0 that,

—

W = W+ v, ' (11)

The function wl is tzken in the fomm

W, =

Ne-8

(=

< .
v in mr= 12
-m(}_) g “a ( )

34

in which ym(v} is a function of v only and w, satisfies simply

ES

supported boundary conditions

wl = 0
. atz =0
T
Bzw and = = a . (13
1 0
" 2
ax
Using Eq. 12 in Eq. 10
. , .
« 4 w2 1 v

X (@& E?

D, 2 Yoy "oy ta Y T Yo (14)

the roots of Eq. 14 are



in which

The roots g
1)
ii)

iii)

respond to

this case.

case (iii).

o
W, o= K E
- m=1
and
[»+)
w, = K §
2 m=1

: 94y
mv my

+ {&C sin =< + 2D cos —} e B8
) m o m o4

i

(15)

(18)

iven by Eq. 15 are
real and unequal, i.e., R, > R,, ¢ > 1
real, and equal, i.e., Rl = R_, u (16a)

imaginary, i.e., Rl < R,,

As most of the flexible beam and slab .type bridges cor- ,

case (iii) of Eq. 16a, solutions are oaly obtained for

The deflection functions Wy and w, corresponding to

and carrying load P at & (Fig. 3) are taken in the form

IH

o =
cos :%ﬁ e 8

= (@ sin =<+ E
3 o

. prog iy

. /Yy rreg "N - ——

fes sin ZL + 8B cos X o7 TR
™ c o ¢

i

. m7eg
sin — s
2

hro¥ip;S

n —
a

{17b)
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in which

A, B, C, D - constant to be determined from boundarv
m o m 4 » - N N
, conditions for ecach load position
- 1/4
. a(Dv/Dx) . 2 \1/2
a = = oy
a M
P viUx 2 .\1/2 : -
8= - SEen - - (18)
and
=
K= —==
27 VDD
Xy
2.2.3 Boundarv Conditions

The defiection functions “-land w, have to satisfy simul-
taneously the boundary conditions zlong the free edges, i.e., v = Ny i

and ¥ = n, (Fig. 4}. In other words, the algebraic sum of moments ¥,

and shears obtained from w, and w, mus:t be equal to zero i.e.,
¥ 1 2 : Y

M l = - |
M v )
‘ Vo @ { ?1.@
'V =nl ! v —nl
i T SRR
and . ' (19)
Qy . == Q,:..
2 w a
W2 L wl >
1y M
y = y =



.

From Eqs. 8§ and

- 16 -

h e

9, Eq. 19 can be written as

(20)

3 2 .q"} o]
., ATw D, 37w Fw D, 27w
2. 71 2 1 717 "1
—s"t T .3 ) == ( 2T T3 )
v y 3x dv vooax~
and -
3 “ a v ~
"o e 2 2
3w H + 2D ) 37w e H. + 2D 3w
:‘ It : + ( l XV 2 1= 3 r l + ( l v '.\'\') l\
~ ‘.3 3 ~2 T w2 D 2
T3y v 3% - oy v ox
Using Eqs. 17{a) and 17(b). the second order derivatives
in Eq. 20 are derived in Table 3. Each of Eg. 20 is now rewritten, i.e.
- 1 E lA::x mv v . Bm - bt
bl P I3 . WV S - == £ d ST
K ; = il=mZ, sin — - 2 cos —} ¢ B+ — 12, cos —— + 2 sin —}e
. I m t‘.—bk l o i & L& - . 1 l = |8
=1
C"" - oy av ':3};
+ = {Z_ gin — + 2 cos ==} & ]
=} 1 o) o
n =)
+ -2 {7 cos & 2 sin =X} o g IE sin =TE s$in T
2ol 2 ) Bis zix
¢ 71 3 <1 __! a a
‘ J
o [ , ov
o 1 1 1 - 0omv , v =
--K } ;{—{(—Z-i-—.,)(ﬁcos?—asm —); e B8
=1 " o« & .
D oy |
T2 : ; - penif oTx
I 1 T L mv o prigh 1 . 5 21
- = (= asin —= cos =)} e 2 | x sin sin —= (21)
D, @« a - s | a a
in which
D
y - 7
2, =22 L (02 ’ 1 (22)
1 o o DY a :

and



[ah)
. m| 1. . mv my 1 oy - BY
K V|57 - 30z, sia =5 = 2 cos S5} 4+ = {2 cos 4 2 sin 2} o 3F
~ B | 872 o Q a 772 : !
w1l |* '
/-"'--._____\
B ' v
m 1 mv oy 1 mv mv -
+ —l- HZ, cos —— + 2 sin ==} + ={- Z_ sin — =} 3
b ;{ 5 COS — sin 2% + Si- Z, sin St 2 cos 2 e B
c \ [ my
.om X, my oy 1 oy ov ——
+ Are e P . OVy e . _n : 1 3
3 1542 sin E-+ ~ o5 = + StZn Cos 7= - 2 sin H~Ji e'n
D oav
2Lz cos B L0 sin T Az g1 B L 2 cos B e 3
a« (372 a Tall e 2 a IR I
&L x
sin @™ sin mr=
a
x . - o
v« il oLl e L omv oV <) ov V. « = e
== K E (=(=5 + =) (T sin =~ -~ cos )+ (-~ = sin ==~ ~ cos =)} e 32
oho 2 27703 o ol & & o
m=1 o S ~
B +2D L
- = (D (S sin B cos B 4 (cos = 2 sin =9t e” Eall
D, a® " 8 . o & xS SeR
o -5 . =
s$in ot = sin o7 = {23)
a a
in which
2 -2 fo @2 A5 Py (24)
= —— - — - —_ s
2 5" ¢ ‘a ) =

Equations 2! to 24 give four simultaneous equations-cor-

responding to y = n, and v = 62 (Fig. 4), thus determining constants

1

Am, Bm, Cm, and Dm for each load positien P(Z,m).

2.2.4 Deflections, Momements and Shears

The deflecticon functilon w for deterﬁining the deflections,

moments and shears at any point of the orthotropilc plate is then

b
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obtained by superimpasing individual solutions w, and w,, i.e.

1 .
. : _ i
. .
. a . : .
, Pa -1 ' mv myy -
wom— > Vo= {a(A_+ 1) sin —-+ 3(B_ + 1) cos =} ¢ 8-
g 1/2 ~ 3 m & m o
27°(D_ D) m=l nm ' :
. x ¥ o : : . .
my ' oV, o | m':. ™
+ {aC_ sin ==+ 8D_ cos ==} ¢ § | sin == sin = (25)
o s il & a a ’

[ 4

Mowments M‘, M , M and shears Q‘, Qv are obtained from

Eq. § by using second crder derivatives of function w' derived in

N .
- Table 4.

-

2.3.0 Freguencies of Vibration

-

2.3.1 Equation of Dvmamic Equilibrium
: . . l - :
The differential- equation of motion ef a tramsversely

"
ibrating plate of homogeneous orthotropic material is obtained from

Eq. 10~y Teplacing the term p(x,¥) which corresponds to the external

L =

WL . . .
5 in which deflection w'is a

r
load by a "inertia force" term -2, -
ot

function of time, and po is the mass density per unit area of the

plate, i.e.

4 R A .2

d W u g W W GW= A
Dx"4+2“1——ﬁ22+Dv—-—-ﬂa+ooh2 0 (26)

ox . ox dv - oov ot

- -

Deflection function w( ) is expanded in the plate

x’y’t

eigen function v and harmonic function of time containing cir-
}mn(v) : g

‘cular frequency w_, i:e.
o
- A\
o
= sin— sipw t 27
Gy T L Eymcw SR . @7

Equation {27) satisfies the simply supposed boundary conditions
orf the bridge. . o C
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in which ymn(v)~is a function of y only and m,n - number of half sine

» "

waves In the x and y direction, respectively.

.2.3.2 Boundarv Conditions ‘ ' ' .

Taking the origin at the centre of one of the simply

'supported edgés (Fig. 3),;th¢ boundary conditions simulating the 5ridge

boundaries atre

i) Deflection wmn(x,y) =0 o at simply supported adges

il

ii) Moment M 0 atx=0and x=a

X

— 2 . 2 7

g wmn(t v) 3 wmn(t ) )
iii) Moment M, =- 1D, S+ Dl o | = 0 at free edge
SN A . |
' i a‘:,""'mn(x v) ; 83wm;1 b
; = -~ 2 + (2% = SR
iv) Shear QV Dv 3 ( bl Dl) NN 0. v 7
- L ¥ ax oy

'Expression 27 identically satisfies the simply supported

boundary conditions given in Egq. 28.

Using Eq. 27 in Eq. 29,

-

Ty . D o .
. 2 D ‘a m (y) 2
oy ¥
~3
¢ ymn(v) . 2Hl-Dl @EE)Z Yon -0
- a3 : D a 3y
: ay ¥ -

Complete soiution to the problem‘iﬁ’;%tained by satisfy

(30)

ing

the boundary-conditions given by Eq. 28 and Eq. 30 by Eq. 27 which with

Eq. 26 gilves ch&racteristic equations the roots of which lead to

natural ffequencies of vibration.



Using Eq. 27 in Eq. 26,

Vo am2 1l [ mm 2 Nl
- 2 ST et - =7 - pow : = 3
v “mniy). By G Yo E%Ja) .'onm)}mﬂyﬂ_ ° (1)
The roots of Eq. 31 are
. Hé ;
- D_ f—,H . W . 3 "
. GE;)G_E)lfq —1 { 1 ] +—o0 } l/~|l/_ (32
a D by D D 4 D | .
v v DD X v m T X
LTy o £ -
4 v
a. o)

2.3.3 Frequency Ratio
/,

: Com X - ‘ '
The term A E— in Egq: 32 represents square of mth natural
a o : '

frequency in cveles per secend of a simply supported beam of spanm a
and having mass density 00. Therefore the last term im Eq. 32 is the
h=-"

‘ratio of the square of circular frequencies of a plate of span atoa

bean of span a.

. Introducing .
2
RZ _ Yo
S T4 4 b
7 =
b o, (33)
. , By
and e =
v D.D P
Xy

the-rqcfs givén by Eq. 31 are rewritten as

_ D - 7] .
£ & (B [ T T (34)
= ey . P -

4

—_
'S

’ r - .. .
whiclr give four different solutions each corresponding to symmetric

and antisymmet;éc modes for each frequency ratio R greater or less

- than unity.



2.3.4 General Solutionr - Svmmetric and Antisvmmetric Modes
N "'wv

The general solgtions ymn(y).for R > 1 and R.< llis

taken in the form

‘ v - v ‘ v v
. R | -— a— . Siﬂh&[ o o) a
)mn(y)" meQﬂ“km b Pmncos¢mn b N Cmn m b * Dmnsanbmn b . (35)
in which ’ ‘
~ o) o a '
For R > 1, i.e., u < -~ 1+ ROY? . d
. -< ‘
2 2 2.1/2
v = (mre) [(x” -1+ R / + 1]
2 }2" 2, 2172 S
& = ™ . I - U
~ o (mme [(u 1+ R u] | . (36)
4 2 . 2.
an U, <%, T -,p(mnC_)
2 2.1/2
for R <1, i.e., u > (u" -1+ R")
2 2 2 2. 172
v = (mWc) [u—(u-l-rR)/]
mn
) 2 7 - .
| 2 = (mre)? [u+ G2 -1+ RO 37) -
m .
. 2 2 . 2
and U7+ o7 = 2u(wme)
.m m .
D | ' ' .
b %.1/4 ‘ ’ ' i - '
¢ = —-(EE} /
2% N
‘\/’ ‘ m
A ,B L, C , D = ¢constants to be determined from boundary'conditions.
@n’ “mn’ Tmn’ Tan ] i

L]
The first two terms, namely hyperbolic cosine and cosine
terms in Eq. 35, correspond to plate eigen functions for symmetric
modes and the remaining two terms namely the hyperbolic sine and sine

terms give antisymmetric modes. Therefore, the general solutions for all

the four cases are - . . -
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“Case 1, R > 1, i.e., b < (0" - 1+ R7); symmetric mode

H

b mn

- ) o, . _
Case 2, R > 1, f.e., ¥ < (¥ - 1+ R7); antisymmetric mode

~ g o o (39)
’ = 3 ] — ¢ ~ .
}mn(y) Cmnbinhumn.b Dmnsimpmm b
2 . ed ) .
Case 3, R <1, i.e., o < (7 - 1+ R7); svmmetric mode .
| . . | o)
- = h:' P * ——
}mn(y) Amncos Yon B ancos¢mn 5
. ' 2 2
Case .4, R < 1; f.e., 4> (¥ = 1+R }; antisvmmetric mode
v o = C__sinhy =~ + D __sind b2 | (41)
T (v) mn "nm b mn m b .
2.3.5 Transcendental Frequeﬂcv Equations
The functions ¥ given in Eq. 38 to Eq. 40 together

oo (y) ,
with the bbgﬂdary conditions given by Eq. 30 give -two equations in
eachlof the cases given in Eq. 38 to Eq. 41. The constants Amn .veaD
are eliminatkd by setting the determinant of these twe equations to
zerc, which lekd to transcendental equations giving freqﬁencies of
vibrations. Bj eliminating-one constant, the plate e;éen function
'required to determine the mode shape in the unitized form are obtalned.

This is done in the following stages.

-

First, second apmmthird. order derivatives of v
SR S ) 0 Tm(y)
appearing in Eq. 30, are evaluated for ‘cases 1 toc 4 and -are given in
Table 5. Using these expressions, two equations satisfying the

boundary,conditibns given in Eq. 30 are derived for each case and

are ‘given in Table 6. These simultaneous equations cannot be solved

A ‘coshy <+ + B cosd I o S (38)y
ma mn mn b .

k]



directly to evaluate constants A RS
- . mn m

|

However, by setcing the

determinants ¢f these equations to-zero, transcendental equations

giving frequencies of vibration can be obtained. Thus, using v = *

the determinants of equations in Table 6 are set to zevo, and the

resulting frequency equations for case 1 to 4

Case 1

tanh

23

]

I}

I

b
= '5' ‘y
2 g -
m e, SRl aw 2,
b 1 " ,+ D \.a_) A
- tane b - Y !
mn BPVAS D \
w2
i} (- +.5£.(§}0 } {
5y i
' 2 Ay -
Sm P 2y
o] 2 D ‘a > i
“mm b v |
cot - 7 |
mn 1. o, 2 i
=, Lan
bZ Dy a J
2 ——
).
A W N
& { 7" o &)
Jmn b v !
tanh-f;— 7 1
“mm 1l,zw,2 I
= 1Enh
b2 Dy a —J
2 25 =D —
mn {¢mn _ hl l,mﬁ)2}'
[ b 2 D ‘a
m b v 1
coth > 7 \
= _E{EEDZ} ‘
b2 D ‘a |
v o

(435)



D in Egqs. 42 to 45, the relation-
\?

ship between wmn and ¢mn given in Egqs. 36 and 37 is rewritten using

To eliminate the term

K . 4, De
W= fr——;—- and ¢ = E-?' 53
*DD 2 v
XV h
‘i.e.
28
2 2 1 ,mvb 2
Hi - = —_ ~
‘fmn l._‘m Dv ( 3) for R L
. i ) -
and . S ‘ (46)
2,2 28y 22 . x o1
¥mn an T D ( E) or & =

-
) ' Using Eq. 46, the transcendental frequency equations given.

by Eqs. 42 to 45, are given by

2 2. 1/2 .
Case 1, R > 1, p < (p7=1+R7) Symmetric. modes
e p./p 7?
¢ (—%“——)2 TN A &
tan —= vD_/D_
_ 2 _ 'mn x v (47)
b ¢ Y2 D./D
- m it Jovsa 1l v
e
¥D_/D
— R S
Case 2, R > 1, <(u2—l+R2)l/2 Antisvmmetric modes
— —2
I’Urm:‘. 2 Dl/Dv
b 15 T
tan - . VD _/D
. _mmn x v (48)
] ]
an l’)mn ¢mn 2 Dl/DV
tanh = ) "
' ¥D_/D
- e N
Case 3, R <1, ¢ > (u2-1+R2)1/2 Symmetric meodes
- __2
®m. 2 Dl/Dv ‘
6 SR
. | . |
ta.nn—é-— ] l,»'mn Dx DV 49)
v e T 2
m m | Y D./D
tanh 5 ( mn) _ 1 ¥
¢
SR




. L2, 201/2
Case 4, R'< 1, u > (u™=1+R7) Antisvmmetric modes
T p./p %
R A .
3 ( :n)- _ 1 ‘\
tanh — $ - vD_/D . . .
2 mn . x' v
w = 0 o (50)
., 2
tanh — o (“mn} _ D1/Dv
¢ \’b /D
— XN

>

.3.6 Plate Eigen Functions ymn(x) - Mode Shapes

These functions dre obtained by evaluating one constant,
sav an and Dmn for symmetric and antisymmetric wodes, in terms of
Amn and Cmn rom the’ simultaneous equations given ianable 5, and
substituting in the éxpréssions ymn(yj‘in.Egs. 38 to 41. The re-

sulting equations are given in Table 7, for all the four cases.

2.3.7 Frequency Equations and Eigen Functions When Poisson's Ratio v=0
The frequency equations and plate eigen functions for the
case V = 0, are cbtained by equating coupling rigidity Dl = (0 in the

equations in Table 7 and in Egs. 47 to 50. The resulting expressions

thus obtained are given in Tables 8 and 9.

2.4.0 Forced Vibrationo Analvsis

2.4.1 TIdealization and Slope

The. formulation is based on the principle of beam behaviour
of plate structure. The plate is divided into series of interconmnected
beams parallel to the path of the moving vehicle. The formulation pre--

sented is for computing the dynamic deflections and straims at the .



o

centre of the beam under the vehicle and also at mid sections of the
beams away from the vehicle. This is a comparatively simple ap?roqch

as compared to the two dimensional analvsis of -the plate structure.

2.4.2 Assumotions
1) The bridge vibrates in its first mode and each beam is

represented b

“

a single degree of freedom svstenm corresponding to its

deformation in the fundamental mode. The peak amplitudes of centre-

. Fh

deflections of these beams are unequal but in the same phase.

2) The resulting vibrations of the bridge follow closél?

the forcing frequency of the vehicle.

3) The vehicle is represented by a one degree of freedom
system. Actually, a multiple axle vehicle has many degrees of freedom
as the mass tends to vibrate on a combined spring actica of springs and

tires. gut important vehiéle motion with tespect to the bridge vibration
occurs when they are in the phase.
&) The spacing of the axles are small as compared to
dimensions of the bridge. ’
5) Unsprung mass is small and total mass of the vehicle
is assumed to be at its centre of gravity.
| 6) Vehicle s moving ;t constant speed while it Is on
the span.
7) Damping in the system 1s neglected.
Assumptions 3 to 7 reéult in higher input §a1ues of véhicle

dynamic load and resulting bridge deflectlons and strains tead to be

of higher magnirude. Assumption 5 is justified by the results in

-



TdSIg 10 where digtribucion of unsprung and’ sprung masseé are gifen.
for typiéal medium and'heavf vehiclgs; In all the cases, it is séen
that average distribution of‘sprung mass exceeds 857 of the. total mass
of thé vehicle. ‘

T

.4.3 Dvnamic Deflections and Amplification Factors Under the Vehicle

—~ o
Let the bridge ¢f span a and width b be divided into a set

ol

of series of parallel beams 0, 1, 2, ...... as shown in Fig. 6. Letthe
r

vehicle speed travelling on beam say 0, be v £t per sec ané it enters

the plate from the left hand suppert whem t = Q. It is assumed thatthe effect

of vehicle mass being small the deflected shape of the beam is sinusoidal
at all times and the bridge deZection w under the vehicle after it has

travelled a distance of x = vt is given by

w=w sin f =t " - 5L
c c .
in which : ' :
wc - deflection at centre of beam

‘ TV
fc - crossing frequency =

-

t - time taken by the wvehicle to reach .the .
distance x = vt, from the left hand suppert.

Idealized vehicle and bridge systems under these idealiza-
tions are shown in Fig. 7(a,b, and c¢). During time t; let the deflecticn
of the vehicle mass.Mv be dencted by w, so that the resulting dis-

tortion Av of the vehicle spring is

Avew —w
v

.and from Eq. 51

Av=w -w_ sin f t , ‘ (52)
v - C [od .

FA



in which dv - distortion of the vehicle spring

K\-’ - . stiffness of the vehizle spring’

The force F(t) in the vehicle spring due to distortion

v and mass M is

F(t) = K, v + Mg _ (53)
-
"w
1f the vehla,le accelc_ratmn is denoted by —r;—, the-
L"’E’ ! t
inertia force is ‘H -—-,—- and the equation of motion of the \'ethlL

.

1}

mass is them written by equating the inertial force to 'the force dn

the spring,

2
: 2w
i.6. - S - .
.\1\, — = = -K_(w -w sinf{ t}
N Vv c <
\.rL -
1.8, >
2 “v
A + W..(w -w sing t) = 0 (5=)
Vo oa:2 \ v c C
. et
To applv the vehicle force to the bridge it is necessary to

transform the bridge into an equivalent single degree of frecdom system
using generalised ccordinates.

The resultant dynamic forces on the bridge at any time

P

r+
oy
w

- F in £t o+ Kw 55 -
(0) sin £t + Kgw, (55)

in which KT:; is the stiffnesd of the bridge.
The equation of zotion of the bridge is written by
. ' '\2
equating the inertia force ‘*Lﬁ —-:5— to Eg. 55,
i.e. ’
3w ® '
h = = K_w + F(t) sin £ _ t
ULB 5 2 (B c (e) c

e
.t



"i.e. using Eq. 53
. "

3w

c

5

>
. R

R w - {M + K, (wo-w £ ‘ein £ ¢ = -
\B v, {{vg hv (uv v, sin rc t)isin tc‘t 0 (56)

Equations 54 and 56 represent theldynamic quilibrium
of the vehicle 5nd'the bridge svstems vespectively. These simultaneocus’
cquations are solwved to find éc as-a function of time.
_ Dividing both sides of Eqs. 54 and 56 by ¥ and X

respectively,

o
W Foee
v N . . -
— + ;r—(wv - sin rc_t) = 0 - (57
e” Y
and
2 .
Fw N Mg K,
,,C-E-E"E—\%-*-I-i(w-w sin £ t) sin £ t=0 (58
" 2 Iy hOu b voc c .. ¢ ‘
ot MB B .%S
The ratios —, T o_—-and T in Egqs. 57 and 5%, are defined as follows
PPN M My Mg : ,
o2 . .
— = £ | where £ = frequency cf vehicle in rad/sec
M'B v v ) ‘
K, | .
ﬁ; = fB, where fB = frequency of bridge in rad/sec
(59}
q; = Mq’ ratic of masses of wehicle and bridge
fB
i fq, ratio of frequencies of bridge and vehicle
v ;
and
M Mg K_ _ 2
V.. XY LB - w %
M, K M st
- B B
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S M | -
where §l~: W. .- static deflection of brdige under load M
B 21 ' : : Tovg
and
xR Y
. el
e W — e = M £ -
M N, T R v (60)
v
Using Eqs. 59 and 60, Eqs. 57 and 58 are rewritten as
al
¢ Ve -2 v e . .
— + & (wv-— w, sin :c &) =0 ) (61)
ot
and
a
3w -
= +\f2{(f2 (w -w sin f t) - M, (v -w sinf t)sinf t}
a2 R G mwgy sin £ ow) = M W mw siat Bisins @

Equations 61 and 62 are solved by numerical integration

for w, as a function of time and dividing the dynamic deflection v,
: wc ‘ ‘

by staric deflection Voo applification factors (;——9 are obtained.
I st *

- -

2.4.4 Distribution of Dvnamic Deflecdrtions znd Amplification Facters

away from Vehicle Run

The computations fof distribution cf dynmamic deflections
and their correspcnding amplificazion factors are based on the following
assumptiqns:

1) A1l the points on the plate are vibrating with the same
f;gquéncy,and as such have the same frequency and mass ratio.

2) The central deflections L for any positicn of the load’
follow the static behaviour and as such is 2 function of rigiditf
parameters and dimensions of tﬁe plate. )

3) Frequency ratio is other than unitﬁ and cross‘nodes are

absent.

Q

(6

.



Let the plate be divided into a series of intercoanected

imaginary beams 0, 1, 2, .... 3-1, = as shown in Fig. 6.  Let W W

cl’

w ba the deflection at the centre of these beams for

W
el cz=-1" ez

any ‘load position x = vt. The magn;tudes of‘tﬁese deflections are in
the same ratic corresponding:te their statie values ané are in the same
phage since the plate is assumed to have ns cross modes.

The'deflectioné-w,‘gl, Was cees V. corfespcnding to any
load position x f'vt are obtained using Eq. 51

i.ae. for zth beam

wo=w__sin £t | o T (63)

in which fc is comﬁon for all beams as these beams are of span a.
Considering each beam in turn and following the identical

procedﬁ;e through equations similar to Eq. 52'to'Eq; €0, the equations

of dvnamic équilibrium for each beam are obtaimed. Thus for zth Beam

these equa uations of equlllbrlum are

2

¢Tw
v 2 : <
— + fv (w_ - Vg sin fC t) =0 : (64)
sc” '
and
5
o W .
2 )
—E% e (w - sin £ t) - (w - sin £ t)sinf t} =0 (65)
“tz ‘v R stz c KR v ez ¢ c

which are solved by numerical integration.

2.4.5 TInitial Condition of the Vehicle

The inirzial vibration oF the vehicle at the time it enters

the span is accounted for in the analysis as initial distortion of

-



vehicle spring mgasureq.aé a fraction of the,tptal yebicle‘ﬁaés m -

The nature of distortion whéther teﬁsion'or compression‘is gécoﬁnted
fgf by:intrédécing thé concept of.the ph;se angle ¢. Thé vehicle is_
‘a;sumed to have only vertical oseillatioms and as Sucﬁ the angie ¢ can

take 6nly two poséible ipiéfgf values giwing tension or compression
in the springs. This system is shown in Fig. 7. ‘ \_,//. ’

. L is the magnitude of possible maximum distortion caused
by vehicle mass M| and measured as a fraction of its maximum

theoretrical value,

w =3 —8 - : (66)
5 '

B = reduction factor and is alwavs <l. When & = 0, the spring Is in

neutral position. The temsion and compression correspond to the-phase

angle ¢ = 7/2 and ¢ = 37/2, respectively. &
) Re\’vfltlng Eq. 66
K'\-‘- \ . : .
- B = W W : - (67)
. Vg

To express B, in terms of bridge parameters, the numerator

- and denominator of the right hand side of Eq.67 are divided by X, I.e.

e
. 5% Y

= o (68)
RS
M _ ‘ . o
Now-ixs= Wop? static deflection of the bridge gnd from Eq. 59
- B : . .

KVIKB = (69)

n;?ohéx



Using Eq. 69 in Eq. 68

A n B
w . . .
BE—-—wm ‘2 ' ! (70)
st (fp) :
Also o , ) ' ’
’ .\ = w s ) . ) - ‘
" Voo = Yo sin-¢ . ) (7L
where Woi T fnitial distortion of vehicle spring (Fig. 7).
. Equations 70 and 71 define the initiai vehicle conditions
just before it enters the span. -

5

2.5.0 Numerical Integration
= e ) . AL
T The differential equations of dynamic equilibrium (Egqs. .

61 and 62) are solved using numerical integration (3).Starting from

t?mé t = 0, when the displacgments v, and v, of the wvehicle and bﬁidge

are presumably known-the time scale is divided into small iﬁtqrvals-

and computations are carried out in steps bf succeséi?ély extrapolgting

the displagemenﬁs from-one time inteFval, say s to s+f’or s-1 tg s.

This is shown_in_Fig. 7 in which the tiﬁe acceleration curvé is plotted
againsc'time t. The displacement Wi (s+1) ac poinf (s+1) is com?uted

knowityg the displacement at the preceding peint wc(é)_and the average /”J/, '
velocity befween poiﬁts s and s+l, i:e.

— -

ow.
c

- 3, | .
qc(s+li - t-"Tc(s) + (3t ) ot L= . ' (72

in which &t - time interval between s and (s+l) and average velocity

Bwé— ..
T3t s ' . 2 _
' ow w (s) - w 1 37w
(a‘c). . _cls A,c(s- +. 2c At f73)_a
- toav c 3t :
‘ Ny
=2 pr |8



LI - 'J ) .
LW

The term 522% ‘At in Eq. 73 1s/the average acceleration
during the period of time. - This approximation is shown in Fig. 7{c)
where the time accélerstion plot is shown as the sum of the small” M

additions of successive intervais'shown by horizontal lines.
au . : . e
Eliminating 3E51from Eqs. 72-and 73

» 2 \
¢ wc 2 - '

. . + , 7

“c(s—l) At (74)

" = 2w z
-+ -~ . 2
c{s+1) cfs) 3¢

N
T . . ,_- T
a‘calculate the valPe “c(l) c(s=1) is .

unknown; acceleration was assumed constant during the first time

at t = 0 when w

interval and equal to its initial value. Using this approximation
’ 4 . L 7.

-

: S, . ‘ '
Ve T N 5 '(-.'.\t) ] .. . . {73)

2.6.0 Rigidities of Orthotropic Plate

The flexural and torsionél rigidifies of the orthotropic
slate given by Eq. 9 are determined by distributing the stiffnesses

per unit width of the plate. This is.done by introducing the
’ _ :
following assumptions:

a1

2.6.1 Assumptions:
1) The reinforcing effects of the ribs which are arranged

parallel to the x axis (Fig. 15), in the direction of y is negligible: iii

as the influence of reinforcing effects of lateral rigidity.ofithe
B -} . )

ribs on the discribution of fomes in the orthotropic plate is neéligible.

2) Tn the absence ofdiaphragn1s,the-equivalenf;hickness

of an homogeneous orthotropic plate can be replaced by thﬁckness'h of
. ‘ -
the plate. - -
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3) The plate and stiffeners are of the same material and

a perfect bond exists between them.

-

4) The neutral surface for the stresses in the direction

*f x is parallel to the middle plane of the plate and is located at a
distance e from the top surface of the plate.(Eig. 3). The distance

e 1s' determined from the conditiom that the resultant foree acting

on the repeating section must be zero.’

5) The rigidit} modull E» E, and Poisson's raties v, v,

~.in the orthogonél direction are very close to their corresponding val
of E and Vv of the material of slab, i.e.’
1) E_RE RE

i) vo=v = v

6) Flexural rigidity D and torsiomal rigidicy Hl of the

plate stiffener combination can be calculated as the algebraic sum of

flexural and tersional rigidities of slab and stiffener respectively.

[ g%

.6.2 Rigidity D_.

-

S,

. Using (6)

-~

'2.6.3 .Rigldity D,

This is obtained as the sum of rigidities of the plage

and-stiffener about common neutral axis -

~
.

TN

ues
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~Bigidity of plate:

" E‘h3 _ E_ -
Px T T Oy YR e
: . Xy XV
plate " iy -
in which
e_ = depth of C.G. of repeating T section from top of
slab ' '
i.e.
2 L 2
o = 1l . Sh™ + t. (H-h)} } > -
X 2 Sh + t (H-h)

- Using Egs. 76 and 77 in Eq. 78,

. - — £ X 21“
D -D11+12(—-5-2))
plate
. r
Rigiditv of stiffener ) .
W
Dx _ S
stiﬁfener

- (80)

in which I is moment of inertia of stiffener about cemmon neutral axis

. § = C/C spacing of stiffeners

_E )’

X S 12

stiffener

X =x

orthotropit‘plate plate

™

+ D

X

2 =by 3
+ ey G - e )%

stiffener

(81)



2.6.4 Torsional Rigidity

This is calculated as the sum of torsional rigidities
_ of plate and stiffener.

From Eq. 9

+ v D + 4 -
(Do, + D+ 4D ) _ B CE)

!

R I

' @ Using Eqs. 9 and 76

‘\- : v D_+ v.D_ = 2u
’ . ¥x ¥,

and . . (88

h° .
2D =G _ —
xv xv 6
— . E = 4 o e
Using G = Ty in _qﬂ.S.,lEq. 83 is written .
i.e.
C 1l 7 ' -
Hll = 3 12vD + 2(1-v)p} =D _ . (86)
iplate
Similarly )
. , G T
H;T o - . ' (8??
~ . . |stiffener : .
in which T is geometric torsional rigidity of stiffener per unlt
with of plate, i.e.
3
‘ C. S
. 1

Qhere Cl - constant dependirng on dimension of stiffener and

- 1is given by

-~ o :

/

\\\ '
) ) .
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1.65/vt/ (E=h) t
-2 -~
Cl -.6[1.50 + e | 1 for T <1
| | (89)
- 2.6[1.80 + L83/ (BB £ Ly
‘ : . H-h
From Eqs. 86 and 87,
hli | o = H) + H|
rorthetropic plate plate stiffener

"2.7.0 Preogramme
A combined programme was written for the purpose of
numerical‘analysis. The iﬁput parameters were basi; dimensions and
elastic properties of the bridge and vehicle, namely:
Bridge - span, aspect ratlo, PSisson's ratio, modulus-§f‘-
elasticicy, dimensiohs of plate and stiffeners. | _
. . ‘

* Vehicle - speed, initial con&itions B and é,.frequency,

‘weighf;_

: The prdgramme output is deflections, moments, frequencies,
dynamic deflections, strains and amplification factors.'-lt evaluates
rigidity and mass pérameters and solves Egs. 21 and 23 to obtain the
const;nts B aeenes to Dm for given load pgSition P(E,ﬁ).' TwO
éeparéte subroutines for matrix multiplications ana inversions are used
to solve Eﬁe 4x4 matrices. corresponding to unknowns Am ceas Dm. It
evaluates deflections énd moments using Eqs. 25 angB respectively'apd seven

terms in-the geries. Frequency of vibrations are obtained by solving
-

.transceﬁdental frequency Egs. 47 to SOlcorrespondiﬁg to symmetric and

antisymmetric modes. Solution 1s obtained by subdividing eilther wmn
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4

..or ¢mn into sma}l'iﬁ;ervals of:0.001 and eqﬁating the left and right |
side of fhese equations up to an accuracy. of 0.5% or less. Using '
' fréqueﬁcy and mass of the bridge and utilizing the vehiclé inb;t of
frequeficy, mass, speed and initial conditions B and ¢, the ﬁrogramme
:evaluatgs dynam;c amplifications by solving differential équatidns of
equilibrium 61 and 62 by numerical.inteératibn.Total time T for vehicle
on ;pan was evaluated using speed and span, and time intexrval At cof—
respending to T/20d'was used for.inmegzrion purposes. Fﬁrced yibra—
tion analvsis was c#rfied out for 3 passages of véhicles. ?be ini&i;l

conditions of the bridge were corresvonging to the last time interval,

R Y

i.e. 200 of the previous stage. Thils is achieved by putting do loopes
to account for the last stage of'the bridge deflections and velocity
T to bé fed as initial values of the following stages.

The prograrme statements for a typical case are given in
- - <

Appendix II
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.

using the three stage orthotropic analysis preseﬁted in Chapter 2

- CHAPTER 3

INTERACTEON OF PARAMETERS
,"’

3.1.0 Introduction

* This chapter deals with the study of the relative
& " ’

importance of bridge and vehicle parameters and numerical solutlons

This is done in the following steps;\ .
1) Identification of_bfidge,ana vehicle parameters.

- 2) Evaluation of practical range of bridge and vehicle

parametets and prééentation of results in the form of design tables.

G .
3) Interpretation of relative influence of each para-

meter on final results in its extreme,ranges by typilcal graphs.
&)g.Parametfic influence leading to empirical fermula-
< - .

tion of frequencies and comparison of theoretical results.

S5) Presenting results in a series of tables for .

- : . . ) l ;
design purposes. - ) ‘ o \\ _\__“QQ;EE::H
: /-\ i Jﬁ ' .

3:2.0 Bridge and Vehicle Parameters [ | ./

NS Ce

Bridge and vehicle parameﬁéré both in individual and

)
Il
T

common form are given in Table 11.—Dimensionless form of these
parameters,.their practical range considered for numerical solution

and results obtained, are given in Table 12.

3.3.0 Physical Interpretation of Parametric Ranges
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,3.3:1 Plate Beam Transition - Static.Analvsis

'The-variation;of aspect ratio %-from_l.O to 0.5 and

| D, - ' y

rigidity ratioe El'from 0.01 to 0.5 was ccnsidered:s?fficient for plate
X g ‘ .

* beam E;aﬁ;ition of equivalent orthotropic plates. &Slike isotropic

N

o : ' : : .
plates, the plate beam trapsition is a function of as%ect'and rigidi-~

' Dy )
“ties raties an@ when oo ™ 1l and ¢ = 1, the valuées obtained correspond

' : ) ' Dy
to.isotropic plates. Smallest values of rigidity ratio EL = .0l in-
. o %
dicates that stiffener sections are heavier or spacing of stiffeners

is very close, as compared to width of the plate.

r

3.3.2 Freﬁuencv Analvsis

P Frequency analvsis is based on the assumption that
. : e i ' b DOx.1/4 .
minimum value of rigidity parameter uc = m —-(5—9 does not exceed

}.

0.25. This is due to the fact that when =5 1, and taking minimum
. v )

values of m =1 (first svmmetric mode) the minimum value of %—covered

o

is 0.25. For most practical cases, the parameter mc usually exceeds
2.0 2nd therefore mc = 0.25 is considered the lowest possible value

for theoretical analysis. The maximum value of torsional parameter

Hp
Bo-C

/0,2y _ . |
three symmetrical and antisymmetrical modes are obtained for me = 0.25

} 15 0.9999 and therefore frequency values for the first

to mc = 10 and ¥ = 0.1 to 0.9 through an interval of. 0.1. The effect
of Polsson's ratie v 1s studied by varying the ratlo (Dl/Dy)/nfDx/Dv
from 0 to 0.1 through an interval of 0.025, i.e., DY/D =qa to 9 for
v o= 0.3 which was found sufficient to investigate the effect of

Poisson’s ratio v on frequencies of vibration.
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3.3.3 Forced Vibration Anélvsis

fhe treatment of parémeters in‘the'forced VibFaéion
analvsis ié considered in two separate groups, n&ﬁely,,(aj deter-
ministic pafame:érs, i.e., spegd of veﬁicle, Eréquenciqs and masses
of bridge and vehicle, and (b).stochastic parameters, i.e., initial
conditions of vibtations of bridgeland vehicle.
Bridge frequencies (EB) are cénsidered-from 1.5 cyeles

per second to 9 cycles per secend through six intervals.. Crossing

! L" - » N
frequency Q;;) is taken from fc'= 0.57 win to fc = 7.57 max., through
, , )

six intervals.
Assuming the variastion of vehicle speeds from 30 mph to

70 mph;rthe span ranges covered lie getween 20' te 200°'. The fre-
£

B . - : .
quency ratie f_ = —) varies from 0.4 min to 6 maximum through
. S J.'b' * s
elight intervals which include rescmance conditions £_ = 1. This

R

. 3
‘gives the frequency band of the vehicle between 0.25 to 22.5 cycles

-

per second. Mass ratios Qq—) are considered between .0l minimum to
Hg )

0.2 max. These numerical values and their range of variation are

’

assumed to cover the possible practi&al cases, for the purpese of
design. | |

The pa:améters which cannot be directly determined%?n an -
accountable basis includé the magnitﬁde of initfal vibrations of the
vehicle B and ¢ as ;he reasons causing initial vehicle vibratio@s
cannot be clearly defined to form a2 mathematical formulation. Similér
difficulty is seen when accqpnting for the initdial vibrations of a

bridge as it 1s a function of density of the traffic. In the present _

study, bridge initial conditions are included on an idealized basis
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to obtain the optimum amplification factors under three passes of
the same vehicle (B = 0.3 and ¢ = 1.57) which theorerically is éqg—

sidered to present the most critical combination cof these parameters.

l in the first stage, the bridge was assumed at rest, and
. ' L . .

maximum amplification factdrs for the same initial conditioms of the

vehicle were obtained.

In the second,stage, the final values of the bridge dwvnamic
deflections in stage one were chpsenias the initial conditions of the
bridge and ma2ximum 3mp1ific;tion factors were ;btained.

In the third stage, the {nitial conditions of the bridge
were assumed corresponding to ﬁhe‘m;xim;m.dynamic deflections in
stagantwo and maximum a;plifiéation factors are obtained.

The amélification.factors of the third étage can be tzken

as giving the upper limit of amplification factors for the particular

cozbination of the bridge and vehicle. \\\\

- o

3.4.0 Relative Parametric Influence on Final Results

.

3.4.1 Presentation

Nuherical analvsis was based on the parameters as given‘
iﬁ Table 12. 1In the first stage'of analysis, relative influence of
the parameters on the fiﬁal results was stﬁdieﬁ. This was done by
varying one parameter at a time and calculaFing the regults cor-
responding to limiting.ranges of t%%’femaining parameters. The
variation is presented in the for7f§$ curves and tables in the

following sectilons.



3.5.0 Static Analvsis

3.5.1 Effect of Rigidity Ratio Dv/DY_on Deflections and

Moments for Censtant Values of U

Defledtion and moment ccefficlents for aspect ratio -
b . .
3" 1.0 to 0.5 and 2= 0.1 are pletted against DV/DY in Figs. 8(a)
and 8(b). Deflection coefficients (wc) are calculated as a multiplier
?aa . 7

abD
X

-1 ’ . ' s
to x 10 © and the moment coefficients MY and M as multipliers to

” h
Pa= - - .
5’ under load P at the centre of the plate. Similar curves for

-

torsion parameter 1 = 0.9 are plotted in Figs. 9(a) and 9(b).

. , Dy : .
Assuming coefficient W I“!,Y and Hv as unity at 3= 0.01, corresponding

- x
D L :
; v - . b . s 2
values at - = .1 and 0.5 fo:-; = 1 and 0.5 are given in the table
CEX ' L

below for u = 0.1 and 0.9.

. . s e s v
Variaticn of Cocefficients wc, Mt and Mv with 5*

X

N Ay = 1.0 Ag = Q.5
\
1 | - W LY Y
ol D}_/D:{ N wé ‘{x M}'. hc M i
.1 .01 T 1.0 1.0 - 1.0 1.0 1.0, 1.0
L1 .590 .620 1.94 .63 .635 1.70
.5 .392 .455 3.20 .59 .575 2.70
.é .01 1.0 1.0 1.0 - 1.0 1.0 1.0
.1 .590  ° .615 1.86 .76 - .725 1.77
5 L4355 .48 3.01 .71 " .B25 2.78

Both deflection and moment coefficients decrease with an

increase in Dy/Dx’ but My increases with an increase in Dy/Dy, the trend -



being more predeminant between Dv/DY = .01 to .1 for wc and M‘, and

between Dv/D‘ = .1 to .5 for M, Similar trends of variation of W

_ﬂ‘ and M, with DvYDane seen when n = 0.9. For smaller values of b/a,

w_and M\ tend to be independent of D /D\ between‘D\/ﬁ\ = .1 and .5
Te X o A SR v Ux

. 1
and M between D /D = .01 and .1. Absolute values of.w , M and M
¥ : ¥y X , B : ¢ X ¥
tend to be smaller with increase in the torsion parameter u but com-

paring their variation with DV/DY, it can be concluded that, both

deflection and moment parameters are less sensitinve to change in u '’

1=

than to the rigidity ratio Dv/Dﬁ.

[
L)
.
.
o8]
7]

ffect of Torsion Parameter L on Deflection and Moments

for Constant Values of DV/D‘
- E

Variation of deflection coefficient for constant values

cf£ D_/D_= .01 and .1 is plotted in Fig. ;9(3) and lO(b), for aspect
*'raéio b/a = 1.0 to .5. Similar curves for Mx and M _ are given i;-
Figs. 11(a), 11(b) aqd.l2(a);.12fb), resﬁectively. It can be seen
thae both deflection and mcment‘eoefficients decrease with an increase
in p and for v, and ﬁx, the érend'qf yariation is similar for the
same range of b/a and Dy/Dx' As compared to moments, deflectlon 1is
less sensitive to i, and after u = 0.4, the varilation is linear.

