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ABSTRAGE

Cable-stayed bridges are structural systems in
which inclined cables emanate from one or more points of
supporting towers and hold large span stiffening girders
of the bridge deck at intermediate locations between the
main supports., Modern cable-stayed bridges are found to
fulfil the engineering requirement of optimum structural
use of materials involved in their construction for a span
range of 90-%370 m, These bridges possess a good aesthe-

tical appeal.

A wide acceptance of the concept of the cable-
stayed bridge has faced organisational as well as tech-
nological problems in the past. The present study aims
at advancing the understanding about the analysis proce-
dure and the static and dynamic behaviour of such bridges
through investigation of the influence of certain impor-
tant parameters and experimental verification of the ana-
lytical results, The specific objectives of the present

investigation are:

(a) To determine the effects of parameters like
nonlinear axial-flexural interaction, pre-
stressing of the cables, and soil-structure
interaction on the behaviour of the bridge

under symmetric vertical loads.
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(b) To investigate the behaviour of the bridge under

eccentric vertical as well as lateral loads with

and without soil-structure interaction effects.

(¢) To work out the influence of geometrical para-
meters of the bridge, like side to main span
ratio, tower height to main span ratio eto,, o1

its lateral load behaviour,

(d) To study the free vibration mode shapes in the
principal directions of the bridge and to com—
pute the dynamic response to a specified Dbase

motion,

(e) To verify some of the analytical results by
comparison with experimental results of a small

size laboratory structure.

Radiating type bridge structures having six cables
on each side of the tower legs with (a) a main span and two
side spans (referred to as a 3-span system) and (b) with
anchor piers added at mid points of the side spans (raf~
erred to as a 5-span system) have been chosen forr the
present investigations. Parametric lateral load studies
have been made on the three span structure having three

equivalent cables, in place of six.

Appropriate two dimensional and three dimensional
mathematical models have been developed to take into acc~

ount the actual conditions of transfer of forces between
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the superstructure and the substructure, In the three

dimensional models, the lateral stiffness of the transverse

girders has been replaced by equivalent diagonal members.

The stiffness matrix method has been used for sta-
tic analysis and for obtaining deflection influence coeffi-
cients., For free vibration analysis, the inverse iteration
technique coupled with approximation to the Rayleigh Quo-
tient has been used to find the fundamental period and
associated modeshape, The higher periods and modes have
been obtained by Wilkinson's deflation technique. As an
illustration of seismic response calculations, ma X imum
probable response of a bridge has been evaluated for a spe-

cified ground motion spectrum in the traffic direction.

Experimental studies under static and dynamic load-
ing conditions have been made on a small size laboratory
model of aluminium alloy. The laboratory structure has
been scaled down from a major bridge proposed in India,
using a scale factor of 1/200, The analytical results
of this laboratory structure have been obtained after taking
due care to represent the actual conditions of rotational
and torsional fixity available at the base of the subs-
tructure and to represent actual tensile stiffness of
aluminium wires used as cables. A comparison of analyti-
cal and experimental values of the laboratory structure

has been made,
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The main conclusions arrived at from the study are

the following:

The three span system is appreciably more flexible
than the five span system, The effect of axial-flexural
interaction is to increase the overall flexibility of the
system. The increase is seen to be within 10% for the five
span system, but the increase in the axial forces in main

girder elements is seen to be significant.

The mutual sharing of eccentric vertical loads by
the mein girders is moderate as seen from the study of the
bridge under vertical loads applied to one of the main
girders. The forces and deformations in the unloaded side
lie generally between 10 to 25% of those on the loaded side,
Other effects of eccentric loading are the horizontal bend-
ing and twisting of the deck near the centre of main span

which must be considered in the design,

Under the actioh of lateral forces, the deck tends
to act as a horizontal girder with cables carrying only
negligible axial forces. Axial forces and moments in the
main girder elements are significantly effected by the ratio
of the side span to centre span., The ratio of tower height
to centre span has significant effect on twisting and hori-
zontal bending of the main girders and axial forces, shears
and moments in the tower and the substructure. The ratio

of cable stiffness to girder torsional stiffness effects
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horizontal bending and twisting of tower legs, The effects
of increasing the width of deck is to decrease the horizon-

tal bending of the deck,

The effect of soil-structure interaction, even when

soil is soft, is seen to be negligible on the superstructure

forces but the substructure forces are significantly increased.
Most of the lower modes of free vibration are charac-

terised by the deflections of the deck in the vertical plane.