This trend is shown in thé table b;low where the values corresponding

to 1t = 0.1, are taken as unity and corresponding ratios for i = 0.4

and 0.9 are given for Dy/Dx = ,01 and 0.1.

%“_‘



Variation of Coefficient W Mx and }% with u

E}: ! =1, 0 .\R = 5
Dx W M M w M . M
¢ Ix \ N X Sy
.01 -1 1.0 1.0 1.0 . 1.0 o - 1.0
A T .88 .38 895 © .87 S75 845
. .9 76 .76 77 ".755' 77 715
.1 -1 1.0 1.0 1.0 1.0 _ 1.0 . 1.0
i .86 .86 .85 .97 .93, .s8
.9 .76 .75 73 .95 .36 W75
. ; ‘ S
: For values -of D_/D_ = .l.and b/a = .5, the variation of
voX : —

w , M and % with . is very small for all pfactiqal DUTPOSeS.

-

Compar%ng Figs. 10, 11 and 12, it is seen that the rigidicy

. ¢ : .
-ratio D;/Dt has mor% influence as compared to the torsion parameter

on values of deflectioneand moment coefficients for a wide range of

combination of aspect ratios b/a and as such any appTfoximaticn in-

volved in computing torsion parameter u will have sahller effects dn
' \ .

accuracies of deflections and moments.

3.5.3 Effect.gf D,/D_.and Q/a on Distribution of Deflection

at Centre

The effect of common parameters DV/DK and b/z on distribu---

ticn of deflection at the-centre is shown in Fig. lB(a)anﬁ;ié(b) iﬁ
which the ratioc of deflgctions w/wc is plotred at y/b ='b to ¥v/b = 0.5,
x/a ='0.5, and D /D = .05, .01, .05, 0.1, 0.5 and 1.05‘ This 1is done
.for u= 0.3 in Trig 13(a) and 13(b) and similar graphs are plotted in

Fig. l4(a)and 14(b) for u = 0.9. It i1s seen that deflection ratios~\

Py
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-

w/wc f;r th? same'range of b/d are not the éamé ;nd vary with the
rigidity r;:io.Dy{Qx;} This deﬁlgctioulpro%iLg\is of pafticular
_interest while c$ﬁsiderins the plate as a series of intercoanected
beamé for forced'vibration énalysist. Vd&ia;ion of dcfle:tion ratios
across width at centre cross secéion‘of'ﬁlétes,-is a function of both
rigidity 3qd.aspect ratios ané.ngeas simultaneous considération in

o

equivaleht beam idealization of orthotropic plates.

B

3.6.0 Frequencies of Vibration

- o | | : .

3.6.1 Variation of Frequency Ratio R with Rigidity Parameter mc

(@ bja (0 /D)4 L
X v

The variation of frequtndy ratio.R with rigidity pafameter

mc ispplotted on log-log scale in Fig. 15(a) and 15(b), for two cases

.

namelygf u = 0.1 and 0.9. The ratios correspond to frequencies of

vibréfion for the first three symmetrical (n = 1,3,5) and anti-

Ry

symmetrical (n = 2,4,6) modes, and Poisson's ratic v = 0.  The rigidity
“ 4
y - 1y
parameter was varied from .1 to 10.
It 1is seen that in both cases of 1 = 0.1 and 0.9, the

frequency ratio decrease with increase in mc and tend to asymptote to

'Rléllﬁ for large value of mc.  For lower medes, i-e.,_n'%_Z,ifre—

&

quency ratios appear to bé more sensitive.up ko @c = 1 and*mc = 3 for

e
hd o+

‘1= 0.1 and 0.9, and thereafter are almost independent of mc. This

range of independency of R on mc seems to be between m¢ = 2'tomc =5
‘X e ' ’ " L "

for n = 3 ton =6,7x = 8.1. The variation of frequency ratic with

. s : , . P
me ‘appears to be almosf linear on log-scales for values. of R'= 2.0 &
. i
: ; . ‘ C e .
and more. A ot v Tk
3

i _ - . ’ G -
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J3.6.2 Variati@p of Freguencv Rétio R with Torsiondﬁarametet 3

The variation of frequency ratio R with torsion parameter

4 is shown in Fig. 16 for n = 2 and for Five tvpical values of me.
Similar curves for n =-6 are given in Fig. 17. It is seen
that for the lower ﬁodes (n = 2), freduency ratio increases with the

. . ’ . - .
torsion parameter 4.,. This trend 1s more, predomirnant for lower values -

- . - %

of mc = 0.25 and diminishes with an increase in u. In the higher range
.. . “ . -

“of me = 3 and more, the frequency ratio is almost iﬁdependen; of u.

Assuming frequency ratio R = 1 for p = 0.1, thé:frequbncy raties for

‘m¢ = .25, .5, .75, 1.0 and 2.0 can be shown to he 2.72, 2.}2.2,' 1.83, 1.58

and 1.1% respectively. However, forn = g, Fig. 17, the frequency ratio

' . ' N .
_seems to be almost independent of U fer any value of mc.

) ; . ' 7 |
3.6.3 Variafion of Frequenev Ratio R with Poissenis.Ratio
v

Parameter Dl/Dv/VDY/Dv - .

v

The variation of frequency ratio R with Peisson's ratio

’

parameter pl/Dy//Dx/Dy is shown in Fig. 18, in which Dl/Dy/¢ék/Dy is

varied from 0 to .1 and corresponding values of R are plotted for

¢ =0.25 and ¢ = 0.1 to .9. It is seen, that'R decreases with am

incréze? in'Polsson's ratio and the effect is more predominant in ‘the

S s

Lowkr rénges of 1. Assuming the frequency ratio equals tnity for
‘Dl/py/Vbt/Dy = 0, the vé}iation of R 1is' shown 1n the table below for
4 : .

n=2,3,4,5,6 and for typical values of mc and M.

K



“ue,

Variation of. Frequency Ratio R with

Poilssop’s Rutio Parameter .(D,/D )/vD /D
7z . STl Ty x Ty

A
/ L=0.1 ¥ o= 0.9
D1/D{ : - . :
© 373 mc .25 1.0, 5.0 .25 1.0 520
X }'_
2 0 1.0 1.0 1.0 - 1.0 ¢ L0 1.0
.1 ' .5550 - .9000 .9900 L9440 .9705 - .9972
30 1.0 1.0 1.0 1.0 1.0 1.0
. 1 .9966 L9455 9885, = 9962 L9771 L4964
A ' \ .
4 0 0 1.0 1.0~ 1.0 1.0 1.0
.1 ~.9992 .6848 .9768 9984 9899 9945
5 0 1.0 1.0 1.0 1.0 1.0 1.0
L1 9994 994% 4 .9748 9994 .9950 9932
6 0 1.0 1.0 1.0 1.0 1.0 1.0
1 .9996 9973 .9758 1.0 9975 .9926

.

frequency ratio decreases with an increase in Poigson's/ratio although

the dependency reduces with an increase in me and p., However, for
’ .

- o

values of n-= 6 and more, R is almost Independent of (leDV)L¢DY/DV'
‘It is therefore concluded that for lower values of me and u,
o

the.frequéncy ratic R is nd%ffhdependent of=Poisson's ratio and should

be accounted for in the analysis.

3.7.0 Comparative Study of the Nature of Variation of Deflection,
; — T

Moments and Frequencyés on Orthotropic Rigidity Parameters
D, D and ) \\\' .
x vy . o : .

v " - ‘ '




X

e

-

:)Peflection and moment coefficients_wc and'MY‘decrease with
an ingrease in rigidity ratio Dv/D; for constant values of L and b/a,

Fig. S(a) and 5(b), while frequency ratio R decreases with an increase

© Dee.1/4
in parameter m % (Ei)l/4

for comstant values of U. Assuming the values
v

5 .
of m kind 3 are constant, the decrease in frequency ratio R, Fig. 15(a)

.. D .
- and 15(b), can be taken as due to an increase in (55 1/&_ It is there-

v
fore seen that static coefficients W and MY and frequency ratio R have

opposite -degrees of dependency om orthotropic rigidicy paraméter 5£ .
: : x
Similarly, comparing the igcrease of v and M‘ in Figs. 10, 11 and 12
: ‘ - : ) .
and the decrease of frequeney ratio R in Fig. 16, both with an increase

in torsion paramétef u, it is seen that static and frequency coefficients

LY

-

are inversely proportiotral to the same degree of variation of erthotropic

. 4 ¢ - E 5 ” .
torsion parameter i;—~This leads to the conclusion that the approximate
formulation based onestiffness distribution for determining orthotropic
rigidity parameters-may not give the same degrees of accuracies in static

-and dynamic analysisf The accuracy of concepts in rigidity formulation must

be, therefore, verified bsttatic and frequency test on models.

h 3.8.0 Empirical Formulation

i

3.8.1 Empirical Relatioaship fdr Goypputing Frequency Ratic R.
: )

Interaction of Parameters Dx Dy’ i, b/a, a, m and n,

Method of Tormulation

The important parameters affecting the frequency ratic R

are Dx; Dy’ U, bfa, m and n. It is intended to combine these para-
meters to produce one closed term equation giving frequency ratio R,

sufficient ly accurate for all practical pufpﬁses.

-
>
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-

The method is essgptially‘a trialeerror‘dpp:oach énd'cbn—
sists of studying ;hé variation ih Erquency rﬁtio R by treéting oﬁe
parameter at a time for constant values of the rémaining parémeters,

_(Figg. 8,9,10,11}12,15,16,15 and 18). Iﬁdividual algebraic expressions

-

governing the nature of var%htions are developeﬁ by using curve fitting
techrniques and using Egq. 36 the finai exprés;10n is written by guper—
imposing theése individual gxpréssions to give a closed form relation-
ship between fre@uency—ratio R and the parameters enteriqg into the
formulation.' The results thus obtaiﬁéd are compared with those by

‘solving.transcendental frequgency equations and aceuracy of the final

results 1s'compared.

3.8.2 Empirical Equations

These equations-are presented for two cases

D
a} 55 > 1 and p < 0.999 (slab and stiffener) .
v
-
. b) Dt ='Dv and ¢ = 1.0 (slab only) N
I3 I -
a) D—" > 1 and u < 0.9:
y R .
o Frequency ratio R is given by
1/2
R=[1+ (e = w? - uh (90)
il C -
" in which
5 = N% + log e {1 + mu(m )2} : : . . {91
-d ¢ = :

1

where
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- X = 0.5, 2.5, 4.5, ..... for first, second, third antisymmétrical
modes (n = 2, 4, 6)
N.= 1.5, 3.5, 5.50, ..... for second, third, fourth symmetrical  (92)

modes (n = 3, 5, 7)

Kl m 1, 2, 3 ..., for-first, second an& third modes.

-

b) D_=D_and v = 1.0
X v
Frequency ratio R 1is gi&en by

(a/b)(n—l))Z -

2m

&

R= 1.0+ (

©3.8.3 Comparison of Results

;o
The frequency ratlos R are'caleulated using Eq. 9C for

L= 0.1, 0.3, 0.5, .9; mc = 0.5, 0.75, 18 2.0, 3.0, 5.0 snd 10.0;

and n = 2, 3, 4, 5; 6. Thege vélues are”givén iﬁ Table 13 and arev

compared with-the correépquing values computed using the theoretical

method. It is seen that the empirical values are higher for n = &, 5,6 for

an¥ ¢ and.smaller for n = 2 and 3 in the range mc < 1.0. Méximum

error (12%) is seen for n = 2 énd me = 0;5. However, the error feduées

to less-tha;'éz for mc = 1 and more. For higher values of n, the

.results are in very good agreement with the theoretical -values for all

parametric combinations.

bY B =D and u = 1.0:
X ¥ ) 0 .
Frequency coefficlents —%a— /2 are computed using relaaicn-
: o 73 DX : T
.ships given by Eq. 92, and plotted in Fig. 19(a), (b),. (¢) and (d) for
-

5

v > .

(92a) .

-

Yol
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E = 1.0, .8, .6 and .4 and m- = l.to 6 and are comparea with.corresponding
theoretical curves. A veéry good agreément betgeeﬁ theoretical and
empirical ﬁalup;.is found for all combinationé‘of m and .
- Thus it 1is coﬁcluded that these empiriéallequation;_90 and
92 give f}équencies of vibratibns suﬁficiéntiy aécurate for practical

design purposes. T ]

-~3.9.0 Forced Vibrations o -

- 3.9.1 Presentation

The relative ﬁarametér_influenée én variation of amplifi-
r -
catio&é for single and three passage of vehicles .are preseﬁted,for
tyvpical cases. The case of passing ofra single'veh%gig repfesénts {/
normal conditions of design while the passage of three vehicle; under ;’
. o o

ssumed optimum conditions give critical case which represents, opsimém

Y

1imic in actuai practice. Howeverﬂ‘it iﬁdisates the fheoretical.hpper
. . S _
limit for the partiéqlaf,cqmbinations of parameters. The influence of
‘péEAmetegs, frequency ratio, mass ratlo, crossing frequency and vehicle
initial conditions on variations af ;mpiifications is discussed for
tybical caseé and.aré then treated for concept of arriving at optimum
‘section during the design process. The second. ph;sé cf computations

include design tables giving amplification factors which it is believed

covérs RPE practical ranges of parameters going 1nto thg design process.

3.9.2 Effect of Frequency Ratio on-AmvliELcation

‘

’ The effect of f:equency ratioc is shown in .Fig. 20(a) to 20(e)

and'Fig. 21(3) tbﬁZI(e); in which resuf;s for normal optimum cases are
_ i '

—
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‘ . , - _
er than 2.0, the curves are smooth and relatively stable and ampli-

fications are seen between 1.20 to 1.40 ir normal cases and 2.2 to 2.3

A

for optimum cbnditioﬁs. There is a'crénd of a decredsé of amplifications
with EB/iiv = 2.0 and more. For ratios (fR) less than 2.0, the curves
are morc irregular But‘geﬂerally increase to maximum 1.75 to 2.0 for
normal and 3.25 to A.d for optimum cases; In the range of EB/fV 0 to 1,
the cur&es inerease ra?idlf. It mav be noted thét 3bsol;te values of

fv and fs are not of much importance but ratio'fB/fv is éignifiﬁang.

‘ o . .
Assuming the amplifications in'2 normal case (Stage I) as unity the

~

values of amplificatlons corrésponding_to optimum cases (Stage III)

.

are given in the table below. ' . | )

~
Vvariation of relative Amplification Factors Stapge III -
with bridge frequency -  and mass ratios.

(A (1) = 1.0, £ = 0.5M) s ‘
| v cps) | e - 18709 cpd
fB = 3“(1- CPS_). B = n( cps - .
—_ : =, - , iy
M /M| F=.4 1.0 2.0 6.0 |IR.4 1.0 2.0 6.0

.01 | 1.7945 1.5208 1.9947 1.8712& 2.0707 1.0042 1.9103 2.0146
03 |"L.7964 1.3946 1.9936 1.8713 | 2.1879° 1.1872 1.9080 2.0146
.05 | 1.7844 1.3817 1.9927 1.8713; 2.0336 1.3488 19380 2.069™
.08 | 1.8166 1.4546 1.9912 1.8718|2.1578 1.4640 1.8958 2.0142
1 | 1.7899 1.3759 1.9902 1.8716 | 2.1163 1.3449 1.8914 2.0182
.2 | 1.6993 1.3717 1.9828 1.87221.9952 1.4070 1.8305 2.0159

~There is an increase (max. 2.188) in ampl;ficationé for.given
combinations of £ and M:/MB. The maximum increment appears when

EB[,fV »< 1 and the minimum is when fBIfV = 1. This trend is opposite

given for constant values of Mv[}LB and v/a. For frequency ratio fR- great-

BN

-
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to the variation with fB/fv as seen in Figs. 20 and 21, in which the
peaks appear at fB/fv = 1.0. This can be explained as follows.

The peaks at fB/fv =1, are caused by beat eoffects which

oecur- at low frequency ratiecs. The relative oscillations of vehicle

almost disappear at one or more points along the bridge. At these.’
. » *

points the bridge vibration greatly increases because most of the

energy originally contained in the vehicle oscillations is transferred

. u
te the bridge. / -

. : A .
The possible reason for reduced rate of increment when. |
f./f =1, can be given as initially high $alucs which are aken as the

B v

basis with vespect to which the increments arxe calculated.

. v

3.9.3 Effect of Mass Ratio on Amplifications
" The effect of mass ratio Mv/MB'is shown in Fig. 22(a) to
22(f) for constant values of 7v/a, § /£ and/six values of bridge
. - B A g

frequency EB. These are shown for normal andcritical conditions of
; o :

the passage of vehicles. For high frequency ratios} the value of

-

-mass ratic has practically no influente on amplifications. The
"effect is apparent when frequency ratlo approaches unity. Amplifica-
~tions increase with smaller M /MEBVhen fﬁ/fv approaches unity.

- v

Assuming the amplificationé for M /M_ = 0.0l unity, the amplifications for
: v : ' I

MB/MV = 0.1 are given below for typiéal'cases in Stage I and

Stage IIIL.
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Amplifications for Mass Ratio 0.1 Stage I and III

A for M /WB 01 is unit\)

f Stage' L Stage III
£ £ i
¢ |78 T —
ng'S 1.0 2.07 6 rR.b 1.0 2.0 6.0
L } 33.1.8750 _8542 .9877 9985 | .7652 .77l6 .9835 .9007
0.5 } 12% . .5649 .4639 .9514 ,9997 | 8418 .6115 .9769 .99
? 187 .8922 4799 ,9853 .9986 .SSTA L6400 .9755  .9992
L 3 9595 ,9676 7288 1.002 L8774 .§l&0 .9760 .9972
2.5 ;.127 .5360- .S136 .9839 1.00 .5165 .7587 .9623 .9977
j 187 ! L8602 ..7433 .9906 .9979; .9988 L6568 .9866 Q982
i .

© It is seen from ChL table abov; that an increase in the
masé ratic MB/Mv causes a~reduction in amp;iflca;ion. The same is
_true for all ranges of frequency ratio but varlation is predeminant
when the fréquency ratlio is close to u&;ty.' Reduction in amplification
aS‘low as 0.4799 for f /f = l is seen when mass ratlo increases from
.01 to O.l.- For an increase in brldge frequencx.fro“ 37 to 18” the
reduction in amplification for MV/MB = .01 to 0.1 for fB/FV = 1.0 is

almost close to 50% fer f = 0,5 and 252 for f = 2.5. The variation

of amplification wi Z'“';s ratio H\/Hfsis shown in Fig. 23 in which

initial compr¥ssion Bf is\yaried from 0.0 o 0.858. The variation is
linear but amplification reduces with an incréase‘iﬁ masg ratlos.
Linear variation is e lained by the fact that 3 {15 a multiplier and
nmagnitudes of deflection lncrease linéarly with an in increase in

the dynamic force.

. ' — . . .
\\\\\\-3{gjz Effect of Crossing Fréquedcy fc and Phase Angle ¢

These parameters cause the change in location of the
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maximum amblifigations on span. Tﬁe number of vegicle“oscillations .
;hile it is on sban are governed by the crossiqg frequency fc. This

. is shown in Fig. 24(a), (b), (e) and (d). For the same span, the
crossing frequency in Fig. 24¢b) and (d) is l—l/g‘times'mofe than that
shown in Fig. 24¢a) and (¢). This rgsult§ in six andlnine peaks as ¢
shown in Fig- 94. The effect of the initial phase angle & is to chaage
the pesition éf the peaks on span; Figure 24(a) 1s shown when the
Qchicle travels with the initial phase angle ¢ =I.s% and Fig. Zakc)
the‘éngle o is .57, fhis results in a minimum peak at centre of the
span in Fig. 24(a), while that in ?ig.-E&{c) i{s a maximum peak ;1£
centre, which corresponds to a phase difference of iSOo. Similar.cases
are showﬁ‘in Fig.lﬂé(b) and (d). The parameter 9 can be therefore'aCCOun—
ted fOT by assuming that the locatién'ci maximum positive amplifica-
tion is at the centre of span. This give; upper bound.values of dyﬁamic
deflections and takes into consideration the optimum effects of

parameter O.

3.10.0 Table of Reﬁulfé - Design Data

3.10.1 Contents
-\ ‘
; Numerical data covering deflections, moments, frequencles of °

vibrations and amplification factors is presented in a serles of tablés.
-

The selection of parameters was made on its influence and the ease of

{rs determination at any stage of design and range of parameters was
decided so as to cover a wide range of possible practical cases.

Parameters which have relatively small influence (e.g.
. ) . ) 0 . " . .
Polssons's ratic onfrequencies) are giver in the form of corrections tables



important intlUCnCL. but not steriniStlu (e.g.

f bridge and vehicle) are treated as individual

5 nS'detallcd below.

(W8]

.10.2 Static Analvsis (deflections and moments)

Coefficients of deflections and moments are tabulated forv

combinations of rigidity ratio Dv/DY, aspect ratic b/a, snd torsion

parametér U -?he deflection coefficients are given as 2 muitiplier to-”

4 : 2

Pa -1 P 44 Pa '

— x 10 and moment coefficients M_ . M _as a multiplier. . The
ab ' , XUy ab {

values correspond to under load P at the centre of the plate—Z5ey

intervals and range of parameters are as given below:
1) Rigidity ratio =~ : .0l to .1, 10 intervals of .01 | v
.1 to 0.2, 4 intervals of .15

ii) ‘Aspect ratio.% . 1.0 to 0.5, 6 intervals of 0.1

S

iii) Torsion parameter 0.1 to 0.9, 9 intervals of O.1.
Deflection coefficients are given in Table 14 while

moment coefficients M‘ and M_ are given in Tables 15 and 16, respectlvely.

3.10.3 Frequencies of Vibration (frequency ratios)
- — R
Frequency ratios are rabulated for ccmbinations of (*—0

torsion parameter L and cross mode n for only two cases of'?oisson's

ratio parameter (D /D )/JD /D . The absolute Yalues of frequencies on
: m2_2 Dy
‘cycles Der second can be found by multiplying the rat*os bv = = -

The intervals and range of parameters are:

-
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y : 0.25 to 2, 8 intervals of 0.25," °
- .y .‘- 1] w i . ' ‘
2.0 to 5.0, ¥ intervals of 0.5

5.0 to 10.0, 5 intervals Of‘l.O. oo

11) Tersional parameter p @ 0.1 to 0.9, 9 {ntervals of O.l.

"

. . X . - - - £
1ii) Cross mode n : 2 to 6, twe symmetfical - (n = 3,5) aud three
% ey
A

antisyvrmetrizal modes. -

iv) Poisson's ratio parameter (Dl/DV}/VD\/Dv : two cases, O and 0.1.
. - ~ )
. . t
The range of varlation eof frequency ratic & with

(Dl/Dv)va‘/Dv becween 0.0 and 0.10 is covered by -correcticn coefficients.

The frequency ratios for a =.I1, 3, 4, 5 and € are given in Tables 17, 18,
) Pl e

3=
O

, 20 and 21 respectively. The correction. coefficients for variation

of frequency with Poissons ratio parameter (Dl/DV}/v"D‘CDv pertween 0.0 and

0.1 and n = 2 to 6 are given in Tdble 2Z.

3.10.4 Forced Vibrations - Amplification raétors

Computations of aaﬁlification factors invoive sigultaneous
treatmeat of coupled indeéendent Sridge and vehicle svstems having a
discrgte range of parameters in each of -them. From the bridge design
point of view, the vehicle parameters are considered independent and
a2s such ﬁhere can be alpost an infinite cémgination cf_parameters in- -
volving both the systems.  Attention is theref&@® paid to the.rénge of
these parameters which cover.most of the pfactical casés. The range

4 . . ' , -

.of common parameters, mass ratio MV/MB, frequency ratio fB/fv'
crossing frequgncy fc gnd bridge frequencies_fB which cdver most of

the practical cases are given in the fhble below.
-~
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Range of Parameters - ‘ f
. i Range

Parameter } ;
| ,

£, 0.57 To.ol.4T 0 1.8 2028 257 - -

My 0l01 0.3  0.05 0.08 _0.10 0.20 - -

£ 3 6w 97 12n 15w 187 - -

£ 0.40  0.80 1.0 2.0 3.0 4.0 5.0 6.0°

The number of practical cases which combine these parameters
excegdﬁl?ﬁb. Amplification factors for these actual combinations are
computed. The}ggtermediaCE‘ranges not covered by these cases can be
computed by interpoplation.

: ’ .

Ioportant parameters which include initial bridge conditions

are treated £0r three typical cases.
’ . - N .
i) Maximum Amplification factors for passing of one vehicle are .

given for all combinaticns of the above parQSetgrs in Table 23(a) to (f).

for individual six crossing frequencies mv/a. These correspond to

normal magnitudes of amplifications For use -in the desizn.
gn ¥ X b4

\

- .

ii) Maximum amplifitatiogﬁ for passing of two vehicles in succession
. . . [ .
are given for the above cases in Table 24(@) to (f) for six individual

cases of crossing frequencies Tv/a. These figures can be treated as

| Lo

applicable to cases where the zbove average traffic density is

applicable.

P

111) Maximum awplifications for paséing of three vehicles under optimum

-

_ o~ -
conditions are given in'Table 25(a) to (e) for six individual crossing

, o



R

ffeqpencies._ Thesé can be treatad’és theoretical upper limits bossible

.- ' "3 . - ' .-
under assumed _optimum conditionb. :

-

For all_gqmﬁl*igiiés qﬁ the parameters. the vehicle inicial

Eonditions were assumed to -De B = 0 3 dhd'@ =- 1. SO To get the opcimum

effects correspondxng to $, the amplifications giv;n in- Tables 23, 24

- -

and\°S can be assumed to be’ at the centre for finding the maqnitude of

-'\ \\ "
denmlc deflections- 1f the effect of B is to be accounted for in

-

_‘cases other than B = 0.3, the values of amplification can be obtainud
j - 1)

Dby linearly intreasing Qr:dec:easing in the proportion of increment or

decrement in 3. This can be seen in Fig. 23 where the effect of
~ . .
‘ . Vet " .
varfation in B on amplifictation is plotted for comstant values of the

+ : remeining parameters, and change inm amplification appears to be linear

for all possible values of B. -

»
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CHAPTER 4 _ . .

‘s

X OPTIMUM DESIGN

4.1.0 Iatroductien

’

This Chapter_éeals with the method of optimum design of

a plate subjccted to stacic and dynamic loads. The coaventional design
procedure givés sections which satisfylthe deflgctibn dnd_stress}levels
-under static loads. Once the relative dimensions Sf-slabs and stif-
feners are finalized to satisfy these requifements,.ghe resulting
‘values og frequencies and mass dénsities become {ixed and therefere
caﬁno: offer 3nf-alternati§es to minimize ampiifications under

dvnamic loads.. Ihié is overcomé in the proposeé method of aﬁalysis.:
The approéch is based on minimizing the amplifications under dynamic
lo;éé in the first Stage of analvsis and tﬁe section tﬁus finglized is
then made to satisfy the deflection and stress requirements under
static loqﬁing conditions. The approach is based on the minimum
weight' concept, which aims at obtaining rel;tionéhips bétween geo—
metric dimensions.of slgg and stiffener for given dimensions of wid£h 
'and span. This is presented in the following stages:

1. Concept and definition of dptimum design.

é. Parameters ccnf;idered.

3. Relaﬁionship of parameters for optimum sections.

4, Design cha%ts - data.

5. Relgtive importance of parameters for interpretation

in analysis.

6. Comparative accuracy.
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4.2.0 Optimum Design Raqpiredents

"The bridge de signed on the maximam weight basis has the-

following properties: . e
g : +

., 1. Maximum streﬁéth/wéight ratio;

. , )
2. ‘Satisﬁies design requirements under static loads;

3. .Whep combined with vehicle parameters,.the resulting

Combinatiiﬂf tend to minimize amplification fhctors under dynamic

'load§;‘ e

Lol
an

4. Parameters governing optimum solution shauld be

acéountable in the initial stages of design.
The érQEs sectional dimensions.of the plate satisfving
these requirements are defined as ideal in the anralytical process.

However, sections can be désigned close to these thecoretically-ideal

properties by progér combinations of the parameters.

4.3.0 S;le;tioﬂ of ?arameters for Dptimum Des;gn
A minimum weight design resuits in smaller mass density

(oo) per unit area of the plate. This reduction in mass denéity |
lowers magnitude of.ché bridge mass MB énd causes'higﬁ:f values of
bridge frequencies (fB) since frequency is inversely proportional to

the mass per unit area of the plate. These higher values of frequencies
-(fB) and lower values of mass MB of "the bridge result in a higher fre-
guency ratio (fslﬁv) ané'a_higher.mass ratio (MV/ﬁB) for a given vehicle
haviqg frequency fv and dﬁ%s'Mﬁ. Thus with higher frequency ratio it is
poésible to minimize the amplification factors by

(1) avoiding resonant conditions; and

»
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sensitive to increase in £

r
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' f\‘(ii) resulting aﬁplificacioqs in the‘rangg-fR > 1, are less
R‘and.furtbef detreas% with increage in fR
(Figs. 20 and 21, Section 3.9.2). _ -

Similsrly, higher mass ratios result in decrease in ampli-
fications (Fié. 22, Section 3;9.3)-and give economical sections of
lighter welght. .Furthef; the parameter mass ratio‘Hv/MB can be
accommedated in design requirements under.static'loads. As frequéncy
is the ratio of stiffness and mass, higher wvalues of frequencies
accompany higher‘stiffnesses with hinimuﬁ cross sectional areas of thé'

section. This leads to higher values of Strength to weight ratios.

Thus, the resulting solution closely satisfies the require-

ments 1 to 4 of an ideal section in 4.2.0. Therefore, it is concluded

thét minioum weight design can be based on
1) ngimization of frequencies of bridge
- orT,
2) Maximization‘of mass ratios HV/MB
or

both.

4.4.0 Optimization Definitions - .

A

' The fundamental frequéncyiyf bridge (£§l)‘of span a,

'/‘ >

rigidicy Dx and mass density po is~§iven by

2.2 \/ D "
£ = - — (93)
3 3 5y |

a

‘in which m = 1. The findamental frequency 1is assumed to be inde-

pendeﬁt of ﬁhe aspect ratlo b/a. As higher frequencies are meltiples

et
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.of‘;he fundgmental freéuencies, xt'isisufficient to.maximize the .
fﬁndamental freqpency EBE in Eq. 93. This is done by adjusting
relﬁtive geometric éimensions of élab and'stiffengrs to give maximum
value of the ratio Dx/ooffor given vél;esrof'thelspan. Aé this. pro-
éess_rglates to maximizing geometric dimensions of the cross section
of the briége, it is ferme@ geometrical optimization. Maximiza-
tion of thé mass ratio MV/MS to produce the same deflections relates
te the stfuctugal behavioﬁr under exterﬁallleads and is tegmed

structuralloptimi:ation,

4.4.1 Geometric Optimization

The cross section of a tvpical beam-slab bridge is shown

in Fig. 5. | - ' ?

C -

The fellowing dimensionleés ?arameters are intreduced:

~s H
. t
== 9/
8, =3 (94)
£ == .
s h _ A
in which h = thickness of siab
7\ i - total thickness of section
: ' (95)
t = width of stiffener
$ - centre to centre spacing of stiffeners '
Assuming the plate and stiffener are made of the same
material having modulus of elasticity E and densicy
. D -
P, the expressicn'EE is computed using Egqs. 78 to 82. The expressiocns
hiat e} D - .

for calculating the ratio EE in terms of the dimensionless parameters
) ' o -
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fa)

as, pé and E‘ (Eq. 94), are derived in Table 26.
The relacionship between o Ss and E for maximization
value of D /D is obtained by varving the value of one parameter while

_-keeping the values of the remaining parameters conscant.

Structural Optimization

o~
.
I~
N
[ ]

The deflection Gc of a bridge of span 3, aspect ratic b/a

under point load P at the centre can be given'by

!, H
4 . .
Pa :

= —— K a o (26)
<. ab#b D hD ' o '
Xv T

O
l

. where KD is the coefficlent of deflections.

"Rewriting Eq. 96,
r; > )

§c Pa . : o=
pAs . N 1\D Lg’l)
2 O

in which
p = density of the.material of slab and stiffener

A = equivalent cross sectional area per unit width
of secticn and is given by

A
s

.
;{s x h + (B-h)t}
and from.Eq. 94

8 =8g{a +8 Q<) (98)
S . 8 s . 8 .

The term p&sab in & 97 ié the total weight of the bridge.
Assuming that the load P represents the vehicle, the ratio P/oAsab

represents the mass ratio HV/};B of the system, i.e.

\
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= Lo < . 99) -
- R _ o , |
Using Eq. 97, 'Eq. 99 is rewritten

5 /DD
[ad XV

== < _ )
2 pAsI\D . - ) )
3'5/—-\ - o

' d§ » Eq. 98 ‘and D‘ from Table 26,

}LR::

(100)

Using-Dv = -—E—E—;—
_ oo 12(1-v7)
"Eq. 100 is expressed in terms of dimensionless parameters o _, B

£
s’ Ts

and Kﬁ‘ Maximum values of MR are then obtained by varying the value
of one parametef while keeping thé values of a, ¢ and GC constant.
The term GC/a is then included in Eq. 100 to obtain deflection, per

unit span.

Thus in both cases, it is seen that maximization of fre-

quency and mass ratios includes treatment of parameters & , 55 and as.

4.5.0 Range of Dimensionless Parameters'as, Bs and Es.

THis is chosen so as to include the possiblé practical
ranges and are given, below:

& = 0.15 to 0.50 through 0.05

s
' §, = 0.10 to 0.9 through 0.10 ‘ (101)
is = 1.0 to 3.5 through 0.5

4.6.0 Relationship Between as, BS and Es for Maximum Frequency

and Mass Ratios

The variation of- frequency with gs and SS and mass ratios

"~ with s 55 and ES = 1 and 3 1s given in Tables 27 and 28 respectively.
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The frequency coefficients aré obtained as multiplier to H v
) A a ,
and mass coefficienCS s multiplier to —%— x 1010. Tﬁe frequency cor
ap ‘
. efficients are obtained for ES = 1 and mass coefficients are given

2_2
m T
2

o ba”?

for two §alues of,Es, i.e., Es ] l‘énd ES = 3. The values of BS at

‘which the maximﬁm frequencies and mass ratios ate obtained, are shown
'in the last two colums bflfables ﬁ? Qnd 28, The variatién of mass

ratios and frequéncies against Ss'is‘plotted in Figs. 2&(a;b.c,d) to

27(a,byc,d) for sixvalues of a_ and £ ="1.0.

It can be seen from Figs. 24 and 27, that both mass and
frequency coeffigients increase with increasé in Ss, att&in a maximum
value after which decﬁease with incréase in SS. -The magnitude of SS
where maximi;aciqn is seen depends on magunitudes of as, but appears
to be higher with higher values of o - This is Qéear from Figs. 28
~and 29(a,b), in which';urves in Figs. 24 to 27 are ploc:ed on the same
"scale. The peaks corfespdndiﬁg to maximﬁﬁ frequencies occur at higher
values of a_ wi;h inerease in SS (Fig. 28). A similar trend is
observed in Fig. 29(a;§) for Ss = 1 and Sé.= 3 for maximum mass ratios.
In both cases, absoluté peak values of frequenéies and mass coefficients
decrease with increase in & and Sé.- The fhysical interpretation of
increase peak and decrease of these coefficients with increase in “s is
of importance from design consideratioms.  For constant as, incrgase in
Bs iﬁcreases tae area and stiffness of the section. Increase in values
of coefficients ingicate that rate of increase in stiffness is more
than. that in areat' Peaks indicate ootimum combination of st*ffness .
and area while decrease indicates that the rate of increase in dead

weight 1s more than that in stiffness. Peak frequency coefficients are
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‘ . -~ ) .
less semsitive to a and Ssgas compared to mass ratios as they Teduce
: . @
from 0.315 to 0.295 for a change in & from 0.15 to .45. The variation

in peak mass ratios reduces from 1.6 to 0.42 for Ss'n 1.0 and 2.0 tro

C .45 fgr ES = 3.0, peak mass coefficients increase with Increase in $
and are less sensitive to BS for & = 0.35 and more.: The peaks‘in
Figs. 28 and 29 appéar to lie on a smooth curve which indicates that .

the relationship between as and 8

~

< follew a definite-'pattern in the

-

region of peak values.

The values of Bs which correspond to peaks are plotted

against %é.in Fié. 30(3,b)-"fhe$e dere'takeﬁ_from the last two columns -

of Tablés 27 and 28. It is Seen that the relaticmship in Fig. 30(a,b)

-

follow a linear vafiation and can be represented by a,straight line
' hl

as shown. The equation of these straight lines are:

= 2&5 for maximum frequencies

= {1.4 + 0.15 (Ss—l)}as for maximum Sass ratios

The accuracy of this straight line representation in.
. -~ ;

Eq. 102 é§¢cémpafed in Table 29, in which the pesk coefficients given
in the last two columns of Table 27 and 28 are compared-ﬁo those

using Eq. 102. It is seen from Table 29 that the peak ya%yes of mass

and frequency coefficients using relationship between‘aé, Bs‘an¢ 55
. . ) N -

compéred well with peaks in Tables 27 and 28. It is therefore con-
cluded that the coefficients as’.ss and ES can be calculated by linear
relationship given by Eq. 102 for obtalning peak -coefficlents of mass

and frequencies.

4

5 . -~

5, :

. - ©(102)
8

s



© 4,7.0 Limitations

4

These two crftgria of geometric and structprar'optimications

-glven by Eq. 102 cannot be satisfied simultaneously by a -gilven optinum

écetioni Table 30 givcé frequency coefficients computed using fre-

quency and mass maximization. The frequency coefficients in Table 30

[

calculated using structural optimizatioﬁ are'consistentlv less as

-compartd to those using‘g:zfifffc optimi 1tioﬁ"x‘*h3/same trend in

/
cocfficicnts of mass tatios calculated using these cowceptb is also
noted. This indicates that a given scction can be ‘optimized either to
give maxipum frequencies or maximum mass ratios. However, im actual

design practice, these. two criteria can be considered as two boundaries

2

including an area which contains sections close to both.

4.8.0 Appllcations to Design

3 ﬁ--'
Thls section deals with obtainlng def lectzods, frequéncy

»

N : - . 1 .
and mass coeff1c1ents of optimized sections for known values of as

andiﬁ . The range of parameters were chosen to include practical

ranges as given below

Thickness of slab (h) 6, 7, 8, 9, 10, 11 inch

1 . ' Aspect ratio (b/a) = 1.0, 0.9, 0.8, 0.7, 0.6 and 0.5
,frl » - (103)
T ’ CS (h/E) = 0.10,0.15,0.2,0.25,0.3,0.35
1 N ' B .
gs (¢/h) = 1.0, 1.5, 2.0, 2.5, 3.0, 3.5

.

Optimcm sections for each of the above combinations were
determined by using Eq. 102 to determine Bs.for both cases.
The défleétion, mass and frequency coefficients are

obtained as multipliér tocgommon parameters as given below:
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Cocfficient = . : Multiplier
1) . Deflection KD Pa - 10—2
' ‘ ab v D D.
: N Xy
X . : , .
: . Ty Et.! 71'2 . ) ' .
S 23 Frequency‘kF . HyY —x—5 : (104
L “ p a-
3) Mass ratio K 6c ’ DxDv 3
- e _kH ‘\—“—Z——;—*-x 10
pe " a QH

Rigidicies Dx agdlp; in Eq. 104 of op:iﬁﬁm sections cor-
responding to combinations of parameters given in Eq. 103 are given
.in Table 31 for section giving maximum mass ratio and in T;ble 32
foi‘gections giving maximum frequéncies. Using these values of

r!%idities, absolute values of deflecticens, frequencies and mass

ratic of optimum sections can be cobtained.

4.9.0" Limitations of Deflections .from Mass Ratioe

The mulciplier to mass ratlo coefficient given in Eq. 104

& VDD
[ad Xxv

is x 107. The term éc can be expressed to sult the design
a pH

specificdations 3.3.5 of CSA Standard 86-1966.which specifies that the

ratio deflection to span shall not exceed 1/600. The optimum mass

A
ratic can be therefore expressed as
L Y D_D e
M = =2 x 107 x K, S (10%)
k 3 pr . big§ .
600a .

where KM is the coefficient of mass ratio.

-
-



4.10.0 Design Charts - Mass ratios, Frequencies, Deflections and’

Influence Surfaces - of Optimum: Sections

%.10.1 Mass Ratios, Frequeﬁcies and Deflection Coefficients

These coefficients are obtained as fuﬂj$pliers given in
Eq. 104 and are presented for comb;nat%ons of parameters given in
Eq.,lQS. The coefficients Kﬁ, KD and K? éfloptim&m sections were
obtained for both criteria of optimizations and are presented in a
tot#l‘of.BS units of individual combinations of parame:érs as given
in Table 33. The charts were prepafed for variations qf Qne para-

meter for constant values of remaining parameters and are given in

g

igs. 31 to 37 which are detailed in Table 33. -

4.10.2 Influence Surfaces of Defléctions

The influence surfaces of deflections of optimum sections
for load at centre are given for the following combinations:

. Ag = 1.0,and 0i5 , through interval of 0.1

v
A

_ = 1.0 to 3.0 through interval of 0.5

a
S

[l

0.25 to 0.50 through interval of 0.05.

These are given as detalled in Tables 34(5) and 34($}..
-Deflecticns. of optimum sections Qere chtained dsing_mass nmaximization and
results are presented éér quarter plate in eaéh-of the above 60
individual cases. The cémbinatipns not covered can be obtained by
interpolation uéiﬁg central deflectiens in Figs. 35 to 37. Inf;uence

surfaces are given in Fig. 38 to Fig. 48 and individual “«combinations

are detailed in Table 34(a) and 34(b). The coefficilents are obtained as
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+a multiplier to ————~———— x 10 =~ and therefore absolute values can be
ab v DD,

obtained by using JD D which are given in Table 31 for depth of slab

6" to 11"»given tn six intervals.

~4.11.0 TRelstive Influence of Parameters a and Ss on Mass, Frequency

and Deflections (Ky» K and K) Coefficients of Oftimum Sections

'4.11.1 Ianfluence of £ on Ky, K aﬁdﬂgn: (Figs. 31, 34, and 35)

- .

The coefficient KH and KF increases with increase in &

- Y

the rate of incremént being more sensitive'in lower ranges of qs

Coefficient KD decreases with increase in ES. Thus, increase in mass -

ratios and frequencles results in 2 degrease in deflection cocf‘lCLQan

-

4.11.2 Influence'of Aq on KM’ KF and KD: (Figs. 32 and 36j .

Coefficient KH‘decreases with an increase in aspect ratio

b/a. -The reverse trend is seen for variation \D with an increase in

&

bfa. This indicates that lcnger spans are accompanied by higher cec-

efficdient of mass ratios which result in smaller relative deflecelons

The coefficient Kb is independent of AR as fundamental frequency is

assumed indenendent o&ﬂaspect ratio b/a. .-

4.11.3 Effect of c  on KM’ KF and KD: (Figs. 33,34 and 37)

This has relatively more influence on coefficients KH’ KF
and KD as compared to Sq and AR. The coefficients KM and KF decrease
‘rapidly in lower ranges as = (.25 and thereafter the rate is smaller.

The selection of a2 particular mass ratio or.frequency can be very

s
A .
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easily obtained by varying this single pgraﬁetef-as as compared to ES

- The coefficient'KD‘increases with an increase in us. This indicates

that highez frequencies and mass ratios follow smalier deflections

and are -obtained in lower values of'as.

)

4.12.0 Magnitudes of Coefficients KH' K.F and KD by "Two Criteria

r

of Optimizations (Figs. 31 ﬁo 37)

‘ The magnltudL of coef‘icient kM is éore than RF when cal—-
CUiated by mass maximization. This is seen in Figs. 31 to 33 in which
solid lines corresponding to mass maximization and aré alwavs above
the dotted lines which are for frequencv maximization. Reverse trend
is seen when frequencv maximization is used and i$ seen in Fig 34(b)
where frequencies shown by dotted llnes are above solld ones. The N

arez contained by these two lines decrease with an increase in as’ ang £

s
Comparing coefficient K in Fig. 35 to Fig. 37, it is seen
g .

that smaller deflections are obtained using frequency maximizatipﬁ for
.sdme combinations of parameters. This can be taken as a'measuré.of

the compa;atiue economy achievablé'by the two criteria of optimizatioms.
.It is therefore concluded that, frequency maximization is preferable'to

follow asrsﬁallef deflections are obtained for the same combinaticns

of the remaining parameters.

»
-
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EXPERIMENTAL PROGRAMME

5.1.0" Introduction

The experimental inves;igations were basi;ally designed
to verify ‘the accuracy of

a) Orthotroéic férmulation fof-sta:ic and dfnamic
analysis of plate having slab and longitudinal stiffeners:

lb) Empirical formulation for computing frequencies of

orthotrdﬁic plates;

e) Conceptg of equivalent and interconnected beéml
.ideal;iatioﬁ of tweo dimensional behaviour c¢f orthotropic pléte through.
place Eo bean traﬁsiticn.

The accuracy.of orthotropic fofmulaticn ié evaluated by
comparing deflections, straims under static loads and frequencies of
vibrations bf tests on the same mpdelslhaving identical boundary
condi;ions. The accuracy of empirical formulation of fréquencies
was evaluated by comparing theqtetical and experimental values with:
those ‘obtained using empirical equations. The céncéﬁ}s'of equivalent
and interconnected beam idealization of two dimenional orthotropic
platé was verified by compafing distribution of émplification factors
under and a;ay from vehicle runs. Models were fabricated to cover &
wide range of orthotropic rigidirtiés for (a), (b) and (c¢) and aspect
ratio bfa to cover sufficient range of plate beam transition which

was considered important especially in casé'(c).
‘ ~
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This is presénted in two stages: namely,'experimentél

programme which is given iX this chapter and comparison'of,resulté

are given in Chapter 6. A

5.2.0 Experimental Programme

ExpeTrimental ihvestigations weré desisned.to obtaié de~
flections, strains, frequencies of vibration and dyvnamic amplification
factors. Models were fabricated in four different series to cover a
.wide.range of rigidity_ratio Dx/Dv and each éeries included five
models to cover a wide range of aspect raéio.b/a. The test set up
was designed fo simulate the hinged and ;oller boundary.conditioﬁs
of the‘bridge, using fixed pédestal and roller bearing at the ends
of the models. Tests were carried out on models and deflections,
strains, frequenciés of vibrations and dynamic strains were obtained
under static and.dynamic loads. The plate was divided into imaginary
beams 1-1, 2-2, and 3-3 (Fig. 60), and the vehicle was made to run on
ﬁeams 1-1 and 2-2. .The initial conditions cf the vehicle were simu-
lated to present tepsion and compression in the springs cof;esonding
to ¢ = 1.57 and 0.5%, thus giving four vehicle.tests for each plate.
Dynamic strains were obtained at three pre;selected loc;;ions at the-
‘centre of beams 1-1, 2-2 and 3-3 (Fig. 6Q) .at gach of these four
vehicle runs on the plate. The velocity of vehicle was mainfained
constant for all tests. The results thus obtained were later used for'

comparisons.



5.3.0 -Detalls of Models -

Models were fabrica;ed using'aluminium allov 6061—Tg
having.the following propefties:.

1} Tensile screngfﬂ - 33.006 psi

2) vield strength (0.2%) — 35,000 psi

3) Shear strength - 30,000 psi

‘

4) Modulus of elasticity - 10 x 106 psi
(Tension and compression)

5) Modulus of elasticity in shear - 3.8 x 106 pSi
6) Poisson's ratio - 173

7) Weight - 0.098 Ibs/cu.inm.

Aluminium plates 1/16" énd 1/8" thick weré used to repre-
sent glab and stiffeners were made of aluminium recfangular bars
) 1/4" x 174", i1) 1/4" -x 1/2" and 4ii) 3/4" x 1/4". Models were
fabricated in four different series A, 3, C and D each having different
rigldity ratio Dx/Dv<and each of five nodels in one series were of
different.aspect ratios bfa. The details of these models are given ino -
Tables 35(a) and (b). Models corresponding to series &, Band C were
chosen to have asﬁect ratios 1.0, 6.8; 0.67, 0.57 and 0.5 and those
"for series D were }.0 and 0.5. The rigidigy.ratios (Dx/Dv) covered
are 9.25 minimum for series 3 to 154.56 maximum for series C in four
inte?vals. ‘The width of all models for series A and B was 20 in; for
all five models in one series amd width of models in series C and D‘

was 12 in.
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5.4.0 Fabrication ' I .

5.4.1 ‘Faﬁricaiion of Modelsl

The plates were flrst cut to the dimensions and five
symmetrically placed stiffeners were fastened to the plate using 10/32"
dia., 7/8" long flat slot headed brass machine screws placed at 3"
centré to centre. Alignment of stlffenerb was flrst done by fi\inq
th;n to che plate by epoxv slue and holes were then drilled for passing
the brass screws through the_plate and stiffeners. The arrangement of
screws holding the plate ﬁhd’stiffenef ;;é staggeréd iﬁ such a §ay
. that at any cross section of the plate, only two screws appear on tAL
.section. Prellmlnarx Cests indicated that only the glue was in-

i suffiéient to héld the stiffener in position vhen the plate was

vibrated by an electromagnetic deviée. goweﬁér,‘the.glue alone was sufficient
-4 ‘

tbihold the plate and stiffener together for static tests. Models
correspondiné to Series C and D were used only for static tests and as
suck no screws were used to strengthen the bond between the plate and
stiffeners.  Models & and B were maiﬁly designed for frequency.and.
dynamic tests in add;tion t& tests under static ;oads. Addicienal
pfecautioné; thefefofe, were taken to tighten the screws using ‘10/32 in
steel hexagonal nuts using tooth lock'wéshe;s. Countersunk holes were
‘drilled from éhe top of the plates so that the top sﬁrface_of the

plate 1is lefer sufficiently smoothiafter the screws were tightened.

This was done to create sufficiently seooth paths for passage of ;ehicles

during the forced vibration tests. The remaining portion of the screws

projecting from the lower sides bf the stiffeners was used ro apply
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concentrated static loads at selected points of ;he'plate. “Typical

-

models ate shown in photos in Figs. 48(a) to 45(d). oY

5.4.2 Fabrication of Test Frame

v ' '

The test frame was built to give clear inside dimensions

7'0" long, 24" wide and 42" high using 3" x 6" x 3/186" steel box sections.

-1

Horizental runners of 7"0" long wefe fixed to the éolumns uéiﬁg steel
angles 4" x 4" x 1/4" from the inside and 6" x 6" x 1/4" steel plates
from thé outside. Two cross pieces of the box sections were mounted on
the runners using 1" dia., 18" long steel studs. One of the cross
pieces was kept fixed at 12" from one end of the frame and the other
was ad3ustable to ac§ommodate the model of a given spén length. Tﬁe
frame seiected was comparatively heavy so that it provides rel;tivgly
solid supports to models and have negligible vibrations during‘frequéncy
. . p
tests of the models. Inside dimensions of 24" x 84" of the frame were
designed to.dccoémodate the model of 20" x 40" (max.). The clear
length of 44" remaining on either side 6f the model was designed to
provide road and stopping arrangements for the vehicle during forced

vibration tests. The plan and end elevation of the test frame are

shown in Figs. 49 and 50, and the photo in Fig. 5I.

5.4.3 Simulation of Boundary Conditions

Simply supported boundary conditions which represent hinged
-and roller ends of the deck in the fieldswere identically simulated
using fixed pedeétal and roller bearings respectively in the model tests.

End beams consisting of 3/4" x 3/4" steel square bars were fixed to the
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ends of the.ﬁodgls. The length of square sections was made equal to

© ‘the width 20",of‘models and-ygs provided wich gr@oves to house the
stiffeners so that a uniform confact\vasrnaintained between the plate

and the beams at -all points (Fig. 52). The'ﬁlate was fiﬁed to the

gdgé beamé using six scréﬁs and nuts‘co avold relative slipping‘during
bending of the plate. The end portions of tﬁe square beams jwere tur%ed e
te a 5/8" dia. on both sides which in tﬁrn hold the bearing (5/8"-x iiiZE")

.
at their ends. The height, 1-1/2", of béarings was designed to give 3/8"

clear distance between ﬁhe top of the cross plece and the lower side Ef
edgélbeams. The bearinés_were supported on a cross pie;e s0 that
rogation and horizontal movement of the edge of model was possible when
Ioads were aPplied,td it. This side of the model represented the roller
end. To provide stabiiity to the roller end during free vibraticn
tests, logds were zpplied to the edge beams at.threé lccations using
wires. lThese wires pass through the slits made in the cross pieces,

and carry loads at their ends. This arrangeﬁent'made rotagion and
horizontal moment of the roller end possible‘withouf lifring.

Similar arrangements of fixing-the plate to the edge beanm
were made except the roller bearings.wefe replaced by pedestal bearings
and pedestals were fixed to the cross plece of the test frame. This
ensured.only rotation avoiding ﬁhé:horizontal travel and was considered
to represent the hinged end. This?syétem warked very gell during static,
free and forced vibration tests. Each time tﬂe moéel was replaced by
separating it from the edge beams without distufbingrpreset boundary

conditlions., The details of the free end are given in Fig. 52 and the

phdtos in Fig. 53.

-y
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5.5.0 Fabrication of Vehicle

S

. The essential features of a vehicle tfolley.afe-given in.
Figé. 54 and 55 an&,the photo in Fig. 56. It consists of
| 1. A baée fraﬁe and wheels
2. lVehicle springs of known stiffness’

3. Cal?bration and anchoring device and

£~

Sprung mass

5.5.1 Base Frame with Wheels

The base frame comsisting of 1" x 1/8" wide longitudinal
beams, 1" x 1/2" wide cross beams with 2" x 2" supporting block at the
rear ends was made by, chipping excess material from the 6" long, 4"
wide and 1" deep solid aluminium block. The 2" x 2" solid. block was
zmade to support the cvlinder containlng the spring and anchoring device
as shown in Fig. 54(a) and (b) in plan 4 front elevatlop. At the four
corners of the frame, 1/3" thick solid portion was.left to support
screws supporting the wﬁeels alignéd on a 4" wide, 5" long rectangle.

. Wheels were made up of 7/8" dia roller bearings and were fixed to the

frame 1@;v%§§“a gap of 1/16" between the outer surface of the frame
and inne;'éi;e of the beariﬁgs. This ensured a smooth rotation of the
bearings without locking. The mounting, which holds the sprung mass,
was locared at l”lfrom the rear end, which on span of 5", resulted in
20% and B0Z distributien of the total weight on ﬁhe front éﬁd rear

axles.



5.5.2 - Vehicle Spring

The vehicle spring = in Fig. 55(a) and (b) was made. from
standard spring steel with eight coils arranged in 1-1/2" height. The
spring was mounted between the ;owér end of the plunger and above the

lower surface of the trolley.frame. The top and bottom coils.of the

spriné wefe.soldergd to the'projectiﬁg ends of the ﬁlunger and the
anchof;ng bolt as shown 'in Fig. 55. This avoided’the relative slipping
of the spring duriné oscillation of sprung mass, mounted on the top of
the plunger. The lower screw holding the spring was positioned in

such a way that resulting oscillations of sprung mass are alwavs

vertical.

5.5.3 Caiibration of Vehicie Spring
The spring was calibrated for determining its étiffneés
characteristics by putting loads on top of the pl;nger.' The ;esulcing'
compression of the spring was measured using 1/1000 dial gauges. The
load deflection curve is shown in Fig. 57. The average unit load
deflection was 18.5 x ld-3 in. and corresponding stiffene;s was 54.0

I1bs per inch. The load compression tests of the spring were repeated

and a fair consistency in the behaviour of the spring was seen.

5.5.4 Calibration and Anchoring Device

The vehicle output and initial conditions of the vehiélé
were measured usiﬁg a perspex cantilever beam of 6" lang, 3/4" wide
énd 1/16" thick, Figa. 42 and 43. Tﬂe cantilever was mounted on an
aluminium colgmn 3/4" x 1/6" x 5”_high, fixed near thé front end of

4

the trolley. The free end of the cantilever was anchored to the

plunger using a 1/2" dia. mild steel stud as shown in Fig. 55(a) and
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(®BY. A straining géuge was mounted near the fixed end of the canti-
lever and output of the strain gauge was calibrated agsinst tension

= . . .
£8r a given vehigle load. This is shown

and coméression of the 5p¥ing
in Fig. 538.  The details are”givan‘in the photos, in Fig. 56. 'LOS@;

deflect%on and load sirain calibration déta for the wvehicle islgiven
in Table 36. An anchoring device comsisting of a steel lever 3-3/4"
long, 3/8" wide and 1/8" thicg moénted on an aluminium ﬁoihmn 374" x

174" and 2-3/4" fixed near the oscillating plunger, was used to adjust

the initial teusion or compression of the spring to the required level,

b .

(Fig:‘SS(a) and (b). Horizontal notches were mgde in the top portion
of the plunger.and ésiﬁg the front end of the steei lever,-anchoring
of the plunger to the required,heigﬁﬁ before itjentered‘the plate_g;;é
ﬁhe'nécessary level of initiél tension or compréssion in the spriné.

. Unlocking the piungeriwas ddge by.a horizontal piece fixed to the frame

-

. and near the edge of the model., This rotates the steel lever, thus

releasing the ancher and setting the vibraticns from the required

level of compressicn and tension in the vehicle spring.

5.5:5  Sprung Mass | . s
The sprung mass of the vehicle was made uﬁ of the
plunger of 1/2" dia and 2" long which in turn was supporting weights
of known magnitudes to get the requifqd frequency range of the vehicle.
These weights were firmly positibned over top of thé plunger using
1/4" Stéel studs fixed to its top using aléminium packing plates.
The cylinaer which house; the pluﬁger shown in Fig. 5§ka) and (b),

was 1-17/2" inside diameter and 2-1/4" in height. This was fixed to
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the trolley frame. There were 10 vertical lines of ball bearings

symmetrically arranged at an angulart distance of 36° inside the walls

~

of .the hodsing_éylinder. The ocuter diameter of these bearings was

1-1/2". This ensured smooth and frictionless vertical oscillatiocns

-of the plunger and the supporting weights.

5.6.0 Instrumentation

The instrumentation was designed to measure:

1) deflectiqb, strains under static loads,

"2) frequencies " of vibrations imposcd by eclectromagnetic device,

3} dynamic strains during forced vibration tests.

5.6.1 Deflections and Strains

Standard l/lOOOT.dia; gauges were used to medsure the. de-
flections af quarter points and zlong the width of the ﬁodel. Magnetic
‘ basesof the gapgés were supported om an independeﬁt fraﬁe. Static and
dynamic strains were obtained usiang fhe strain gauges of the foliowing
type: | | |
G;auge type: EA-13-1254P-120
single arm self temp. compepsating
Reslstance in ohms: 120 + 0.15%
Gauge factor:.2.09 + 0.5%
Gauge size: 1/8" x 3/8" coil size
Temp. range: 400°F - static
500°F - dynamic

Strain range: %30,000 to 150,000 micro straias.
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The gauges were fastened to the stiffeners using M-200

bond adhesives. Separate two-point terminals were used for each gauge
to secure stabilicy of the gauge during vibration of meodels.

o ;.;.-G\ )
5.6.2 Electromuenetic Device

The standara electfomagnetic device in two separate unitcs
was usedlfor setting.up vibrdtions in the plate. The electromagneclwas
mounﬁed on the frame and the arrangement for adjusting the gap between
the model and the ﬁagneé was as shown in Fig. SL(Q;b). The-unit was
provided w&th 2 reading dial 6f 0 to 100 cps with a multiplier switch Ef

10 for reading frequencies in the higher modes. The unit is shown in

Fig. 39. _ _ .

5.6.3 Digital Data Acqgisicion Svstem
The S5Y256 data aéquisitioﬁ system was used to measure static
aﬁd dvnamic strains cutput of the models. The system is essentially a
médular remote monitoring eguipment desiéned specifically for monitoring

strain gauges. It is equipped with 2 capacity for inputs for 1 2,4

3

1

active arm gauges to be read directly in micro strains. - The strain out-
pdt can be either from an output indicator or ian the form digital output
from the ;finter which synchronizes with the operation of ;he system,
The printihg sgeed can be adjusted to read 25 gauges in one second or 20
readings of one gauge in one second. The former was used for taking
strain outputs under static loads while the latter was used for print-

output of dynamic strains of models subjected to actlon of moving

vehicles. The sequence of operaticn involve
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: l)_ calibration of each channel to minimlz; érrof,
2) balancing @f each channel for no-lecad - zero reading.

The system is gquipped for giving reépeat ,output of the same:

gauge which helps ﬁé give‘sfabiliﬁed sf?ainé for higher accurgcies. The

system can be used for strain output from 60 gauges with a capacity to

.accommedate mére channels if needed.

5.7.0 Testing
| The’tést.prosramme was dividéd into the following stages:
‘-a)‘\Load deflection strains under point logd at ceantre and dis-
tribution along longitudinal crdss sections ét centre and quarcef
prints of the plate.
b) Frequenciesg of vibration.
e) lInfluence lines‘travelling poigt loads and vehicle static load.
d) Dynamic stréins under moving.vehiclesf
The prog%amme éf testing is detailed in Table 37 giving

models, instrumentation in static frequency and forced vibration tests.

5.7.1  load Deflections—-Strains Under Static Load

Tests were carriea out as per colums 2, 3, 4 and 5 of the
programme schedule given in Table 37. Strains and deflections were
measured at the centre, quarter and end points as given in Fig. 60.
Tests on typical models are given.in the photos in Fig. 61. Data are
presented in Tables Al to A7 and individual test data are detziled in

Table 41.

Mpdels corresponding to Serdles A and B were tested and
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deflection at 9 points and strain af the centre under point load-at

Is

centre are obtained. ModelglCl‘and C5 were tested for deflecéisn at

9 -and 15 points respectively. For both‘Cl and éS. strains were obta;néd
at 9 poiﬁts. Models C2Z, €3 and C4 were tested oaly for defléqtion at
thé centre. Models DI and D5 were tested for deflecti;ns‘ut lS;pointé
while strains were bbtained at‘9 points-for DS. For all thejmodels, ;' T
incremental leads were applied at the centre, ﬁsing loadiqg pans sus-
pended by a wire fied to prpjectiﬁg serews. Tests were repeated twice
to see the consistency and readings were taken both during loading énd
unloadiang cyvcles. The deflectioﬁé %nside the plate were obtained‘using

lflOOO” gauges and those along the free edges.w?re obtained using 1/1000"

gauges. Strains were directly obtained using the data acquisition system.

5.7.2 TFrequencies of Observation

The models corresponding to Series A and B were tested for

frequencies of yibration. This was considered on the basis of dimensions.

-

Models corresponding to Series C and D were smallqr and difficulty was

experienced In mounting the models and making them stable during vibration

v . .

tests. The stiffeners were glued to plates for models C and D and in

preliminary tests, it was seen that the glue was not strong enough to
.-

hold the stiffener znd the plate'together. The test schedule is given

in columns 6 and 7 of Table 37 and photos of tyﬁical'mode_shapes are,

- -

{
given in Fig.. 62(a) to 62(d). The numerical values of frequencies.of

fundamental and higher modeQKﬁre given in Table 48 (a) and (b) for

.

models in Series A and B respectively. - :

Models were made ready by fastening small galvanized iron
i . et

[y
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plates 3" x 5" near the hinged ends and on the centre line of models.

r

This was found necessary for inducing vibrations to the aluminium plate

' -

using an electromagnetic device.‘ The electromagnet was‘mountgd an 5
cross piece Eixgd to Sox éectioas of.che main frame, ané is ghqwn in
the photo; in Fig. 59 and Fig;'62. .Tﬁe magnet was édjuscad over the

‘ ‘ S ' .
ir¢n plate iq-such_a way that a small gap\vds‘left,bepweérlthc magnet
an& the pléte. The mgdél was £hén made stable bf suspeﬁding weights
froﬁ the roller end. The plate was then vibratéd at continuously in-
creasing frequencies and maghitude was maaé steady wheﬁ ;he'accompanying
amplitude was excessive with synchron;zing noise.r The sand was then
s%read on Ehe.modql té-éind the accompénying mode shape.  The numerical
values were réad from the‘oscillator dia; cofresponéing‘to each mode
shape. The magnitude of funéamental frequency was verified by excessive
amplitudes of vibrations which was acéompanie@ by a iarge synchrﬁnizingl
. notse. Frequencies as high as m = 6 and n = 4 were obtained and modes

rhus obtained are givern in Table 38(a) and (b).

. ' -

5.7.3 ‘Influence Lines

fﬁese tests were dene fof,calibrating of beams l-l,-2—2 and
3-3 for Torced vibration analysis. The.tests schedule is given :in
colums 8 and § in Table 37. The.scrain-deflection data, both under
travelling static load and vehicle, was collected as per détgiled test
schedule given™n Table 39. The travelling static loads were appiied
at three selectedpoints on line 1-1, 2-2 and 3-3 and strain deflection

f

at poiants CC2, qL2, CLL2, CC3, CL3 and CLL3 (Fig. 60) were obtained

for models in Series A and B. This dataare given in Table A8 “for
2
]

7
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model B and in Table‘ASufor'model A.  Strain output from these points
was obtained for static vehicle position at a/4, a/2 and 33/{‘on'line
l—l‘énd‘Z-Z‘and ié given in Tables .Al0 and All for models B a&d Al
Details of the data given inaTgbles Al0 and-Alllare'given separately in

Table "42.

5.7.% Forced Vibration Tests

Forced vibration tests were done on models in Series A and B.
The vehicle initial conditions were set to ¢ = 0.37 and 1.57 and 8 = 0.50
in both cases. The vehicle load was 20.5 lbs. The vehicle frequency fv‘

was obtained from stiffeners characteristic of the vehicle skring given

in Fig. 57 and was 5 cps . The magnitude of strain on the caii Tating
beam for B = 0.5 was obtained from Fig.iSS. This was adjusted tc 1700
micro strains for initial temsion and compression which correspond to

0.5 times the vehicle load. The vébicle was.seﬁ to these initial com-
lditions by adjusting the lever position. The vehicle vibrations starting
"from these initial values were set by releasing this lever by a cross
arm which was fixed to the frame and above the roller end of model A.

v A

A ramp 16—1/2" lcng was made near the roller end of the model. Slope of
fl verticél to‘§ horizontal was adjusted on the ramp and each time the

' vehicle was releésed from the preset position on.thélzamp. " The vehicle
positicn at ‘the entrance was sd adjusted that the centre line Qf vehicle
mass lies vértically above the stiffemers marked 1-1 and 2-2 in Fig. 60.
For each vehicle run, time dependent strain output.from 3 strain gauges

on stiffeners at centre sections, was obtained. This was repeated for

two vehlcle runs on 1-1 and 2-2'and for each rdn Qith initial condition
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for & = 0:53, ® = 1.57 and S.=‘O.S;l The scheduie of these test pro-
grammes is gi;en in Table &0,' Theltest set up 1is showﬁ iﬁ the_photos
"in Fig. 63ta) and (b). During the initiai tésts, the vehicle run was.
guided by two horizontal Beams clamped at the ends of the models. ‘But
';his was discontinued.in the later stages.as the vehicle run‘was found
‘ suféiciently-straight and without any deviations: The vehicle speed
was‘maintained téns;ant for each run by ;éleasing it from the same
position on the ramp. '~ For each ﬁodel, accurate-timings were determined
by timé dependegt digital output from the data acQuisition system. These
tests were repeated as traéelling load experiments by .anchoring the
rlunger aﬁd'time taken by the vehiéle to give maximum strain ﬁt the
centre was found. For sm;iler ﬁodels 0/20" span, the fifth reading
was maximum. Similar experiments were coaducted on 2ll the models.
The velocity of the vehicle thus determined was 3.33 ft/gec. This
gave minimum 2-1/2 cycles of vehicle oscillation for 20" span to 5

cycles for 40" span. Forced vibration tests data is given in Tables Al2

.

to A20 and in Appendix 5 and the details of these is given in Table 43.

5.8.0 Mass and frequencv'Ratiqs of the Models

The maximum frequency of models in Series A and B was 71.50
and 75 cps respectiveif. 'This frequenc}'was for tﬁe models with aspect
ratic b/a = 1. The minimum frequegcy was for b/az = 0.5 and was 17.88
and 18.75 cps for‘Series A and B respectively. This rate of frequency
of models was very h;gh as compared to vehicle frequency 5 eps. The
frequen;ies‘of medels were therefore reﬁuced by tieing weights ugi-

formly from the lower side of the models. The resulting frequencies
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and mass ratios for models in A and B are given in Table 44. These
values were .used to obtain thebreﬁical distribution of amplification
factors. The values of frequencies and mass ratio before weights were

tied are giver in Table 44.

5.9.0 Theoretical Results ~ Models

5.9.1 Deflections and Strains

The déflections lO_3 inch under unit load at the
centre were.calqulated for models in SérieS'A, B, C and D, Thesé werea
obtained at ¥/b = 0 and x/a = 0.1, 0.2, 0.3, 0.4 arnd 0.5; and'yfb.= 0.5,

_y/b = 0.2 and 0.4. The strains xlO-6 under unit load'atlthelcentre
were calculated for models in Series A, B, C and D. DefIEC;ions and

strains are given in Table 43(a) and (b) and Table 46.

5.9.2 Frequencies of Vibrations

Frequencies of vibrations for the f£irst six symmetrical
< and antisvemetricasl modes (m =1 to 6 and n = 1 to 6) were calculated
usdng empirical and theoretical mefhd&s. The distribucion of weights
per unit area waé 0.0114 lb/in2 fc# nodels in Series A and 0.01765
lb/i_n2 for models in Series B. Using thé figiditieg from Table 35(b)

and mass densities, the frequencies in cycles per second were obtained

22 D
g
a“on Po

using theoretical and empirical metheds and are given in Tables 47, 48,

by multiplying frequency ratios R by These were cbtained

45 and 50.
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- 5.9.3 Amplification Factors
The distribution of amplificétibn factors aleng the span

are given in Figs. 64 to 67. These are as given below:

1) Models By to Bg, & = 1.57 - Fig. b4
2) Models A, to dg, ¢ = 1.57 - Fig. 65 .

3) Models B, to B > = Q.57 - Fig. 66

'._J
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4) Models A, to A 67.

The mass and f{requency ratios weré taken ﬁfom Table 4&44.
The vehicle speed was 3.33 €t/sec. For thecretical analvsis, the'time
span was divided into 200 intervals and thus the shortest time interval

. was 1/400 sec for 20" Span and l/200lsec for 4Q" span. For the vehicle

ffequenﬁy“of 5 cps, the numbér'of peaks as seen from Fig. 64(a) is 2-1/2
for Bl and Fig. 64 (e) is 5 for model BS. The peaks fér models 5,, B
:mc;ilB_,4 are_between these values. The vehicle was assumed o énter the
model from the left hand.side.

These tﬁeoretical results are compared with eﬁperimental

-

values and comparison is given in Chapter VI.
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CHAPTER ©

COMPARISONS AND DISCUSSION

6.1.0 Introduction

This chapter deals with the comparis0n of experimental -
results and discussion of accuracy and concepts introduced in the
theoretical investigation. This is presented in the fellowing
stages: | -

"1) Cowparison of deflections and strains under static

t

a.
th

loa
2) Comparisen of frequency ratios ﬁnd frequencies by -
theoretical, empirical and experimental metheods.
.3) Compariseon of dynamic deflectionms and strains under
“and away from mcviné vehicle.
/.

4) Discussions of accuracy of results.

S5) Discussions on applications.

6.2.0 Comparisons-

6.2.1 Comparison of Deflections at Centre

+ Theoretical and experimental deflecticns under incremental
loads applied at the centre are shown in Fig. 68 for five models of
Serles A. Similar variations for five models of Series B and C, and
two models of Series D are shown in Figs. 69, 70 and 71 respectively.
Experimental values were taken from Table Al to A7 and theoretical.

results given in Table 45(a) were used for obtaining the deflections

for given loads.



In-geperalf close agreement between thaorétical_amd experi-~
mental deflections is found for all‘i7 models in Series A, B, C and D.
A geod degree of linearit§~and consistency was observed |
. during repeated léadiﬁgland unloading testg for these models. Experi--
meﬁtal deflections are found to be cioser to, the theq;etiéal values for

-

all 17 models and are closer especially for models Adand AS. Theoretical

" deflectionsforall modelsinSeries B and D{Figso%and 71)are higher thanexperi-

mgntal values. This trend is not seen for Seriles A and ¢ (Figs. 68 and
70). fheoretical aeflections for models AL, A2, A5, CIl and C5 are
higher than the experimental,'and for the remaining modelé, i.e., AS,
-Aé, C2,7C3'and C5 theoretical values are less. Assuming theoretical
values as 1, the_pé:cent variation in experimental deflections for 17
models is given in the table below:.

>

Percent Degree of Accuracy in Experimental

Exp. - Thcorv
£ s T 3 . : 7 - 3
Deflection at Ceantre (Figs. 68 and 70) - ( Theory
Model No.
Series - - -
1 2 3 4 5
A . 7.50 5.0 6.00  1.00 S 1.00
' 15.00 12.50 8.00 ° 8.50  12.50
7.50 12.5 : 4.00 9.00 9.00
20.00 - - - 20.00

6.2.2 Comparison of Strains at Centre

"Theoretical and experimental strains under incremental loads

at the centre are shown in Fig. 72(a) to (d) for five models in Series A.

¥
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A similar comparison for models in Series B iS‘shoﬁn in-Fig. 736;5 to'?’ﬂ
(d) und for‘thrge models in Series C'and-D in Fig. 73A. . Close agreement
beﬁwced'theorefiéal and experimental étrains is seen for most cases and
in.particdiér for mgdels AS, Bl, B4 and CS5. Expefimental-strains-in the
cése'of four medels, i.e., 53, Bl, BS and D5 seems less thgn the
theqretical"sgrains while the remaining 9 wmedels hqve‘higher experimchtal
strains. Maximum deviation is seen fo&dels .5\.3 and CS. Expérﬁ.mcﬁtal

-

plotted in Figs. 72,

~1

3 and 73A are calculated for standard

th

strain
load of 10 lbs for 13 models and are given in the table below.

, o ] ' . , R
Comparison of Theoretical and Experimental Strains (x-10 )

at Centre

S : Load 10 1bs
Model
4 5

Series 1 _ 2 3

The. Expt. The. Expt. The. Expt. The. Expt. The. Expt.

A s0° 95 90 120 105 §5 130 150 165 170
5 45 40 55 76 70 80 © 80 83 90 $5
c 70 85 - - - - - - 123 130
p - - - - < - - - 130 150

It can be seen that variation in experimental strains is

Ta
e

consistent with model dimensions for most models except A3. Experi-

mental strains for one serles seem to varg in the same propertion with
those of the theogetical values. Minimum error between theoretical and
experimental SCQains for one model (A4} is 3.76X. Maximum_error of 22%

is for model Cl and the average error is between 6% and 153%.
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6.2.3 Comparisons of Influence Lines. of Deflections at Centre

v

Sections of Plate

The.influence'lings of theoretical and experimental deflec-
tions at centre sections (x/a = 0 and v/b = 0, 0.2 and 0.4) are shown
in Fig. 74(a) to 74{e¢) and Fig. 753(a) te. (¢), for five models in

eries A and B respectively. Influence lines of theoreticsl and ex-

i
[+

perimental deflections at centre are shown in Fig. 7@(3} to 76(d) for
models €1, C5, D1 and D5 respectively. In these cases in Figs. 74, 75
and 76 unit load was applied between x/a = 0 to /fa = 0.5 and along

y/b‘= O.‘ At the three sections under consideratiom, it is scen ﬁhat
experimental deflections closelv fellow :heéretipal values for anyv
_position of the load. Tbe ratio of experimental deélections at x/a = 0.25

and =/a = 0.50 for models in Series A and B is given in the table below.

Rario of Deflections at x/a = 0.25 and 0.5
Cat v/b = 0, 0.2 and 0.4 . B

(curves in Figs. 74, 75 and 76)

Models
Models -
v/b 1 2 3 4 5
4 o] 0.73 0.72 0.68 0.71 0.65
0.2 0.73 0.69 8.72 0.70 0.80
0.4 0.70 0.73 0.76 0.73 0.70
3 0 0.77 0.71 0.67 .77 0.73
0.2 . 0.70 0.65 0.74 0.74 0.73
0.4 0.80 0.70 0.71 0.72 0.74
o 0 0.77 - - - 0.68
D 0 0.68 - - - 0.69
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From the values of ratios of'deflecﬁions'given in tAe table
aﬁove{ it is séén that the deflection‘pattern.across seccioné y/b = o,
0.2 and 0.4 for load travelling on v/b = 0 are similar and ;an be re-
présentéq by tﬁe same equations. This supplements the basic assumption
in interconnected beam idealization, that plate deflection can be repre-

sented by the assumed sinusoidal.

/7]
w0

ame equations, which in this case i
Comparing the ratios in tﬁe‘above table with the theoretical
rafio of deflections for the sine curve which is 0.707, it is seen that
experimental values are close‘to-the theoreticgl oné and sufficiently
clo;e representation of deflection‘of plate is achieved by assuminé the

_plate ds 3 series of intercennected parallel beams.

.

-6.2.4 Deflection on Free Ends (Unit load at centre)

‘

The magnitudes of theoretical and experimental deflections

&1

on free ends at x/a = 0.5 and ¥v/b = 0.5 are given in the table below.
The percentage error assuming theoretical deflection as 100% for models

in Series A and B is calculated and is given in the table below.

Comparison of Deflections on Free Ends

x/a = 0.5 and y/b = 0.5 - CLE2

‘ ’ Model
F
Models De“ié
x10 in 1 2 3 4 5
A Theory 0.358 0.843 1.852 2.866, 4.5
Expt 0.3% 0.800 1.800 3.1 5.0
% Errer 5.00 5.1 3.56 8.2 11.10
B Theory 0.203 0.586 1.233 2.183  3.475
_ Expt 0.2 0.575 . 1.25 2.05 3.20
% Error 1.45 1.83 1.38 6.10 7.9
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The percent error in deflections at x/a‘-‘O.S and y/b = 0.5,°
for mbdels 5 ané D5 was seen to Be'2.782 and 9.7f. It is seen that the
experimentai deflectious‘oﬁ-frge endé, are véry close to theoretical
values and errors in higher orders axé found'in"ﬁodels having aspect
-ratios b/a = 0.57 and 0.5. However, the maximum error is of the order

of 11X for one model and for the remainidg;tﬁé errors are seen to be

bgtween'lk and B8X.

&

6.2.5 Comparison of Strains Awa# From Centre -
Tﬁeoretic;l'and experimentai strains at sectionms x/a = 0.5 o

and v/b .= 0.? and 0.4 aré‘givEn ia the table below for models in éeriés

B. These are calculated ;for load 10 1bs at centre and locatioms CL2

and CLLZ in Fig. 60. Experimental strains are taken from influence

line tests given in Tables AS and A9.

Comparisons of Strains x 10-6 Away From

Centre - load 10 1bs at centre

Locations +/2=0.5, y/b=0.2(CL2), y/b=0.4(CLL2)

Models

y/b Models 1 9 3 4 5

The. Expt -The Expt The Expt The Expt = The Expt

0.2 B 31.0 26.5 46.58 - 55.10 48.0 65.18 60.70 74.50 66.0
0.4 B 17.64 16.75 27.78 29.5 37.69 34.3 47.24 44.0 56.48 56.0

Ir is seen that experimental strains for models.in Series B
are less than the theoretical strains at both locations away from the
centre. As seen for strains at the centre, 2 definite comsistency in

magnitude of strains with dimensions of models is seen for strains away
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from the centre. The decrease in expe;imeqtal strains withtincreese in
distenee from centre 'is seen in.agreement with theoreticai-variation.'
The percent error in expefimental strains at point y/b = 0.2 and 0.4 .
varies between 6X to 15' for five models and is almost neglisible for
model. BS and st y/b = 0.4, The average‘error is 9.40%. Experimental
strains for models in Series A were-obtained.for v/b = 0.4 and were |
21,70, '31.0, 558.0 and 67. 0 for models Al, A2, .4 and AS- respectivelv

for load 10 lbs at ceantre. The maximum error of_ZOZ was seen for strains

in model Al and average error for all four models was 14.88%.

6.3.0 Accuracy of Deflections and Strains in Static Tescs

Close agreement between theoretical and experimental de-

-

[

flections and strainms, ‘is seen for all tests. The percentage error
calculated is of the order of 10% and less‘éor zmost models. This tread
is'seen for deflections and strains at ceﬁére, free ends and quarter
span both vnder print loads at centre and influence linés tests. How;
ever in some cases, error as high as 20% to 30% is seen. The possible h
reason ma.v_.r be adjustments of models at si.m:ply supported edges to simulate
hinged eﬁd roller end condition;. It was observed during experimentation,
that a slight overtightening of screws between plaee and edge beam signi-
ficantly effected_tﬁe rotetion and horizontal moments. This, in turm,

was giving semi-fixed edge conditions. On the other hand, loose screws

can cause slipping from edge beams. Before starting.each test bearings

‘were checked and set.in order to avoid stiffening effect at edges.

Welghts suspended from roller end were alsoc observed to create similar

- effects. o
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"However, in most :ests; the results were seen to be suffi-

-

ciently,acéurate'for a}l-prac;ical purposes.

6,4.0 Frequencies of Vibration

Theoretical ffequencies of wvibration are calculated by solving
1) transcendental frequency equations, ii) empirical equatilons, and these

frequencies are cdmpafed with the experimental values.

Sﬂ&.l Compa¥ison of Theoretical Frequengies

‘ Frequency ratios R and frequéncies.of vibratios fpr'quéls
in Series A and B are calculated using both methods and are éivén in
Tables 47 to 50. TFrequency réfioé aﬁd fréqueﬁciés in cycles per‘second
for the first 6 symmetrical and aﬁgzéfmmetrical modes for 10 medels in
Serieé A and B are cglcul;tgd by empirical methos and afg given in ?aﬁles
47 and 48; and these by theoretical method are given in cycles per
second‘in Tables 49 and 50.

It is seen from the results of f?equency ratioes in Tableé

47 and 50, that the frequeﬁcy ratios calculated ﬁsing the empirical
methbd,-are higher in all combinations of longitudinal and cross modes.
This is so for all 10 models in Sefies A and B. Bbwever, the difference
in magnitudes is small in the-lcwef modes and the difference goes on
diminishing and is almost negliéible in'highér values Aé m and.n,

Assuming the magnitudes of theoretical frequency ratiocs as 100%, the

‘degreé of accuracy of frequency ratios obtained by using the empiriecal

method are given below for typlcal cases in Serles A and B.

o«
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Comparisoa of Accuracy Percentage of Frequency Ratios Theoretical

-

(based on values in Tables 47 amnd 4S)

ka

Model A . - . Model B
m e e
1 3 5 1 3 5
. PO
2 6.0 6.4 7.0 7.6 2.02- -0 .
1 & 2.54 6.70 3.94 7.2 2,03 60
6 3.70 1.45 1.37 5.1 4.3 ; .3.22-
2 2.16 2.4 .. 7. 1.97 2,95, 5.1
6 4 1.43 1.78 2.84 1.34 2.10 2.8
6 0.17 0.46 3.5 0.6 0.95 1.08

.the corresponding beam frequencles and a3 Such the frequency ratios

It is seen from the table above that maximum eﬁror is 8% inm
both_caées.' Empir;cal formulation gives compérativgly moxe aécurage._ Aufb
results in higher modes and for m = 6 and 2 = 6, an averﬁge ersor be-
tween 0.2% to 1T is seen between tﬁe empifical and theoretical‘methods.

In lower values of m, the erIor seems to reduce with incréase in n.

In both the methods, fundamental frequencv is assumed to be equal to

form =1 and n = 1 equals unity.

6.4,2 Comparison of ExperimentallFrequencies (in cps) with

Theoretical and Empirical Frequenéies
A three-way comparisbn of theoretical, empirical and experi-
mental frequencieq.of vibrations in cycles per second is shown in
Table Si for four models in Series A. A similar éomparison ig given .
in Table 52 for fi;é models in Sexrles B. ;t %s seen that, experimental

frequenciles are close to both theoretical and empirical values for most
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combinations. Empiriecal f:equencies in cycles per second are higher
. than the theoretical for all combinations of longitudinal and CTOSS.
Hmodes. Comparing experimental frequencies in models A and B, it is-senn
that frequency-in monel‘n are close to the tneorenicnl‘rosults than in

T) :model B. However, in both ‘cases, experinental results are sufficiently

‘accurate and olosé';o both theoretical and empirical values.

6.4.3 Degree of Accuracy in Experimental Frequencies

Percent errofs!in:gxpe;iméntal nnd empirical frequencies'are;
‘given in Table 53 for four models in Serlesz. Similar values fof_five
models in Series B are glven in Table 54.‘ |
It is seen that maximum erTors in experimental freqnencies
for mwodels A1, A2, A4 and AS are &4.84%, S-OA&, 10.185 and 7.95% res—
péctively. The corresponding ‘maximum errors in empirical values are
: 6.00%, 16.06%, 6.45% and 3.392. Maximum errors in experimental fre—
| Suencies for models Bl, ﬁé, B3, B4 and BS are seen to be 7.162, 8.192,-
12.47%, 16.67% and 13.88%, respectively. The corresponding maximm
errors in empiriecal values are 4.15?, 5.05%Z, 8.33%, 11.47% and 7.2423
respectively. ’The average.errors in ex?erimengal and empirical values

-

for models in A and B are given in the table below. -

Averazge Errors in Frequency by Experinental and Empirical Methods.

Series . Error in 1 ' 2 . 3 . & 5
L Emp. 3.30 7.10 - 3.0 2.6
‘ Expt. - .3’40 5.00 7 - 4,90 4.30
3 Emp. 3.0 3.00 4.20 7.00 3.30"
Expt’ 5.0 5.40 9.70 7.40 7.70
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Errors IESs_thaﬁ—li'we;e not accounted for calculating the

'above tsble. It is seen that maximum average errors in'empirical and

experimental values are-7.10 and 5.00 for Series A and 7.00 and 9.70
for Series B.

- )

6.4.4  Comparison of EXperimental Frequency Ratios

' .Theoretical, empiriecal and experimental values of frequemcy

ratios are plotted against n in Fig. 77(3);-(b) and (¢) for models

~Al, AZ and A4, respectively. Similar éurves for.models'AS, Bl, 52 and

- B3, B4, B5 are given in Figs. 78(a), ), (e) and 7§(a),'Cb), and (e)

réspectivéiy. Theoretical and empiricsl values are shown by solid and
dotted lines while experimental values are shown by points plotted on
the_samé scale. Ié;can-be seeﬁ that experimental points and trend of
variatioﬁ are ciose t§ theofetical and empirical curves. Frgqgency
ratips are seen sensitive to both m and a but form= 1, va?iation is
senéitive in.loweg values of n and’reacﬁeé almost infinity afteru =3
and more. This trend is predominant in models having aspect ratioc
b/a = 1. In higher ranges of m = 6 and more, frequency ratios, are
less sensitive to values of o and tendé to be assymtoptic to beanm
fréquencies.'

It is thus seen'that the experimental frequencies of vibra-
tions are sufficiently close to theoretical frequencies. The method of
empirica; equations give frequeﬁéiés of fund%mental and higher modes

which are close to theoretical and experimental frequencies.
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615.0 Forced Vibrations

6.6.0 Theoretical'Comﬁutaﬁicns

6.6.1 Amglificsﬁion Factors

The distfibution of theoretical &mplification factors for
two initial conditions o% vehicles, namelf B = 0.§ and ¢ = 1.57 and 0.57
are calCuléted and are given in Figs. 64 énd 66 for five models in
Series B. Similiar‘variation of theoretical amplifications for four
modéls in Sefies'A are given in figs. 65 and 67; Theoreticél values of
mass and frequgngy ratios.uséd f&r calculating amplifications; are taken

from Table 40 -and gg;?abpond to the models with weight tied wmiformly

from the lower side of models.