Experimentally, it does not appear possible to induce a pure

mode in the superstructure due to cable vibrations,

Comparison of analytical and experimental results
is generally good which proves the adequacy of the analyses

adopted.,



(vi)

ACKNOWLEDGEMENRNT

The author expresses, with deep gratitude, his
sincere thanks to his supervisors, Dr. A.S. Arya, Professor
and Head, School of Research and Training in Earthquake
Engineering and Dr. Prem Krishna, Professor and Head, Stru-
ctural Engineering Section, Department of Civil Engineering,
University of Roorkee, Roorkec, for their expert guidance
and constant encouragement throughout the course of this

study.

The author thanks Prof, $.C. Goyal, 2. 8, Divme
kxaran and Dr. S.P. Gupta of University of Jodhpur, Jodhpur

for encouraging him to take up his Ph.D, studies.

The author expresses his sincere thanks to Mr, A.D.
Pandey, Lecturer in Earthquake Engineering for allowing the
use of his dynamic analysis computer subroutines in the
computations. The author thenks Dr. P, Nandakumaran,
Reader and Mr. A,D. Pandey, Lecturer in Barthquake Engi-
neering, University of Roorkee, Roorkee, for technical
discussions he had with them at various stages of the work

which proved useful.

Thanks are due to Mr, H.C. Dhiman, Mr, Laxmi
Chand, Mr. Vijay Kumar and other staff of the workshop and
laboratories of Earthquake and ¢ivil Engineering Depart-

ments of the University of Roorkee for their help in model



(vii)

fabrication and experimental work.  Thanks are also due
to Mr. Deen Dayal, Mr, S.C. Sharma and Mr, Gopinath for

their help in bringing out the thesis in the present form.

The author is indebted to his respected mother who
sacrificed all her comforts at an old age and to his wife,
Padma, who took every care to keep the author free from
the worries of his family. The author thanks his other
family members for their constant encouragement during

this study.

The funds for this study were provided by the
Council of Scientific and Industrial Research (0818 },
India, PFinancial assistance to the author was provided
partly by CSIR and partly by the University of Jodhpur,
Jodhpur where the author is employed. The financial

assistance is gratefully acknowledged.



(viii)
OCFTERTS

_.——.—_—-_—__——_——-———.————_————_———.——_———_.——___—___—_—_—_—._—_-_——

Article Page
R HE A DI G Vo
Abstract (i)
Acknowledgenent (wi)
Contents (viii)
List of Tables (xii)
List of Figures (xvi)
List of Photographs ()
Notations (xxi)
CHAPTER 1 - INTRODUCTION
dgd Basic Concepts d
F oy Structural Characteristics X
1P Component Configuration 3
Led Methods of Analysis 14
3 AR Identification of Problems Associa-
ted with Cable~Stayed Bridges 15
16 Objectives of the Study 19
B Scope of work 20
1.8 Outline of Thesis : 23
CHAPTER 2 - THE STATE OF THE ART
Lad Brief History of Development 25
2t Superiority Over Suspension
Bridges 27
AL Economic Evaluation 28
2.4 Aesthetical Evaluation 29
2.5 Preliminary Design 29
2.6 Mathematical Idealization for
Analysis 30
I Influence Lines and Parametric
Charts 30
£ Mathematical Simulation 32
2.9 Methods of Analysis 35

B 10 Nonlinearity 40



—.—————_.———-———_———.—_—————_—-—_—————-———————.__—————.——————_———_.

Artiole Page
No. By T 8a No.
P Soil=Structure Interaction 44
2.1e Experimental Studies Sl
Eudd Wind Effects and Dynamics Response 52
2.14 Summary 59
CHAPTER 3 —- ANALYSIS FOR STATIC LOADING
Sal Introduction 7
o 29 Representation of the Structure ¥
T Stiffness Method of Analysis 60
3.4 Member Stiffness Matrices 65
G 1Y Rotation Transformation Matrices 74
56 Structural Discontimuity T4
Bud Elastic Supports 79
3.8 Use of Symmetry/Antisymmetry 79
349 Effect of Cable Prestress 82
o) Bending Moment—-Axial Force
Interaction 82
Ll Outline of Space Frame Computer
Analysis 88
o P Outline of Plane Frame Computer
Analysis 9l
CHAPTER 4 - DYNAMIC ANALYSIS
. 5 Introduction 96
4,2 Representation of the Structure 96
4:% Free Vibration Analysis 97
4.4 Response Analysis 104
CHAPTER 5 - EXPERIMENTAL STUDIES
5l Introduction 109
Bl Aim of Study 109

S Selection of Type of Bridge 110



_—-———.—_—-———.————_—-—_—.—_.—_—._.—-._.__———_—____—————_——__—_————_.—_._

s R 55T LA Hoe
54 Choice of Scale iE
S 5 Selection of Material and

Preliminary Tests 112
5B Design of Model Bridge 114
Bal Design Calculations g a7
5.8 Description of Model Bridge 119
5 Model Fabrication 122
Sl Support Details 132
gL Cable Anchorage Details L& 4
Bald Preloading and Instrumentation

of Cable Wires 138
Sy gl o Model Erection 141
Badd Test Records 14}
S i Test Details 143%
5elb Ancilliary Tests 147

CHAPTER 6 — STATIC PLANE FRAME INVESTI-
GATIONS

&1 Introduction 154
&.2 Details of Structures S1 to S7 152
63 Loading 158
6.4 Ioadings L1 to L4 J 50
g Elastic Constants 159
6.6 Tabulation of Results 159
6.7 Interpretation of Results 165
6.8 Discussion of Results f i o
6.9 Experimental Verification Al

Results 176
Gudl Sunnmary 176

CHAPTER 7 - STATIC SPACE FRAME
INVESTIGATIONS

Tal Introduction 180
Tuc Details of Structures 58 to S12 180
TeBd Toading L5 to L10 186



L e e b e e T e e e e et

b HEADING a
7.4 Eccentric Vertical Load Analysis 188
TeH Lateral Load Analysis 202
T2t BExperinental Verification of

Results 216
Vet Parametric Study Under Lateral
Forces 217.
7:8 Sumuary 242
CHAPTER 8 — DYNAMIC INVESTIGATIONS
B i Introduction 244
8.2 Structures for Dynamic Analysis 244
8:3 Vibrations in Vertical Plane 248
8.4 Vibrations in Transverse Direc-—
tion of the Bridge 57
8+5 Discussion of Overall Behaviour
of 5-span Systen 260
8.6 Experimental Verification of
Results 262
7T Sunnary 265
CHAPTER 9 - SUMMARY AND CONCLUSIONS
9,1 "Studies Carried out 267
9.2 Significant Results 268
9.% Conslusions 273
9.4 Scope for Further Research g d]
REFERENCES o
APPENDIX - A 298
Calculations of Rotational Stiff-
ness at the Base of Substructure
Wells
APPENDIX ~ B 300

Representaticn of Deck Plate Stiff- -
ness by Equivalent Truss Member

APPENDIX ~ C 303

Representation of Deck Plate Stiff-
ness of 6-cable System in Equivalent
3-Cable Systen



_ (xii)
LIST OF TABLES

e e o e e e o S o U o e S MY G PG P Y A - e e ey e S e e N e e o Bt G M S S e S S S S s S e e 5 S m = =

Table Page
No. C 0338 4.8 No.
Bl Stiffness matrix in member axes for

fully restrained member in space 68
By gtiffness matrix in meuber axes for

truss member in space T1
s Stiffness matrix in menber axes for a

nember JK with J end hinged about ZM— 12

axis and restrained in other direc=
tions in space

Sed Stiffness matrix in member axes for

fully restrained member JK in a plane 73
545 Stiffness matrix in member axes for

truss meuwber JK in a plane 73
3.6 Stiffness matrix in member axes for a

nember JK with J end hinged about ZM—

axis and restrained in other directions
in a plane T4

Bl Stiffness matrix for symmetrical load-
ing for fully restrained member JK in
space cut transversely by line of
symuetry of frame &%

2T Stiffness matrix for syumetrical load-
ing for fully restrained member JK in
a plane cut transversely by line of
symetry of frame 84

du Stiffness matrix for antisynuetrical
loading for fully restrained menber
in space cut transversely by line of
symnetry of frane 85

5,10 Stiffness matrix for antisyumetrical
loading for fully restrained nember in
a plane cut transversely by line of
symetry 84

il gtiffness matrix under axial-flexural
interaction for fully restrained nember
in a plane frane 89

3 gtiffness natrix under axial-flexural
interaction for a member with first
end hinged about Z-axis and restrained
in other directions in a plane frane 89