6.6.2 Dyaamic Deflectioas

Dynamic deflections at three points located at the centre

sections, .namelyx/a = 0.5 and y/b .= 0,_0.2,hnd 0.4 (CC%, cLz, CLL2

.in Fig. 60) were obtaimed for five models In Series B and CC2 and CLL2

for four models in Series A. These were obtained for vehiclgs travel;ing'_

" on 1-1 and 2-2 (Fig. 60) and for two initial conditfons of vehicle for

each run. Influence lines of deflections at these points (cc2, CL2 and _
CLLZ2) are'plotted'in Fig. 80(a) to (d) for load travelling on 1-1 and

in Fig. 80 (3") to (d') for load EraQelling on 2-2 for models in Series A.
Similar influence lines for five ;odels in Séries B are given in Fig. 81(a)
to (e} and Fig. Sll(a') to (e's; Dynamic deflections were then obtained
uging amplification in Figs. 64 to 67, influence linés of deflections in
Figs. 80 and 81 and stétic”wqight'of'vehicle, Numerical values of

dynamic deflections at any desired location can be obtained by product
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of amplification and unit load deflection at that location and multi--
plying the product by the weight of vehicle. These are calculated at
locations where positive. and negative peaks of amplificatiohs are seen

and are given in the following tables:

Table 55(3)2 Peak dynamic deflectioms at CCZ, CLL2 for AL, AZ,

Ad and AS = B = 0.5, ¢ = 1.5 and ¢ = 0.57 '

Table 55(b) Péak dynamic deflections at CC2, CLL2 for Al;-Al,

A4 and AS - & = 0.57

Table 56(a)

Peak dynamic deflections at CC2, CL2, CLL2 for B1,
B2, B3, B4 and B85 - B = 0.5 and ¢ = 1l.57

Table 56(b)

}

Peak dynamic deflections at CC2, .CL2, CLL? for Bl,
B2, B3, B and BS -— & = 0.57

C

6.6.3 Dvnamic Strains

Dynamic ‘strains corresponding to dynamic deflections in
Tables 55 and 56 were obtained using vehicle crawl strains given in
Fig. 82(a) to (d) and Fig. 82(a') to (d%) for vehicle travel on 1-1 and

2-2. These correspond to models in Series A. Similar curves for models

in Series B are given in Fig. 83. Using amplification factors given

in Figs. 64 to 67, corresponding dynamic strains were obtained for

. * "H
vehicle travel on 1-1 and 2-2 for both models in(Series A and B. The
values were used for comparison with the experimental strains obtained

during forced vibration tests.

6.7.0 Coumparison of Djnamic Strains
There were nine models tested for 86 comparisons of dynamie
strains, as per test schedule in Table 40. Comparisons of dynamic

strains in plate is presented for two combinations, namely,
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" 1. Dynamic-straiﬁs in plate under vehicle run - 28 tests.

.2. Dynamic strains in plate away from vehicle rum - 58 tests.

6.7.1 Compariéon of Dvnamie Strains under Vehicle Rum

These are presente@ fér siﬁ-typical combina:fons of tiro
veﬁicle runs on 1-1 and 2-2 for two initial conditions of vehiclés,.i.e.,
¢ = 1.5% and ¢ = 0.37 for md&els in Series A and B. Strain ouﬁputs
from points CC2 and CL2.for fivelﬁodels in Series B and from CCQ and CLL2 -~

in four models in Series A are compared in Figs. S4 to 89 as given below.

Comparison of Dynamic Strains under Vehiﬁl@
‘ (Fig. 60 for symbols)

Fig. No. ‘ _ Models - Qutput From ;Vehicle Run

Sh(a) to 84(e) Bl to BS . " cc2 S 1.5
85(a) to 85(e) ~ Bl to BS cc2 1-1 0.57
86(a) to 86(3) . BL,B3,B4,B5 o2 2-2 1.5%
87(2) to 87(d) 81,B3,B4,35 L2 2-2 Q.57
88(a) to 88(d) ° Al,A2,A4,AS cc2 711 1.5

89(a) to 89(d) Al,42 A4 AS cc2 ' 1-1 0.57

Vehicle was assumed to enter the plate frbm the lefthand
. Suppoig. Experiméﬁtal data output of dynami; strainsiéiven in Tables
Al2 to Azoxgasused for plotting in Figs. 84 to 89. |
Theoretical:valués of dynamic strains are shown by dotted
lines a#d corresponding experimental strains are plotted by solid curves.
‘ Theoretical curve;.were obtained-bylploﬁting strains at ﬁositive gnd 1
negative peaks shown in Figs. 64 to 67 andljoiﬁing these peaks by smootﬁ

curves. mExperimental strains were plotted at time intervals obtained from
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~ printed data-unts&tﬁamdnby'j6iﬁ§h§$thas§tpoihtpgbg smooéh parallel curves.

: There»-is\ cloae agrement: beuveen the theo:et:ca}. and They o

[ e

experimental values of dynamic strains shown in Figs. 84 to 89. Trend,
magnitude and distribution of dynamic strains are found to agree ¢closely
for most combinations. Theoreticai values appear to be higher in the

centre portion and in particular for long spams, the reason being

‘damping eﬁfect'is not considered in theoretical analysis and “duzration

of vehicle on plate is higher fo:.longgr spané. Exberimental uegaéive .=
peaks near’ left hand support im Fig. S4(b) is ségn higher than theofetical
values. This is attributed to impact effect felt by the plate when the

vehicie just enters the plate. However, this is neot seehlin the remaining_‘
tests. There is consistent phssefdiffereﬁcelbetween'positive and negative

peaks of theoretical ard experimental values. This trend is seen for

most combinations given.in Figs. 84 to 89. These phase differences are

seen’ as experimental investigations were based on digital output of
dyramic strains at a time interval between two. successive readings of
0.05 sec. The fraction of this time interval occurring in theoretical
distribution was not possible to consider In experimentél results. The

resulting error appears as positive and negative peaks not occurring at

the same location of the plate. Ex@erimental strains near the right

hand supporés are seen highér than theoretical values; Ihis_treqd“is
seen for-most combinations agd in particular for modeis B2Aand B4 in
Fig. 84(b) and (d). The possible reason for this oppesite trend is the
possibility of secondary‘vibrations sét up in weights tied to the model

and its effect being felt by the model when vehicle effects near the

. three quarter spans are comparatively smaller than at the centTe.
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However, comparing ;rend; nistribution ané_magni;unesof strnins,it can
be seen that reasonsble accuracy in theoret;cal results is possible when
"platgs having-anpect‘natios.as small as 1 ane treated.as'equivnlent nean '
fnr obtaining dynamic'defléctions and strnins under the path of vehicle. -
Same accuraey is found for‘all models having aSpent ratios ranging from

1 to 0.5 covering reasonsble range of transition of plate to beam.

o

6.7.2 Comparisons of Dynsmic Strains swav from:Vehicle

Comparison ofbtheore;innl‘and experipental dynsmic straians
in plate awaf from vehicle run are‘given for two vehicle%funs 1-1 and
2-2 two vehinle inditial conditions.¢ = 1.5 and 0.5% 3nd strains
obtained at 3 locations CCZ cL2 and CiL2 for fine models inm Séries B
and four wodels in Series A.' These are given in fourteen combinations
 in Figs.IQO to 103 as dntailed below.

Comparison of Dynamic Strains in Plate Away From Vehicle Run
: (Fig. 60 for symbols)

Figure No. Models Venicle Run Qutput From ¢
90(a) te (4) B1,B3,B4,B5 1-1 L2 1.5%
91(a) to (e) Bl to BS i-1 ' CLL2 i1.57

-92(a) to (d) B1,83,B4,B5 1-1 CL2 0.5%
93(a) teo (e) Bl to B5 1-1 - CLL2 0.5%
94(a) to () . Bl to BS 2-2 - cc2 1.5%
95(a) to (e) Bl to BS 2-2 CLL2 1.5%

- 96(a) to (e) Bl to B5S 2=-2 cc2 0.5%
97(a) to (e) Bl to B5 : 2-2 CcLi2 0.57

688(a) to (d) AL A2 AL AS 2=2 cec2 1.57

99(a) to (d) AL, A2 A4 ,AS 2-2 CLL2 1.57
100(a) to (d) A1 A2 AL AS W 2-2 cc2 0.57
101(a) to (d) . Al,A2,A4,AS 2-2 . cLL2 0.5
102(a) to (&) Al,A2 A4, A5 1-1 CLL2 1.5%w

AL,A2 ,A4,AS -1 CLL2 0.5w

103(a) to (d)
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The méthod of plotting experimental and theoretical strains
was similar to ‘that followed in plotting strains uder vehicle run It

can be seen that the trend of variaticn of both static and dynamic strains

is similar to those under vehicle rum in_Figs. 84 to 89. Initial impact

‘effects at the time the.vehicle just emters the plate is seen by higher

negative peaks near the lefthand. supports in Figs. 0e), @); 1),
(d), 92(3), (8); 93(3), {(b) and 97(b) for models in Series Bjand in
Figs. 98(c) and 103(b) for medels in Series A. Theoretical pesk strainms

at centre are higher for most combinations. Expérimentai strains sre

_seen higher in 3/4 span near riéhthand supports for the majority of com—

binations given in Figs. 90 to 103. The poséible reasens for these due to

 the deviations effect of vehicle daﬁpﬁ:g orl secondary vibrations set in due

to weights tied to the plate as discussed before. The mggnitudes of
dynamit strains away from vehicle ate smaller than those under vehicle
when vehicle rﬁns on 1-1. When vbhicle ruﬁ is c¢loser to.freé edge§,
the strains near tﬁe free edges are seen more than the strains below
the vehicle. The experimeﬁtal strains tqr combination }; given in

Figs. 90 to 103, are seen close to theoreticai strains and a reasonable

degree of consistency in treand, magnitudesinmidistriﬁution of peaks is

" observed in both experimental and theoretical strains.

6.7.3 Accuracy of Experimental Dynamic Strains Under and Away From
Vehicle Run | .

The trend of'variation of.theoretical atd eiperimgntal dynamic

straing was seen to be in close agreemént in all the 86 teats given %n

Figs. 84 to 103. The magnitudes of both theoretical and experimental
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strain were seen maximum when the vehicle is near the centre region of_

the plate, and are important from design considerstion. The accuracy

of dynamic strains is, therefore, calculated for positive pesks where

maximum stralns age seen. The phase difference between the theoretical
and etperimental peaks is neglected and only zbsolute maximum values of

strains are: given in Table 57 for these 86 combinations given in Figs.'

84 to 103. -Accuracy is expressed in terms of percent error taking

theoretical values as 100%. It maf be noted that when the vehicle run

" is on 1-1 and 2-2 locations CC2 and CL2 respectively are under the .

vehicle. It can be seen from Table 57 that magnitudes of peak'strains

are copsistently in agreement for most combipations. The distribution

. of percent errors in dynamic strains under and away from vehicle rm

- 1s assfollows.

Distribution of Percent Errors in Dynamic Strains

’\\g\ Under and Away From Vehicle
: AN '
s

‘ Under vehicle run Away from vehicle Tun .
Error Distribution

: No.of Tests i No.of Tests : 4
0 - 5% | 4 14.30 9 16.20
5-10% .. 8 28.60 20 35.80
10-15% 11 39.00 20 35.80
15 - 20% ' A 14.30 5 8.90
above 20 1 ' 3.80 2 © 0 3.30
Total Tests. 28 - 56 -
Maz. error T 23.0 277

It is seen from the above tabulation that 80% of the total

tests have an error between 0 to 15Z. 4&bout 47 of the tests glve
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errors bétween 20 to:302..
It is therefore seen that'the‘present method of dynamiﬁ

analysis based on equivalent and interconnected beam ideslization of

© two dimensional plate structure, gives reasonsbly accurate results. ‘A

goqd degrge of consisﬁéncy in" accuracy is observed for all ﬁodelaiin
both Series A and B which covers a regsouably widelrange of plate to
bean tra#sition. 0verail accuracy of the experimehtai prégrsmme is
presénted in Table 58 in whicﬁ distribution of errors in experiﬁental
resg}ts is.given for static frequency and forced vibration tests.
Accuracy of frequencies.éémputed by the empirical method is also given
in Table 58. It is seen éhﬁt thelresuits are sufficientiy ﬁFcurate,and
the fange of variation of ‘accuracy in test reéults is within the‘\

acceptable range of accuracy for the design purposes.

<
\

'6.8.0 Discussion of Methods and Suitabilitv of Application to Design

4 reascnable degree of accuracy 1s seen in deflectioms and
séraips at and away from the ceﬁtre for ;ll modéls in Series A, B, C
and D. Expefimentél results were obtained by static tests on seventeen
models covering a wide range of rigiditf and aspect ratios. Theoretical
analysis is based on orthogfopic.simnlation and rigidity parameters were
obtained by distributing stiffeness across the width of the piate. From
the results ié,is seen that ortﬁotropic idealizatidn-basgd on stiffness’
distribution gives both deflections and straing of consistent acéﬁracy.
Frequencies of vibrations were obtained by tests on 9 models and results
coqpargd with those obtained using 6rth6tropic theory. A good degree of *

accuracy 1s seen in frequencies of vibrations in fundamental and higher
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‘modes. It was shown that. deflection, strain and ffequencies have
opposité désrées'of dependencies on orthotropic rigidity p#raﬁetérsl.
These static and dymamic ;ests‘on the ssme models indicate thét the
prthotropic simﬁlation gives reaébnaﬁly acéﬁrgte results of deflections,-
strains.and frequencies oflviﬁiitionsf |

Experimentélrfréquencies a;e'compared with frequencies com—

puted by theoretical snd empirical methods. It is obéprved that tiN

results are in very good agreement. bEmpirical method of frequency

analvsis is seen simple as compared to the theoretical method which in-
volve;solutiou to transcendental frequency equations by trial and error.
Accuracy pf'empirical'approacﬁ is seen consistent for most combInations

of rigidity parameters and two exteme réngés of orthotropy . This

‘method can be used for computing freqﬁehcies reasouablyaccurateyyfor all

Concept of equivalent and interconnected beam idealization ‘
is seen to give reasomably accurate results in forced vibraticﬁ analyéis
of the plate. Two dimensional plate structures‘cén be analyzed by intro-
ducing éimple interconnected beam.concepts gné distribution of dymamic
deflections and strains at any point.of'plate‘cah be obtained. Exact
theoretical aﬁalysis éf computing distribution of dynamic s;rains.and
deflections is complex and cannot be easily iﬁcorporated in design
anglyéis. The alfernaté method based on interconnected beam concepts
gives_sufficiently accurate results and can be'easily_inc;rporgted‘in'
deéign process. The accuracy of this method is verified by 86 tests on
models covering a wide range of rigidity and aspect ratios, and is seen

to give gccurécies sufficient for design purposes.

~
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CHAPTER 7
CONCLUSIONS

This investigation deals with static free and forced vibra—
_tion design analysis of simply supported louqitudinnlly stiffened bridge.
~decks. The analvsis is bssed on orthotropic idealifation in which
'rigiditv parameters were computed using the principle of stiffness dis-
tribution. New concepts are introduced which considerablv simplifles
thercomplexity of-analysis and also gives solution for economic design.
‘ These.cencepts are: | |

i) Geometric and-strucsursl optimisaticu leading to minimum weight
solution éiving cross section of bridge, econsmical in beth_s:acic and
dvnamic analysis, for given dimensions of span.and width.

2) ’Development of empirical method for frequency computations of
bridges in any range of orthotropy. |

3) Forced vibration analysis by treating the plate as a series of °
interconnected beams. |

The resulting solution is presented through a series of

tables and charts, the ianterpretation of which, it is believed will be,
of help for the stafic and dynamic design of such bridges. A combined
prbgramme covering static, free and forced vibratien anal?sis is developed
and is given in Appendix IXs Theoretical results thus obtained afe veri-
fied by extensive experimentation. The degree of accuracy was compared.
and gbod agreement between theoretical and experimental resulfs is found.

Based on these investigations the following conclusions are drawm:
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1) " The method of calculating orthotropic flexural and tor-
“sional rigidity parameters us1ng the principle of stiffness distribution,
gives sufficientlv accurate results for design purposes. Other methods
of computing orthotropic stif‘eners need erperimental verification by
tests onm . models as results of static and frequency analysis have
opposite degrees_of dependencies on flexural and torsional rigidities

of orthotropic slate. |

Al Orthotropic fleﬁural.rigidities in prtﬁogopal_directions
have more influence as compsred to torsiondl rigidity of the plate.
Therefore, more accurate presentation of fiexural rigidities is of

importsnée in orthotropiec jdealization.

3) The design based oﬁ principle of mass and frequency saxi-
sizstion tend to glve sections close to minimum welght sectioms. The
amplification factors for such sections are tonsistegtly less for any
vehicle-parameters. This gives a good tontrol on dynamic effects while
design is still in the static stage. Static deflectdon requirements,

as per code, can be accommodated in the design process.

4) " Frequency maxdimization is a fuaction of two dimensionless

parameters, namely o

width of stiffemer
spacing of stiffeners

a). ss, a ratio

and

thickness of slab
total height of section

b e, 2 ratio

. and are related by Bs = 2cs for maximum frequency for given width and

gpan. . .
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5) - Mass maximization 1s & function of three dimensionless para- '

meters, namely, Bs’ e and,Es where o '

. . thickness of stiffemer :
s thickness of slab : ,
- ' ¢
and are related by
By = {1.4 + 0.15 (;s-l)]as ‘
6) Sections giving'simultaneous mass snd frequency maximization

can be obtained from these two independent relations. and are simultaneously

satisfied when Es = 5, corresponding sections .for which are seen im-

practical. However, these two optimization ranges can be assumed enclosing

a zone and design can be based to lie in a zoze close to both ranges.

7 Fundamental freﬁuencies of these types of bridges can be

closely represented by the corresponding beam frequencf given by

2 D
Wiy =3 / 5 rad/sec
S a o
8) - The effect of Poisson's ratio parameter (Di/Dy)/ Dt/Dv is

more important for computing first antisymmetric mode (n=2). The fre-

quencies corresponding to higher modes are less dependent on Poisson's

ratio.

G) For higher modes, i.e., m=b aﬁd above, the plété frequency

is less dependent on n.

103 Frequencies are more dependent on orthogonal flexural

rigidities than torsional rigidities. This trend is similar to deflegtions

in static analysis.
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11) Frequencies increase with an increase in ‘torsional para—

meter, while defleetions:decrease with an increase 1xxtors10nal‘perarneters

Yy The empirical method gives sufficiently accurate‘valnes of
ental and higher frequencies. of vibration of orthotropic plstes.

This method is eomparativelv simple, and can be used even where access

to cbhmputer is not available.

13) The equivalent beam action and. distribution of deflection on
_width of orthotropic plate is a function of rigidity and aspect ratios.
This trend should be noted while considering a plate as a series of

1nterconneeted parallel beems

3
14) A single'sprung mass fdealfzation of theoretieally multi~

degree of freedom system gives close approximation and is sufficientlv

accurate in results for design purposes.

L3

15) A single degree idealizaticn of multideéree plate system
give§ close- approximation and plate dynamic strains under vehicle can
be obtaiped oy treating the plate as ‘an equivalent beam for even a
hign degree or plate zetion. Results are consistent for wide_range of

-

plate beam transrtion. )

16) - . Interconnected beam idealization gives sufficiently accurate
tesults of digtribution of dynanmic deflection and strain at any point of
-the—plate. 'This idealization is found to g;ve sufficiently accurate
resulte for nlateoétrncture where severe plate action iIs expected. The
same acenraey in results of distrnbntion of dynamic strains 1s seen for
a2 wlde range of plate'to beam transition. This comparatively simple

approach can therefore be successfully used in place of theoretically

7 o
&
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“exdct two dimensional-analysis which is complex and not alwavs suitable

“for design.

‘17)' - I-Iaximm amplifications can be assumed to be at centre to
give optimum dymamic deflections. This desigu simplification is necessary‘
as vehicle initial conditions which partly govern the location of maxi-

- mum smplifications cannot be precisely accounted for in the design.

18). Initial conditions of bridge (and vehicle) are nota pre-

-

dictable. parameter in the design. These are, therefore, computed for

+

individual cases. The proper values are to be selected depending on the

density of traffic in the area. These are given for three‘cases, i.e., "

normal,‘intermediate and severe and corresponding amplification factors

et

for more than 1700 pratical cases are given in Stage I, IT and III for -

£i%

design purposes.
’ . . =
19) ~ Frequency optimization is seen to give lesser deflections

as compared to mass maximization a.nd as such is preferable from design

considerations. o : ' . ] ‘

20) Design analysis simultaneously satisfying both criteria,
namely, frequency and mass maxdimfzarion, %s seen to, give section which
are impractical in actual practice. However, by use of charts and

tables, it 1s possible to finalize the design which is close to both

the criteria of optimization.
21) ) The effect of cr1t1ca.l combmanon of crossing frequency
and vehicle phase angle on amplification, can be accounted for by
assuming the makimum ampiifioation is always at midspan.

f
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~Table 1 - T L
~ Yressegin an element of orthotropig

Looplate. T oy

DISTRIBUTI’ON OF STRESSES AT B

Xz =0 Y--,O X=Xedx Y=Y+dy\_- .
KRS '4+-%§il.dg 6 + 55 -dy |
Gy Tyx Ty 284, z},;a?,@ o
| Txz | t}rz" | %z +3 Bz, Cyz 425z dy|
] 3 Y
Table 2

Moments and shears -

MOMENTS . | SHEARS o
- - -)-b/z . | 3>h/a
‘ .Mx—jvgxz‘dz .Qx_/ Z}zdz
*h/ : —I'"jz '
My j ?y.l.éz | 4-%/2_
"""/z
.MX)’-:}% Txy-ZJz Qy / Tyz.- dz
: - RN .
M}’X-f‘//z}x.z.dz ' /e
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Make-Tvbe S PEEAl  RMENE remris
— . T o7 - ‘ <
6 Cylinder-EI00 F - 43300 " 8§5.30 T 34,70 105" WB Ford -
-6 Cylinder EI00 F ' 4,300 8si30  *+ 14.70 123" WB Ford
6 CylindersUl00 F 4,300, - 81.40 18.60 92" WB Ford
"6 Cylinder FI00 ¥ 4,558 ' §3.50 *16.50 . 131" WB Ford
6 Cylindgr EIO0 F 4,800  §3.80 16.20 123" W Ford
6 Cylinder U100 F 4,900 - - 85.00 - 17.00 92" WB Ford
6 Cylinder F100 F 5,200 82.50 17.50 431" WB Ford
6 Cylinder £200 ¥ 5,430 86.60 13.40 105" WB_ Ford
6 Cylinder E200 F . 5,250 . 86.60 .  13.40 123" WB Ford
V-8-F100 F 5,500  87.30 12.70 131" WB Ford
. 6 Cylinder E200 F 6;000 §8.30 11.70 . 123" WB Ford
6 Cvlinder E300 F 6,050  83.50 16.50 105" WB Ford
'6'Cylinder‘E300'F 6,200 83.80 16.20 123" WB Ford ~
6 Cylinder F250 ¥ 6,200 - 86.70 13.30 ' 131" WB Ford
6 Cylinder F250 F. - 7,100  83.20 16.80 131" WB Ford
V-8-F250 ¥ 8,100 88.50 11.50 131" WB Ford
6 Cylinder F350 ¥ 8,300 84.10 15.90 135" W8, Ford
.6 Cylinder E300 F 8,300  87.30 12.70 123" WB“Ford
6 Cylinder F350 F 10,000 86.70 13.30 © 135" WB Ford
.6 Cylinder F350 F 10,000 86.70 13.30 | 159" WB Ford
Medium GMC 13,800 86.80 13.20 f 167" WB GMC
Heavy Duty GMC 50,580 .  82.90 11.10 WB GMC

Y

Tab le

T AT

10

%

Distribution of sprung and unsprung wts

-~

235"

e
Fl

.
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Table 11 -
Bridge and vehicle parameters,’ .
" Bridge Vehicle . ) Common

-

1

3}

4)

3)

6}

. Weight or Mass « M

B

Width b and aspect ratio
o= B
ﬁ&:‘ e
Longitudinal, lateraland
torsional rigidities

1

B oy
-D. D asd H, - -
N S

Elasticity modul_usr E
acd poisson's ratic y.

Thickness of slab - h 7
dimensions and.spacing of
stiffener - t, (H-k), s

Fundamental and highcr.

 frequencies of vibraticas

-fB.m.n.

Initial velocity and
deflections -

1

Weight or Mass - Mv .1} Crosasing frequcricy fc= vi-'-

Speed - - v ft /sec. "2) The time in seconds.

Natural frequency - £, Vehicle is on span = a/v
) M

v
——

3

3) Mass ratio - MR=

)

Initial conditions =~ @, B 4) Fregqueacy ratio = -

-

. " v

.
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Table 13.  Comparison of frequency ra.ho R by thcorehc&l
--and empirical method.

D mc—OS to lOO,n-ztoé
x

A ‘b ’ b :
c= 3 (‘D—")y‘i' , 'y = H/VD-.D
. y o ' . 4
Empirical method ot Theoreg' ca.l method
Ll = .'- ' ' R u .,-:

me 0.1 0.3 0.5 0.9 0.1 0.3 0.5 0.9
0.50 81,3950 82,1157 82.7747 83.9560 81,1681 8l.4396 81.7106 82.287L
0.75° 3643905 37.0380 37.5928 38.5384 36,1572 36.4361 36,7139 3712668
1,00 20,6357 21,2104 21.6789 22,4562 20,4187 20,6956 20.9728 21.5133
2,00  5.4502 5,8210 66,1093 6.5940  5.2989  5.5619 ~5,8151 . 6.2828
3.00 - 2,6858 259533 "3.1682 4.0083 2.5887 R.8239 3.0375 3.4186
5.00  .4074 1.5620 2,1500  1.9312  1.3731 1.5274 1.6635 1.9003
10.00

1.0505 1.1003 1.1481 1.2393 1.0473 1.0'9& 11420 1.2274
o ’ n= 5

0.50 - 4943350 49.9400 50,4960 51,5030  49.1580 4%.4695 49,7800 50,3710
0e75 22.1151 226630 2301380 23.9560 21,9590 22,2568 22.5529 23,1410
[ 2.00 12,5930 13.0830 13,4890 14.3740 12,4440 12,7452 13.0370 13.5997
2.00 3.4510 3.7820 L4.0380 L.4680 343650 3.6328 3.8806 4.3272
3.% 1-8620 2.0&0 2.2661 2.5&0 1.8036 2.0238 202137 2.5‘&26
5.00  1.1930 1.3G40 1.4050 1.5860 1.1787 1.2943 1.3962 1.5757
10.00 1.0258 1.0590 11,0910 1.154L0 3.0251 1.0570 1.,0873 1.ML46

n =4

0.50 25.3607 2549955 2845796 27.6342 25,1942 25,5325 25,8902 26,5417
Q.75 114857 12,0588 12,5548 13,4055 11,3325 11,6709 11,9981 12.6284
1.00  6.6442 T7.1534 T.5736 842750 645004 648272 7.1406 7.7227
2,00 12,0817 2.3876 1.6292 3.0333 1e9941 2,2502 2,4732 2.8566
3.00  1.3539 1.5389 1.6936 1.9632 1.3130 1.4795 1.68236 1.8709
.5.00 1.0816 1.1613. 1.2351 1.3753 1.0712 1,126 1,2070 1.3239
100007 1.0136 1.0360 1.0589 1.1051  1,0119 1,0299 1.0413 1,081,

n==.3

0.50  9.2980 9.7550 10,1800 10.9590  9.3427 9.7558 10.1556 10,9029
0u75 423540 447650 5.1290 5.7650 443588 47452 5,1062 5.7457
1.00 2.6740 3.0320 3.3370 3.8610  2.6721 3.0189 3.3230 3.8583
2,00 1.2540 1.4290 1.5820 1.8540  1.2520 1.4287 -1.5799° 1.8366
3.00 | 1,0820 1,1730 1,2600 1.4220  1.0822 1.1715 1.2509 1.391L
5,00 1,0230 1.0600 1.0980 1,1740  1.0225 1,0551 1,0858 1.1440
10,00 1.0050 1.0160 1,0236 1,051  1,0045 1.0125 1.0203 1.0361
' n.o= 2 } ‘
0,50 14577 1.8520 2,1485 2.7316 © 1.5043 1.9737 2.4110 3.0973
0.75 1.1837 1.3949 1.6250 2.0921  1.1959 1.5094 1.7635 2.17€9
1.00  1.0898 1.2489 1.4323 1.8929 11,1141 1.3082 1.4735 1.7498
2,00 1.0249 1.1004 1,1929 1.3919  1.0291 1,0816 1.1298 1.2199
3.00 1.0l40 1.0609 1.1180 1.2433  1.0126 1.0357 1.0575 1.1254
5,00  1.0073 1,0315 1.0606 1.1221  1.004% 1.0142 1.0208 1.0390
10,00

1.0029 1,0120 1.0230 1,Q478. 1,0012 1,0039 1.0053 1.0091, {




‘Table 14(a)Deflection Coefficients

&

Pars

Torsion Parameter \

abD

x 10~

1 .

— D
v

0.1

0.2

0.3

0.4

0.5

0.6 0.7

0.8 0.9

- D
X

0.01
0.02
0.03
0.04
005
0.06
0e07?
0.08

0409
0.10
Qe12

. | ce14

”o.xg

0.18

0.20

0.01
0.02
0e03
0.04
0.05
0.06
0.07
0.08
0 .09
0.10
0e12
0.14
0.6
Oeld
0e20

0.723

0.614
0+560
0.525
0.500
0.481
0.464
0.451
04439
0.228
04410
0395
0.383
0371
0.362

0.653
0 .S58
0eS10
0478
0.455
04436
0421
0.408

04397

0+387
0370

‘04356

Qa344a
0a332%
0e325

ASPECT RATIO (WIODTH/SPANI= 1,0

0.691
0.585
0.532
0.497

Qaa72

C.453

0ed37

0.424
0.412
0.402
0.385
0e371
0.360

0350

0341

Q. 664

0560

0+508
0.475
O« 450

D431

[« P 3 4.1
Ced03
Qe392
O« 383
De367
Oe 354
0.343

0.334

0326

0.639
0.539
0.488
0456
0s832
0.414
0.399
0.387
0377
0368
0.353
0.341
0.331
0.323
04315

Cs81 7
0.520
Cs471
0.440
Cedl?
0.400
0.386
0.374
0.3564
Qe 356
O.342
0.331
0.321
0.313
0.307

0.598 0.580
0.508 0,489
0.456 0.443
0+426 O.al4
0.404 0.393
0388 0.377
0.374 0.364
0.363 0.354
04358 0.34S
0.346 0.337
0e333 0.325.
0e322 04315
04313 0.307
0.306 0.300
0.300 0.294

ASPECT RATIO (HIDTH/SPANI= 0.9

0. 624
0529
Ce 482

0.451,
0.428

Qed1lC
0.396
0.384
0.373
0.364
0.349
0.336
0.326
0a317
04300

Q+598
0506
0e 460

Q430

0.408
Oe 351
0377
0366
0e 356
De«348
O« 334%
Ce322
01313
0e 305
0e298

0.576
0.486
0edal
0.413
0.392
0.376
0.363
0.352
0.343
0335
0.322
0.312
0.303
0e 296
04290

0+SS56
0.469
0.426
0.398
0.378
0.363

.00351

D«341
0.332
0325
0.3213
C«304
0.296
Oe 289

0.2083

0.538 0.522
0.455 0,441
0.413 04401
0+386° 04376
0+367 0.358
0.353 0.344
0e341 04333
0+332 0.324
0.324 0,317
0317 0.310
0.306 0.300
0.297 D.291
0290 0.284
04283 04279
0e278 0.274

0.564 0,549
0.475 0.463

0ed31 0.421

0.403 0.394
0.383 0.374
0. 368 0.380
0.356 0.348
0.346 0.339

Ce 337 0.331.

0330 0.324
0318 0.312
0e309 0,303
0. 301 D296
Ce 295 04290
0«289 04285

0eS08 04495

0.430 0.419
0.391 0.382
0367 04359
0e 349 0342
0.336 0.330
0.326 04320
0.317 04312
0310 0.305
0.304 0.299
0.294 04290
0.286 0.282
04280 0.276

0s270 Qo267




- 272 -

_ . 4
" Table 14(b) Deflection Coefficients i—;‘—D x 10
. ' x .

-1

‘Torsion Parameter i

Lf’_v_ 0.1. 0.2 0.3 0.4 0.5 0.6 . 0.7 0.8, 0.9 |
D '

| ASPECT RATIO (WIDTH/SPAN)= 0.3 .
0201 04586 04558 0e534 0e513 0,495 0.450 0+466 00453 0.442
002 0e502 0.474 0.353 0.435 0.420 0,407 0.395 0.385 0.377
0403 0.458 0.432 0.412 0,395 04382 04371 0.361 0.353 0.345
0404 0.829 0.804 0.385 0.370 0.358 0.3a8 0.340 0.332 0.326
0405 04807 0.384 04366 04352 0,341 0.332 0.324 0.318 04312
0406 0390 0.368 04351 0.339 04328 0,320 04313 0.307 0.302
007 04376 0.355 0339 0.327 04318 04310 0.304 0.298 0.294
0408 0364 0.344 0.329 0.318 04310 0.303 0.297 0.291 0.257
0+09 04353 04334 00321 04311 04303 04296 04290 0286 0.281
0410 04344 0.326 0314 0.304 0.297 0.290 04285 0.281 0.277
0412 04329 04313 04302 04293 0.287 0.281 0.276 0,273 0.269
0014 0316 0302 02292 04285 04279 04274 0.270 0.266 0.263
016 0.306 0.294 0.285 04278 00272 04268 0.264 0.261 0.258
0e18 04297 04286 04278 04272 0+267 0.263 04260 0.257 04256
0420 04290 04280 0¢273 04267 0.263 0,259 0256 0.253 0.251

ASPECT RATIO (WIDTH/SPANI= 0.7
0401 04520 0s492 04470 04451 0.436 0.422. 02410 0.400 04390
0+02 0.445 04419 0.400 0+384 04371 00361 0.351 0.343 0.336
0402 0.405 0.382 0+364 04351 04340 0331 0+323 04317 04311
10404 04378 0.357 0.342 04330 0.320 0.312 00306 0.300 0295
0+05 0358 04339 0+325 04315 04306 04299 0.294 00289 0.284
0406 0.342 0.325 04313 0,304 0.296 0.290 0.285 0.280 0276
0<07 04330 04314 0.303 0295 0,288 04282 0.277 0.273 04270
0408 0,319 0.305 0.295 0.267 04281 04276 00272 0268 0.265
0¢09 04310.0+298 0s288 0s281 04275.04271 0.267 0+263 04260
0e¢l0 0e303 04291 04282 04276 0e271 04266 04263 04260 00257
0elZ 02290 0,280 04273 02267 04263 0a259 0.256 04253 0251
0a14 0.280 0.272 0.266 0e261 0257 0258 04251 0.249 0247
0e16 0.272 04265 04260 02255 0a252 02249 0a247 0e245 04243
[ 041E 04266 0.259 04255 0251 0s248 04245 0.243 0.281 04240
0e20 04260 04255 0e251 00267 00245 0e202 04240 00239 04237 |
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" Table 14(c) Deflection Coefficients =

Torsion Parameter u

abD,_

x 10
}‘ .

-1

|&

0.1

0.2+ 0.3 0.4

0.5

0. 6"

0.7

0.8

0"9

0.01
0402
003
0.+04
0.05
0.06
0.07
0.0¢
0.09

0.10

Gel2
0.14
.16
D18
0.20

0.01
0.02
0e03
0«04
0+05
0.06
0.07
Ce08
0409
.10
Oe12
0.14
0e16
| De18

020

Q452
0.385
0349
0326
Qe 309

04297

0.287
04279
0e272
04266
0.258
0. 2S1
04246
0.241
0.238

'Ce381

Q324
0e256
0278
Q267
0.258
0252
Qe247
0.243

0.239

Ce234
0.231
D228
0226
0225

ASPECT RATIO (WIDTH/SPANI= 0.6

Q.27
Q364
0-33é
0.311
e 297
Qe2B6

0.278
0.271
0265
0. 260
0.253
0e247
0.242
0.239
0+236

0.407
0.34a8
0.319
0.301
0. 288
0.278
0.271
0.265

0«260

Qe 255
Qa249
0.243
Q239

04236
0.234

Va3l
D+336

0.30%

Q292
Q. 28]
0272
Ce265
0260
0.25%
0. 252
Qe245
Q.241
0.23f
0.234
Q0.232

0 0378

Q0e326

‘0« 301

0.286
0.275
0e267
0e261
0.256
0.252
0.2a8
0.243
C.239
Q. 235
0.233
0.230

0.367
0.318
0. 294
0.280
0270
0263
0e257
0e 253
0e249
0e 246
0.241
0237
0. 234
0e231
0.229

0.357
Ce311
0.289
0276
0.266
04260
0.254
0.250
0.247
0;244
0.239
0.235
0e232
0.230
0.228

~ ASPECT RATIO (WIDTH/SPANJI= Q.S

0« 361
0.310
0e285
0270
0.260
0.253
0.2438
0.243
0.240
0.237

Ce232

0.229
0.226
Cs 225
0e223

Qs 345
0;299
0278
C.264

0.256

D249
Q244
O 240

Qe 237

0.234
0.230
0.227
0.225
0e223
0a222

0.332

Oe291
Qe272
0.260
0252
0.246

Qe.241

O0e238
0.235
0.233
0e229
0.226
0.224
0.222
0e.221

0.324
0285
0e267
0.256
0+249
0.243
0.239
04236
0.233
0.231

0228

Ce225
0223
D222
0220

D316
0279
Qa263
0.253
Oe2406
Oe241
Q. 237
D234
0.232
Q.230
0227
0. 224
D222
D.221
0.220

0,309
Q0275
0.259
0250
0.244
0.239.
0e.236
Ca233
0.231
0.229
0.226
0.223_
D222
0.220
Ce219

Oe 349
0.305
0. 284
0.272
0.263
04257
0.252

0.248.

0.245
Q0.242
0. 237
0234
Ce.231
Q.229
Q227

0e303
Ce271
0e256
0.248
0282
0.237
0. 234
0.232
0.229
0.228
0.225
0.223
0e221
0. 220
0e 219

0.302
0.300
0.280
0.268
0.260
0.254
0.250
0.286
Oe263
D.240
0.236
0+233
0.230
0.228
0226

0..298
0.267
0+254
0.266
0.240
0.235
0.233
0.230
0228
0.227
0.224
0.222
0«220
0.219
ce218
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Table 15{a)Moment Coefficlents Mpr o

Torsion Parameter U

0.2 0.3 0.4 0.5 0.6 0.7

0.8 0.9

1174

1005

0.922
D+869
0.830
Q801
Ce??77
Q757
Qe740
Qe725
Q0+700
Qe &80
Q662
Qe5648
0635

1059
0910
0-835
Q787
0.753
C.725
0.703
0685
0.669
0.655
04631
0e612
0e596
CuS82
0.570

ASPECT RATIO (WIDTH/SPANI= 1.0 -
10123 14079 1039 1.004 0.972. 04943
0.959 0.920 0.886 0.855 0.828 0,803
0.878 0.841 0.809 0.751 0.756 De734
04826 0790 0,760 0.734
0.788 0754 0. 725
0.759 0.726
0+ 736 0.703.
0.716 0.684
04700
0.68S
0.661

04699
Ce673.
0.653
0.63%5
0621
0.608
04587

0.678 0.658
0+652 0.63a
0.632 0.615
0616 04599
0a602 04585
04590 0.574
0eS70 0.5SS
DS54 04540
0+542 0.528
0.531 0518
0e53& CaS22 0.509
ASPECT RATIO (MIDTH/SPAN)= 0.9
1.013 0.972 0.93¢€
0867 0830 0,799
0.730
0.686
0655
0.631
D611

0.697
0.676
0.658
0.642
Oe 629
0.608
04590
0eS76
0.564

0.668
D« &SS
Qo832
0613
0.5SS8
0 .58S
0e574

D. 642
0.0626
Ce612
Q.600

0.571
0.557
0.5488
0.553

0504 04875 0.849
04771 Ca786 0.725
0e705 0e683 04663
0.E63 0642 0. 624
'0-613
0.591
0eS73
0.559
0.547
0eS536
OeS19
O« S06

0.794
Q.747
0713
0. 636
04665
Qa647
D« 632
Ce61%
0597
0580
0-565.
Ve 553
Ce542

Qe 759
0.714
0.6281
Ve 656
Q0e636

0.632
0. 609
0.591

Qe596
"0eS7S
C+558
Ca19
0. 6C4

QeS595
Q.582

CeS76 C+544

0.563 0.533
0552

Oe5S34

0.592
0.572
0.555
0eS42
0e530
0es21

0.570
0.551
0.536
0.523
0eS23
04503

0.523
04506
‘0519 0,493
0.508
C.a98
0ed89

Caa94
0.48%3
Qed?7

0483
Oel78
0¢866

De?10 0.690°

0.916
0.381
0.714
0.5671
0.5641
De61T
0.599
0.584
0.571
T 560
0.542
0.527
0sS516
0.506
0.498

0.892
6.751‘
0.698
D«655
0+625
0.603
0.535
0.570
0.558
D547
0+530
0516
0505
0.495%
0.887

0.825
0705
0645
Q. 608
0.581
0561
QeS45

0.808
0.687
0+530
0593
0.567
04548
0.532
0520
0.509

 0.500
0a.485
0.873

0ed73 0.463

0+384 0.48S5

0.531
0.520
0«51t
0.495
0.483

CedST Daaas |-
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Table 15(b) Moment Coefficien‘té MY - Bal

2
ab

Torsion Parameter .

0.1

0.2

0.3

0.4 0.5

0.6 0.7

0.8

0.9

001

0.03
0.04
0.0S
006
0007
0.08
0409
O.10
012
Oa14
016
o1
0.20

0.01
0402
0eC3
0«04
0.05
0406
0407
0-03
009
0e10
Oel2
0e14
"Qels
0.18
0.20

Qe02

Q47
Ce 815

OC+748.

0.705
Ca?3

‘0 e648

0.627

0.610

04595
0eS82
De561
 0.543
0.+529
0517
04506

0.83%

Q719
e 659
0.619
0590

"0.568
04550
Ce534
0e521
0.510
0.392
0477
04865
0456
847

ASPECT RATIO (WIDTM/SPAN)= 0.8

0.903
0778

¢.709

0.567
0e 637
0e613
0.594
0+S578

0.565
0.553

0.534
CeS18
0.505
0+49S
0. 485

0866
0e741
0.678
0.638
0.609
0.587
0.569
0.554
0e542
0. 531
0eS13
0ea99
0.487
0ea77
0. 469

0.833 0.804
0712 0.688

0652 0.630.