Table Page
o. ¢ O BT ENT NG,
13 Stability functions for various end

conditions of a nember 90
el Comparison of component section pro-

perties of the prototype and the model 118
p T Significant dinensions of model bridge 123
HeD Schene of loading of bridge model for

static tests 145
5.4 Results of ancilliary tests 150
G s Details of external restraints for

g8 4o 57 154
6.2 Geonetrical properties of elements

of structures S1 to 56 157
@3 Elastic constants 160
6.4 Displacements in structures 51 to S6 :

under loading Il 161
6.5 Cable forces in structures S1 to S6

under loading Il 162
6.6 Axial forces in girder, tower, pier

and well elements of S1 to S6 under Ll 163
&.7 Monents in girder, tower and well

elements of S1 to S6 under L1 164
6.8 Ratios of maximun deck deflections

to main span for S1 to S6 under L1 175
6.9 Comparison of analytical and experi-

mental results B b
Tyl Details of external restraints for

S8 to S12 182
Tak Geometrical properties of elements of

structures S8 to S11 184
Ten Ioading L5 on S8 to S11 (Eccentric

vertical loading) 187
T TLoading 16 :on S8 to S11 (Lateral

loading due to uniform wind pressure,

varying with height) 187
P Defornations at salient locations

of S8 to S11 under eccentric vertical
loads (I5) 188



o s B e G = G P S S P A EEt A A Biee E e M S G = e T G i (o e T G e e S S At A S e S e S W A A S e e ——

iy CONTENT P
Ts6 Cable forces in S8 to S1ll under

eccentric vertical loads (I5) 189
o Axial forces in girder, tower, pier

and well elements of S8 to S11 under

eccentric vertical loads (L5) 190
EEL Twisting moments in girder, tower,

pier and well elements of S8 to S11

under eccentric vertical loads (1L5) 191
7.9 Bending monents (M-Z) in girder,

tower, pier and well elements about

axes parallel to transverse axis of

58 to 511 under eccentric vertical

loads (IL5) , 192

7.10 Bending monments in tower, pier and
well elements about axes parallel to
longitudinal axis of S8 to S11 under
eccentric vertical loads (LS) 193

r (00 Sumnary of maximun values of forces
in 58 to S11 under eccentric vertical

loads (I5) 194
T2 Defornations at salient locations of

S8 to S11 under lateral forces (1L6) 203
Fells Cable forces in S8 to S11 under lateral

forces (1L6) 204

T«14 Axial forces in girder, tower, pier
and well elements of S8 to S11 under
lateral forces (L6) 205

¢ G0 Twisting moments in girder, tower,
pier and well elenents of S8 to Sll
under lateral forces (L6) 206

7.16 Bending nouments (M-Y) in girder, tower,
pier and well elements of S8 to S11
under lateral forces (1L6) 207

TeLl Bending roments (M-Z) in girder, tower,
pier and well elements of 58 to S11
about axes parallel to transverse axis
of bridge under lateral forces (L6) 208

7,18 Sunniary of maxirmm values of forces in
S8 to S11 under lateral forces (L6) 209



> e e e S S Bn n e e g e e Rt S S G ey A Bt e S (e S e P By G e e iy e e S e P e e S G M S Gt S e S M S

Table Page
No., CONTENT No.
719 Comparison of analytical and experi-

mental values of nmaxirmun deflections

in 5L mrder L7 to 110 216
7 420 Comparison of lateral deformations of

6-cable systen and equivalent 3 cable

systen 219

f st Geometrical properties of members of 513 221
TaRe Lateral forces (IL1ll) applied to 513,

520 to 823 222
7.23  Lateral forces (112) applied to S14 222
T dk Tateral forces (L1%) applied to S15 22%
T2l Lateral forces (L14) applied to S16 2y
T. 26 Lateral forces (Ll5) applied to S17 224
T27 Lateral forces (1L16) applied to S18 224
T:28 Lateral forces (L17) applied to S19 225
8sl Nodal coordinates and weights lumped

at different nodes of S24 246
8.2 Degrees of freedom considered and

lunping of weights for dynamic analy-

sis of 825 249
o ) ' Spectral accelerations due to hori-

zontal ground motion for 10% damping 256
8.4 Comparison of analytical and experi-

nmental values of natural frequencies
in longitudinal, vertical and lateral
directions 262



(xvi)
LIST OF FIGURES

Figure Page

No. & Tk el No.
dal A typical three span cable-stayed

bridge 2
T Cable configurations in longitudinal

direction 4
B L Radial cable arrangenents in space 8
E ) Supporting towers ik
155 Deck superstructure 12
2l Representation of side and base

resistance of well by Arya et al (38) 46
2.2 Representation of soil resistance by

Ahmad (1) 46
Pl Menmber stiffnesses in member axes

for fully restrained member in space 67
S Torsional constants 69
- 1Y Use of symnmetry and antisymmetry

in a planar structure 81
Do Representation of cable pretension

by equivalent joint loads on released

structure 86
- General defornation of a meuber 86
Bad General view of proposed Second

Hooghly Bridge, India 111
5ol Cross—section of end well (No.,l& 4) 125
Bal Cross—section of end pier (No.l & 4) 124
Sad End view of model bridge at tower

location 2,
5.5 Cross—section of mid-well (No.2 & 3) 126
S Cross—section of mid-pier (No.2 & 3) ks
Bl Cross—sections of tower top and

botton 128



-y o Pt s S o D e G S S e S S S e e S0 e B W S e G G P Y S Gt et S e G ot S e G S GHS e S e S G Mt W G e e Mo

Figure Page
E e e ?__E__?__E__g _____________________ L
- Portal cross-—sections and tower
portal conriection 129
Bad Deck cross-section details 130
Ball Main girder splice cross-section 251
Bl Deck plate splice 5% 7
. Hinge connection at end pier 1%4
Bl Link connection at tower 134
534 Link connection at end pier 138
B kB Anchor block at top of tower 1%6
Babb Cable forces at tower top 140
Fry Micrometer tensioning cum anchor
device 140
5k Schene of instrumentation and loading
of bridge model 142
Sl Test arrangement to determine tensile
stiffness of aluminium wires 149
B.) Mathematical nodels of structures
81 te 87 155
6,2 Distribution of deformations and
forces (liner) in 5-span systen
(81) under live loads (I1) 166
6.3 Distribution of deformations and forces
(linear) in %-span system (S3%) under
live loads (I1) 169
6.4 Nodal configurations of S2 and S4
under cable pretension and dead weight 174
Dol Mathematical model of structures
58 to S12 181
% Mathenatical model of structures

813 to 823 196



(xviii)

s Distribution of deformations and

forces (linear) in %-gpan system (S510)

under eccentric vertical loads (I5) 199
Talth Deforuations and forces in S8 under L6 210
75 Defornations and forces in S10 under 16 21%
746 Mathematical nodel of structures S13

o 823 218
v Variation of cable forces with a, B

under uniforn wind load 226
1o Variation of cable forces with s )

under uniform wind load 227
7.9 Variation . of axial forces in main

girder elements with a, P under uni-

form wind load 228
Tk Variation of axial forces in main

girder elements with -V ,» under

uniform wind load 229
Tkl Variation of vertical shears in main

girder elements under uniforn wind

load 230
1A% Variation of horizontal shears in nmain

girder elements under uniforn wind

lcad 231
T ol Variation of twisting moments in main

girder elements under uniform wind load 252
T bl Variation of moments about vertical

axis in girder elenents under uniform

wind load 233
i Variation of moments about horizontal

axis in girder elements under uniforn

wind load de)
7.16 Variation of axial forces in tower

legs under uniform wind load 235



B et it o et e e i e Gy e o S et S = i e S s S e e S e G G G S Gt G e PYe G faae B P G v G b P e S e G A e S o e e e ——

Figure Page
R Varietion of shears F-Y (member

axes) in tower legs, portals, piers

and wells under uniform wind load 236
K Variation of shears P-7 (menber axes)

in tower legs, portals, piers and

wells under uniforn wind load 237
T Variation of twisting moments in tower

legs and portals under uniform wind

Load 238
Ts20 Variation of nonents M-Y (member

axes) in tower legs and portals under

uniform wind load 239
T2 Variation of nmoments M-Z (menber

axes) in tower legs and portals under

uniform wind loads 240
Sins Mathenatical models of structures used

for dynanic analysis 245
8.2 Free vibration nmodes I to III of

structure 524 257
S Pree vibration modes IV to VI of

structure S24 252
Sad SRSS values of displacements and

axial forces for structure S24 254
85b SRSS values of shears and momnents

for structure S24 255
8.6 Torsional/flexural modes I to III

of structure 825 258
8.7 Torsional/flexural modes IV to VI

of structure S25 259
8.8 Typical acceleration records of free

vibration in vertical direction 264
ALl Sections at the base of concrete wells 299
BL Repregentation of deck plate stiffness

by equivalent truss nenmber. 299



(xx)
LIST OF PHOTOGRAPHS

o = P St s Gt G P Y S e S T St Tt e PSS Tt Gt Mt e B P e P S Ay G S s et St S S B M s W S AT e G T R SRS S M e e e e