0e613 04593
0586 0.567
04565 04547
0.548 0.531

0e534 0.518

0.523 0.507
0+513 Q.498
0+496 0,482
0.483 0.470
0e872 04460
0+463 0.451
0.456 0.444

0779 0.756
0.666 0.647
0.610 0,594
0e575 0.5560
0550 0.536
0.531 0,518
0.516 0.504
0.508 0.492

0e4948 0,482

0s485 0.473
0.470 0.460
0edS59 0449
0.849 0.240
"0.441 0,432
0e834 04426

ASPECT RATIO (WIDTH/SPAN)= 07"

Ce 794
0682
e 624
C.587
0+561
CaS40
0.524
0510

Ce498

Q.489
Caa72
0o§59
0449
Ced40
Q0«433

0s 760
0.652
0.597
0.5€3
0.538
0.519
0.504
0.491
C.ag1
0.a71
0.457
04445
Ded36
0.428

Qe?31 0.706
De8627 0606
CeS575 04556

CaS842 0u525

0519 0.503
0.501 0.487
0.487 04473
0ed76 0.463
00466 0.454
0.458 0,446
0.644 0,433
0.433 0.423
0e424 04815
04417.0.408
Oed11 Ooe02

04684 0.664
04587 0+571
0S80 0.526
0eS11 0.498
04450 04478
0474 0.a63
0.462 0.451
0e451 04442
0.443 0.434
0.436 04427
0424 0,415
0e414 02406
04406 0399

0.400 04393

0.295 0.388

0.735
0.630

0.578

0.546
0.523
0.508
0.492

0. 481

Qea?!
0ea63
0.450
0.440
0.431
Oed24
0e418

0646
0.557
0.S514
Ce487
0.468
0.454
O« 842
0ed33
0e425
0419
0.408
0. 399
0.392
0.386
O« 381

0.716
Q.51%
0.565%
DeS34
CeS12
0495
Q.a82
0.471
0.462
0.454
Coda2
0.432
O.824
04417
Deatt

0+630
C.Sa4
0.503

Q477

0.459
Ce845

C«434
0.¢2§

Oed18 |

[+ JFR-% W |
0.ad1
0.3203
0.386
04381
0.376

C.421
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Table 15(c) Moment Coefficients M -
- ~

Torsion Parameter |,

2 a_b

0.2

03

0.4 0.5

0.6 0.7

0.8

0.9

0.01
002
003
0s04
0405
0..06
0.07
008
0.09
0410
0e12
Oels
Oel6
0.18
0e20

O-O;
Q02
0.03
Ce04
0e0S
006
0«07
0e08
0.09
0410
Cel2
Oal4
0.16
CelB
020

O«723
Qa21

0.567
04533

0.508
04289
0¢4?§
Cea62
0.as51
Ded43
0429
0e213
0410
0.403
04398

C.5608
Q<520
Cead?7?
C«450
0e4a31
0.417
Q.+.407
C«398

0.392°

0386
Q372
0«372
O.368

Ce 66

0364

. ASPECT
0686

0e 589
0540

Q509

0.486
0.889
0.456
O.84s
0.436
0. 428
0.416
0. 406
0.399
04393
0.387

0.656
0.564
0.518
0+490
0.469
0.454

Oa442:

0.432
0.a23
Q. 316
0.40S
00396

e .'“; 8-9-\

T
‘09Yes 0,37

Qe 379

0.631 0.609
0.526
0«486
0451
0e443

QC+430C

D.543
0.501_
C.4T4
Qe 455
Qed41
0«430
0.420
V413
Q. 406

O.4a11
0.404
0.397
0.+396
0+387 0.380
0.374
0.368

Q.364

0.381

0.371

0ed19

0.388.

RATIO (WIDTH/SPANI= 0.6

0e591
0.512
0.473
Qaa50
0. 433
0.420
0,410
0. 402
04396
00390
0380
00373
0.367
0.362
0.358

0.575
0.499
0. 462
0.4a0
0.424
ch;g
0.403
0« 395
0.388
0.383
De374
0+367
0. 361
0«356
04352

ASPECT RATIO (WIDTH/SPAN)= 0.5

0.577
0.497
C.458
0.434
0ea17
0.405
0395
0.388
0.382
0.376

0.368

04363
0.358
0355
G333

0eSS3
0.479
0e043
0.421
0.406
0. 395
0.386

0379

0.373
0.368
0.360
0.354
0350
0e 347
0e364

0+533 0.516
0.864 0.451
0.431 0.420
0.430 0.401
0.396%0.388
0.386 0.378
0.377 04370
0371 0.364
0.365 04358
0+361 0.354
0e353 0.347
0e347 04341

O0e343 0337

Qe 329 Ce333
043237 06330

0.502 0,490
0.440 0,431
04403
0.386
0.374

Oed11
04393
0380
Ce 371
0. 363

0.365
0.358
Q357
Qe352

D.352
0e347
0.348 0.343
0.336
0.331

0341
0.336
0327
0e323
0e320

0332
Oe 328
0.325

Ve347

0+560 0.547
0.487
0. 453
0.431
Oed16
0.404

0395

0.477
PPy Y Y
0.423
0.409
0.398

0.389
0.382
0.376
0.371
0.363
0.3568
0.35¥

Oe 388
0. 382
0e377
0s 368
0.361
0. 356
0e351 0.347

D343

04479 0.459
p.éa? 0.415S
0.396 0.389
0.373
0.362
0.354
0347
0342
04338
0.334
D.327
04323
0.319
De315 -
Qo312

0.379
0.368
0.359
0e 352
0.337
0342
0.338
0.332
0.327
0.322
Ce219
0e316

’-”"—.’-_—-\.___
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_ : 2 P
Table 16 (a)Moment Coefficients M_ - Pa_.

ab

Torsion Parameter H

0.1 . 0.2 0.3 05 0.5 0.8 0.2 0.8 0.9

T
Tt 2

_ ASPECT RATIO (WIDTW/SPAN)= 1.0 |
0401 04117 0.112 0,108 00104 0.100 00097 0.094 0.092 0.089
002 0.141 0.135 0,130 0.125% o}xz: 0.117 0e113 Ua110 0,107
0e03 0el158 0e15] 04145 04240 0ul3S 04130 0126 0,123 0119
0«04 0.171 0.168 0.157 04151 00146 0e141 0137 0,133 04129
0205 00183 04175 04167 04161 0155 0.150 0.145 0el14! 0-137
0406 041928 0.188 0e176 0e16S 0e163 04158 04153 0.148 O0.144
0+07 04203 0.193 04184 04177 0.170 0.165 0.156-0:155 0.150
0408 0.212 0.201 0.192 0al188 04177 0el71 04166 04161 04156
0«0 0.220 0.208 04158 04190 04183 0,177 0.171 0.166 04161
0e10 0+228 04215 0,205 04196 04189 04182 07176 0.171 04166
0el2 0e241 0.227 0e216 0.207 0e199 04192 0+186 0.180 00175
0e14 04258 0.238 04226 0e216 0.208 04201 04194 O« 188 0.183
0el6 04265 0289 0e236 0225 04216 0e208 04202 00196 04190
0e18 0.275 0.258 04234 0.233 04228 0+216 0.209 0.203 0.197
0e20 04285 0.266 0252 0260 04231 0¢223 04215 0.209 02203
' ASPECT RATIO (WIDTH/SPAN)= 0.9
0e01 0el105 04101 0097 04093 0,090 C+0S? 0.085 0.082 04080
002 04127 04122 04117 04112 0.109 0.105 0.102 04099 0,096
De03 04143 0136 04131 04126 O0el21 0e117 0e113 0.110 0.107
0e04 02155 02168 0e141 0.136 0131 G127 04123 04119 0.116
005 04166 0.158 0e151 04145 C€.139 04135 0.130 04126 04123
0e06 04176 00167 00159 04152 0146 0e141 0+137 0u133 04129
0407 04185 04174 0.166 0a159 0o153 0+148 0143 0.139 0.13S
0eG8 04193 04181 04173 0.16S5 0e159 0a153 0.148 0.184 0.i80
0409 04200 0e188 04179 0el?] 0e164.0e158 0+153 0.149 0.184
0410 04206 0.194 0.184 04176 04169 04163 04158 0.153 0.149
0e12 04219 04205 0e194 0o185 04178 04172 04166 04161 0e157
0018 04229 0e214 06203 04194 04186 04179 0.173 04168 0.154
Oelb 03239 042232 04211 04201 Da193 04186 0.180 0.175 0.170
0418 0.248 0o232 0.218 0208 0.200 0,293 04186 0.181 0.176 |-

| 0e20 04255 0.238 04225 0,215 0.206 0¢199 0.192 0,186 Ce181
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Table 16(b) Moment Coeffi'ci:ents._ MY -

Torsion Parameter ;

ab

2

0.1

0.2

0.3

0.4 0.5

0.6 0.7

0.8

0.9

001
V02
0.03
0.04
0.0%
d.0e
0.07
{ 0.08

0409
0e10
ODet2
C.14
016
O.l8
020

0e01
Q.02
0.03
Ce04
0 .05
0.06
Q.07
.08
0.09
0410
Del2
Oela
0el16
-Qelt
0«20

0094
Ce114
Cal28

De140

Cal149
Q158
0165
Qe172
Oe.i78
0.184
0194
0.202
02190
0217
0e223

0.082
0.100
de113
0e123
0.131
0.138
0.1a5
0e150
0.155
0159
0.166
0.173
0.178
0.183
0.188

‘ASPECT RATIO (NIOTN/SPANI= 0.8

0+090
0.108
0.122
0.132
De 141
O.148
0el55
C.181
0.167
Cal7?2
0. 181

0.189.

0.196
0.202
0+208

Q.086
0.108
0e116
Del26
0e1348

O.141
Q

.147
0s 153
0.158
0.163
0e171
04179
0.185%
0.192
0.197

0.083 0.080
0100 0.096
0111 0.107
0el21 0e116
0.128 0.123
0+135 0.130
0.135
0.140
0.145
0.145

Delal

-

0.146
0.151
0.155
Cel63
0.171
04177
0.183
o.188

0elS7?
0.164
0.170
0175
0.181

Delda

0.07S
0090
0.100
0.108
0.115
0.121

0126
0.131

0. 078
0.093
0.104
De112
0el19
04125
0.130
0.135
0.140
04139
0.151 04146
04158 0.153
oﬂ;éi“o.lsa
0. 169 0.164
0e178 0.169

ASPECT RATIO (WIDTH/SPAN)= 0.7

0. 079
0. 095
0.107
0.116
0.123
04130
0.135
0.140
0a145
9.149
0.156
0.162
0.167
0a172
Ce176

0.07S
0.0s1
00102
04110
0e117
0e123
0. 128
0.133
0e137
0.141
0.147
0.153
0.159

‘De134

0+073 04070
0.C87 0.084
0.097 0.094
04105 0,101
04112 0.107
Cell7 Ootl2
06122 04117
0.126 Ca121
0.125
Ce 129
0.135
0.141
0.146

0«.130

Ca.141
Oe 146
CealS52

Oal6G3 04156 04150

De 168 0,161

0 155

0.068 0.066
0.081 0.079
G.090 04087
0.097 0.094
0e103 0100
0.108 0.10S
0.113 04109
0el17 04113
0e217
0.120
0el26

Cel121
0. 125
C.130
0e 136
Cels?

Cel131
O0«136
0.141
0e 145

Qa145
Cs 149

0.135

0.073
0.088
0.097
0. 105
0112
Oell?
Oel22
0.127
0. 131
04135
el a2
O+ 138
0.154
0e 159
0.164

0.064
0076
Q.085
0.091

0. 097

Oe.102
Oel10Q6
0.110
Ce113
Oell8
Ca122
O.128
Qe.132
Cal37
Da 141l

0.071
0.08%
0.09%
0,102
0e109
Qo114
0119
0.123

0el27

0.131
0.138
0.184
Cela®
0155
04159

0-bs2

O.074
0.082
0 .089
0+094 -
04099
0.103
0.107
0.110
0.113
Cell9
0.128
0.129
04133
0e137
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Table 16(c) Moment Coefficients My -

ab

Torsion Parameter

=

D
i 4
D

x

0.1

0.2 0.3

0.4 .

0.5 0.6 0.7

0.8 0.9

De01
V.02

Q.04
0.05

0.07
0e08
0.09
0a10
0el2
Oel4
0.1¢
0.18

| 020

Ce01
Q02
Q.03
Qe04

1 0«05
Va6’

0.07
0.08
0e0S
010
‘Ce12
Cela
0el6
Cei8
0«20

0.03

Q06

0.071
0087
0.098
0.105
Owl12
Ce117
0.121
0125
Cs128
Del131

ASPECT RATIO (MIDTR/SPANIx 0.6

00068 0.065 0.062
0.082 04078 0.074
0.091 0,087 0.083
0.099 0.053 0.089
0104 0.099 0.094a
0.109 0.104 0.099
Oella 00108 0,103
0.117 0e111 0.106
02121 04114 0.109
0.124-043117.04112

0e137-04129 04123 Qe117

OC.141
Oe145

04148

Qel51

0. 060
0.072
0.080
0e08S
04090
0u 093
0.096
0.+098
0e101
Ce103
0106
04109
O.112
Cel1S
0e.118

04133 04127 G.122
Qe137 Q-i31 Cel268
0181 04135 04129
Ca184 QCel138 Qel33

0.060 0,058 0.056
04072
0.079
0.085%
0.090
0. 095
0.099
Ge102
0.108

0.108

0.077 0.074
0.082 0,080
04087 0.084
0.091 0.088
0.095 0.092
0.098 0.095
0e101 0,098
04104 0.101
0e113 04109 0.106
0.117 04113 0.110
O 117 Oella
G.125 0,121 0.118

0.128. 0,124 0e121
p—_

ASPECT RATIO (WIDTH/SPANI= 0.5

0.057 0054
0.068 0.064
0.07S
0.080
0.084

O«.051
0. 061
0068
0.072

0e071
0.076
0.080 0,076
C.080
0. 083
0.08S
0.088
0090
0.094

0e CT7

0.088 0.083
0.091
0.093
0. 095
c.098
o.xpl
0.105 0.101
0.108 0,104
0e110 0ot 06

0113 0.109

0. 086
0.089
0. CS1
0.093
0.097

0.100
Oe103

0106

0.049
0059
0.065
0.070
0.073
0.077

0.048 0.046
0. 0S7 04055
0063 0.060
0s067 0,085
0e071 0o €69
0.074 04072
0.080
0.082
0.084

04077 0a074
04079 0.077
0.082 0079
o.oéa O« 081
C.088 0.085

0.087
0090
0.C94
0.097
0e100
C.102

0094 0,092
0eC97 05025
Ce 150 04097

Ve069 04067 0,065

0. 091 0.089.

0,053
0063
04072 04,070
0+077 0.07S

D« 054

0.082
O« 086

0.0T®
0.083
04089 0.087
0.092 0.090
0« 095. 04093
0.098 0.095
0+103. 0.100°
0s 107 Oe104
0.108
0.112
0e11%"

Qeilill
0114
0.118

0e04S
0. 053
0« 059
0.063
0e 067
0070
0.072
0.075
0.077

0.043
0.082
0.057
0.063
0. 065
0.068
0070
0.073
0.075
0.077
0.081
0.084
0.087
0e090
04093

0. 079
0.083
04086
0. 089
04092
0. 095

il
S~




Table 17

Frequengv Ratio - First Antisvmmetric Mbde n =2

b Px. 174

“(‘—") (multigl\ by (m m /a ),/, —-, to SEt‘

frequencies in rps) .

Torsion Parameter U -

\

\‘

|

-

1.000

1.002 1.003 1.004 1.005

me 0.1 0.2 0.3. 0.4 - 0.5 0.6 -0.7 0.8 " 0.9
. CDI/\D:()/‘VD.\[‘D}_ 0 . | |
0.25 2,213 2,965 34559 44069 La5R0 4.925  5.302 5.654 5.987
0,50 140k 14713 1974 2,205 2,431 2.600 2.776 2941 3.097
0.75 1,196~ 1,362 1.509 1.842 1.764 1.877 1.584 2,08, 2.179
1.00  Lldli 1.216 1,308 1.3% 1led74 1.549 1619 1,687 1.750
1.25  1.074 J.lk2 1,204 1.263 1.318 1.371 1.42) 1.48% 1.515
150 1,052 1,100 l.léh 1.187 1.227 1,265 1.302 1,338 1.373
. 1.75 1.038 1.073 1.107 1,138 1,169 1,198 1,226 1,254, 1.281
;.oo 1.013 1.0 1.036 1.048 1,058 1.066 1,078 1.099 1.125 .
3.50 1.009 1l.018 1.026 1.035 .1.Q43 1,050 1.058 1.075 1.091
ko00  1.007 1,013 1.020 1.026 1.033 1.039 1.04k 1,050 1.058
450 1,005 1.010 1.017 1.022 1.025 1,031 1.037 1.042 1.04T
- 2000 1,004 1,008 1.014 " 1,019 l.0R1 1.025 1,028 1.032 1.03% -
6.00 1,003 1.006 1.009 1,011 1.014 1.017 1.020 1.02, 1.027
7.00 1,003 1,005 1.007 1,009 1,011 1.013 1.015 1.017 1.019
8,00 1.002 1.003 1l.005 1.007 1.007 1,008 1.01C 1,010 1.0i1
9.00 1.002 1,003 1.0G4 1,005 1.007 1.008 1.009 1.010 1,011
10,00 1,001 1.002 1,003 1.0G4 1.005 .1.006 1,087 1,008 1.009
. (leDP)ﬁb_,/:Dy 0-1 L
Q.25 1,28l 2.2l 2,967 34561 44088 40513 4.930 5.311 5.652
Q.50 1,048 l.402 1.714 1.980 2,209 2.418 2,606 2.785 2.949
1,00 1.009 1.113 1.218 1.313 1.401 1.481 1.557 1.829 1.698
.25 1.005 1.090 1,143 1.209 1,270 1,326 1.380 1.431 1.480
1.50  1.002 1,051 1,102 1,149 1.192 1.234k 1.274 1.312 1.349
1,75 1001 1,037 1.075 1.131 L.lide 1.176 1,206 1.235 1.263
2.00 1,001 1.028 1,058 1,085 1.111 1.136 1.160 1.183 1,205
2,50 - 1.000 1,017 1.037 1.055 1,072 1.088 1.104° 1.119 1.134
3.00 1,000 1,012 1.025 1,038 1.050 1,061 1,073 1.08,% 1,094
3450 1.000 1,008 1,019 1.028 1,037 1.045 1.057 1.062 1,067
4,00 1,000 1.006. 1,014 1.021 1.028 1,035 1.041 1.047 1.053
450 1,000 1,004 1,011 1,017 1.023 1.027 1.032 1.037 1.042
2+00 1,000 1.003 1,009 1.013 1.018 1.022 1,026 1,030, 1,034 -
6,00 1,000 1,001 1,006. 1.009 1.012 1.015 1.018 1,021\ .024
7,00  1.000 1,001 1.00Q4, 1,006 1.009 1,011 1,013 1.015 1,017
8,00 .1.000 1,000 1,003 1.003 1,007 1.008 1.009 1,012 1,013
9.00 1,000 1,000 1,003 1.0Q4 1.005 1.007 1.008 1.009 1.010
10,000 1,000 1.006 1,007 1.008

\}‘P
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Table 18§ Frequency R‘{tib-&bbﬂd Sj[l‘nlinetric Mode , . n=3

Cc

bD\ /4
Y

frequencies in rps}

Torsion Parameter o

D

- B 2 X .
T D multzglv by (m 1'r /a ) °o » to get

0.2

0.3. 0.4 0.5

0.7

0.8

© 0.5

0.50

0.75
' 2,672

1.25
1.50
.75
2.00
2,50
3.00
3.50
ke 00
4450

- 5.00
6.00 '

7400

n 8.00
9.00 -

10,00

9.343
4e359

1.934
1,567
1.368
14252
L.135
1,082
1.055
1.039
1,029
1.023
1,015
1.010
1.008
l.%
1.005

Fe 549
44560
2.850
2.052
1.500
1479
1344
1.199

1,129

1,089
1.065
1.050
1.039
1026
1.019
1.0L4
1,011

1,009,

-

(Dl/n)/ v/ Dy

0..6

0

36,485 36,729 362925 37,170 37.565 374561 37,805 33.\%3196'

9.756 94962 10,156 10,349 1C.542 10.723.10.903
5¢589  537h3

LoThS 4.928 5,106
34017 34175 34323
24235 2.369. 2.493
.81 1.933 2,038
1.580 1.674 L1761
1.429 1,507 1.580
1.259 .31 L.366
1,172 1l.212 1,251
1,121 l.152 1l.181
1,070 1.08%° 1,107

1,055 . 1,071 1,085

1.037 1.048 1.059
1,027 1.035 1.C43
1.620 1.026 1,032
1,016 1,021 1.027
1.005 1,017 -1.021

.(D/D)./\/DID 3
N R Xy
!

54273
3465
2.612
2,135

L. 8hiy

1.649
L.4d6
1,288
1,210
1.16)
1.125
1.101

1,071

1.051
1.038
1.032
L.025
:

0.1

5e433.

34599

2723

2,230
1.921
1.715
1,464
1.323
1.237
l.182
1143
1.113

1,080

1,062
1. Gy
1.036
1,029

3.731

2,318
1.99%
L.777
1.510
1,358
1,272
'10203
1,160
1.130
1,050
1.067
1,081
1.04d
1.033

2,830

34859
2.932
24403
2,066
1.837
L.554
1,391
1.291
1.235
1,179
AURTAN
1.101
1.082
1.057

1,047 "

1,036

364361 36,5367364780,36.976 37.220 37. 415 37.659 37.855 38.050
3610 9,815 10,008 10,213 10,405 10,585 10.777

94175
14207
2,527
1.808
14,58
1,277
1176
1.082
1,045

lc 027 .

1.018

1.012 -

1,009
1.005
1,004
1.003
1.002
2,001

94392
Lolll
2,720
L1977
l.ém
1.400
1.279

4e609 43797 4e979
2,897 3.064 3.219
2,132 2,274 2,407

1.736 1.857 1.968

1.510 1.612 1.705
1,371 1456 1535
1.220 1,281 1.33
1145 1,189 1,230
1.102 1,136 1.157
1,076 1,102 1.127
1.059 1.079 1.099
1,047 14064 1,080
1.031 1.043 1.055

, LR3 1,031 1,040
1,017 1024 1.030

1.013 1,019 1.0=24

1,011 1,015 1.019

5¢149
34369

2,533
2,073
‘10793

1.608
1,390
1.270
1,197
1.150
1.118

54320
3.508
2,649
2,171
1.874
1.677
L0
1.307
1.226
1.173
1.137
1.111

1.077

1,056
1,043
1.034
1.027

5479
30644
2,761
2,265
1.953
1,743
1.488
1343
1.254
1.195
1.155
1.125
1,087
lowb
1,049
1.039
1.031

54633

3.770

2,868
2,353
2,026
1,806
1.534
1.378
1,281
1,217
1.172
1.140
1.098
1.072
1.055

2

1,035

\\‘_/
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Table 19 Freguency Ratio- Second Anﬁsvmfnetric Mode n =4
Dy . ’ 2 2, 2 Tx
c = ] (= 174 {(multiply by (m = /a —\, to get
a-D , : °o

frequencies in rps) .
Torsien Parameter

0.8 0.9

=1

mc 0.1 0.2 0.3 0.4 _0.5 0.6 0.

_ DI/’D )HD fD =0 ' | ‘

25 300.163 100.343.100.523 100.702 100,882 101061 101,241 101+435 101,599

Q.'sg 25150 29:37% “25.533 5.7 25.890 26,048 26,227 26,38, 26,542
0.75 11,333 11,502 11.679 11.832 11,998 12,156 . 12.3L, 12.472 12,628
1,00 6,500 6,667 64827 6,987 “T.IAL  T.294  T.hAl  7.582 7,723
1.25 - he290  Aok50 - Le603 haT52  4eBY6  5.036  5.269 5,300 5.42%
§ 1e50- 30112 - 3,265 3310 3,547  3.679 3,805 3,926  4.043  bl157|
1,75 2425 2,567 2,701 2.828 2,97 3.062 3.170  3.27h  3.375

2.00  Y.994 2,129 24250 2,265 2473 2,576 2,674 2,767 24857
2,50 14533 1.6 L740  1.833 . 1.920 2,003 2,080 2.155 24227
3.00 1,313 1,400 L.80  1.556  1.62s 1,690 1,753 1.813 1.871

3

3.50 1199 1.268  1.332 1,392, L.4h8 1,501 1.552 1,602 1,649
4,00 1,135 1.190  Le2h1 . 1.299  1.336 1,379  lo4R2  l.462 1,501
£e50 . 1e096 L.l 1,183  1.222  1.260 1,299  1.332  1.365 1.398)
6,00 1,043 1.059 1,054 1.137 1.140 1,162 1,184 1.205 1,226
7.00 1l.R9 1,048 1.066 1.083 1.101 1.127 - 1.134 1.15¢ 1.166
8.00 1,021 1.035 1.G49 1.062 1.076 1,089 1,107 1L.115 1.138
9.00 1,015 1.027 1.038 1.048 1.060 1,070 1.080 1,085 1,110
10,00 1,012 1.021 1,030 1.039 1.047 1.05% 1,065 1,073 1.081

- ' (DI/Dy) /JD:{CDY = 0.1

0,25 100,083 . 100,263° 100442 100,622 100,723 100.901 101,081 101,260 101.439
050 25,004 ' 25,274 25,432 25,611 25,790 25.948 26,126 26.283 26.461
0.75 13,2206 13,404 11.573 11,741 11.908 12,066 12,224 12,381 12,537
Lo00  6.402 6,572 . 64737 64896 7,054 TeR07 74359 7.505 T.645
1025 4al93 44369  4e51T  LeSTL 44818 . 4957  5.096 5,230 5.357
1,50 3,021  3.178 ° 34329 3.472 3.607  3.737 - 3.861 3,982 4.058
1e75 24338 24487 2,627 2,758 T 2.883  3.001 3.1l 3.222 3.324
2,50 L4566 1.58L 1,687 1,785 1.877 1.963 2.045 2,023 2,197
3600 1,259 1,353 la438 14517 La591 - 1.661  1.726  1.T89  1.849
3e 10156 14231 1,300 1,364  1.423 1479 1.533  1.584 1.633
4,00 1,100 1.1A0 1,217 14268 14317 14363 1407 1449 1490

5

4500 1,068 1,137 1.163° 1,206 1l.246 1,284 1.320 1,355 1.389

5,00  Ll.Q49  1.089 1,127 1.152 1,196~ .1.,228 1,258 1,288 1.317
| 6,00 1,028 1,056 1.083 1109 1,133 1.156 1,178 1,200 1.221
7.00  1,0E7 1.039 1.059 1,078 1,096 1.113 1.130 1,147 1.143
8,00 1,012 - 1,028 1.044 1,058 1.072 1.086 1.099 -1z 1.125
9.00 1,009 1.,02% 1,03, 1.5 1,056 1.067 1.079 1,088 1.099
10.00

1.007 1,017 1.027 1.036 L.045 1.054 1.063 1.072 1.080




Tablp 20 Frequencv Ratto - Thl!‘d Sv mmutrtc mode, n=5

b DOx 1/4 2 2

c*a(D (mulhgv't.w (m /a. el to get :.

LN Yy Q

frequencies in rps)

Torsion Parameter | -

0.2

1.104

me 0.1 0.3 0.4 0.5 0,6 0.7 0:8- 0.9
| (oY) DD, = - |
.25 196,184 196,283 196.495 196 595 196.807 l9b.910 197.198 197.218 197.430
0.50 49.158 49.314 49.47Q 49,625 49,780 49,935 50.090 50.245 50,371
0,75 21.959 22,108 22,257 22,405 22,553 22,713 22,860 23.007 25.14d
L.00 12.444 12,598 12,745 12,891 13,037 13.182 13,320 13.463 13,600 |
1.25 8,054 8,205 8.351 8.496  8:635 8,77k 8.907 9.039  9.171
L.50  5.68L 5,830 5,974 6.110  6.246 6,377 6,505 6,631 " 6.753
LoT5  4e270  Leld3  Le548 4,682  L4.810  4.934  5.055 5,172 5.286
2000 34365 3,502 34633  3.760  3.881  3.998 4,110 44220  4.327
250 2,333 2459  2.5T7T 2,689 2,796 2,898 2.995 3.089 3.180
3.00 1,809 1,920 2,02k 2,122 2,214 2,302 2,385 2,466  2.543
3.50  1.519  1.615 1.705 1,789 1.868 1943 2,015 2,084, 2,149
4400 1,350 1.432- 1,509 1.580° 1,848 1,712 1.773 . 1.833 1,889
4e50  1.245  1.316 1,381 laad2 1,500 1,555 1,608 1.659  1.708
5.00  1.179  1.239 1,294 1347 14398 lobdds  1.489 1.533 L3576
6400 © 1,104k 1.148 1,189 1,228 1,265 1,301 ° 1.336 1.369 1.402
7.00 1,067 1,100 1.131 1,160 1,189 1.217 l.244 1.270 1.296
8.00 1,046 1,071 1.095 1,119 1.14) 1.163 o ladB85 1,206 1,227
9.00 1,033 1.053 1.073 1,910 "1,109 1,227 1.145 l.162 1,179
10.00 1,025 LLeGhl 1,057 1,072 L,087  _1.302 1,117 1,131 1.145
(D{D )N DJD =0.1
¥ Xy
0,25 196,072 196,283 196,383 196,395 196.695 196,907 197.006 197.218 197.317
0.50 49,102, 49.258 49.41h 49.541 49.695 49.851 50,006 50,150 50.315 |
Ce75 21,885 22,033 22,182 22,343 22,490 22,638 229785 22,932 23.078
1.00 12,37 12.522 12,675 12.821 12,967 13,112 13,256 13.400 13.536
le25  7.983 8.13L 8.28l, 8,428 8.567 ' B.,7i0 8.8,3 8.982 9.112
1.50 5,617 5.762 5,909 6,048 6,183 6,317  besh8B 6,574  6.659.
2400 - 3,298  3e440 34573 3,703 - 34825 3947 4e062 4173 Le282
2450, 2,272 2401 2,524 2,640 2,749 2.855 2955  3.052 3.4
3600 L.75k 1,870 1,978 2,079 2,175 2,266 2,352 24436 2.5l
3650  1.4T1  1.572 1,666 1,754 1.837 1,915 1,989 2,050 2,128
LeQ0 1,308 1,396 1476  1.552 1,623 1,690 1.753 1.8 1.874
4050 10210 1,285 . 1,354 1.419 1480  1.537  1.590  1.644  1.68L
15600 1,349 1213 1,272 1,328 1,380 1429 1.476 3529 14565
| 6,00 1,082 1.129 1.174 1215 1,254 1.299 327 1,383 1.395
7,00 1,050 1,086 1,120 1,151 1,181 1.210 1.238 1,265 1,291
8.00 1,033 1.061 1,087 1,112 1,136 1,158 1.181 1,202 10223
9,00 1,023 1,046 1,067 1.086 1,106 1,124 . 1,142 1,159 1.176
10,00 2,017 1.035 1.052 - 1,069 1.08, . 1.099 1,129 1.143

¥y
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Table 21 Freque—xlc):v Ratio - Third Antisv mmetric Mode, n = 6
_b X 1/4 2 '
[ 3 (D (multJ.Elv by (rn ™ /a p—— ,» to get

v o

frequencies in rps)’

. ‘ Torsion Parameter {0 .-
me 0.1 0.2 0 6 - '
(DI/D}) /‘Fn_?g Dy 0.7 0.8 0.9

F0.25 32#.205 324.305 324,405 324,505 324-71.\9 32#.8&9 3244948 325.192 3254292

- 10450 81,168 81.30k &l.440 81575 8l.713 - 81.8L6 -8l.981 82,152 82.287
0.75 366157 36,305 364436 36.583 36.71h 36.5861 36,991 37.137 37.267
1.00 20,417 20,561 20.696 200839 20,973 21,106 21.248 21.381 21.513
125 13.337 23.281 13.419 13.557 134685 13,825 134955 15084 lie<l9
.50  9.167  9.335 . 9471  9.603~ 9,734  9.865 9.99% 10.119 10.247
2,00 5,299  5.32 5,562  5.690 5,815 5.937 6.055 6.169 6.283
2,50  3.525 34053  3eTT5  3.894  4e009 44121  4e229  4a33h  hed3h
3.00 2,589 2,709 2,84 2,933 3,038  3.138  3.235  3.328 - 30419
3650 2,050 R.161L 2,285 2,36k 2,458 2,549 2,635 2.738 2.798
4,00 1,721 1821 1.916 2,004 2,089 2,188 2,245 2,319 2.389
4050  1.511  1.601 1,685 1,764  1.839 1.910 1,978 2.043 2,106
5000 1,373 1.453  1e5R7 1597  L1.66h  1aTR6 1,787 L8649 1.500
6,00 14205 1,277 1.335 1.389  l.bdl 1491 1,539 1.585 1,630
7608 L1134 1,183 1.228 1.272 1,313 . 1.352 L.391  1.28  L.ub
8,00 1,090 1.129 1.155 1,199 1.232. 1.26L 1.298 1,326 1.355
9.C0 1.064. 1,095 1lad24 1.152 1,179 1.205 3a231  1.260 1.280
10,00  1.G47 1.072 1.096 1,120 l.142 1,16k 1.186 1,207 l.227

(DI/DY)/JD:{:DV = 0.1

Q.25 324,062 324,181 3260405 3244505 3244605 3244849 324,948 325,048 325.292
0.50 B8l,096 81,232 81,368 81.503 81.675 8l.810 Bl.545 82,080 82.215|°
0.75. 36,093 384241 36,388 36.519 36,666 36,796 36,943 137.073 37.219
1,00 20,363 20.498 20,82 20,785 20,919 21.052 21.194 21.327 21.459
1.25 13.085 13.224 13.362 13.499 13.636 13,772 13,902 14e037 1h.166
150 Gudhl 94279  Fkl5  9.551  9.686  9.816 9,946 10,070 10.198|
.75  8.773.- 64911 7.0k  7.176 7.305 7.432 7.558 7.681 7.800
2,00 5.2k 5,379 54513 S5.641 5,765 5,889 6,009 6,126 6,241
2,50 3472 34603 3,727 34849 3,966 4.079  LelB9  he289 4399
3,00 2,540 2,663 2,780 2,892 2.999 3.102 3,200 34297 3.389
3' 50 zowir 201-18 2.226 20328 2.1025 20 517 . 2.6% 2.691 '20 773
400 1,679 16783 1488l  1.972 2,660 2.2 2,221 2,296 2.369
£:50 L1474 14567 1.655 1737 1.814  1.888 1,957 2.024 2,089
5.C0 1,340  1.423 1,501 1.574 1.643 T 1.708  1.770  1.829 1.886
6400  1.189  1.254 1e315 14373  1.427 1478 14527  1.574  1.620
7,00 Lol 1,256 223 1.259  L.302 1.343  L.382 1420 1.457
8.00 1,074 - 1,115 1,154 1,190  1.224 1,258  1.289 1,320 1,350
9.00  1.051 1l.084% 2,116 1,145 1.173 “1.200 1.227 1.252 1.277
10.C0  1.037 106 1.037 L.1l4  1.138  1.160  1.182 1,204 1,225
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© TARLE 23A .
AMPLIFICATION TACTORS, A - STAGE X &
INITIAL BRIDGE CONDITIQNS - BRIDGE AT _REST
- Crossing Fregquency fé.n 0.5n
7 - :

{ £ ...
fy = %
0.40 0.80 1.6 2.0 . 3.0 4.0 5.0 6.0

Ir 1.173& 1:7379 2.2485 © 1.3034  -1.4243°  1.4052 1.2970  1.1953
6=  1.1334  1.6454. 3.20I8  1.4200 1.0862  1.1991  1.3497 1.3578
9w 1.1041  1.4681 3.8230  1.3931° 1.3515  1.2193  1.1067 1.218% - g g
127 1.N980  1.5652  4.0055 -1.3642 1.2580  1.3333  1.2223  1.0389
1Sr  1.0930 . 1.5257  4.0652  1.3939  1.3464  1.2528  1.3251 1.2798
187 1.0971  1.5459  4.0295  1.4025 .1.3055  1.3069 . 1.2863  1.3146°
37 -1.1591 - -1.68246  2.1685  1.2999  1.4245  1.4045  1.2967  1.1951
ér  1.1280 1.5181 2.6640  1.4146 1.0858  1.1995  1.3496 1.3575
9r  1.0921  1.4552 2.7183  1.387§ | 1.3517  1.2187 . 1.1065 1.134% g o3
127 - 1.0923  1.4977 2.6837 .1.3567 1.25S0 . 1.3326  1.2225 1.0388
157 1.0967  1.4453  2.5777  1.3896 1.3464  1.2522 - 1.3281 1.2796
187 1.0782  1.498% 2.6014 1.3965 1.3056  1.1345 . 1.2862 1.3144
3r 1.1444  1.6325 2.0918  1.2963 1.4246  1.4042  1.2963 - 1.1950
6x . 1.1239  1.4531 2.2530 ° 1.4097 -1.0853  1.1999  1.3494. 1.3572
Sz 1.0790  1.429%  2.3081  1.3822 '1.3518  1.2180  1.1063 1.1342 g s
127 1.0785  1.4408 2.2568  1.3514 1.2579  1.3317 - 1.2226 1.0387
1Sr  1.0777  1.4305 202037 | 1.3859 1.3484  1.2506  1.3281 1.2792
18z- _1.0937  1.4249  2.3121  1.3899 1.3052 © 1.3047  1.2861 1.3141
3z 1.1219° 1.5626 1.9870 . 1.2909 1.4247  1.4035  1.2953 - 1.1941
6  1.1125  1.3722 2.0497.  1.4025 1.0845. 1.1489  1.3483  1.3567
9z . 1.0896  1.4242 1.9700  1.3735 1.3519  1.2169 = 1.1060 1.1338 g g
12z 1.0874 .1.3793° 2.0090  1.3427 1.2578  1.3306  1,2230 1.0386
15z  1.0857  1.4111 2.0459 1.3798 1.3462 - 1.2508  1.3282 1.2788
18z  1.0875  1.3856 2.0062 . 1.3849 1.3022  1.1341  1.2860 1.3136
3x  1.1305 . 1.5208 1.9208  1.2874 1.4249  1.4030  1.2947 1.1936
6=  1.1029  1.3226 1.9327  1.3977 1.0840  1.1483  1.3491 1.3564
97  1.0728  1.4119 1.7712  1.3675 1.3520  1.2162 ° 1.1058 1.2185 g.1p
12 1.0944  1.3537 1.8582  1.3388 1.2577  1.3298  1.2229 1.0386
15z  1.0767  1.3820 1.7701  1.3753 1.3461  1.2502  1.3282 1.2785
18r  1.0901  1.3794 1.9258  1.3819 1.3021  1.3018  1.2859 1.3132
3r 1.1603 1.353% 1.6460-  1.2700 1.4255  1.4006  1.2925  1.1917
6z 1.1221  1.2700 1.4587  1.3750 1.0816  1.2030  1.3484 1.3548 _
9r  1.0745  1.2724 1.6143  1.3410 1.3521  1.2126  1.1048 1.2187 q.20
12  1.0874  1.3155 1.5911  1.3245 1.2571  1.3258  1,2236 1.0385
15z 1.0703  1.2985 1.6235  1.3588 1.3460  1.2474  1.3281 - 1.2770
| 18z 1.0873  1.2711 1.6734  1.3670 1.3016  1.2960  1.2854 1.3116
i
N
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AHPLIFICATIO\ ?\FTOR\
IWITIAL SQIDGE QQ“DITIO\h -

Crossin Fraquengy f. = 7~
et s T8

- STAGE T
RIDFE AT REST .

fg 0.40 0.80 1.0 2.0 3.0 4.0 5.0 6.0 M
31,5277 1.7624  1.9280  1.6906 - 1.3712  1.2301  1.163% 1.1283
év  1,1734  1.7379  2.2485  1.3035  1.4243  1.4052 1.2970  1.1953
9= 1.1071  1.1548  2.8242  1.3066 1.2072  1.3362  1.3325 1.3207 4 o
~12r 1.133% 1.645%  3.3056  1.4199  1.0862  1.1991 . 1.3497  1.3577 °
15~ 1.088%  1.5757  3.6092  1.3410 1.2804  1.0826  1.2352  1.27§7
18n - 1,1041  1.4681 3.822 1.3931  1.3515  1.2183  1.1067 1.2184
3@ 1.5321  1.7445 1.9101  1.6828 1.3674  1.2289  1.1633 -1.1279
- 6m 1,191 - 1.6824 2.1885  1.2998 1.4244  1.4047  1.2967 1.1952 ,
.9 1.1069  1.6386 2.5000  1.2993. 1.2966  1.335¢  1.3328 1.3207 4 g4
12=  1.1280  1.5181 2.6640  1.4146- 1.0858  1.1994  1.3496 1.3575 -
1s= 1.1103  1.4534 2.6924  1.3375° 1.2806  1.0827  1.2350 1.2789
18» 1.0921  1.4553 2.2827  1.3878 1.3517  1.2187  1.1065 1.218%
37 1.5359  1.7268  1.8927 . 1.6749 1.3642 . 1.2266  1.1626 1.1276
67  1.1442 - 1,1632 2.0918  1.2962 1.4246  1.4042  1.2963  1.1950
97 1.1025  1.5367 2.2819  1.2921 '1.295¢  1.3345  1.3332 1.3207 4 o
12 1.1239  1.4531 2.2530  1.4097 1.0853  1.2000  1.349%4 1,3572 -
1s= 1.1165  1.3822 '2.3367  1.3340 1.2809  1.0828  1.2348 1.2790
187  1.0790  1.4295 2.3082  1.3822 1.3518  1.2180  1,1063 1.1342
37 1.5402  1.7010 1.8669  1.6633 1.3593  1.2240 @ 1.1603  1.1258
ér  1.1219  1.5626 1.967 1.2909 1.4248  1.,4035  1.2952 1.1941
9r  1.1049  1.4133 1.9929  1.2815 " 1.2950  1.3332  1.3336 1.3207 .o
12z 1.1125  1./3722 2.0497  1.4024 1.0845  1.2005  1.3492 1.3567 °
15r 1.1193  1.3878 1.9280  1.3289 -1.2813 - 1.0830  1.2395 ~1.2793
18z 1.0896  1.4241 ° 1.9700  1.3735 1.3520  1.2169  1.1060 1.1338
3r  1.5423  1.6840 1.8500  1.6556 1.3562  1.2225 - 1.1593 1.1254
6r 1.1305  1.5208 1.9205 - 1.2874 1.4249  1.4030 - 1.2948, 1.1935
7 1.1103  1.3470 1.8252  1.2753 1.2943. 1.3323  1.3334 1.3207 ,,
12 1,1029  1.3226 1.9326  1.3977 1.0840  1.1484  1.3491 1.3564 -
_1sr  1.1148  1.3586 1.8498  1.3255 1.2815  1.0832  1.2343 1.2795
18 1.0973  1.4118 1.7712 . 1.3676; 1.3520  1.2162  1.1058 1.2186
3= 1.5450  1.6045 1.7092  1.6169 1.3402  1.2144  1.1545 .1221
6xr 1.1603  1.3534 1.6460  1.2700 = 1.4255 1.4007  1.2925 1.1917
= 112307 1.2488 1.6029  1.2439 1.2912  1.3280  1.3355 1.3207 , .4
127 1.1221 . 1.2700 1.4587  1.3750 1.0815  1.1453  '1.3483 1.3548 77
15z 1.0960  1.3344 1.5155  1.1311 1.2824  1.0837  1.2331 1.2804
18x  1.68S5 1.2724 1.6143  1.2000 1.3522  1.2126  1.1048 1.2187




Js;288 -

TABLE 23C

- AMPLIFICATION FACTORS A, - STAGE I
INITIAL BRIDGE CONDITIONS - iE AT REST

© Crossing Freguency fg = l.4n

— — | - _
fs _ X ‘ R

0.50 0.50 - 1.0 2.0 3.0 4.0 5.0 6.0

3w 1.6590 . 2.0724  2.1540 1.7073  1.4410 - 1.33%% 1.2832 12572

6n 1.2456 1.6578  1.%625 1.583588 I1.2330 1.0777 - -

9% - 1.1704 1.7005 2.3074% 1.2507  1.428% 1.4214 1.3145 1.2110 6.01
12w 1.0953 1.7619 2.7324 1.2546  1.3276 1.3609 1.2721 1.2851 ‘
15 . 1.1523 1.6733 - 3.1390 1.4216  1.1737 1.2307 1.3725 - 1.3734% -
18q 1.1084 1.6366  3.4372 1.4065  1.1061 1.1693 1.3221  1.3347

< 3 1.6747 - 2.0473  2.13186 1.8997 1.4371 1.3330 1.2828 - 1.2555

-3 1.2446 1.5736 1.8580 1.5288  l.2318 1.0787 - -

9 1.1570 1.6520 2.1532 1.2475 1.428%.  I.:4205 1.3161 1.2108 0.03"
12= 1.1058. 1.6357  2.4800 1.2471  1.3271 1.3600- 1.3009 1.2853 -
15 1.1480 1.5863 2.5570 1.5055 1.173% 1.2312 1.3724  1.3732
18« 1.1039 1.4834 2.6913 1.4021 - 1.1034. 1.1695 1.3219  1.3343