Photo J N (e Page
No., No.
=1 General view of model bridge with

oscillator mounting for shaking in

longitudinal directiocn 12¢
P2 Deck-pier connection through hinge 1%Y
3 Deck-pier comnection through link 137
P4 Deck=tower comnection through link 51 g
P5 The hinge and the link 138
Po Cable anchor blocks at the tower top 138
7 Micrometer tensioning cum gripping

device L1as
P8 Symmetric vertical loads on the

bridge deck 144
P9 5-point lateral loading of the

bridge deck YA4

P10 (i) ILoading of the bridge deck
through clutch to induce
lateral free vibrations 146

(ii) Oscillator mounting for
shaking in lateral direction

Fil Strain recording for direct tension
test on coupon frowm aluninium alloy
sheet 146



(xxi)

R R A L R B < S O

The notation symbols are defined here in alphabetical
order, They are defined in the text also wherever they

first occur

Cross—sectional area of a member

Force vector at the two ends of a member in
nenber axes

Modified dynamic natrix

Mode participation factor in rth mode corres-—
ponding to ground motion represented by ST

Mode participation factor for horizontal and
vertical ground motion respectively

Coefficient of elastic uniform compression
of soil

Direction cosines of menber axes with respect
to structure-axes

Coefficient of elastic nonuniform compression
of soil

Danping matrix

Defornation vector at the two ends of a
nerber in nenber axes

Defornmation vector at the two ends of a
neuber in structure axes

Modulus of elasticity

Equivalent nodulus of elasticity
Vector of nenmber forces in rth mode

Tine dependent force vector
Modulus of rigidity

Torsional constant of a member cross—
section



Iy(z)

X}
b
[KmJ
L

MovyMai M

JX?TJY?JZ

2

Jx T

Iy F

Jz

Prxs Py Py,

P
B3
p
Py
R

(xxii)
Principal moment of inmertia of the cross—
section of a member with respect to Y,(Z,,)
: MM
axis
A nember with its two ends J and K

Vertical stiffness of soil

Rotational spring constant

Matrix of stiffness influence coefficients

Member stiffness natrix

Length of a nember
Moments on end J of a member about XM, YM,
ZM directions

Monents on end K of a member about XM, YM,
ZM directions

Mass matrix

th

Mass associated with i" degree of freedon

Subscript used for model

Geometrical scale ratio, also order of a
natrix

Stiffness factor of sand

Forces on end J of a member along directions

XM’ YM and ZM

Forces on end X of a member along directions
XM, Yy and ZM

Axial force in a member

Load wvector

Subscript used for prototype
Natural frequency in rth node

Rotation matrix



Wi U g b

JX?'7JY? T JZ

| Ty o AR .

KE* KY? K2

Eops Tappdo

M? MM

Z

Xg9¥gs2g

(\M ‘\,\/1 r./\/\
S TN -
(DN} Ly PN

Xrs¥ysia

g o Iy s 2y

(Zxlil)
Rotation matrix of a member in a plane
Rotation matrix of a member in space
Rotation transformation matrix
Transpose of natrix RT

Rotation transformation matrix of a plane
frame nenber

Rotation transformation matrix of a space
frane menber

Rotation matrix of a vertical nmember in space
Shearing forces at the two ends of a member

Menber stiffness matrix for nember axes
Menber stiffness matrix for structure axes

Absolute acceleration ﬁpeotrum corresponding
to the frequency in 0 node

Translations of end J of a nenber JK along
directions XM’ YM and ZM

Translations of end K of a member JK along
directions Xy, Yy and ZM

Member oriented set of orthogonal axes,
referred to as menber—axes in the text

Set of orthogonal axes used for the structure
as a whole referred to as structure axes in
the text

Dynanic displacement vector

Velocity vector

Acceleration vector

Coordinates of end J of a member JK in
structure axes

Coordinates of end X of a nmember JK in
structure axes



(xxiv)

Y§ Dynamic displacement at node i in rth node
%Y? Modeshape vector
5T Nodal defornntions obtained in the rth node
bi Deformations at the two ends of a member
i obtained from ol
i&} otatic deformation vector
A Relative displacement of two ends in a direc-
tion perpendicular to the longitudinal axis
of a plane frame nember
e A specified small quantity
a Unit tensile stregs in cable
%; i jterate of eigen value for ™ poge
AL Specific weight of cable
©1%x185y185; Rotations of end J of a member JK about
XM’ Yy 2y directions
e e e Rotations of end K of a member JK about
EL"RYY R4 directions XM’ YM and ZM