. 3= 1.689¢9 2.0226  2.1097 1.6821  1.433% - 1.3300 . 1.2822 1.2550

b 1.2435 1.4977 1.7602  1.5227 1.2289 1.0791 - . - '

9x 1.1273 1.6063 2.0849 | 1.2444  1.4287 1.4198  1.3135 1.2104 0.0%
12= 1.1144 1.5273 2.2821 1.23%8 1.3264 1.35581 1.3013 1.2855 7T
157 1.3439 1.5098 2.2992, 1.39%% 1.1725 1.2320 1.3724  1.3730

18« 1.0996 1.3689 2.2682 . 1.3978 - 1.1008 1.1699  1.3217 1.3340

-

3= 1.7114 1.9867 2.0775 1.6808 1.4293 1.3277 1.2794 1.2540

6% 1.2416. 1.4002 1.6258 1.5137 1.228% 1.0805 - -

9= 1.1486 . 1.5444  1,9872 1.2392  1.4284 1.4188 1.3123  1.20%6 0.0S
12z -1.1250 1.3990 1.9519 1.2295 . 1.3255 1.3578 1.3020 1.168¢9 -
15w 1.1304 1.4098 2.0639 1.3905 1.1716 1.2329 1.3725  1.3726

18w 1.0886 1.3391  2.0248 1.3514 1.0993 1.1704 1.3215 1.3336

3n 1.7246 1.9634  2.0565 1.6733 1.4262 1.3263 - 1.2785 1.2524
& 1.2401 1.3447  1.3447 1.5078 1.2217 1.0813 = -
-k 1.1597 1.5055 1.9275  1.2366 1.4283 1.4182 1.3118 1.2088

12= 1.1313 1.3472  1.7979 1.2227 ) 1.3243 1.356% 1.3025 -1.2856 0.1
15= 1.1215 1.3521  1.9240 1.3847 1.1711 1.2335 | 1.3725 1.3723

18~ 1.0799 1.3374 1.9198 1.3872  1.0950 1.7706 1.3213 1.3332

37 1.7745 - 1.8545 1.9565 1.6355 1.4107 1.3179 1.2733° 1.2490

6= 1.2307 1.2783  1.4502 1.4786 1.2076 1.0852 - -

9% 1.1869 1.3498 1.6705 1.2214 1.4275 . 1.4150 1.3089 1.2060 0.2

127 1.1458 1.2470  1.6280 l.1%08 1.3217 1.3525 = 1.2652 1.2860
157 1.1210 1.2817  1.4876 1.3583 . 1.1682 1.2367 1.3723 1.3712

18x 1.1063 1.3118 1.4853 1.3669 1.0987 | 1.1720 1.3203 . 1.331e



_TABLE 23D

18« 1.1020 1.2828 1.5381 1.3267 1.2188 - 1.2670

AMPLIFICATION FACTORS : AE _q;
INITIAL BRIDGE CONDITIONS R T REST
Crossing Fregquency: f
. £
£y ‘ Rx : : %
0.40 0.80, 1.0 - 2.0 3.0 4.0 5.0 6.0
3¢ 1.6708  2.1§53  2.1334  C1.6250 1.4211  1.3418 . 1,3042  1.2835
B+ 1.4536  1.6444  1.5208 1.6576 1.3334 1.1825  1.1120  1.0745
0n  1.1115  1.7625. 2.1900 . 1.435% = 1.3373  1.2845  1.1774 1.0856
e 1oI0% . 1.6762  1.4030  1.22%%  1.4258  1.4239 © 1.3186 L.2144 - (001
15+  1.1031  1.7610. 2.7213  1.2938 1.36439  1.3737  1.2774  1.259§
167 1.1469  1.7159  3.0498  1.3843 1.2246  1.2746  1.3693 1.3651
3. 1.6503° 2.1303 2.1141  1.6189 1.4175  1.3412  1.3040  1.2833
6~  1.4555  1,6293 1.S054 . 1.6501 1.3297  1.1813  1.1114 1.0742
9r  1.1102  1.6903 .2.0929  1.4309 1.3362 . 1.2838  1.1776 1.0857 ...
120  1.1509  1.6304 2.1376  1.2194 1.4257 1.4233  1.3181 12182 °°
1S  1.1136  1.6263 2.4629 1.2123 1.3433  1.3725 . 1.2518  1.2600
18= ' 1.1668  1.3640 2.5018  1.377§ 1.2240  1.2738  1.3693 1.3649
3. 1.6925  2.1058 2.0938  1.612¢ 1.4150  1.3384  1.3037. -1.2836
6=  1.45%0 - 1.6145 1.7905 , 1.6226 1.3266  1.1791 - 1.1107 1.0738
9t . 1.1088  1.6256 2.0020 1.4260 1.3390 1.2338 1.1776  1.0859 oo
120  1.1374 . 1.5889 °2.0729  1.2166° 1.4254  1.4225  1.317% 1.2139 °°
15  1.123¢  1.5182 2.2272  1.2049 1.3427 - 1.3718 ~ 1.2810 1.2603
18-  1.1393  1.5304 2.3084  1.3713 1.2233  1.2378  1.3684 1.3649
3. 1.7143 - 2.0699 2.0662  1.6036 1.4112  1.3363  1.3007 1.2823 -
6=  1.4562  1.5927 1.7678  1.6314 1.3218  1.1765  1.1086 1.072%
9x  1.1066  1.5385 1.5766  1.4187 1,340l  1.2841  1.1772 1.0854 4 oo
120 1.1578  1.5262 1.9814  1.2122 1.4250  1.4214  1.3162 1.2130 °°
15:  1.1455  1.3923 1.9231  1.1945 1.3418  1.3705  1.2798 1.2604
18-  1.1268  1.4202 - 2.0483  1.3619 1.2224  1.2718  1.3696 1,3645
3¢ 1.7305  2.0465- 2.0447  1.5980 1.4085 - 1.3348  1.2999  1.2806
6=  1.458; © 1.5785 1.7530  1.6240 1.3188  1.1753  1.1078 1.0717
9«  1.1050  1.4877 1.7994  1.4138 - 1.3410, 1,283  1.1772 1.0851 ', .
120  1.1685  1.4937 1.6230  1.2094 1.4248  1.4207  1.3156 1.2122 °°
1S=  1.i411  1.3196 1.8178 - 1.1877 1.3411  1.3696  1.2796 1.2604
18r . 1.1163  1.3586 1.8978  1.3557 1.2218  1.2397  1.3697 1.364%
3 1.8124  1.9374 1.9522  1.5661 1.3961  1.3279  1.2955 1.2778
6=  1.4544  1.5106 1.6824  1.5872 1.3024  1.1676  1.1033  1.0687
9=  1.0963  1.3046 1.4910  1.3897 1,3495  1.2853  1.1771 1.0848 , .4
120 1.1936  1.3440 1.6780  1.1954 1.4234  1.4171  1.3125 1.2099
15«  1.2571  1.2614 1.6396  1.1557 1.3380  1.3652  1.2820 1.2611
1.3701  1.3636




" AMPLIEICATION FACTORS Ap ~ STAGE I

INITIAL BRIDGE CONDITIONS - BRIDGE AT REST

Crossing Erequency f, = 2.2x

. fR—' .

fy u Y
' 0.40 0.50 1.0 2.0 3.0 4.0 5.0 6.0
N ' ' '
""" e " 3¢ . 1.6913 2.0787 - 1.9826 1.5054 1.3539 L2962 1.2685 1.2535
- Gx 1.5830 1.8635% 2.0137 1.7097 1.4001 1.2680 1.2058 1.1724
9+ . 1.2860 1.5964 1.8546 1.5617° 1.2519 ° 1.080% 1.0016 - 0:01
124 1.1535 1.7667 2,2814% 1.3743 1.3933 1.3569 C1.215Q 1.1514 *
15w 1.1588. 1.6700 2.4554 1.2050 1.4223 1.4240 1.3195 1.2151
1S« 1.1068 ©1.7580 2.7103 1.1953 1.2770 1.3513 2384 1.2413
~ kP 1.6866 1.0572 1.9666 _ 1.5009 1.3510 1.2960 1.2683 1.2533
Bx 1.5904 - 1.8433 1.9939% 1.7018 1.3962 1.2670 1.2454 1.1720
Qe 1.2853 1.5087 1.7996 1.5553 1.2486 1.0792 1.0011 - ‘ 0.03
12- 1.1317 1.7024 2.1525 1.3700 1.3937 1.3570 "1.2589 1.1514 :
1S5+ 1.1456 1.68163 - 2.1821 1.2022 1.4220 1.4232 1.31%0 1.2148
18¢ - 1.1189 ° 1.6234 2.4478 1.1878 1.3533 1.3805 L2879 l.2§16
3 1.6897 2.0362 1.9500 1.4965 1.3452 1.2932 1.2685 1.2536
6 . 1.5972 1.8232 1.974% . 1.6937 1.3929 1.2643 1.2046 1.1716
9= 1.2844 1.4305 1.6519 1.5489 1.2457 1.0774 1.0006 - 0 05"
12« 1.1217 . 1.6446 2.0678 1.6251 1.3942 1.3566 1.2487 1.1514 -°°
15+ 1.1519 1.5764 2.0641 1.1994 1.4217 1.4223 1.3183 1.2144%
18» 1.1290 .1.5110 2.2123 1.1804  1.3526 1.3795 1.2871 1.2418
3 1.6872 2.0006 1.9261 1.4898 1.3463 1.2917 1.2658 1.2532
6 1.6056 1.793%9 1.9458  1.681S 1.3881 1.2617 1.2021 1.1707
9= 1.2826 1.3775 1.5556 1.5394 1.2413 +1.0759 1.6056 - "0.08
12+ 1.0975 1.5656 1.9511 1.35%4 1.3950 1.3564 1.2480 1.1508 © U7
1S5~ 1.1162 1.51%0 1.9744 1.1953 1.4211 1.4212 1.3170 1.2136
18+ 1.1410 1.4063 1.9031 1.1698 1.3517 1.3782 1.285% 1.2420
- 1 -/ - :
3 1.6920 1.9854\\'1.9103 1.4852 //1.3&54, 1.2905 1.2651 1.2511
6 1.6101 1.7750 1.9272 1.6738 1.3848 1.2601 1.2011 1.1692
Sy 1.2813 1.3630 1.5450 1.5332° 1.238% 1.0740 - - 0.10
12+ 1.0819 ~1.5180 1.3782 1.3551 1.3954 1.3563 1.2478 1.1502 )
15+ 1.1712 1.4845 1.9198 1.1926 1.4208 1.4204 1.3169 1.2128
18+ 1,1481 1.3811 1.8318 1.1630 1.3511 1.3773 1.2851 1.2421
37 1.7399 1.8509 _1133&& 1.9610 1.3348 - S 1.2615 1.2487
6 1.6220 1.6850¢ 1.1839 1.6345 1.3687 1.2520 1.1961 1.1659
9« 1.2720 1.3214 ™~ 1.4998 1.5022 1.2240 1.0066 1.2251 - 0.20
12 1.0884 1.3399 1.5832 1.3344 1.3982 1.3554 1.2464  1.1491 °
15+ 1.1962 1.3387 1.6800 1.1792 1.4192 1.4167 1.3132 1.2104
18+« 1.1645 . 1{6984 1.1311 1.3480 1.3729° 1.2815 1.2430

1.2715
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TABLE 23F

AMPLIFICATION FACTORS Ae - STAGE:I

INITIAL BRIDGE CONDITIONS ;"BRIDG'E AT REST

Crossing frequency EC - 2.5¢

-

£y R : M

. 0.40 0.0 . 1.0 2.0 3.0 4.0 5.0 6.0

3r 1.6%93  1.9602 1.8331  1.909C  1.2887 L2631 1.2210 1.2043

67 1.6352  1,9853  2.1043 - 1FMI7S5 © 1.4284  1.3090  1.2529  1.21224°

9+  1.3932  1,5570 1,737  1.6261 1.3031  1.1451  1.0716 1.0338 .
127 1.1468  1.7482  2.1475  1.4635  1.3023  1.238% . 1.133§ 1.0450 °°
15y - 1.7350 - 2.2685  1.3035 1.4243 . 1.4052 .2970  1.1953
187 1.1813  1.6956  2.5622  1.1622 1.4087  1.,4185  1.3167 1.2124°

3r 1.688§  1.9419 1.8210 - 1.4056 1.2862  1.2432  1.2216 1.7096

6 1.6474  1.9620 2.0826  1.7097 1.4243  1.3080 . 1.2523 1.2221

97 1.3940  1.3438 1.7237  1.6190 1.2996  1.1440  1.0710 1.0324 4 4
127 1.1455  1.6725 2.0480  1.4583 1.3031  1.2388  1.1343 1.0453 7 |
15r ©  1.1591  1.6524 2.1686  1.2998 1.4245  1.4047  1.2967 1.1951
18  1.1326  1.5785 2.2868 . 1.1597 1.4083  1.6177  1.3162 1.2120

3z - 1.6805  1.9245 1.5073  1.4020 1.2847  1.2407 | 1.2217 '1.2099

-6z 1.65§8 . 1.0392 2.0614  2.7019 1.4210  1.3053 - 1.2517 . 1.2218

9r  1.3972  1.530S 1.7102. 1.6118 1.2965  L.1419  1.0706 1.0321 . o
12 1.1441  1.6046 1.9543  1.4530 1.3035  1.2390  1.1343 1.0456 " -
1Sz 1.1443  1.6325 2.0918  1.2963 1.4246  1.4042  1.2962 1.1950
18  1.1466  1.5414 2.0404  1.1573 , 1.4078 ° 1.4168  1.3154 1.2116

3r  1.6219  1.8980 1.7877 - 1.3969 1.2826  1.2394  1.2150 1.2079

6z  1.6740 '1.9060 .2.0302 ~ 1.6903 1.4162  1.3029  1.2491  1.2206

9 1.3930  1.5119 1.6902  1.6013 1.2919  1.1397  1.0684 1.0313 . .o
1270 1.1418  1.2192 . 1.8256  1.4453 1.3053  1.2397  1.1342 1.0453 °°
15=  1.1219  1.5625 1.9870  1.2910 1.4248  1.4035  1.2912 1.1942

18r . 1.1637 ~ 1.9910 1.9525  1.1537 1.4072  1.4156  1.3142 1.2105

3x  1.6685  1.8809 1.7747 - 1.3932 1.2808 -1.238%  i.2182 1.2073

6  1.6829  1.8842 - 2.0097  1.6822 1.4130  1.3012  1.2681 1.2191

97  1.393%  1.4995 1.6772  1.542 1.2890  1.1381  1.0676 1.0302 -, .,
12 1.1402  1.4616 1.7472  1.4400 1.3061  1.2400  1.1342 1.0450 7
15r  1.1305  1.5208 1.9208  1.2879 1.4249  1.4030  1.2998 1.1936 °
18z  1.1732  1.4587 1.9020  1.1513 1.4067  1.4148 1.3135° 1.2098

3= 1.6753  1.7990 1.7117  1.3736 1.2310  1.2341 - 1.2157 1.2059

6% 1.7128  1.7824 - 1.9132  1.6930 1.3973  1.2928  1.2429 1.2157

$7  1.3869  1.4401 1.6140  1.5593 1.273%  1.1309  1.0635 1.0275 , ,,

© 127 1.1310  1.2799 1.4347  1.4146 1.3112  1.2419 . 1.1348 I1.0452 7

157  1.1603  1.3534 1.6460  1.2700 1.4255  1.4006.  1.2425° 1.1917

185 1.1948  1.3242 .1.6791  1.1395 1.4045  1.4106  1.3100 1.2073
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“TABLE 24A
Sl S

~ STAGE II

AMPLIFICATION FACTORS N
INTTIAL BRIDGE CONDITIONS: CORRESPONDING TO LAST QF F-
~ Lrossing Frequency f = 0.5« :
s S ¥
: 0.40 0.80 1.0 2.0 3.0 4.0 5.0 6.0 :
3n 1.1563  2.285T  2.2534  1.3302 14165 1.4013  1.2925  1.1846
6™ 1.1329  1.6919  3.1411-  1,4198  1.1004 1.1916 1.3581  l.36%

o9 1.079S  1.4853  3.4936  1.4005  1.3468° 1.2175 " L.1167  1.2231 g gy
12w 1.0865  1.4665  3.5955  1.3461 1.2609 1.3300 1.2197 1.0,8 "°°C
157 1.1315  1.4632  3.4326  1,3864 1.3415 1.2488 1.3249 1.2712
187 1.1533 - 1.4137  3.3391  1.3695 1.2962 ~ 1.1965 1.2797  1.2982

s

37 1.1306  2.0053  2.1654  1.3300 1.4179 1.4010 1.2921  1.1944

67 1.127 1.6573  2.5971  1.4111 1.0992 1.1922 1.3579  1.3642

57 1.0936  1.4661  2.5860  1.2370 | 1.3476 1.2166 1.1160 1.2230 g o3
127 1.0846  1.3959  2.5126  1.3403 1.2609 1.3286 1.218% 1.0479 ,
157 1.1167  1.3363  2.3746  1.3783 1.3418 1.2482 1.3248 1.2708
187 1.1808  1.3631  2.2101  1.3640 1.2959 1.2953 1.2794 1.2977.

37 1.1226  1.7945 - 2.0849  1.3296. 1.,4192 1.4005 1.2916 1.1942

67 - 1.1160  1.5404  2.2145  1,4027 1.0979  1.1756 1.3577° 1.3637.

9« 1.0193  1.5662  2.2254  1.3882  1.3483 1.2155 1.1155 1.2230° g g5
127 1.1167  1.4069  2.0515 , 1.3347 1.2609 1.3271 1.2172 1.0477

157 1.1375  1.3870  2.0173  1.3742 1.341§ 1.2475 1.3247 1.2703
18w 1.2051 _ 1.3396  2.1918  1.3590 = 1.2955 1.2941 1.2793 1.2972

3w 1.1507  1.5757  1.9743  1.3282 1.4211 1.399¢ 1.2905 1.1934

6 1.1231  1.3881  2.0192  1.3912 1.0961 1.1944 1.3573 1.3629

9w 1.1118  1.4782 °1.873¢  1.3787 - 1.3493 1.2140 1.1147 1.2229 g gg
12 1.1166  1:3044  1.8353  1.3767 = 1.2607 1.3248 1.2153 1.0474-

15= 1.1387  1.2969 © 1.8814  1.3676 . 1.3419 1.2466 1.3246  1.2695
18 = 1.1985  1.2916  2.0204 _ 1.3591 1.2946 1.2923 1.2790 1.2938

3w 1.1640  1.478¢  1.5080  1.3272 1.4222 1.3995 11,2900 1.1827

6= 1.1401  1.3204  1.9042  1.3836 1.0949 1.1952 1.3571 1.3623

9= 1.1000  1.3636  1.6916  1.3721 1,3499 1.2130 1.1141  1.2229 g3,
127 1.1128  1.2870  1.7955  1.3236 1.2606 1.3233 1.,2140 1.0472

157 1.1322 1.3117 . 1.7847  1.3628 1.3417 1.2460 1.3247 1.2690

87 1.1861 - 1.3370 . 1.7443  1.3584 1.2940 1.2911 1.2788 1.2560

3w 1.1673  1.3097  1.6282  1.3181 1.4281 1.3975 1.2875 1.1906

67 1.1574  1.2504  1.4572  1.3511 1,0896 1.1992 1.3558  1.3597

57 1.0716  1.2791  1.5640  1.3387 1.3520 1.2075 1.1113 1.1528 4 20
127 1.0743  1.3045  1.6882  1.3162 1.2592 1.3158 1.2091 1.0483

157 1.0989  1.2379  1.6022  1,3357 1.3392 1.2450 1.3248  1.2665

187 1.1533  1.2277  1.5251  1.3484 1.2902 ' 1,2856 1.2778 1.2858




i

. TABLE 243 ,
AMPLITICATION FACTORS Ap - STAGE IT

- 293 - -

CINTTIAL 33eDC: AMD VSiICLE CONDITIONS v 0 £

c

= _'-x

fy . £R- HR
0.40 0.30 1.0 2.0 3.0 4.0 5.0 6.0 -

3 1.5189 1.8395  1.9298 1.5555 1.3732 .2540  1.1810 1.1388 ©
Sy 1.1564 1.2854 2.2534 1.3301  1.4166  1.4013  1.2925 L.1946

9n . 1.0950 1.8567 2.7644° - 1.3467  1.3029 - 1.3468  1.3365  1.3185 0.01
12 1.1329 - 1.6919 2.9653 1.4698 - 1.1003 1.1916 1.3581 X.36%6
15= 1.0783 1.5486 3.4490 1.3129  1.2651  1.0951 1.2437 - 1.2764
18 1.0799 1.4852 3.4933 1.4003 1.3465 1.2175-. 1.1166 1.2231

3 1.5231 1.7887  1.912% 1.5489 - 1.3726 1.2540 1.1810 1.1387

& © 1.1307 2.0054 2.1654 1.3299  1.4180  1.4010  1.2921  1.1944

9 1.0944 1.6454 2.4759 1.3427  1.3027 1,3465 1.3365 1.3184 g o3
127 1.127¢ 1.6874 2.5971 1.4111  3.0991 1.1924  1.3579 1.3641
15z 1.0994 1.4015 2.8172 1.3122  1.2645 | 1.0948  1.2438  1.2765
187 1.0935 1.4662 - 2.5861 1.3941  1.3476 1.2165 1.1160 1.1573

37 1.5300 1.7475 7 1.8951 1.5429  1.3725 1.2529 1.1811 1.138§

67 1.1225 1.7846 2.0849 1.3284 1.4193 1.4005 1.2916 1.1942

9= 1.1056 1.5123 2.2582 1.3386 1.3025 1.3460 1.3366 1.3184 g gs
127 1.1170. 1.5604 2.2145  +1.4027  1.0980 1.1932 1.3576  1.3637
15= 10846  '1.3997 2.2585 1.3114 1.2639  1.0946  1.2439  1.2766
I8z - 1.1056 1.5663 2.2255 1.3880 1.3484 1.2155 1.1154 - 1.2229

: _ _ : : . .

3 1.5441 1.6551 1.8697 1.5349 1.3724 1.2524 1.1794 11,1328

67 . 1.1507 1.5757 1.9746 1.3281 1.4211 1.3999 1.2906 1.1933

9 1.1168 l1.4231 1.9671 1.3321  1.3022  1.3455 1.3368 1.3187 4 4¢
12 1.1230 1.3611 2.0187 1.3911 - 1.0961 1.1844  1.3533. 1.3629
157 1.0957 1.3645 . 1.6740 1.3102  1.2630 1.0941 1.2441  1.2768
18T 1.1118 1.4782  1.7787 1.3786 1.3494 1.2140 1.1146 1.2229

ir 1.5555 1.6742 - 1.8530 1.5304° 1.3722 1.2521 1.1790 1.1371

6m 1.1640 1.479¢ 1.8081 1.3271  1l.4223- 1.3%94 1.2900 1.1926

w 1.1237 1.4051 1.7965 1.3277 1.3020 1.3451 1.3368 1.3179 0.10
2x 1.1401  1.3205 1.9042 1.3835 1.0949 1.1952 1.3570 . 1.3623
15w 1.1023 1.3121 1.7943 1.3095 " 1.2625 1.0940 1.2442 1.2771
18w 1.1000 1.3636 1.7142. 1.3719 1.3499 1.2130 1.1146  1.2229
3w 1.6213 1.6030 1.7718 |, 1.5154 1.3722 1.2504 1.1773 1.1355

&7 1.1673 1.1351 1.6282 - 1.3181 1.4282 1.3975 1.2874 _1.1606

9= 1.0956 1.26%4  1.5851 1.3037 1.3012 - 1.3432 1.3372 1.3174 ¢ 20
12x 1.1573 1.2504 1.4572 1.3511 1.08%96 1.1993 1.3557 1.3597
15« 1.0727 1.3027 1.5569 1.3045 1.2614 1.0934 1.2448 1.2778
18« 1.0716 1.2791 1.5640 1.3386 1.3520 1.2075 1.1112 1.2229




- 294 -

" ‘ TASLE 24C .
‘ AMPLIFICATION IACTCRS Ap - STAGE II

INITIAL BAIDGE AND VEUICLE CONDITIONS # O Eg = l.dm '

% F({.. !CR
0.40 0.80 . 1.0 20 3.0 4,0 5.0 6.0

3w © 1.7385 2.5415 2.3230 1.7485  1.4315 L.3233  1.2893 1.2774

67 1.2089 2.2256 2.357§ 1.5634 1.3222  1.1757  1.049% - : .

9= 1.3563  1.3152  3.0526  1.2387  1.4681 . 1:4436 - 1.3159  1.2075 4o
12 1.1258 1.5567 3.3565 1.253% ,1.3357 1.3275 1.3681 1.3319%

- 15w 1.132% 1.7092 3.25%1 1.3471  1.1787  1.2576  1.3875  1.3737
18w 1.0922 . 1.7036 3.3611 11,4365 | 1.0950  1.1911 1.3222  1.3229

3 1.7430 2.4485 2.2735 1.7435  1.4276 1,3224 2887 1.2770

6w "1.2130 1.9650 2.1393 1.5448 1.3244  1.1766 1.0507 -

97 1.2419  1.3717  2.6711  1.2365 1.4682 1.4428 1.3137  1.2073 4 p3
12= 1.1198 . 1.6021 2.6073 1.2468 1.3348_  1.3266 1.3682 1.3320 °
15« 1.1546 1.5662 2.4888 1.3417 1.1776  1.2577 1.3872  1.3734
18« 1.0921 1.7002 2.5980 1.4323  1.0939 1.1908 11,3221  1.3227

3T 1.7436 2.36f§- 2.2267 1.7365 1.4245  1.3198  1.2883 1.2766

% l.2159 1.7539 1.9478 . 1.5265 1.3265 1.1770 1.0508 -

ST ©1.2247 1.4209 2.3719 1.2345 1.4681 1.4418  1.3147 1.208% g g5 -
12x 1.1108 1.5362 2.1791 ,1.2398 1.333% 1.3255 ~-1.3686 1.331% .
15% - 1-152% 1.4709 2.0166 1.3365 1.1767 1.2580 1.3870 1.3731
18« 1.09¢&4 1.5825 2.2040 1.4282 1.0928 1.1505 1.3220 1.3225.

= - L.7560 0 2.2431 2.1620 1.7275 T 1.4199  1.3174  1.2860  1.2758 -
ks 1.2218 1.5138 1.7474 1,5000 © 1.3302 ldméﬁlﬁﬂé - .
9x 1.1955 1.4693 2.0631 1.2314 1.4680 1.4406 1.3134  1.2059 0.08
] 1.099¢ 1.5914 ° 1.8929 .1.2296 1.3325  1.3240 1.3689  1.3318 '
15w 1.1587  1.4003 2.0331 1.3300° 1.175% 1.2584 1.3867 1.3725
187 1.0999 - 1.247% 2.0010 1.4220 1.0917 1.1900 1.3218  1.3221
- 1.75%2 .2.1713 2.1221 1,7218 l.41e% 1.5157 1.2850 1.2746
. 67 1.2243; 1.3965 1.6859  1.4827 1.3357 1.1793 1.0518 -~

9r 1.1744 1.4828  1.9350 1.2293 1.4680 - 1.4397 1.3127 1.2052 0.10

12« 1.0910 1.5707 1.7756 1.2226 1.331s 11,3230 1.3692 1.3317 ‘
w - 1.1554 1.3708  1.8993 1.3261 1.1741 1.2586 1.3865 1.3721
ig= 1.1005 1.3833 1,8928 1,4179 11,0900 1,187 1.3217 1.3218

= 1.7537 1.8986 1.9639 1,6917 1.4024 1.3078 1.2803 1.2715

67 - 1.2319 1.2876 1.4654 1.4020 - 1.3439 1.1834 1.0542 - :

EL 1.177  1.1328 1.6583 1.2193 1.4676 1.4355 1.3094 1.2028 0.20
12w 1.135% 1.2835 1.6620 1.1880 1.3268 1.3179 1.3703 1.3314 )
15w 1.1054 1.3138 1.5301 1.3136 1.1691 1.2596 1.3885 1.3703
18x 1.0857 1.3034 1.4875 1.3965 1.,0852 1.1884 - 1.3211 1.3207

-

N
J o o



TABLE 24d

iy

AMPLIFICATION FACTORS A, = ' STAGE II

INITIAL BRIDGE AND ViHICLE CONDITIONS # 0, EC' = 1.8r

£y fR~ R
0.40 0.60 1.0 =.0 3.0 4.0 5.0 6.0
g 1.3804 1.7853 | 11975% 1.6060 - 1.2931 1.1642- 1.1042 1.0719
ér . 1.55389 1.8450 2.4&567 1.5115 1.4356 1.3455 1.2705 1.2199
S 1.1128 1.6149 2.1808 1.5621 1.3837 1.25802 1:1675 1.07%7 0.01
hwd 1.2452 1.331& 2.9381 1.2287 1.45¢) 1.4339 1.3099 1.2024
- 157 1.12909 l.§f&5 3.180¢ 2104 1.349 1.3458 1.3364 1.2992
18 1.1410 1:5941 3.0016 | 1.3961 1.2302 1.3111 . 1.3650 1-3629
3n 1.3537 1.7824 1.9750 1.6045 1.2903  1.1653  1.1048  1.0723
&m 1.5443 1.7592 2.3632 1.5120 1.4397 1.3458 1.2706 1.2201
S 1.1042 1.4812  2.0836 1.5512  1.3843  1.2900 1.1677  1.0729 6_03
12n 1.2439 1.3709 2.5564 1.2250 1.4516  1.4329 ° 1.3083 L2021
15z 1.10383 1.3290 2.5130 L.2023%  1.3485° 1.3447  1.3371 1.2995
18« 1.1374 1.6170 2.4725 1.3897 1.2294 1.3097. 1.3653 1.3619
3T 1.3476 1.7790 1.9744 1.6028 1.2894 1.1819 l.lbss - 1.0733 N
6 1.5302 1.5302 2.2778 ., 1.5107 1.4401 1.3450 1.2208 1.2202
Q7 1.1043 1.34 1.9925, 1.5405 1.3349 1.25%& l.lé?ﬁ 1.0728 0.05
12w 1.24Q7 1.4041 | 2.2751 1.22346 1.4509 1.431 1.3088) 1.2016.
157 1.0936 1.4948 2.2363 1.1939 1.3479 1.3&32\\\%:3223 ©1.29%98
.18z 1.1263 -l.SQSO;x f2.27§§ 1.3836 1.2285  1.3081 .o055 1.3617
3 1.3397 1.7739 ;?9723 1.6004 1.2879 1.1611 1.1021 1.0724-
G 1.5099 1.6209 251637 1.5105 1.4405 - 1.3449 1.2697 1.2199
St 1.1057 1.3659 1.8655 -1.5251 1.3859 1.28%90 1.1667 1.07246 g ps
127 1.2332 1.525% 2.0137 1.2210  1.4499 1.4301 1.3070 1.2007
15« 1.1030 1.5639 1.8615 1.1816 1.3469 1.3416 1.3388 1.2995
187 1.1113 1.4632 2.0165 1.3747 1.2271 . 1.3058 1.3658 1.3614
3z 1.3360 1.7703 - *1.5985 1.2865 1.1605 1.1018 1.0704 .
6 1.4580 1.5880 - 2.0957 1.5107 1.4409 1.3448 1.2696 1.2189
9x  °1.1063  1.395¢  1.7897  1.5151 1.3864 1.2887 1.1665 1.0720 .10
12 1.2234 1.5586 1.9126 - 1.2193 1.4492 1.4290 1.3062 1.195%8
15= 1.1222 1.5751 1.7852 1.1734 1.3461 1.3404 "-°1.3394 1.3000
18x 1.1224 1.4325 1.8670 1.3687 - 1.2263 1.3043 - 1.3662 1.3612
3% 1.3309 1.7477 1.9635 1.5866 1.2813 1.1571 1.099% 1.0688
6 1.4584 1.5212 1.8347 1.5122 1.4420 1.3442 1.2687 1.2182
9 1.0904 1.2887 1.4866 1.4689 1.3892 1.2876 1.1657 1.0715 0.20
o 12x 1.1881 1.4324 1.6727 1.2108 1.4459 1.4236 1.3022 | 1.1970
157 1.1794 . 1.3541 1.6719 1.1325 1.3426 1.3346 1.3425 1.3009
18y 1.1350 1.2457 '1,5617 ° 1.3412 1.2966 1.3673 1.3603

“.

1.2217
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: TABLE 2
AMPLIFICATION FACTORS A. = Stage IT : -
INITTAL BRIDGE AND VEHICLE Eovntrrovs %0, £, 2.27
fg "fre ¥R
0-40 0.80 1.0 2.0 3.0 4.0 5.0 6.0
3n 13588  1.s661  1.8249  1.3682 1.,1931 1.2220  1.0869 1.0677
6r L6161  1.4196  2.3524 - 1.6276 * 1.3703  1.2579 1.2119  1.1922
9n 172768 2.3456  1.9069  L1.5722 1.1910 1.05%4 - - 0.01
2n 11427 1.9677 - 2.9950 . 1.5168 1.3372 1.3432 1.2630 1.1798
15« 1.2180 ~ 1.3389  2.592 1.2133 1.4308 1.4195 1.3016 1.1966
187 11016 1.5877  2.8181 . 1.1845 1.3573 1.3649 1.2946 .2592
3¢ - - - - - - - - :
§r 1.6399  1.8944  2.2902  1,6187. 1.3671L  1.2568  1.211% 1.1%16
9z 1 2869 2.0906  1.7881  1.555¢ 1.191% 1.0582 - - _
1217 1.1364 - 1.8747  ¢.6260 - 1.5138 1.3395 1.3437  1.2633 1.1800 oo
15t 1.2212  1.4026  2.2600  1.2120 1:4301  1.4185 ° 1.3008 1.1962 -
181 1 0994  1.5552  2.4224  1.1759 1.3568 . 1.3637 1.295% 1.2507
3 - - - - - . - N - . -
Ces 16639  1.8702  2.2316  1.6100 . 1.3646  1.2542 1.2102  1.1909
97 1.2930 ' . 1.8390  1.6755  1.5400 1.1932 l.0562 - Cm
127 19204 1.7622  2.3547  1.5107 1.3415 1.3440  1.2634 1.1802 4 o5
157 l.2222 . 1.4699  2.1030 - 1.2106 1.4295 1.4173 1.3000 1.1958 "
187 1.1229 1.7874  2.1492 . 1.1673 1.3562 1.3622 1.2963 1.2600
37 1= - - - - - - -
6= 1.6691  1.8358  2.1498  1.5980 1.3607 1.2517 12076 1.1897
g 1 3004  1.1552  1.5445  1.5166 1.1954 1.0538 - -
12 % 1.1181  1.6523  2.0779  1.5058 1.3445  1.347 1.2634 1.1801 4 oo
15+« 1 72208  1.5686 . 1.9621  1.2085 1.4285 1.4157 1.2987 1.1945 °°
18 = 171520 1.4792 . 1.8541L  1.1546 1.3553 1.3602 ©1.2976 1.2604
in 1.- 0 = - - - - - -
6= 17216 1.8139  2.0996  1.5905 1.3582 1.2500 1.2062 1.1882
97 3.3039  1.4887  1.5320  1.5013 1.1967 1.0523 - .-
127 1.1100  1.5746  1.9511  1.5024 1.3465 1.3451 1.2635 1.1798 4 54
15 12162  1.5856  1.8000  1.2071 1.4279  1.4147 1.2979 18941 °°
18 = 1.1672  1.4938  1.8091 - 1.1460 1.3547. 1.3589 1.2984  1.2607
7 1.- - - - - - - -
6= le182  1.7152  1.8948  1.5584 1.3466 1.2418  1.2003 1.1839
97 1.3107  1.3344  1.4736  1.4283 1.2056 1.0443 . - -
12 = 19740  1.3261  1.5958  1.4831 1.3561 1.3470  1.2642 1.2762 4 g
157 1.1889  1.4151  1.6733  1.1994 1.4250  1.4094 1.2943  1.1916  °
18 % 1.0000  1.3577  1.6658 .1.1033 1.3516 1.3522 1.3027 1.2622

Jra
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' TABLE 24F
OX FACTORS A, = STAGE.II

~

w2 5w

1.6599

1.4301

INITIAL BRIDSE AND VEHICLE.CONDTTTONS.* 0 ,fc
. fp-
fp ‘ Hﬁ
0.40 0.60 1.0 2.0 3.0 4.0 5.0 6.0
3w - - - ' - - _ - - . - .
67 1.7760  2.5591 2.6320 1.59n7 _1.4215 1.3338  1.3107  1.3051
9n 1.5180 1.5609 2.5673 1.5445 7 1.4129° 1.3249  1.2541 1.2049
12+ 1.1634 1.5777 2.4034 1.5508  1.4257 1.3088 © 1.1748 10750 .1
15« 1.1563- 2.2860 2.2536 1.3302 1.4185 1.401%  '1.2925 1.1947
18y 1.1679 1.7957 2.8354 1.1649  '1.4138° 1.4347 . 1.3398  1.2466
3w - - - - - - - -
67 1.7554 2,463 2.5527 1.6829 1.4176  1.3325 1.3094 1.3043
97 - 1.5105% 1.5481- 2.4393 © 105413 1.4116°  1.3243 1.2537  1.2047
12= 1.1091 1.4718 2.1e82 1.5440  1.4265 1.3086 1.1748  1.0779 g.p3
15w 1.3307  2.0056 . 2.1654  1.3300 1.a180 1.4010 1.2922 1.1944
18w 1.1689 1.7190 2.4508 1.1636 1.4145  1.4343 1.3395  1.2469
3 _— - - - - - : - -
67 1.7959 2.3734 2.4769 1.6759  1.4143  1.3299 1.3086 1.3035
S 1.5023 1.5375 2.3245 1.5377 1.4105 1.3231 1.2535 1.2045
12w 1.1593 1.3873 2.0316  1.5298 1.4274 1.3078 TO1.1744 0 1.0779 0.05
157 1.1226 1.7947 2.0849 1.3295 1.4193 1.4005 1.2915 1.1942 *°
18w 1.1683 1.6430 2.2566 1.1623 1.4351 1.4337 1.3391 1.2462°
3z - - - - - - - -,
6r 1.8119 2.2508 2.3700 1.6657 1.4092 1.3270 1.3064  1.3025
T 1.4885 1.5243 2.1737 1.5324 1.4087  1.3216 °1.2518 1.2038
127 1.1496 1.3105 1.8373 -1.5092 1.4285 1.3073  1.1734 1.0773 0 Oé
157 1.1507 1.5757 1.9745 1.3283 1.9211 1.3998 1.2905 1.1934 *~-
18z 1.1660 1.5317 2.0499 J1.1604  1.4161  1.4330 1.3383 1.2457
.37 - - - . - = - - - .
6 1.8212 2.1764 2.3030  1.65%0 1.4060 1.3251 1.3051 1.3013
97 1.4787 1.5164 2.0865 1.5288 1.4077 1.3208 1.251%  1.2028 ;
12z 1.1405 1.335% 1.7354 1.4959 1.4293° 1.3069 1.1731 1.0767 Q.10
157 1.1640  1.4790 1.9080 ° 1.3¢71 1.4223 1.3994 1.2500 1.1927
18r 1.1827 1.4649 1.9527 1.1590 2.4167 1.4325 1.3380 1.2453
™ 1.8430. 1.886%9 2.0245- 1.6274  1,3897 1.3155 1.2991 1,2972
T 1.4295 1.4762 1.7692 1.5092 1.4017 1.3165 1.248%L 1.2005
12= C1.1152 1.2598 1.3964 1.4352  1.4326 1.3048 1.]1714 . 1.0753 0.20
15+ 1.1673 1.3097 1.6283 | 1.3181 1.4282 1.3975 1,2875 1.1906 °
187 1.1795 1.2682 1.1521 1.41%9 1.3361 ¢ 1.2439




AMPLIFICATION FACTORS Ap

= Stage IIT

= Q.57

T 2.2047

2.3545 .

© ,INITTAL BRIDGE AND VLHICLE CONDITIONS FO0 fq
iy g Mr
0.40° 0.30 1.0 2.0 3.0 4.0 5.0 6.0

37 2.1057  2.7376  3.4196  2.6000 2.4659  2.5010  2.4226 - 2.2367

G 12,0835 2.9066  4.2344 - 2.8282  2.1325  2.3434  2.6238  2.6832

9r 2.0820 '2.8437  4.4708  2.7805° 2.5202 2.3696 2.2140 2.3746 .
12 2.0982  2.7312  4.4408  2.6919 2.3600 2.6620 2.4218 2.05s9 O-O1
L5¢ 2.1787  2.7242  4.1881 | 2.7680 2.574L 2.5174  2.6173  2.5347
181 2.2726  2.6259  4.0465  2.6793  2.5408 2.6343 2.5744  2.6484

L 2.0670  2.5108  3.0242  2.5916 2.472L 2,5913  2.4224° 2.2364

6= 2.1017  2.8569 . 3.3284  2.811& 2.1305 2.3452  2.6234  2.6824

g 2.3041  2.5846  3.0143  2.6067 2.5221 2.0979 2.2130 2.3743 0.03
127 200967  2.5175  3.3070  2.6829 2.4275 2.6583 - 2.4217  2.0582
15w 2.1809  2.3678  3.2197  2.6950 2.5763 2.5142 2.5815  2.5356
18w 2.3590  2.4602  3.0884  2.6646  2.5426 2.6322  2.4627 . 2.6481
3w 2.0421  2.2645 - 2.5903  2.5832 2.4776 2.5913 2.4219  2.2363

67 2.1072  2.7547  2.8522  2.7937 2.1285 2.3276 2.6230 -2.6816
9=\ 1.9983 '2.5801  2.9529  2.7433 2.5231 2.3678 2.2120 2.3741 4 ¢
127, 2.1343  2.3176 . 2.9678  2.6685 2.4287 2.6543 2.4212 2.0576
157 2.1939  2.495%  3.0505  2.7103 2.5767 2.5108 2.579S  2.5364
187 2.2242  2.448¢  3.1185  2.6964 2.5433 2.6293 2.5752  2.6478

= 2.0380  2.0485 . 2.7312  2.5704 2.4858 2.5914 2.4221 2.2351

& 2.1276  2.5071°  2.6397  2.7660 - 2.1253 2.3448  2.6226  2.6803

9z 2.0487  2.4853  2.7612  2.7155 2.5233 2.3657 2.2105 2.3739 , e
12z 2.0587 . 2.2641  2.768L  2.6456 2.4299 = 2.6480 2.6202  2.0568
15w 2.0389  2.3851  2.7852  2.6793 2.5741 2.5056 2.6182  2.5373
18r 2.3667  2.3140  2.9415  2.6256 2.5421  2.6237 2.5755 2.6458

T 2.0235  2.0948  2.638%  2.5622 2.4908 2.5914 2.4199  2.2340

T 2.1473 . 2.3402 . 2.6007  2.7471 2.1238  2.3447 2.6221  2.6794

. 9m '2.0543  2.4440  2.5865  2.7038 2.5250 2.3639 2.2095 2.373% 4 4

127 2.0305  2.2827  2.7156  2.6298 2.4301  2.6435 2.4194  2.0563
157 2.0626  3.1875  2.7204 . '2.5855 2.5702 2,5020 2.6181  2.5378
18 2.3068  2.3302 ° 2.5900  2.6137 2.5400 2.6191 2.5756" 2.6464

L 1.9777  2.0816  2.2579 - 2.5182 2.5143 2.5911  2.4168 2.2311

&7 2.0620  2.1052  2.3889  2.5752 2.1180 Z.3438 2.6196 2.6750

9 2.0000  2.3023  2.3511  2.5673 2.5510 2.3505 2.2041 2.2925 4 .4
127 1.9653  2.3034  2,5590  2.4778 2.4261 2.6182  2.4147 2.0533 °°
15 2.0607 . 2.1127 - 2.5770  2.5544 2.5929  2.4840 2.6150  2.5383
187 2.1694 2.5023 2.5516 2.5856 2.5742  2.6441
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. ' TABLE 253 : ,
AMPLIFICATION FACTORS Ap - STAGE IIT

INITTAL BRIDGE AND

VEHICLE CONDITIONS ¢ 0

2.5511

fc = 7
fy fR— HR
0.40 0,80 1.0 2.0 3.0 4.0 5.0 6.0

3m 2.5447 . 2.5629  3.1313  3.1097 2.6000 2.,2952 .2.1231  2.0235

67 2.1057.  2.8376  3.4196  2.6000 2.4660 ' 2.5910 2.4226  2,2336

g 2.1380  2.7350  3.928%  2.5817  2.4790 2.6633 2.5823 214689 .