g, to ¢5 Stability functions
0. Horizontal modal displacement of i pode
ih

giv Vertical modal displacement of it pode

ﬂi Normalized amplitude at node i in rth node



CHAPTER 1

— — v o e

INTRODUCTION

1.1 BASIC CONCEPTS

Modern cable—-stayed bridges fulfil the ehgineer~
ing requirement, for a certain span range, of optimum
structural use of the materiais involved in their cons-
truction, Inclined cables, which emanate from one or
moxre points on the supporting towers, are used to hold
large span stiffening girders of the bridge deck at in-
termediate locations between the main supports. A typical
three span cable~stayed bridge is represented in a plane

in £ig« Lol

Apart from the inclined cébles in tension and
supporting towers in compression, a cable-stayed bridge
. 1s a three dimeﬁsional system comprising of stiffening
girders, transverse and longitudinal bracings and othotro-
pic type deck with high moment of inertia, The strong
orthotropic type deck permits the use of shallower girders
resulting in economy in steel, The girder depth can be
further reduced by distributing the points of attachement
of the géables as mich as possible along the stiffening
girder..

1.2 STRUCTURAL CHARACTERISTICS

In practice, a cambered profile of thekdeck 1s
obtained by tensioning tbe cables to a level such that



T - Tower
G _ Stiffening Girder

C — Cable

FIG.11 _A TYPICAL THREE SPAN CABLE - STAYED BRIDGE




...3—
they do not become slack at any stage of subsequent loading.
The longitudinal girders are stressed primarily due to pres-
tressing forces of the cables, The dead loads and a major
portion of the anticipated live loads on the main girders
act to mullify the bending effects of prestressing forces,
The inclined cables transmit axial forces to the stiffen-
ing girders and the girders are subjected to nonlinear
bending moment-axial force interaction, The cables provide
a stable geometrical configuration to the bridge for any
positioning of the live loads. In this form of bridge the
contribution of the structure acting as a space system is
particularly drawn under lateral and eccentric vertical

loading.

1.3 COMPONENT CONFIGURATION

Cable-stayed bridges with two spans, three spans
or multi-spans have been successfully built in the recent
past. Salient details of the components of such bridges

are given in the following paragraphs.

1.3,1. Cable Configuration in the Longitudinal
Direction

Based on the sense of proportions of clear gpans
and tower heights one can choose from four basic and a
mumber of combinations of cable arrangements in the longi-
tudinal direction of the bridge, Fig. 1.2 shows the basic
arrangements and a few possible combinations. The dasli-

nitions and comparative merits and demerits of the basic



LONGITUDINAL STAY
CONFIGURATION

SINGLE STAY

DOUBLE STAY

TRIPLE STAY

MULTIPLE STAY

COMBINED STAY

c 7 s c \ (&
2.5 5 20
RADIATING 5w - . -
/|\\c IJS'l |J5'|
/..f T S
e |l| G
S -
HARP 5 - s . o
g M
FAN s |J'| s £ |J'T|\ S
S S
C
PaY T G
5 Fan . C _ CABLE - STAY |JS'|
T T_ TOWER
STAR P G .J'I G_ GIRDER
S S_ SUBSTRUCTURE

FIG. 1.2 _CABLE CONFIGURATIONS IN LONGITUDINAL DIRECTION



B
arrangements are given below.

(i) Radial or Converging Configuration
€2, %, 4B, ¥4, Gy A7, 20-33, Wy B8, TI-95; 41, B,
56, 64, 65, 68, 72, 82, BY, 95 90, 10L&, 12, 13, 27, %6,
347, 53, 54, 01, T3 5 T3 89,964 97, 99, 201, 2,
13-16, 18, 20) The cables emerging from several points
of the deck converge at the top of the tower, The arrange-
ment makes the optimum utilization of cable steel due to
maximum possible incli_naim'tion of cables with the deck. The
cables, thus, carry the ﬁaximum component of the dead and
live load forces., The axial force in the main girder com-
ponents of the deck is minimum (180). The radial arrange-
ment with large number of cables, however, requires compli-
cated supporting saddles at the tower tops and full height

of the tower has to be designed for heavy axial forces,

(ii) Harp or Parallel Configuration
(15, 18, 19, 27, 29, 48, 49, 61-63, 68, 81, 86, 87, 114,
19, 3L, 91, 987 In this arrangement the cables run para-
1lel, maintaining equal spacing along the tower height and
the deck., The arrangement offers a better aesthetical
appeal, when compared to the radial one, due to minimum
visual intersection of cables when viewed from an oblique
angle, However, it causes greater bending moment in the
tower and axial forces in the main girder components. The
top cables can either be fixed to the towers or placed on
moving saddles, For the lower cables it becomes necessary

to study whether it is feasible to obtain fixed supports
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at the tower legs or they must be made movable in a hori-
zontal direction, The movable cable supports present

problems of mathematical idealization,

The harp arrangement is less stiff than the radial
arranéement but good stiffness can be obtained if each back
stay ié anchored to an individual pier (18, 27, 191). The
axial forces in the main girder components can be reduced
by increasing the height of the tower, Cable-steel re-
gquirment in this arrangement is slightly higher,