127 30935 2.9066 4.0955  2.8282  2.1325 2.3455 2.6213 - 2.6532 0-0%
157 2.0808  2.9266  4.4362  2.6473 2.4299  2.0835 2.4480 2.5288

187 2.0822  2:8436  4.4707  2.7804  2.5202 2.3696 2.2140  2.3745

3w 2.5341  2.4384 - 3.0544  3.0907 2.5941 2.2937 2,1227. 2.0230

gm . 2.0670  2.5109  3.0242  2.5915  2.4722  2,5737  2.4225 212365

g 2.1346  2.6250  3.3080 - 215726  2.4795 2.6619 - 2.5814 - 2.4630 0.03
127 - 2.1017  2.8570  3.328  2.8113 2.1305 2,2078  2.6234  2.6823

15w 2.0544  2.5346 - 3.2016 . 2.6403 2.4262 2.0824  2.4478  2.5286

187 2.1060 - 2.5847  3.1667  2.7639 2.5220 2.3689 2.2128  2.3086

3r 2 5263  2.3302  2.9815  3.0721 2.5896 2.2893 2.1282  2.0226

6% 2.0420  2.2645  2.8903  2.5831 2.,4776. 2.5912 2.4219  2.2362

9n 2 1280  2.5065  2.9349  2.5643 2.4768 2.6602 . 2.5806 2.4692 0,05
127 - (2.1072  2.757  2.8522  2.7936 2.1284 ' 2.2095 2.6230  2.6815- ‘
157 2.0319  2.5436  2.8523  2.6327 2.4187 2.0814  2.4477  2.5284

187 2.0891  2.5577  2.9875  2.5890 2.5231 2.3678 2.2118 2.3740

3w 2.5171  2.1915  2.8774  3.0453 2.5829  2.2855 2.1169  2.0211

67 © 3.0379  2.0486  2.7305  2.5701 2.4858 2,5914 2.4205  2.2350

g 2.1155  2.2704  2.53%3  2.5535 2.4802 2.6578 2.5792 2.4692 ‘0.08
127 2.1275  2.5023  2.6397  2.7660 2.1251 2.3450 2.6226 2.6803
157 - 2.0503  2.4243  2.6951  2.6200 2.4098 2.0796 2.4476  2.5281

187 2.0487  2.4734  2.5826  2.7155 2.5233 1.9557 2.2104  2.3647

3% 2.5118 . 2.1111  2.8119  3.0281 2.5784 2.2830 2.1153 2.0179

6% 2.0235  2.0948  2.638&  2.5622 2.4909 2.5914 2.4199  2.2339

o 2.1070 - 2.2216  2.2530  2.5438 2,4803 2.6562 2.5783 2.4641 0,18
127 2.1473  2.3404  2.6007  2.7470  2.1238 2,347  2.6221  2.6794

15w 2.0631  2.3818  2.2735  2.6108 2.4035 2.0787 2.4475  2.5280

187 2.0543  2.4440  2.6013  2.5527 2.5252 2,3638  2.2094  2.3642

3n 2.s182  1.8010  2.5271  2.9524 2.5566 2.2709  2.1073  2.0123

6 1.9773  1.6163  2.2578  2.5181 2.5143 2.5910 2.4168  2.2310

Gn 1.9923  2.3323  2.2317  2.4873 '2.4805 2.6479 2.5739  2.4692 0,20
122 20619  2.1052  2.3838  2.6751 2.0730 2.2230 2.6195 2.6750

15 1.9811 .2.3056  2.4786  2.5602 2.3789  2.0741  2.4465  2.5270

187 1.9999  2.3021  2.3511  2.5973 2.3504 2.2040 2.3732
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. TABLE 25C } .
AMPLYFTCATION FACTORS A~ — STAGE- ITI
INITIAL BRIDGE AND VEHICLE CONDITIONS R Q -
' t{. = L.ar-
fB fR.. - &
0.40 0.80 1.0 2.0 3.0 4.0 5.0 6.0
I 2,3602  2.8500  3.1544 - 2,7961 2,2271 1.9838 1.8759 1.8206
6= 2.2196 ~ -2.8836  3.4373  3.0857 2,546 2,2183 1.9931 1.652%
o 2.2617  1.8760  4.0829  2.4452 2.5878 2.7042  2.5130  2.3106
12w 2,1835  2.3825  4.3873  2.4121 2,5265 2.6571 2.6253 2.4894 O9-01
157 2.0994  2.8106  3.3260  2.7353 2.2774  2.4866 2.6310 - 2.670S
18r 2.0550  2.9952  4.3164  2.8283 2.1835 2.2917 2.5782  2.6279
3% 2.3463  2.6S16  3.0654  2.7863 2.2212 1.9834 1.8764  1.5209
67 2.2163  2.5595-  3.1680  3.0565 2.5442 2.2175 1.9930  1.6515
9x 2.2365  1.8976 314471 2.439§ 2.5912 2.7036 2.5122 2.3102 0.03
127 2.1657  2.4994  3.3953  2.4043  2.5258 2.6553 2.6244  2.4887
157 2,1053 . 2.7335  3.2643 2,721 2.2765 2.4857 ' 2.6331  2.6703
187 2.06127 2.8582  3.3046  2.8187 2.1769 2.2903 2.5781 2.6276
T 2.3338  2.5340 - 2.9897  2.7762 . 2.2172 - 1.9785 1.8757 1.8208
6w 2.2131 23080  2.9396  3.0262 2.5420 2,215 1.9922 1.6509
9% 2.2006  1.9098  3.1186  2.4315 2,590 2.7029 2.SUL  2.3085
127 2,1433  2.4493  2.8526' . 2.3957 2.5248 2.6532 2.6237 2.4878 O°
157 2.1217  2.8355  2.7340  2.7072 2.2755 2.4849  2.6305 2.6697 .
167 2.0829  2.7689  2.5292  2.8080 2.1700 2.288¢ 2.5782 2.6572
3z 2.3137  2.3470° '2.8821  2,7613° 2.2111 1.9757 1.8712 1.8194
6= 2,2085  2.0337  2.6941  2,9818 2.5385 2.2136 1.9902 1.6487
9z 2.1370  2.0890  2.7737  2.4191 2.59S0 2.7021 2.5086 2.3076
127 2.1018  2,3705  2.4310  2.3786 2.5232 2.6504 2.6228 2.4863 ©-08
157 2.1443  2.4566  2.5123  2.6884  2.2740 2.4835 2.6302 2.6687
181 2.0982  2.4266  2.7i47  2,7902 2.1636 2.2868 2.5783  2.6267
37 2.2666  2.2425  2.8173 - 2.7516 2.2070 1.9736 1.8700 1.8167
= 2.2060  1.8997  2.6018  2.89527 .2.5364 2.2125 1.5893 1.6464
91 2,0899  2.2105  2.6257  2.4108 2.6003 2.7016 2.5075  2.3065 , .
127 2.0829  2.3625  2.2401L  2.3704 2.5221 2.6484 2.6223 2.4853 O¢
. 157 2.1423  2,2987. 2.4723  2.6786 2.2729 2.4826 2.6300  2.6680
18z 2.1048  2.4439  2.6821  2.7770 2.1601 2.2854  2.5783  2.6263
37 2,1699  1,8892  2.5583 ° 2.7008 2.1873 '1.9633 1.8641 1.8§129
67 2,2136  1.6383  2,2587  2.8158  2.5205 2.2063 1.9858 1.6404
9w 1.9808  2.2634 . 2.2580  2,3699 2,614k 2.6970 2.5022 2,3015 .,
127 2.0347 .  2.3493  2.2903 - 2,3131 2.5189 2.6384 2,6193 2.4820 ©-
157 1.9711 7.2757  2.3732  2.6202 2.2671 2.4776 2.6282 2.6647
18w 2.0028  2.1338- 2.4468  2,707S 2.1378 2.2075 2.577%  2.6243
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- . . TABLE 25D
AMPLITICATT

Z.6170

ON FACTORS Ap - STAGE ITIT
. INITIAL BRIDGE AND VENICLE CONDITIONS # O
fc = 1.8
£y f3- b}
0.40 0.80 1.0 2.0 3.0 4.0 5.0 6.0

3 1.4665 1.4029 - - - S - 1.2289  1.1842

6 2.6052 2.5730 3.6094 3.1016 - 2,7032  2.4183  2.2412  2.1309

9T 2.0548°  2.2636 ' 3.1833 2.9820 2.529%1 -2.2650 2.0500  1.%010
127 2.2741 2.8797 4.,0017 2.4047  2.5981  2.7238 --2.5322.. 2,3284 0.1
AR 2.1823 2.2840 4,2196 2.3183 2.5431  2.6828 260T1-.-2uaE4n ¢ o
1§ 7 2.1449 - 2.6591 4.1234 2.7429  2.3666 2.5791  2,5692 2.6193

3w 1.4377 1.8895 - - ‘ - - 1.2304 1.1849

6 7. 2.5782 2.4190 3.4440 3.0873  2.6977  2.4167 2.2406  2.1307 .

9w 2.9407 2.0742 - 3.0318 2.4599  2.5256 © 2.2632 2,0496 .1.9007 0:03
12 = 2.2595 1.5560 3.7176 - 2.3871 2.6000 2.7224 2.531& | 2.3280

15 = 2.1609 2.1996 3.3288 2.3101 2.5435 2.6806 2.6019 -2.4639

18 2.1325 2.7272 3.2806 2.2784  2.3653 2.5766 2.56%4 2.6191
© 3w 1.4136 . 1.8758 - - - - 1.2315 1.1868

6T 2.5518 2.2932 3.2957 3.0731 2,6931 2.4129 2.2397 2.1303
9w 2.0348 . 1.8331 2.9053 2.$383 2.5224 2.2605 2.0484 1.9002 .05
12 2.2394% 1.8827 3.0087 2.,3895 2,6014 2,721 2.3302 2.3273 .
157 2.1317 -+ 2,3561  2.8419 2.2999 © 2.5437 2.6781 2.8016 2.4636

bR 2.1085. 2.6637 2.9187 2,7147 2.3638 2.5740 2.5699 2.61S8

3 1.3850 1.8563 - .- - - "1.2278  1.1869

6w 2.5137 2.1424 3.1007°  3.Q0522 2.6862 2.4094 2.2355 2.1386 ,

9= 2.0301 1.8851 2.7282 2.9080 2.5175 2.2376 2.0455 1.8986 0.08
27 2.1970 2.1733 2.7112 2.3781 2.8041 2.7196 ' 2.5280 2.3256

15 = 2.1156  2,2585 2.4656 2,2845  2.5439  2.6747  2.8010  2.4626

18 ¢ 2.0755 2.4552 2.4984 2.6983. 12,3615 2.5701 2.5707 2.6183

3q - . 1.8440 2.0115 - - - 1.2277  1.1034

6 x 2,4509 . 2.0603 2.9861 3.0388 2.6816 2.4070 2.2340 2.1259%

9 2.0276 1.8652 2.6227  2.3880 2.5142 2.2556 2.0446 1.8973 (.10
12 = 2.1600 2.3133 2.5907 2.3705 2.6069% 2.71B84  2.5267 2.3242

1S« 2.1152 2.3789 2.3863 2.2755 2.543% 2.6723 2.6007 2.4619

18 « 2.0742 2.2803 2.3945 2.6854  2.3599 2.5675 2.5709 2.6178

iw - 1.7871 2.2252 - - - 1.2273  1.1829

6 = 2.4326 1,7638 2.5543 2.9709 2.6582 2.3950 2.2262 2.120%

9z 2.0138 1¥6472 02,2205 2.7931 2.4973 2.2458 2.0388 1.8922 0.20
12 ¢ 2.0169 2.3476 2.2567 © 2.3325 2.6159 2,7116 2.5206 2.3155 “
15 7 2.0763 2.4141 2.3003 2.2161 2.5428 2.6603 2.5989 2.4592
18 ¢ 2.0103 2.2709 2.3229 2.3539  2.5544 2.5760 2.6158



l TABLE 25F

AMPLITICAT

=302 <7 7

Ioﬁ’fiﬁﬁiﬁfaf - STAGE I -
‘2 AND VEHICLE CONDITIONS # 0
fc L 2-:‘“
g fRr- M
0.40 0.80 1.0 2.0 3.0 4.0 5.0 6.0
3m 1.1618 1.6124 - - - - - -
&7 2.5774 2,5983 3.4628 3.1047° 2.528%1  2.2386 2.0976 2.0227
9w 2.3061 3.0527 3.0426 . 3.1217 | 2.4336  2.1166. 1.8519 1.7284
ar 2,0367 2.5656 3.9368 2.8668  2.2427 2.3542 . 2.2554  2.0582 0.0L-
1sT 2.2566 1.5750 3.7430 2.3725  2.5809  2.7229 T 2.5377 2.3354
187 2.1638 2.2692 . 3.4074 2.2556  2.5550  2.7036 2.5630  2.4268 )
ar 1.1936 1.5566 - - - C - - -
67 2.5839 ° 2.4507 3.3351 2.0843  2.5204  2.2361  2.0965 .2.0218
97 2.3042 2.6779 2.5503 3.0913 2.4297  2,1136 . 1.8500 1.7273 0.03
127 2,0254  2.4173 385035 2.8545  2.4259  2.3884 2.1027  2.0968
15w 2.248% 1,9070 3.1323 . 2.3642  2.5929  2.7213  2.5366 2.3347
1sw 2.1532 2.355%9 3.0779 2.2656 2.5554  2,7012  2.5629  2.4267
.37 1.2267 15653 D - - - . - -
&7 2.5898 2.3907 3.21583 3.0646 2.5146 2.2306 2.0450 2.0209
67 2.3020 2.3945 2.7324 3.0623  2,4263 2.1090  1.8479  1.7262
127 2.0138 2.2768 ©  3.1974°  2.8421  2.4247  2.3§882  2,2567 2.0571. 0.05
157 2.2306 1.9402 2.8326 2.3569 2.5946 2.7196 2.5352 2.3339
187 271624 2.3164 2.8413 2.2387 2.5555 2.658% 2.5628 2.4265
3% 1.2782 1.5414 -, - - - - -
] 2,5952 2.2544 3.0609 . 3.0358 2.5048  2.2253 . 2.0894 2.0187
gm S 2.2916  "2.0670 2.5504 3.0204  2.4214  2,1036 1.8429 1.7234
127 1.9970. 2.0911 2.8763  2.8232 2.4230 2.3512 2.2568 2.0969 Q.08
1s7 2.1967 2.2255 2.6567 2.3459 2.5969 2.7170 2.5326 2.3319
1§7. 2.1641 2.2110 - 2.4703-  2.2252 2.5555 2.6945 2.5624  2.4255
= 1,3.39 1.5301 . - - - - - -
1 2.5963 © 2,1714 2.,9662 3.0166 2.4986 2,221 2,087% 2.0153
e 2.2945 1.9702 2.4998 2.9929 2.4178 ~ 2.1000 1.8405 1.7207 0.10
127 1.9855 1.9829 2.7260 - 2.8106 2.4218 2.3931 2.2573 2.0963 “*
157 2.1633 2.3552 2.5727 2.3385 2.5983 ' 2,7153 2.5311 2.3305
187 2.1600 2.3271 2.4088 2.2139  2,5553 2.6919 - 2.5622  2.4249
3T 1,5030 - - - - - - - .
67 2.5907 1.8385 2.5932 2.9244  2.4678  2.2051  2.0759 2.0077
9T 2.2991 1.6659 2.2801 2.8606 2.4015 2.0821 1.828%5 1.7126
127 1.9488 1.6244 °  2.2697 2.7462  2.4154 2.4019  2.2605 2.0975 0.20
isT 2.0315 2.3564  2,2521 2.3033  2.6042 2.7094 2.523%  2.3251
187 2.0949 2.4140 2.2958 2.1543 2,5533 12,6796  2.5611 2.4223



TABLE 25F

- AMPLIFICATION FACTORS

L

~STAGE III

INITIAL BRIDGE AND VEHICLE CONDITIONS ¢ 'O

. =25 ~
f5 fr- M
0.40 0.50 1.0 2.0 3.0 4.0 5.0 6.0

3n 1.4658  1.9087  1.657¢ 1.2108  1.1391 1.1216 1.1111  1.1050.

6m 2.5825  3.0135  3.5565 .2.98:7  2.4215 2,1730 2.0629  2.0064

n 2.5652  2.322 5.7017  3.1338  2.650%  2.402§ - 2.2295  2.1205

2r 2.1052  2.2456  3.4166 3.0100  2.5943 2.3042  2.0752 1l.923% Q.01
157 2.1057  2.8380 3.&19;-_g;33§s 2.4658  2.5910. 2.4226  2.2366

187 2.2237  2.2972  3.9612 - 2.T756 - 2.5981° 2.7620° 2.5982 | 2.4055

37 1.4736 1.8511  1.6223 1.2043  1.1356 1.1213 1.1111  1.1050

67 2.5743  2.8185  3.4458  2.9694  2.4142  2.1716 2.0619  2.0059

9% 2.5453  2.7641  3.5011  3.1166  2.6742 - 2.4002 2.2282 2.1196 p.03
127 2.1182 -~ 2.0978  3.1630 2.9837  2.5910 2.3023 2.0744  1.4296

157 3.0670  2.5110°  3.0243  2.5916  2.4721, 2.5912  2.4224° 2.236S

187 2.2145  2.1830  3.2877 2.268§  2.6007 2.7608 2.5973  2.4049

3% 1.4565  1.7984  1.5894 - 1.1976  1.1330 1.1180 1.1117 1.1054

67 2.5669  2.66471  3.7176  2.9546  2.4087 2.1661 2.0608  2.0053

9% 2.5255  2.31718  3.3242. 3.0991  2.6682 2.3958 2.226§  2.1189

127 2 1089  1.9803  2.95s2 - 2.9583  2.587§ 2.2991 2.0731 1.9223 0.05
157 -2.042 2.2627  2.85903 2.5832  2.4777 2.5913  2.4217  2.2352

187 2.1970  2.1116  2.9590  2.2620  2.6029 2.753 2.5961  2.4043

37 1.4365  1.7262  1.5432 1.188C° 1.1290 1.1158 1.1083 1.1031

67 2.5526  2.4287 . 3.1445 2.9330  2.4000 2.1616 2.0561 2.0032
97 2.4960  2.0712  3.0980 3.0729  2.6591 2.3908 2.2223 2.1167 0.08
127 2.0921  1.8553  2.7192 2.5008  2.5829 2.2957 2.0700 1.9207

157 2.0378  2.0485  2.7312 2.5704  2.4858 2.5914 [2.4204 2.3351

187 2.1648  2.2356  2.7190 2.2518  2.6061 2.7572 |2.5938 2.%325

3% 1.4265  1.683&  1.5148 1.1817  1.1259 1.1142 kitiﬁ?i"fzraéls

= 2.5365  2.3055  3.0411 2.9183 .. 2.3943 2.1586 2.0541  2.0003

7 2.4765  2.0087  2.9696  3.0563  2.6531 2.3878 2.2202 2.1141

127 2.0799  1.8335 . 2.5625 2.8966  2.5797 2.2933 2.0688  1.9189 0.10
157 2.0235  2.0948  2.638%  2.5621  2.4909 2.5913° 2.4199  2.2339

187 2.1383  2.2945  2.6021 2.2450 2.6081 2.7557 2.5926 2.4012

37 1.4086 ~1.5243 - ©  1.1486  1.1126 ' 1.1068 1.1025 1.0986

6 2.4288  1.8842  2.6392 2.8471  2.3660 ' 2.1437 2.0449  1.9941

g 2.4204  1.7383  2.5034 2.97i9  2.6227 2.3720 2.2I04 2.1073 .
127 2.0573  1.6024  2.1709 2.7862 ' 2.5628 2.2817 2.0619 1.9142 -
157 1.9778  2.0817  2.2579 2.5171  2.5142 2.5506 2.4168 2.2310

187 2.0506 . 2.2674  2.2288 2.2136  2.6162 2.7511 2.5864  2.3966
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. \ K
- . Ta!?le 33 - S o .
Details of design charts for optimum sections.
_Unit Desiga Variable Constants Fig, ’ ‘-
" No. Parameters Individuals Group No. ) R_em._‘:_-EA -
1 Mass Coc- g . 1.0 Six values  31(a) Symbols:- ,
ficient : =0.1to: o )
2 Jfcien " 0.9 %7 UG Width of stiffencrst) | -
-i M " 'g- 3 a,=0.35 3He) 5,7 Thickness of slab (by
. Ay o coveredin 3ld) Thickdess of slab (b)
5 - 0.6 eaxch case 31(e) &, depth of :
6 " 0. 5-”0‘ AR 1) s Total depth of section () -
7 Ag 1.0 - - 32(a) . Width of plate (b)
8 n 1.5 32(b) “‘&; Span " " (a
¢ " g 20 32(c) - - -
10 " s 2.5  —po— 32 L )
11 " 5.0 32(e) Coefficients KM KF' I\D .
D12 n w35 3(H . - ‘
13 s . 1.0 _ 33(a) These are Mass ratios,
. n’ . . Two values . /I.-(::'qucacics and Deflections
14 0.9 ofz =1,0& 33b) of optimum sections. .-
15 " 0.8 s 33(¢)
16 n Anp. 0.7 § =3.0 33  Multipliers:
- o b 8 TR D D -
[ 0.6 ‘w.%rc CO?BY’ JJ(C) KM - we . < v 103
sidere Qr 3 = - X
18- : " : 0-5 L GrAg°T 3¥D . oe a4, H
i Frequency a, v £, 1.0 &3.034a) -
Coefficient - v cEg =
z e ,=0. 12 343 X_ - H. « —— CPS. -
20 Re Sg 3 0. 35 F 94 -3.2
21 Deflection E3 - 1.0  Six values 35(a) % _ EBEa < 10-2
22 Coefficient " - 0.9 of ino 35(b)- - D 5 DD
.23 Kp- L 0.8 eg= 0.1 o 35¢) . 2 x v
24 - " Ay 0.7 e, =0.355 35(d) _
25 " R .6 cOnsidered 35(e) . D and D of opti. sections -
26 . Q.5 i eack casesgin : x ¥
. of A : having slab 6" to 11" are
- ey o 36(z)  obtaited from table 31 and 32
28 " . 1.5 . 36(b) Note: Coefficients are ‘
29 " ! 2.0 ' 36(c) obtained using both criterias.of
. — Do ‘
30 " g, 2.5 36(d) . optimization and are given by
31 " 3.0 36(e) solid lines for max mass &
3z " 3.5 36(£) dotted lines for max freq. -
33 N GB 1.0 Six values 37(3} in cach of the se cases, '
34 " 1.5 Ag in -37(b} . except Fig. 37.
35 - ; B = 2.0 Ar{=.1.0t03?(c)_
36 o n 5 2.5 - 5 37d)
37 n 3.0 =05 37(e)
38 .~ 3.5 were taken 37{5)

for each Es'



" Table 34(a) -

Details - Iriﬂuencc surfaces for deflections

of optimum sections, -

" Ne. g s AR <y Fig..No. Remarks
1 1.0 1.0 0.25 - - 38(a} -
2 o " ¢, 30- " 38y -
3 " n 0. 35 35(e) .
4 " n 0, 40 38(Q)
5 n n 0. 45 38(e)
3 " " 0.50 38(6)

T 1.0 0. 50 0.25 39{a)
8 n " 0. 30 39(1)
9 n n 0. 35 -39{c)
10 n " 0. 40 39(d)
11 " "o 0. 45 3%e)
12 " n 0.50 390
13 1.50 1.0 0.25 40(a)
14 mo n 0. 30 40(b)
15 -, n n 0 sy 40(c}
16 n n 0. 4p 40(a)
17 " L 0.45 40(e)
18 n .om 0.50 40(f) .
9 1.50 .50 8. 25 41(a)
20 n no. . 30. 4ai(b)
21 n " . 35 41(e)
22 " n 0. 40 41(Q)

T 23 n " 0. 45 41{e) ”
24 n " 0. 50 41(f)
25 2.0 1.0 0,25 42(2)
26 " n 0. 30 - 42(b}
27 n n 0. 35 42(e) ‘
28 n n 0. 40 42(d}
29 n 0. 45 42(e)
30 f 0. 50 42(6)
31 2.0 0. 50 0.25 43(a)
32 n n 0. 30 43(b)
33 n " - 0. 35 43{c):

34 5 n 0. 40 43(d)
35 " n 0,45 43{e)
3f n n, 0. 50 43(5
37 2,50 1.0 0.25 24(a)

38 n " 0. 30 44(b)
39 " " 0.35 44{c)
40 " " 0. 40  44(d)
41 " n 0. 45 44(e)
4z " " 44(¢) .



"~ Table 34(b) -

- 314 -

Details Influence Surfaces for deflections

of optimum sections.

L3

No. ;'5- . A R ﬂ_‘s Fig. 1?:0. . Remarks
43 2.50 0.50 0.25 45(2)
44 " n 0. 30 45(b) -
45 ‘n " 0. 35 45(¢)
46 n " ‘0. 40 45(q)
47 ot n 0.45 45(e)
45 LI " 0.50 45(£)
49 3.0 1.0 0.25 46(a)
50 " " 0.3 46(b)
51 " n 0.35 46{c)
‘52 n " 0. 40 458(d)
53 " .o 0.45 . 46{e) -
54 " T m Q.50 46(5)
55 3.0 0.50 0. 25 27(a)
56 " " .0.30 47 (B)

57 " " 0. 35 - 47(c)
58 L n g 0. 40 47(q) -
59 " " 0. 45 47(e)
60 n " - 0.50

47(5)
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" Table 35(a).

Dimensions {inch umts)‘ and details of models in

series A, B, C and B.

b \udth t - width of stifferer: H—total hexght of

AL
A2
A A3
Ads

AS

Bl
B2

B B3 -

‘Bl
B5

cl
cz

¢ ¢3.
Ch

C5

Dl
D5

20
20
20
<0
<0

EEKKRE

KK

- section, |
a - spa.n s - ¢/c spacing of stxffener h tf}rin':k-
_ hess ofplate|
Series Model b a t H-h h s b/a u

20 3/4 Ve Y16 4.0 1,00 5/16

25 3/ U4 Y16 4O 0.80 5/16
300 3/4 Wk Y16 4.0 067  5/16
35 3/6 bk Y16 40 0.57 514
L 3k b Y16 40 050 518

20 36 Vs L8 ¥ 100 38
25 36 Wuh s hao . 0,80  3/8
30 3/h Yk W8 ke - 0.67. 3/8
35 3/ Lk LB  Le® 0.57 3/8

&

L 3/k Wi M8 40 0,50  3/8

2 Y w2 Y16 ‘24 - 1,00 9/16
15 Y& Y2 116 24 0.80 | 9/16
18 4 12 16 2.4 0,67 9/16
2 W4 /2 /16 24 0,57 916
2, Yk . 1/2 /16 24 0,50  9/16

12 Y4 VA 116 24 100 516
2 Ve Ms L6 24 0,50 516

Table 35(b). Rigidities of Models

Rigidity A B « C D
Dx 948163  16538.30 34556450 6198433
Sy 223,57 178858 2357  223.57.

Dz/Dy k240 T 9425 154+ 56 27.72 .
Dﬂ 876.85 1370030 ' 3.1.12.30 352,15




" Table 36.

Calibration of Vehicle stiffeness and
calibration beam.
Typical test data. )
I.oad Deflection x '10"J in. Strain x 10
(Lbs) ' '
0 0 0
2. 35 286
& Th 804
6 110 908
8 150 1240
10 . 185 1600
1 25 1500
U 263 2200
16 300 2500
is 335 2850
20 375 31580
22 W13

0
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‘ Table 41 -

Details of static tests data given in table Al to table AT,

Testa - as per programme in columns 1,2,.3.4 and 5 of

“able 37, See fig ¢0 for svmbols of locations,

No of Cvcles.

_ Details.

Model | Table
Al Al (a} 2 Deflection at ¢ points and strains at
A2 ® (b) 2 centre for Al. A2. A3 and only
A3 Q) { deflections for A4, AS
Ad T {d) 2 I.oad at centre for all models. .
As " {e) 2 | l '
Bl AZ (a) 2 Deflection at ¢ points and strains
52 " (b) 2 at centre fo.r all modgl‘s. - .
B3 ") 2 Load at ceatre for all models.
B4 S CY 2 -
Bs " {e) 2
c1 - A3 (a) . 1 Deflection at @
‘ C.l m o {b} 1 strain at § points
cz A4 (a) 1 Lo.a.d deflection uader point
¢y T (b) 1 ‘Load at centre. . \
[C4 " (q) 1 : '
C.5 As (a) 2 Load éeflection at 15 poiets and
cs "B 1 strains at $ points.
D1 A6 {a) ; 2 _' Load deflection at 15 points
D5 A7 (a) . 2 ioad - straiz 2t 15 points
D5 L 1

Load - strain at § poiats.



test data given in table ASto All
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~ .

Details of Influencelines travelling staticload and vehicle

Tests as per

programme of testing in columans 8 and @ of table

37 and 39

see f{ig 60 for svmbols of locations.

Model Table No. Details
“B1 AS (a) Influence lines - travelling point loads
B2 " (b) on 1-1, 2-2, 3-3.
B3 " {a)
B4 mo{d)
' B5 T (e) )
Az Ag (a) -=-- Do ----
A4 * (b} . -
“ As - r o {e)
Bi Al0 Influence lines travelling vekicle
to. . -= static load on 1-1, 2-2
BS o
Al All
to --w= Do mees
AS




Table 43 - .
Details of tables for data in forced vibration tclats -
Tests as per schedule in table 40. . Symbols in Fig. -60.

Model Load on 8 Table Ne: -

) Tests
ce - eL2 cLL2
i-1 1.5n . ]
B1 " s 0.5w Al2{a)" S A1XDb) ©Arae) 3
S 2-2 1.5w : . :
" 0.5« . -
1-4 1.5« _ . L
" 0.5n Al3{a} - A13(d) Ay3(e) _ 3
B2 2-2 T 1,57
" 1. 51']'
1-1 1.5%
B3 " ' 0.5¢ . Al4{a) ~ Al4(b) Ald(c) 3
= 2-2 1. 5% ' .
" . l.5m
1-1 {.5= . :
n S 1.57 T AlS(a) . Al5(b) " A15(¢) 3.
B4 2-2 . 1.5w S -
_om 1. 5m
1=t 1.5% '
", ' 0.5% Ar16{a) Al6(b) ~ AlS(e) 3
BS 2-2 1.5« : ' '
- 3] 0_ 5.“-
1-1. 1.57« ‘ .
n 0.5« Al7(a) - ALT(b) co2
Al +  2=2 1.57 ' :
n Q. 5%
1-1 1.5 E .
) LI 0.5% AlB(a) - - Al8(b) >
A2 2-2 1.5%
" 0.5«
T1e 1,5% ; . ‘
no 0.5% Al9(a) - A19(b) 2
As 2-2 1.5% : : :
n 0.5+
1-1 1. 5% a
oo 0. 5% o

A5 2-2 1,57 = A20(a) - A20(b) © 2
. n . Q.5% .
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= - .
, Unit load at centres.

Table 45. Theoretical deflections x 10

* Models in series A,’B,C and D.

T=0.1 to 0. 5, ;—'-z Oto 0.4 .
_ Deflections at - . ‘

’;;;01\_0.2_ 0.3 - 0.4 0.5 0.5 0.5 0.5 |
!MOdel ‘g—’-o' 0 . 0 .0 0 0.2 0.4 0.5
;#1 0o4676 0.9120 1.2951 1.5945 1.7205 O.74k6 0.5100 0.3400
li-""z _6.7405. Lei33 2'.91:38 2,5210 2.729% 1.5267 1.0520 0.8500
A3 1096k 11363 3.0300 37240 4.0LL5 2.6226 .2.2obp 1.8500 _
M LSSI6 30319 A9 52693 56T heISNT 3.0800 2,860
;.5_ 21067 4o173k 5-9030 7.2269 Z.T745 6.1719 4688k is« 5000
Bl - 0.2231 0.4350 0.6170 0.758% 0;3130 0.5563 0,2913 0.2030
52 0.3700 0,722 1,G200 1.2509 13470 L0533 0.7126 0.5857 1
B3 0.578k 1.1236 1.5877 _Léiab 2.0865 17741 1.3858 1.2328 |
BL  0.8652 1.6773 2.36kh 2.8208 3.0910 27685 2.3531 2,1836
-;ss 102469 2.4130 303939 4el218 LoLIAT 4e0865 3.6561 3.4751
Gl  0.0706 0.1378 0.1957 0.2409 0,2600 0.0828 0.0133 0.007
2, 0.1100 -0.l2.158 0.3065 0.3TTh 0.4072 0.1797 00499 oo??? '5
C3  0.1607 ' 0.3134 O.ukk§ '0.5476_ 0.5908 0,3208 0,1258 o._079'o
G4 0.2225  0.4338 0.6155 0.7570 0.8163. 0u5112 0.2527 0.1785
|c5 0.2984 0,581k 0.8292 1.0125 1.0913 0.7570 0.ik0O 0.33%
DI 0.278, 0.5430 0.7709 0.9490 1.0239 O.5hk 0.1685 0,0665 .
D5 13252 2.5742 346372 halllb L7789 La0TE 3.1502 27684
3

gt
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- Ta.blé 46, - Theoretical strains x 10_6_’, under unit
" load at centre. ‘ .
Models in series A, B, C. and D.
~ Model Strainx 10°°
Al 7.6830
A2 8.8255
. ) s
M o 12,8368 -
AS 16,5084 . .
Bl Le5657 -
- .Bz____‘:" 2 5'3’619
B3 6.5700
'\—..;.’ <
BS 1.0-3711;
el , Q 5.8880
¢5 o 12,1267
25 30,5020 - ~
. $
o
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Table 51, Compafison of experimental frequencies with those

by theoretical and empirical method. Models A
TH-Theory, EM-Empirical, EX- Experimental.

o on. TH 'E_M- E}:__J . Im = . TH __EMm EX
Medel Al : ' Model A2 ‘
© 1 1 T70.41 0 7041 87,00 1.1 45,05 45,05 43.00
1 2 95.05 100.75 96.00 1 2 66,88 70,02 7150
13 119.27 12016 120,00 1 3 900 9LS55 96050
1 5 237.57 242.33 250,00 1 4 140,56 146,80 150,00
1 6 325,98 337.91 340.00 1 5 203,63 209.91 220,00
2 1 2806k 2816k 282.00 2 1 180,20 180.20 175,00
2 3 337.97 3abe8S 330.00 2 5 347.50 369.51 330.00
2 5 457.95 479.34 440.00- 3 1 405,45 405.45 390,00
'3 3 690,72 707.7k 698,00 3 5 608,58 510,84 620,00 |
"4 1 720,80 720.80 730.00
4 5 934,15 937213 $20.00
5 1 1126,25 1126,25 1200.00 |
Model AZ .
- . Model AZ ¥
1 1 2298 22,98 24.00 11 17.60 17.60 19.00
1 2 3863 4l.12 40.00 1 2 29.66 31.70 31.00
1 03 62,76  63.65 66,00 1 3 5599 56420 60,00
1 4 1H.58 215.59 118,00 15 168,08 170.4k 180,00
1 5 176,96 178.86 188.00 S 2 1 70,40 70.40 70,00
2 1 9192 91.92 86,00 2 3 119.26 121,16 118.00
2 3 L7k 145.0 140,00 "2 5 240,28 242,35 240.00
'3 1 206.8 206.82 208.00 3 1 158,40 158,40 150,00
3 3 264,52 268.83 236,00 3 3 215.2 217.49 208,00
'3 4. 330.50 33k.26 342.00 b 3 339.61 346.86 360.00
L 4 4BTh 505.63 455,00 L b 400,99 L4lL.ST 400,00
5 4 702,04 720.57 715.00 b 6 568.83 584,26 600,00
6 4 97123 979.91 980.00 g
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Table 52, Comparison of Freque\ncies.

Experi-

TH. - Theorvi EM. - Empirical, EX.-
; mental,
m n ﬁglael Bf:M‘ EX. m “Mo;ﬁi{‘ 53 EM. EX,
1 1 ?ASJ. The8l 79.50 1 1 38.20 - 33.20 38.00
13 47 139.68 145.00 1 2 47.64 4B.61 52,00
1 5 372,83 388.33 370.00 1 3 95.57  96.75 102,50
2 1 298.84 298.84 300,00 1 & 189.06 202.23 195.00
2 3 363.9% 368.98 390,00 1 5 332.96 346,60 380,00
3 1 672,39 672,39 660,00 2 1 152,80 132.80 129,00 | .
Model B2 2 3 198.36 199.61 220.00 |
1 1 A47.80 47.80 “45.00 . 275 428,51 M2.38 (88,00 |
L 2 62.78 65.95 62.50 ~ 3 1 298.80 298.80 308,00
1 3 113.38 131.46 120,50 3 2 3lhes5 337.23 335.00
1 5 347.88 363.03 375.0C 3 5 587,73 596.23 630,00
b 2 1 191.20 191.20 205,00 3 6 770.98 796.82. 800.0C
2 3 256,79 259.40 265.00 L 3 595.48 60kek7 600,00
2 5 LBhekB 496434 - 500.00 L b 682,27 T02.94 735.00
3 1 430,20 430,20 455,00 5 3 893.62 906.70 960,00
3 3 49483 SOR.46 525.00 ' Model B4
3 5 Tlhe55 720.87 725.00 1 1 2439 24,39 26,00
Model B3 1 2 38.25 37.83 38,00
1 1 18.67 18.67 19.50 1 3 8571 85.95 100,00
1 2 3L92 30.66 32.00 1 4 179.80 191.53 190.00
1 3 7912 79.47 86,00 2 1 97.56  97.56 96,00
1 4 173.7% 18410 168,00 2 3 162,83 163.37 165,00
1 5 318.99 329.81 348.00 2 5 39u.7h 409,93 450,00
2 1 The68 Thu68 76,00 3 1 219,51 219,51 215.00
2 3 139.47 139.68 140.00 3 2 235,18 253,82 255,00
2 5 372,83 388,33 429.00 3 3 285,00 288.27 310.00 |
3 2 183.71 199.01 193.00 3 5 S511.00 522,29 548.00
3 3 233,67 235,75 260,00 3 6 697.36 725.63 770,00
3 5 46234 L74.8L 520,00 4 1 390,24 390.24 410,00
L 3 363.9 370.93 408,00 L 3 455.03 461.89 485.00
- 5 587.73 596.21 660,00 L 5 675.89 682,70 720.C0
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Table 53. Percent errors in {requencies by Empirical
method and experimental.’ .
EM - Emprirical, EX - Experimental.

m o - EM . " EX - m n EM El\'.‘
Model Al . o Model . AZ
11 - 484 1 T T 4lss
102 6.00 1.00° - 12 k9. 6,90
1 3 1.5 0.0 103 0,60 6,04
1 5 1.8 5,08 1 bk bk 6uT2
1 6 3.66 4.30 15 - 3.08 8.0k
2 14 - 0.12 2 1 - 2.89
2 3 2,63 2.3 2 5 633 . 5.03
2 5 L6 3.9 3 1 - 3.80
3 3 246  1.05 35 16,06 1.88
- | P | - L2
4 5 032 ,1.51
5 1 - 6455
Model A4 | . Model A5
101 - " Loks3 1 1 - 7495
1 2 65  3.55 1 2 7.0 45l
1 3 l.2 5.16 1 3 0.38 7.16
1 4 0,80 2,98 1 5 140 7.05
15 107 6.4 2 1 - 0.57
2 1 - Balsde 2 3 159 1.06
2. 3 2,58 1.22° 2 V5 0.85 - 0.12
3 1 - . 0.57 3 1 - 5430
3 3 162 10.78 3 3 1,00  3.30
3 4 LIb. 3.8 L 3 243 6.00,
b & 387 6.7 Lk 339 0.25
5 4 2.6k L.gh L6 2T 5AT
6 & 0.89 0.90 : T :

s
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Table 54. Percent Errors in Freﬁuencies

TH, -Theory; EM. -Empirical, Ex. ~-Experimenta

m  q EM. -EX. | lm ,n EM. EX.
" Model B1 . . ‘ Model B3
1 -1 - 5466 10108 " 83
A3 0.15 3496 12 9o Lhs
105 - LJas " 0.76 13 7425
2 1 = 03 1 4k 697 3.
2 3 138 7.6 105 kd0 32’
3 1 - L8 2 1 - ‘2,85
Model B2 2 3 0,63 10.90
101 - 5.85 .2 5 3.2 13.88
1 2 505 045 i1 - 3.08
1 .3 0.0%L. 8.19 3. 02 0 T2 0.53
1 °5 4,06  7.80 3 5 Lol 7.19
2 1 - 7.20 3 "6 . 3.35 3.76
2 3 1.02  -3.20 L 3 1.5 - 0.5
2 5 2.k 3,20 kA 3.2 7.73
3 1 - 576 5 3 b T2
3 3 ./1.53 6,08 . o Model B4 '
-3 5 \083 L.ub 11 - 660
' Model B5 ‘ 12 1.09 0.5
11 - Lo 103 o032 16,67
1 2 3.95 0,25 1 4 6.52 5.67
1 3 Ouss . 8.69 2 1 - 1.60
1 b 5.96 3.30 2 3 0433 1.33
1 5 3e45 9409 2 5 3.85  13.99
2 1 - 1.7 31 - 2.05
2 3 0.15 ~ 0.38 3 2 T.92. 8.3
2 5 46 15,06 3 3 1147 10.87
'3 2 833 505 3 5 220 T2
3 3 0.89  11.26 3 & 3.96 10447
3. 5 2,70 12447 AL - 5406
L 03 Sl k.4 L4 3 15,08 6459
45 Lk 1230 0 e 4§ 10,00 6.52
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. Table 55(a). Peak Dynamic deflection x10" "~ in.
 Models in seriés A. B =0.5,6= 1, 5%

.

e

T
Vehicle on 1-1 ' Vechicle ‘f‘)n‘z-?_
Model Peaks. “CC2 CLL2 ccz  cLL2
1 23,72 6.325. 10.280  15.025
2 13,750 3.668 5.959 8,709
a3 49.155  13.108 21,300 31132
; L 5,243 1.398 . 2,272 3.320
.5 N\ 2658 " 0708 1152 L.683
! b q-@ ) ‘ - ’ R
1 30,955 ¢ 10.318 20,637 25.223
) 2 18,833 6.218 12,555  15.345
R VIR 98,155 32,719 T 65.37 79979
; " . 20,887 6.962 o 13.92 117,019
5 37.913.. 12.638 - 25,276 30.892
1 394920  24.566 33,779 39.920
2 12,189  7.500 ©10.3Lh 12,189
3 154,170 . Ske876 130,451 154,170
My 4 41,622 25,613 | 35,218 41.621
5 172,682 106,266 46,115 172,682
« 6 19.916 ¢ 12,256 16,852 19.916
7 56.954 - 35.030 T 48.16T7 564924
1 49.5L  34.385 . 42.637 52,265,
2 2,923 2,030 2,517 3,086
3 '.23'§.975 165,955 | 205.784k  252.252
s oLk 53.07L 364855 45.700 56,020
&5 <5 280,080  195.000 241,800 296,400
6 2.6 1.815 2,291 2,758
7 169,776  117.900 © 166196 ~179.208
8 “9.907  6.880 8,531  10.457
9 9.842  6.835 S0 BWATS 10389
@
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Table 55(b)., Peak Dynamic deflections x 107> in
- ' C Models in series A. B =0,5, &= 0,57
, " Vehicle on 1-1 7 Vehicle ori_2=2
i Model _ Peak - cC2 CLL2 . CC2  GLL2
1 T 3.601 0,960 1561 . 2.28]
2 . 2.8 0,753 122 1.789
AL 3 | 50,168 13.378 20739 3773
' 4 12,795 3412 B (5eShh  8.104
5 23.662% 6,310 10,254 14,986
1 7.293 2441 Wa862  5.9u2
2 189 - 0,619 1233 1.507
.3 82,206  27.401 . 54,802 66,981
A2 4 28912 9.667 19.27%  23.558
v 5. 85T 28.581° 57.163  69.665
\ 6 5.694 1.898 3,796 ° LabW0
q 10.841  3.6L v T.27 8.833
. ) ¥ -
Sk, 10.24 - 6.3G4 L 8.868 102k
2 3.817. 2,349 3.230 3,817
3 118.435  72.883 .. 100,21 118.435
4 C hko2AT 273229 37440 Who247
M5 212,960\ 131,053 180,198  212.960
6 53.843 33,011 . 45.390 . 53,843
7 139.512~ 85.853 . - 118.048 © 139.511
8 "5.33 3.283 - baSl 5,335
9 19,272 11,859 16,306 1?.271
1 w12, 70725 9.579 142
2 12.780  8.875 | 11,005 13.490
-3 1 138.038  95.860 118,866 145.707
. k 13.738  9.540 1,829~ 14501
A5 5 275,450 191,290 237,193 290,753
B - 47.995  33.330 : 41.329 50,662
7 285,550 198,300 Y 245,892 - 301.420
, g 20,412 14175 | 17.577 22546
9 Lk L9u4T5 TBLALY75.20

¢ - | e
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- Table 56(a) Peak Dynamic deﬂ'ections' x 10'3.in. .
L . Models in series B. B =0.5, d = 1,57 . ]
Model Peak  Vehicle on 1-1 - i Vehicle on 2-2 -
_ CC2 CL2 CLLZ CC2 CL2 CLL2
L 9.9l T.435  4.9% T 7.667  10.863  5.29%
S 2 6.2 4522 3.0L S LeTI2 6.6 5.2
Bl 3] 20,211 15.156 10.106 15.632 22,108  18.948
Moo 2.269 0 1702 LA | 1,755 2482 2127
S 158 0.869  0.579  0.896  1.267  1.086
1, 13.461 11,234 - BL2 11,796 13.461 12357
2 8,627 . T.189  5.392 7.549  8.627  7.908
B2 3| 42,860 35,707 26,788 37.502 42,860  39.289
T A4 20,159 8.466  8.350 S 8,889 10.159  9.313
500 17.134 24,278 . 10.709 14.991 17134 15.705
1) 14,700 12,367 10.139° - ¢ 12,674 15.208  15.208
2] 9.946 - 8.231  6.859 8.57h 10,288 10.288
31 58,089 48.074 - 40.0862 50.078 ~ 60.093 60,093
B3 4| 17.019 14.085. 11737 . TLA.6TL  17.606  17.606
5| 47.107  38.985 32.488 40.610 48,731 48.731
6| ho76R  3.976 . 3.289 4o116 5.9 5.49%
7. 5.31 5 .3.662 . 4oST9  5.49% . 5.4%
1] 184006 676 - 14.005 16.339 18,673  18.740
2| 10.525~" 9.745  8.186 9.550  10.914  10.953
3| 81700 75.650  63.545 Th.140  B4.720 85,031
Bh 4" 260079 24.48 20.28#J $23,665 2T.045 27.142
J50 90.736  84.016 70,573 82,345  G4e096  Sh.s32
6| 15,795 14.625 12,285 13.333  16.360  26.439
Ti 29.346  27.173 22.825 26,629 30,433 30.542
1 22,620 20.010 19.140 20,010 22,620  23.490.
21 7.940  7.02% 6,718 7.02%  7.940  B8.246
3| 101,158 89.486  85.595 . 89.486 101,158 101.048
L{ 29,207 25.837 24.7Ls 125,837 29.207 30.330
B5 5| 142.561 126,111 120,628 126,111 142.561 148.043
6| 26,506 23:456 22.436 23,456 - 264516 27.536
7. 86,642 76,745 73.313 76,745 86362  89:975
8| 5.760-  5.095 - k.&Th 5,095  5.760  5.9&2
9 770 G824 6.527 60824 TJ7Us  7.638
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Table 56 (b). Peak dynamic deflections x 10" in
' models in series B. o '
B=0.40, @ = 0.57
Model Peak Vehicle on 1~ - Vechicle on 2-2
ccl cl2 cLL2 . ce2 cl.2  cLL2
1 1.317 0.988 0.659 1,019 l.445  1.335
2 L.631 1.223 0.815 1,261 L.784  1.529
BL 3  21.156 15,875~ 10.583 16,371 23.151  19.845 |
5 10.699 8.Q25 54349 8,275 11.702 10,030
1 - 2575 Q6 1.609 2,253  2.575 2,361
2 ~1.636 1.363 1,022 C Les31 1.636 1499
3 32,978  27.482 20,612 - 28,856 32,978  30.230°
B2 &4  12.869 10,7 . Be43 11.260 12,889 11,796
.5 38,778  37.315 244236 33.930  38.778  35.547
7 5.053 Le2dd 3.158 Loli22 5.053  L.632
1 3.572 - 2,956 . 2464 3.080  3.695 3,695
2 1,452 l.202  l.002 1.253 1.503 1,503
3 42247 34135 284445 " 35,558  42.670 42,670 .
B3 4 16,249 13,448 - 11,207 14,009 16,810 14.810
C5 T 65.441 54158 45,132 564415 < 67.898 67.898
é 8.602 7.119 5.932 7416  8.899  8.8%9
7 17.532 14a509 12,091 15,114  18.139 - 18.139
8 0.498 Ou4l2 0.343 0.429  0.515 . 0.515
1 5.022 44650 34906 Le557 ~ 54208 5,227
2 1.323 1,225 1,029 1,200 1.372  1.377
3 LBuLile3 L4y 855 37,678 43.957 .50.238  SC.417
b 14,931 13,825 11,613 13.549  15.484  15.539
Bi 101.515 93.995 " 78.955 92.135  105.274 105,650
: 29,470 27.288 22,921 20,742 30,562  30.671
7 70.930 65:677 55.169 bho36k  73.559 73.822
S-M "41630 30889 ‘b0537 5-186 5'2(!‘
12,801  11.853 9556 11,615 13,275 13.322
1 5.995 5,268 50039 5.268 - 5,995  6.18k
2 2,850 2,522 2432 2,522  2.850 2,960
‘ L 28,587 254271 24,172 25,271 28,567 29.666
B5 5 . 7779 130,727 125,044 130,727 147.719. 163.463
/T & T45.587  40.327  38.5Th 40,327 45,587  W7.350
8 24.878 22,007 21,051 22,007 24.878 25.834
¢ 9 474275 T A1.821 40,003 41,821 47.275  49.09
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. Load-«~ deflection aﬁd strain at centre.

Table Alla).

Al

Model

STRN . CRE3 ©C3 CIB3 (RE1 CGl CIEl CBEE2 002 CIE2

&

138 .

15 °

20 .

20
. 25
" 30 |

233
282
236

39

25

k7 10

. A0

32

25
20

6

51

15

96
51

10

15

&
é

135

15

183

230

20

38

25
31

25

30
25

38

23

31

23
15

15

4
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Load deflection and strain at centre.

Model

Al(b).

“Table.

A2 .

cC2 B2

LOAD STEN CRE3 CC3 CIE3 CREL ccic;mcm:z

39

17§ 10

15

47

20
25

LB % -1 L

T 17

40

43

320

265

16 16

13

33
25

13

20 BV 35

15
" 10

. 10

A0

206 . 10 28

19

-

3

10

78

GBR
388
SSB
o W™ W
o3 .3
;AN
-+ 0

15

SINIE I T
29 AR S
Wmnna
1998 >®
NINIS
2833"
oy oo
AT RLS
N9 29"
34883
25893
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Load deflection.
Model- A4,

Table Al{d).

X3 003 K3 GREL CGl Gkl G 002 CIS2

0 0 0 0 o © 0 o -0 .0
5 10 1B 11U 9 17 9 w28 15
10 v 3% 23 19 3% A s 5 R
15 0 55 35 30 55 33 bk 8 L8
20 NS 73 48 sl T3 L5 60 15 b
25 .53 91 &0 53 9 57 77 143 82
20 - W75 A9 b TS5 W 3 L8 66
15 33 57 38 34 58 36 49 90 50
0 2 4 B % 3% A 3B 62 34
5 12 22 15 L A 13 18 33 18
0 3 3 3 3 3 2 3. 2 2
Q 9] 0 0] o . 0 Q o 0 0
5 > g 17 10 g8 17 10 12 28 12
10 18 35 22 8 35 21 28 56 29
15 28 s, 3% 28 S 32 W 8 b
20 39 72 . 4 39 T3 4k 58 113 61
25 50 &9 58 . k3 90 55 T WO 79
20 - w oW w75 0 15 B
15 30 s6 36° 30 s6 33 b BT U1
10 20 3g 2, 2 38 23 30 60 31
5 w 19 13 1w =2 12 15 31 15
o ] 0 C 0 p 1 o} 2 o]
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Table Al(e) . Loaa deﬂectio;—x.

‘Model AS

104D . CRE3 CC3a CLB3 cxsz | cC2  Cik2 C.REl- CoL  CIKL
0 o 0 o o0 0 o 0

b Lo B . %00 19 | L 19, 13
8 26 39 29 38 63 4 29 40 28
12 K2 60 kh 80 95 & W 60 L
16 56 80 60 & o §7 60 &0 -- 60

1 s & us 65 s &1 twr & i
8 0w 2 W e 45 N a4l 30
4 w 23w % 37 & 1 2 %
0 33 3 h L b L2 .2
0 0 0 '0‘ 0 0 0 o 0 0
5 s ws 18 0 3 25 B 20 1
10 .31.- z.é 37 w7 78 ~;§i % 9. 3
15 5 s 75 17 e s T S5
2¢ 7299 18 103 Tl w9 % % 1
10 3y sz 40 s & - 55 k0 5L 38
0 o o o o 0 0 '0‘. o .0

/“r
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Load - deflection and strain at centre.

. Table A2(a).

|

odel Bl

| ClE2

cc3

STRN "CRB3

CC2

Clh3 CREl. 0C1 CQIEl GRE2

* LOAD

-

L T
oy [ ]
%
32
™
: .
A
L
[ 3
Ao
5v
* O
~0
53
[ ]
.
~Nom
-~

20
<5

16
20

-lm .r

.‘5‘ l

131,
. DIS.

129

30

16

35

223 5.5 15.5 &

15

1245

30

5

10

25

15

-

20

ws

.69 3.5 - 8.5 3.5 3. 9.5

15

3¢5

3¢5

10

2.5

'_28

2.5

lcs

¥

0
0.5
L

0
0.5
i

59
79

01/692

3¢5

20

29

.:4456

25

- 1R3
L5

30
35

6

© 125

30

25

<0
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I..oad' - deflection and strain at centre,

Model B2

Table A2(b).

cc2

N
CCl ClBl CRE2

 STRN CRE3 CC3 CIK3 CHEY-

" LOAD

v

10,

S5

23

9.

i5

15

20
25

i3

0

177

3 9

35
W

35
.31

q d

19,
g w

30
35

- 20

19

25

15

30

7.

20
17

26

L4

17

10

15 .

20, U9

s

20

10

10

w

239,

17

3a

]

49

]

210

35

30

N3

'3 9

9

83

g3

15

72

37




. Table A2{c) Load - ‘deflection and strain ;llt'ce:ritre.

Model B3
LoaD OTKN GiS3 CC3 CLE3 CREL CCl CIEl OS2 gc2  CL8Z
0 0 o 0 oo o o o 0. 0 0
5, WO - A 6 5 s 5 .5 & 10 6
o s 9 1 .9 9 1 g 12 I B
15 120 13, 19 L Y 19- s 9 29 19
a0 160 18 25 18 13 26 . 13 2% 39 26
25 200 2 3 23 23 33 23 33 W8 35
30 21 27 .38 - 21 2 3% 28 40 . 58 . 40
s 2m 33 W 33 3% 46 33 w88 W
30 a1 28 39 9 .30 k02 Ll 60 40°
25 22 a3 A w3 2, 3 50 3
20 a2 1 » 19 20 2% 0 28 w2
e 12 15 15 16 oz ¥ o2 32
10 4 1 1% 1w oum 18 w1 2L
5 0 w7 o' 6 7 9 .. 7T 9.1 9
0 o2 3. 2 2 3 23 & 03
0 o .0 o ,0o o o o, 0 0o O
5 . 4O kb 6 L - & 6 Lr- 6 9 é
.10 % 8 9 8 g 12 9 . 1 18 1
15 18 12 7 13 12 18 i3 18 27 18
20 157 W7 23 17 17 25 18, a4 36 %
25, 197 21 30 22 22 31 22 31 &b 3y
s 238 26 36, 26 2 3 L=z 38 56 38
35 278 30 & 31 3 xZ” 32 k5 65% 45
s a0 2 3 2w 2 39 2@ 3 57 39
25 202 23 31 23 2 33 2L 33 48 33
20 | 161 18 25 8 -1 2T 19 27 39 26
15, 122 - W 19w uw A W, 20 30 20
W0 g3 10 13 1o 10 14 - .10 A 207
5 M 5 7 .. 5. 5. 8 5 g 1. 8
0 5 1 1 1 102 1 2 2 2
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Table AZTd}. " Load - deflection and strain.at centre,.
" . .Model B4

oAb . SIRN . CRE3 - GC3 GLE3- CREL CCl CIElL CRE2 CC2 CIB2

0 o o 0 0 0 o ©o o ©0- o©
s 4 6. g 7 7T 9 7 9 13 10
o = 1B ¥ W W 18 UL 26 20
J1s 125 . 2 26

7] 22 27 22 31 400 32

20 167 28 35 30 29 36 29 M 55 42
25 210 36 bk 38 36 W5 737 52 .68 53
30 255 . 43 53 A5 - hks S A5 637 83 bk
35 298 51 63 53 51 63 55 Th 297 75
36 260 kb 56 . A8 46 5T h8 66 85 67
25 216" 39 47 A0 39 48 w0 © 550 72 %6
J20 173 31 38 32 . 32- 38 32 .45 58 45
15 130 2% 29 23 25 T30 & 33 k3
1Q 87 156 20 % . 17 20 17 22 30 23
s w4 9 10 9 s 1 9 1 B
1 1 11 11 1 1 2 1

o o 0 o 0 o o ©o: 0° O

5 4w 7 g8 7 6 & 7 g8 12 9
s B w17 W 19 26 20
15 125 @ 22 57 2 21 26 . 22 30 40 30
20 168 29 3 30 29 35 .29 A1 sk 42
25 223 . 36 L5 38 36 &k 37T 52 68 53
30 256 kb 56 4, .43 53 k5 63 & 8
35 299 51 64 53 51 62 53 T 95 Th
30 261 We_ 57 u8 b 55 L7 66 85 66
25 220 39 W k039 W 39 % 71 %6
20 174 32 39 32 31 37 32 by 57 L5
15 1831 2 29 2 | 2 28 2 33 43 33
10 8% 17 20 .16 .16 20 1. 2 2 2
5 w9 n 9 g 10 9 1 ~15 10
0 3 1 101 o © i -1 0 0
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Ta.ble A2(c). Load deflection and strain at centre.
Model BS5.
LOAD STRN CRB3 CC3 CLE3 CREl, CCL Clkl CRE2 CC2 | C1B2
0 0 0. o o o o o o0 o0 o
s 4 10 0. 9 8 1L g 1 16 13
.10 83 20- 22 19 19 23 19 29 35 28
15 127 . 31 35 31 31 36 30 46 55 b
20 170 N R R ) 43 & 75 6
25 213 55 60 55 55 63 55 &0 95 78
30 256 61 7w 61 67 77 61 97 15 95
35 3 80 .88 7% 8 9 g0 15 135 113
30, 260 72 8 12 . 73 & 73 95 12 9
25 2w 6L 67 6 6 70 63 8 w3 8
20 172 50 55 50 s 5 5L 2. & 7
15 130 .38 42 39 38 sk 40 55 65 56
10 g6 T 27 . 29 21 % 29 28 38 45 N
5 B 15 16 16 % 1B 16 2 25 23 .
0 0 3 L2 & W b5 6
s
S0 0 o o 0 o o o .0 o 0
s 3% 9 10 g -8 10 7 13 15 10
10 8 19 20 18 1 2 B 2B D 25
15 - 1 30 33 . 28 30 34 28 ke 53 41
20 168 k2 4 k1 k2 W s & 72 58
25 . 212 53 59 53 s 6L 52 T 92 Th
30 256 65 72 - 65 65 & & 95 -1 9L
35 300 77 85 76 78 8 8 11 131 108
25 217 60 65 60 60 67 60 85 100, 83
15 130 36 39 36 36 4 -3 sz & sk
s 4. 013 W 13 13 w13 w8 2 8
©o o - 1 1 1 101 .1 1 1 2
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Table A3(a,b)

. - Load deflection and strains. Mbdel. C1

- {a) .
LAD Gl CC2 CC3 CRL CR2 CR3 CLl G2 Ci3
0 0 0 0 0 o. P 0 0 0
10 2 2 1 1 2. o 90 o. 2
20 3 4 27 s 1 3 5 1 6
30 5 7. & 13 2 6 w2 10
40 8. 10 & 30 3 1 1 2 16
50 10 12 8 37 3 1% 23 319
60 © - 11 L 9 &2 L 19 27 b 23
70 uoo17 0 60 5 -23 38 b33
50 w15 10 51\ 19, 3 3 (&
50 10 13 8 45 - & 16 .25 3 23
40 $ 10 7 - 39 3 10 18 3719
30 7 8 -5 30 2 6 10 2 6
20 5 13 2 P N )
0 i1 1 5 1 10 o T o
(5)
0 0 0 0 0 0 o 0. 0 0
10 33 85 32 g 15 1 12 - 15
20 73 - 178 73 20 3k & 18 - 35
30 111 .270 113 30 50 35 4k - 5k
50 191 457 197 51 85 56 80 - 9
60 230 59 30 . 62 103 70 97 < s
707 266 639 296 79 w3 %0 17 - - 131
60 236 555 260 63 124 76 95 - L
50 198 466 220 57 © 103 65 80 - 96
40 - 162 376 180 45 &7 51 65 - 18
30 122 85 137 35 0 39 50 - &0
20 &, -193 ., 4 52- .27 33 - M
0 7 8 9 2 14 + 1 - 4
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Table AS(a). Load = deflection.  Model C5

. Deflection at quarter points and ends.

"loAD . GGl cC2 ©C3 CKL . CR2 6R3 CLl . Cl2  Gi3
o~ -0° 0 o 0 0 0 o o .0
i 1 3 & 5 -0 7 101 &

g8 4k 6 4 .29 2 23 18 L 18
M2 710 6 35 5 b u0 5. 35
B 10 L 9 s g 61 60 7 b
20 la 19) 75 0w & 76, 10 68
25 17 2/~ 15 .10 15 105 109, 13 %
30 -2 30 18 s 19 1L (1% 16 13
s 2 ?o uo‘(_ o= 1205,‘\15:‘ . 20 1{56‘
300 23 32 20138 20 135 - W3 18 12
25 20 28 - 18 121 18 L8 N2 15 108
20 17 23 15 13 15 N 97\\ IV
16 w20 w8 12 ‘& &) 9 &
12 1 16 un 70 N\ 65 63 7 L7

LW 3. 5 5 3 3 20 10 1 2
- _ -
Léw ¢Gl CC2 (CC3 CRul CRB2 CRE3 Cikl CIR2 ClE3

o - o0 c 0 0 0 0 0 o o

L 2 2 1 3 0 2 1 1 &

8 5 - 6 3 g 1 - 9 13 30
127 8 ab 5 16 2 18 2 L 20

2% -1 o1 15, 8 25 3 28 31 6 2

20 W 18 10 3z 5 36 .4 7 34
25 18 3L U bk 6 49 62 9 W7
-30 2 30 17 s -1 6 18 10 5
.35 25 36 21 68 9 Th 90 12 67
30 2 33 20 ® 9 T & 10 &
25 20 28 17 ‘.5 1 6 T &8 50
20 .16 23 W kb 7 53 55 6 36
‘1 13 19 12 37 6 k2 40 5 29
12 10 7R 9 25 4 29 29 A 19

8 7 1 6 21 3 25 U 3 1
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\ -Tablc-_ &S(b)‘. | Load - St.r'a.in. ‘ Modei lcs_ -' ‘

« LoD . col cg'zn Yoo ey ‘2R3 CLl c2 s

0 0 ‘0- 0,."'0. ‘o .0 6 o o

o L X - s s .18 23 -1, 13 A 1

8 - 101 18 = L 2 -~ 26 . 40 30

swf 4 R s 1 wm s w3

TS - 205 3 46 ‘g8 46 5L 8O- 6

20 - isf_v_-7 L2 58 a0 58 65 102 7

25 - 35l s W2 135’ '(2'" g w7 98

30. - 395 &1 83 _159 & 100 155 120,

35 0 - a1y 18 ‘i D6 181 . 139

| 30 - uh es és_ 17 & 1. 158 123
M - _,.34‘0 5T 7‘l B B e ‘_'1'133 106
S 20 ; - (278 V) 0 5 ’(i 109 88"

16 - 228 35 W3 190 kS5 59 8 T

~ L w25 3 57 33 w8 55

a. - 125 16 , 3% = 3; 347 O

L - i & 13 f8 19 25 22

.0 N G R O T T B
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Table Ab.: Load deﬂecfioxi. Model DI

Deflection at q&arter points and ends."

LD _ CC: G2 O3 CRL  CR2 R3 CLl ClL2  GL3
0 0 0 o 0 0 o "o0o. 0 0O
5. 0 4 2 1 2 } f_,". P
10 1 8 5 22, -k & % L 23
15 2 2. 8 s 3 3% 5 3
0 .k B m m 6 =k 6 50
25 7 200 13 65 8 66 . 60 8 63
% 10 @« 1% & 1 o&a m un 7%
20 6 1 12 6 7 k2 s 1 63
10 o 3 6 33 3. 3% 3 335
0. o 1z 7 1009 3 1312
- . =
10AD -GGl  CG2  CC3 CEBL s a3 GEL CE2  CLE3
o o6 0o © o o© 0o -0 o 0o
5 Lok 2 e - 2, & - 6
10 ‘6 8 S L - 5 10 - 12
15 0 12 8 7 - 1 Y
20 13 16 10 13 . s o - 23
25 7 A 1319 - a2 - =
30 20 2, 15 2 - 27 30 - 32
20 15 a7 118 - 2 A - 21
10 7 9 6 g - /u w» = 1
0 1 1 o 0 -l W - .o
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Table' A7(a) Load - deflection. . Model DS

LOAD CR2 CR3 Gl CL2 CI3
™0 o 0 0 3 0 0 0 3TTO
2 3 6 3 33 A 30 - 30 3 32
4 8 13 8 75 1 w69 -8 65
'S 13 20 U 125 18 . 125 15 1 A3
8 8 - 33 20 170 25 171 157 22 16k
1D 23 38 26 2U 31 239 202 8 223
.12 28 45 31 267 - 37 280 2l 3 261
BT 33 53 37- 37 A~ 333 282 4O 314
16 38 60 4. 387 49 363 319 5 349
18 L 69 KT W 56 411 361 | 52 398
.20 NS 76 51 A5 53°  45h 4O 58 436
18 b2 73 48 426 S7. 431 38 5k Wb
1% . 38 66 43 379 49 385 3L A9 390
EVH 28 50 33 289 39, 298 268 37 308
10 . 2 L - 28 249 31 250 2 33 252
8 19~ 4, 230287 25 <A 18 25 b
6 13 25 17 A9 19 156 138 18 180
& g . 15. 12 100 11 1k 98 12 128
2 2 10 9 53 N 56 48 5 62
0 0 2 I 3 W3- 11 3. a2 26
. . , b
LoD  CCl  CC2 'CC3 CRE1 CRE2 CKE3 ~ CIE1L ClB2 OIES
0 0. 0 TQ ] Q 4] 4] [4] Q
] & 6 L 20 5 2 . 26 & ‘29
A 9 - 1 9 49 9 51 5, 10 55 °
6 15 22 15 75 u 89 u 8
8 20 30 21 11 19 12 1= 19 123
10 25  ~39 27 L7 24 1A5 1oL 2 * 157
12 130 48 U 172 30 19 1% 30 a6
Ly 35 - 55 39 205 3y, 227 21 34 235
16 40 62 Li, 245 40 . 262 255 39 266
18 L5 7 . 50 280 LS5 303 289 dnde 302
20 50 79 56 323 51 352 322 49 3k8
18 48 75 L6 ' 292 bk 321 312 &7 337
16 43 69 . 4B 257 W0 290 284 ~~43 319,
TN 38 - 6l W3 v 247 3 b 25Q 38 27% -~
12 3, 52 38 177 29 ~216 221 3 > 2S5
.10 2;/ L3 32 1O 2, 175 186 28 197
.72/ 3% 3% 103 20 129, 15k 2k 186
é 18 27 20 65 15 99 118 . 137
k 13 19 Us 31 10 69 .87 DY
2 7 10 8 9 5 30 W7 9 b2
0 Y 2 2. o 1 0o 1 - 4

33
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Table AT(b) -Load - Strain. Model DS

“.

cc1 cc2 ©C3 CHl  CR2 CR3 €Ll CL2  CL3

[

,

6« 42 15 18 WO 9 30 257 9

31 93 2 3 T3 2% 52

72 250 735 & 18, 71 .63 "2 76
9o .32 91 11 .22 95 & U1 %7

356 - 112 120 249 11, 96 69 11

&

w5 151 156 32 M3 230 15

FoE OE B

s12 169 173 35 169 138 . 259 159

&.
N
0
+
b4
N
o

37 o




Table AS(a).

Influene lines. Model Bl ,

- 362

-

.

. L-L»ad, D-deflection, s-strain.

ccZ . eLz  * cLL2 cc3 "cL3 CLL3 .
L D°S- D-5 - D S D-S D & D S
R 1L 04D ON 2-1 | X/ am™ Geald T
0 . o. o ¢ 0O 0 0 0" © o 0- o 0
<0 o 37 8 31 5 2 ¢ U5 AR Ak 23
© R0 21 80 15 68 10 55 19 235 Ul 89 9 sl
LOAD ON -1 x / & = 0,500
0 o 0 o  0o- -0 0 O0O. 0O 0 9 ©
20 R Tk 8 A9 5 30 8 43 6 31 ]
40 - 26 173 -18 106 11 67 18 98 69 9 52
- LOAD ON 1-1 "~ x,/ & = 0.775 - . ,
0 o ¢ o ¢ 0 0 0 0 0 0 )0 0
20 9 & B > S N 5 10 A VA & B ¥ 1
. 40 19 8 U 8 .9 51 10 . 2 g 28 6 30
. LOAD ON 2-2" - " ox/ am0.35
0 ¢ 0 - 0 © o © o © o o0 ¢ .o
20 8 '43 1 46 _ 10 & 6 w3 107 Ths g 53
40 17 92 - 23 94 T 20 18 W 93 . 20 1% 15 M1
LOAD ON 2-2 , . x/ a=0.500
0 o O 0 0 0 Q 0 0 o o o 0
20 10 63, 13-95 1 76 7 37 g 37 8 2
L0 20 129 28 195 23 155 L & 19 76 17 86
LOAD ON 2=-2 x / a = 04650
.0 .0—0 0 0 0. 0 0 0 0 0
20 3 1 o8 9 62 6 2 71 T 2
40 18 132 23 176 19,130 12 48" W 38 13 54
. LOAD.QN 3-3 x/ 8= 0,275 -
0 00 0o © 0 o 0 0 0 0 0 0
20 4 23 8 43 .75 3 =2 7 51 12 13
40 ~9 51 X7 -9 29 157 7 & U 109 26 172
LOAD ON 3-3 : x / a= 0,500 . .
0 0 o 0 © 0o 0 o o0 0 © 0o’ 0
20 5 30 10 68 18 Wl 4 24 7 4L 12 51
40 12 66 22 U3 37\291 8--50 16 & 27 11
LOAD ON 3-3 x / a= 0,975 ;
0 0 0 0 0 0 c°- 0 0 0o 0 ¢ .0
20 h 22 g8 50 4 & .3 13 5 19 9 16
4 9 47 16 1w 29 173 5 30 10 41 17 37
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b

Influence lines.

Model B2

* L-Lead, D-deflection, s-strain.

4

cl.2

L eLL2

| celd + 7 cL3 cLLL3
L D ,s DS DS D § D S D s
T LOAD ON ¥-1- " .« x/a=0.20
o- o ¢ o @ 0o o g o 0 0 0. 0
20 .15 33 .13 -~ 30 35 M 100 2. 48 - 8 -
40 29 770 25.. - 19 73 28 203 - &2 99 ¥ -
LOAD ON 21-1  © x/ a= 0,480 :
0 c 0 o 0 0o 0 o o 0 o o 0
20 24135 19 - 15 59 1B 39 13 M M~
40 48 273 39 . - 29 18 .32 & 27 90 22 -
" LOXD ON 3-1 x/ &= 0,720 .
0 0o © 0o o o0 o a6 o o 0o -
20 18 52 15 T- L 45, 10 36 10 1§ g§ =
40 35 106 30 = 2 92 20 33 19 &1 17 -
-~ ] . ‘
LOAD ON 2-2 x/ &= 0,220 ,
o .0 O 0 -0 0o 0 o ©o 0 0 0o 0O
20 12 37 W = 13 4 0 51 - 98 L -
40 2 .75 27 = .26 94 20 102 27 199 22 -
: LOAD OX 2-2 ' x/a=o0u60
o o .0 Quw O 0 .0 o 0 o o o ©
20.. .20 8 -2 = 21 98 . AT 16 bk 15 /-
40 1_39 1700 47 - L3. W7 2T 95 33 90 31 -
LOAD ON 2«2 x/ a2 =070
0. 8 O 0 - o 0 o -0 0 © o ©
20 i5' .54 17 - 11 12 g 22 10 15 .10 -
pRol 3¢ 10+ 35 - 35 k2 18 Wk 2 34 2 -
1\ LOAD ON 3-3 x/ a= 0,240
0 0o 0 o 0 0 0 0 0 o 0 0 0
20 10 35 15 =~ 20 6 8 32 1 & 19 -
0\ 20 62 729 = L2 134 15 64 24 130 39 -
\LOAD. O'N 3-3 x/a-=0.k80
0 0 0 o o o o0 ¢ o0 o 0 0o o
0. /15 55 23 - 3% 199 10 36 .15 49 23 -
40 - (2% 109 4k - 68 403 20 T4 . 30 99 k5 -
LOAD ON .3-3 ‘x / a = 0.720 :
o) 0 o % 0 0 O 0o 0 o © 0o 0
20 2. 42 17 - 25 & 7 2 10 19 W -

50

15 W6 21 43
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45 130 62

Table .“\S(C‘ . ' Influence ‘lines. Model B3 , .
- I,~-Load, D-deflcction, s-strain. . -
cel cl.2 cLL2 el L3 cLL3
L "D, S D S D S -D S8 .D 'S D S
, LOAD ON 1-1 x/ a= 02279 i
0 o 0 o 0 o 0 o o0 0 0 o .0
15 17 3% W 40 . 12 3% 16 Y0 8 4h 8 31
30 3% 7, 30 8 26 76 32 18 A 9% 19 67
LOAD ON 1-1 b x/ am™ 0479 o
0 o 0 o 0 0 9 o 0 0o 0 Q 0
15 26 113 21 7L 23 48 16 29 1l 33 12 32
30 s2 229 . A2 ek 36 203 33 63 30 69 25 69
" LOAD ON 1-1  x/am0.879 .
0 0 0 o 0 o 0 o 0
- 15 4 -1 13 0 15 g 19
56 103 30 .85 2 31 2R 35° 20 Al
. LOAD ON 2-2 x/ a= 0.229
o -0 © -0 © 0 © 0o 0 o -0 o 0
1 19 52 24 56 22 69 W kT 17 59 17 &0
30 38 106 45 116 45 139 - 28 98 735 124 35. 145
- LOAD ON 2=-2 | x/a=029
e 0o o . 0, 0 o © 0 0 0o O 0 ©
15 a2 &6 267115 27 90 U 28 17 28 17 36
30 45 157 55 234 55 184 29 62 3, 61 35 77
- 'Lo'\n ON 2-2 - x/ a= 0.629
o) 0o 0 o o .0 ©.0 o, 0o o 0 -0
15 17 37 18 41 19 6 10 13 1 1 1 13
30 .38 78 36 8 40 17 20 29 2 28 A D
: «LOAD ON 3=-3 x/ a = 04279 _
0 0. 0 0O © o o0 0o © o o0  ©0 @
15 © U 35 19 s6 27 69 w0 31 15 59 % 117
28 7h 40 115 45 Wl 2 66 30 1k 47 202
- LOAD ON 3-3 x/ala-'o.h79 —_—
o’ N\ © 0 0 0 O o 0 o O o ©
915 1o 46 26 -8 38 168 1 31 18 ub 25 50
30 37 96 48 174 77, 303 25 65 35 87 50 105
S . :
PLOALD-ON 3«3 : x / a = 0,679 .
0 o O o @ 0 o 0 0o © c -0
15 16 4 21 6 30 51 1w 19 13 & 17 19
30 32 8 135 20 35 LA

k3 27 Wb
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Table AS8(d). . Influencelines, Model B4
S L.-Load, D~deflection, s~-strain.

&

cel - ¢cL2 . cLL2 edsd e¢L3 . ¢LLS3
D s D s D S D S D s D
LOAD ON 1-1" -~ T x/.a=™0,25
0 © 0 0 0 4] 0 © . O 0 0
27 W2 25. 48 22 46~ 25 103 22 66 18
54 82 52 98 W92 51 209 45 133 37
‘LOAD ON-1=-1 - x/ a=0,505
0 ) 0 0 ¢ 0 0 o 0 o 0 ¢
L0 128 38 92 300 68 28 36 25 A3 &R kb
254 g5 18k b2 8l

8 2 132 s b5 0 8
LoAD ON 1=1 . - x/a=0J765
0

0 O o .0 © 0 o0 0 0
2, 31 23 39 18 38 L 1 1 12
50 68 4O 82 41 80 29 26 28 32 25
LOAD ON 2«2 - x/ a=0.200 .

o o o0 © o o0 0o © o o .0
20 33 - 23 36 22 43 a8 53 2 10 13
W0 70 &b TR AT S0 36 132 43 208’ 4D
LOAD ON 2-2 : " x /-a =™ 0ub5 ‘

o ¢ o 0 0 -0 0 -0 o o0 0
35 8 40 137 .40 W0 A 37 27 38 27
72 170 & 278 83 281 60 & - 57 & 57
LOAD OR 2-=2 , x/ a=0.730

o 0 o o 0 o e 0.0 0
27 45 30 W29 53\ 17 17 18 18 18
s, 9% - 62 99 62 1 0 33 36 . 36 39 37
LOAD ON 3-3 | x/ a= 04250

0 o o 0 0 © 0. 0 o 0 0
21 43 29 61 37 67 17 - 40 23 10 3L
43 85 58 121, - 76 135 36 78 48 143 68
LOAD OK 3-3 x/ a=0.505

0o ¢ 0o O 0. 0 o o0 o0 © 0
2 &7 42 116 58193 2 37 28 A7 37
53 131 87 230 118 38l 4k 76 58 93 Tk
LOAD ON 3-3 - x/ a=0,765 '

o o0 0 o© o o 0o 0 0o 0 o
22 W 28 S5, 36 59 W 8 16 17 A
My 81 57 h2

109 Tk 120 28 37 33 37

¥ho'

&Eo ENo

SEo

]
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Table AS(e). - Influence lines.” - Model B5

L-Load, D-deflcction,' ' g-~strain

05 91 150 U5

cel . cL2 -~ cLL2 ccl . eL3 cLL3
L D S D .s D S D s D S D S
- "LOAD QXN 1-1 X/ &= 0256
0 0 0 o 0 o o o o . ¢ 0 o &
15 37T 45 35 51 3 55 3 102 30 - Tk 28 55
0 78 93 76 08 Tk 15 72 23 6k 152 58 131
| LOAD ON 1=1 x/ a= 0.8 S
0 o 0 ¢ o .0 o0 0 © o @ - ¢ ©
15 527139 50 98 45 8 35 33 33 AL .32 M
30 112 289 106 198 98 167 76 76 72 95 69 104
.- LOAD OK 1=-1 x / a= 0,706 -
07 0. © o 0 0o 0 O o0 0o 90 c ¢
15 37 47 3% 53 .36 s, 23 M 2 20 2 22
30 20 ‘99 78 13 T 137 - 50 37 48 L6 W8 5
‘LOAD ON 2-2 - x/ a=0.269
0 o 0 © ©- 0o © 0 O 0 @ o ©
15 37 56 k< 58 4 T3 31 60 36 79 37 8
3. 80 18 % 19 6 153 66 127 - 75 18 75
- LOAD ON 2-2 x/ 8= 0SSk
Q9 0 0 o 0 0 © 0 0 G 0 o O
15 50 93 ST 143 60 1l 34 34 36 33 WO bk
30 105 192 119 293 123 235 71 T4 76 76 gl 92
" LOAD ON 2=-2 x/ a=0.719
0 o © 0 O o 0 e O 0 0 c ©
15 3y kb 38 Sk WO 61 2 1% 22 13 25 12
% 72 97 8 131 8 128 45 35 48 3 52 3B
LOAD ON 3-3 x / a=0.25" :
0 o 0 0. O 0 0 o ¢ .0 0 0o 0
i5 37 Sk - wb 73 58 17 30 A4S 38 83 50 172
30 67 99 85 130 - 109 s 5S4 0 70 154 95 333
LOAD ON 3=-3 x / am= 0,481
) o o o © 0o © 0 o 0 0 ©
15 L5 73 60 128 78 195 38 L0 45 %0 59
130 95 153 12k 250 160 402 g3 - 98 103 128
 LOAD ON 3«3 a = 0,705 .
o 0o o0 .0 © o 0 0o © o 0 o 0
15 3% 51 43 71 55 76 22 19 25 16 31 20
30 73 157 L7 55 34 65 39
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Influernce lines. |Model A2

35

Table A9(a).
- L-Load, D-Deﬂec\ion, S-Strain.
ccz | . ‘CLL2 N oces CLL3
L ‘D S D 5 D . S D "5
: LOUAD O 1-1 x/ a=0.30
0 0 0 0 0 0 0 - ) 0
15 31 & . 1 39 3 207 7 A
30 2 131 23 19 50 45 5 60
LOAD ON 1-1 x/ a=0,540 .
0 0 0 0 0 0 0 0 Q.
15 39 233 1 43 23 & g8
30 79 b3 26 92 49 128 18 56
LOAD ON 1-21 -~ x/a=0.78
0 o 0 Q \ 0 o . o0 0
15 2 5 8 28 11 29 N 9
30 W 105 17 58 25 61" 11 26
LOAD OKN 2=2 . x/ a= 0340 .
! 0 ] ) 0 ¢ 0 0 ¢
15 16 43 19 67 SR 58 15 72
30 k1A 90 38 135 29 18 29 W
LOAD ON 222 %/ a=0.580
0 0 ) 0 ) 0o .0 0 ¢
15 25 79 28 . 12 18 63 20 69
30 51 162 60 225 .38 128 4O bk
LOAD ON 2-~2 o x-/ a= 0,820
) 0 0 0 0 0 4] v 0
15 18 61 23 82 1 3 7N 33
30 K - 223 47 169 25 12 29 B
LOAD ON 3-3 x / a = 0.300
0 0 0 0 e 0 0 0 0
15 7- <3 37 19 6 17 31 200
30 17 51 77T 2 1 38 6l L12
LOAD ON 3-3 ‘x/ a = 0s540
0 0 0 0 0 0 0 0 0
15 10 35 51 262 8 il 32 .73
© 30 23 70 104 529 18 NS 6l 1561
LOAD ON 3-3 , x/ a=0,78
0 0 0 0 0 o - 0 0 0.
.15 6 23 31 88 4 10 17 24
30 A3 45 65 179 9 2k 54
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Table A9(b). . Inflyence lines. Model Ad
L-Load, D-Déflection, S-Strain.

‘CLL2
T

cC2- cG3 . CLL3
D . S | p , S,/ D S D S
| LOAD ON 1=-1 _—  x/a=0.23% |
0 0 ) 0 0 .0 .0 0 0
10 36 45 20 35 39 - 155 A 28
20 93 3 1. .71 .3 2 6
' LOAD ON 1-1 x / &= 0,493 ,
0 0 0 0. 0 0 0 o 0
.10 L9 b 29 53 © 39 32 20 33
20 104 349 63. 117 77 0. 39 7.
) LOAD ON 1-1 x / a= 0,75 |
0 0 Q .0 0 0. 0 0 0
10 33 25 19 - LOy 2 R 5 17
20 . 69 73 C b2 8l &3 26 <0 35
o LOAD ON 2-2 x / a=0.285
0 0 0 0 0 0 0 0 0
10 25 . &0 26 N 23 52 23 63 -
20 50 gl 57 101 L6 107 48 . 131
LOAD ON 2-2 x/ &= 0.545
0 0 0 6 0 o 0 0 0
19 ot 92 KT 104 % L .30 58
20 89 206 97 w5 67 8 &, 120
LOAD ON 2-2 o x/ a= 0,80
0 0 0 o - 0 0 0 0 0
10 34 54 37 70 23 16 21 28
20 69 117 77 145 Lb 36 b 57
\{ LOAD ON 3-3 x/ a=0s236 N
0 o. O 0 o o -0 0 0
10 17 28 L5 62 1 17 43 177
20 36 56 92 130 28 35 86 333
LOAD ON 3-3 x / a = 0.493
0 0 0 o . 0 0 0 0 0]
10 29 43 S Te 206 2 23 L8 Th
20 s B9 . Lz 408 R 95 153
LOAD ON-3=3 | x/ a=0.75
0 0 0 0 0 0 0 0 0
10 20 29 43 66 13 10 25 25
- 20 L1 61 . 89 134 29 . 43 Y

55




Table A9(e)
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l, inﬂucnce lines. Model A5

L-Leoad, D-Deflection,: S-Str®n. .

156

" cc2 CLL2 CC3 CLL3
L D S D s D S D S
. “LOAD ON 1=-1 : x / & = 0,288
"0 0 0 0 -0 0 0 0 0
10 50 43 33 - b 50 R 25 38
20 104 89 T4 97 100 253 -1 83
"LUAD ON 1-1 ‘ x/ &= 0,512 -
© 0 0 o - -0 0 0. 0 0 0
10 T4 184 L5 63 . 45 33 3l 36
20 W7 366 99 134 51 7 66 72
LUAD QN 1-1 : x/ a= 0,738
0 0 0 0 0 0o . 0 0 -0
10 Wb NN 31 38 26 14 17 15,
20 G 92 66 83 55 33 38 33
‘ "LOAD ON 2-2 x/ &8 =0,25 .
0 0 0 o - 0 0 0 o 0
10 LO T 43 L8 61 34 72 . 36 79
20 84 g8 100 1 T4 LB 79 163
LOAD ON 2=-2 = x / & = 0.475
0 0 0. 0 0 0 0 Q 0
10 61 96 72 117 L3 L1 . Wb 55
20 125 197 151 243 - 88 87 100 17
. LOAD ON 2-2 x/ & = 0,700
0 o 0 0 0 0 ¢ 0 0
A0 L6 59 56 70 28 18 32 29
20 96 16 115 138 60 39 68 56
Tos
LOAD OXx 3-3 ' x / & = 0,288
0 o) 0 0 0 0 0 0o . 0
10 34 40 76 8 26 32 %9 187
20 e 80 155 172 57 72 Ul 375
»
LQAD ON 3-3 x./ a= 0,512
0 0 0 o . 0. 0 0 0 O
10 46 5 109 .25 33 .21 68 68
20 100 125 220 505 70 61 135 136
LOAD ON 3-3 x/ a=0.738
0 0 0 0 0 0 0 0 . 0
10 34 40 70 75 23 15 39 28
20 72 b 1,3 47 3 80 62
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