{(1ii) ¥an Configzuratioms €24, 25, 31, 32, 43, 80,
85, 87, 141, 66, 74, 212): Non-parallel cables emanate
from the tower with equal but small spacings along the
height and comnect with equal spacings along the length of
the deck, The arrangement, which is a combination of the
radiating and the harp arrangements, is used when all the
cables can not be accommodated at the top of the tower,
The merits and demerits of both radidating and harp arrange-
ments are encountered to a lesser degree in this arrange-

ment,

(iv) Star Configuration (4-6, 40, 97-100, 186):
The cables emerge from the tower at different heights and
converge on each side of the tower at bne point on the
deck, The two small cables function as a single large
cable which gives a unique aesthetic appearance to the

structure, The arrangement is limited in its

application to small spans as it contradicts the



principle that the points of attachment of the cables
should be distributed as much as possible along the main

girder.

Apart from the four basic longitudinal arrange-
ments of cables, a variety of combinations (8, 13, 30, 44,

57, 114, 15, 33, 65, 69) have been guccessfully tried.

1.%.2 Cable Arrangement in Space

One may choose to place the cable stays in a single
plane; a plane of symmetry (fig., 1.3a) or an asymmetric plane
(fig 1.3b), or two planes; either vertical (fig 1l.3%c) or
oblique (fig. 1.3d), Any arrangement described in section
1.%.1 may be chosen, Cables in three vertical planes have

also been tried,

The single plane symmetric cable arrangement

(4-6, 33~35, 97-100 etc,), which is economical and aesthe-
tically appealing, provides lane separation, unobstructed
view of the landscape to thd user and needs relatively
smaller pier widths, However, relatively large concentra-
ted cable forces are transferred to the main girdexr of the
superstrucfure. High torsional rigidity of the main gir-
der, through box section, is required to take the asymme-

trical vehicular and wind or earthquake loading.

Asymmetrical single plane cables have been used
for pedestrian bridges (2, 127) with the plance of cables
at the edge of the walkway. The system is suitable only for
small loadings.



\\ - “ “\ - -
N
\\\ \‘-. \.\‘

S AINNNNNN Z /L
8 AR S i

4)7 c_Double -vertical plane L7

e
17

d_Double - oblique plane

FIG.1.3 _RADIAL CABLE ARRANGEMENTS IN SPACE




G

In the double~plane vertical cable arrangement
(10, 28, 72, 112, 45, 53, 89, 214, 20 etc.) the anchors
may be either on the outside of the deck structure or
built inside the main girders., The former arrangement
has the advantage of unobstructed deck surface but addi-
tional reinforcement is required to transmit eccentric
cable loadings into the main girders., The pier, which
supports the towers, has to be wider, In the latter
arrangement the overall width of the deck has to be in-
creased for the full length of the bridge to safely
accommodat®d the anchorage fittings. The cost of super-

structure is, thus, increased.

The double plane oblique cable arrangement
(12, 20, 44, 102, 33, 54, 97, 215, 16 etc.) is sultable
for long spans with very high A-shaped towers which
are lateraily stiff due to triangle and frame action.
The arrangement prevents dangerous torsional movements
of the deck due to wind oscillations. The term ‘*plane’
is to be interpreted loosely in this case. Stays conne-
cted at more than oné level on thd tower (harp or fan
arrangement), or any vertical and horizontal curvature
in the roadway, geometrically forms a warped surface in

space.,

1.3.,3. Supporting Towers

Towers are also referred to as pylons. Factors
that decide the shape of a supporting tower are the

arrangement of cables, bridge site conditions, desired
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ratio of tower height to span length, clearance required,
aesthetics and economics. Towers are normally cellular
sections fabricated of steel or constructed in reinforced

concrete, Various shapes of towers are shown in figilad.

The tower may be fixed or hinged at the foundation
or it may be fixed to the superstructure., Magnitude of the
vertical loadé and distribution of cable forces along the
tower height are the factors which should be considered.

A fixed base, though induces large moments at the base,
increases the overall rigidity of the étruoture. A pinned
bearing at the base of the tower, which may be preferred
for structurasl reasons, needs external supports to the

tower until the cables are connected.

1.3.4., Deck Superstructure

There are two basic types of main girders; the
gtiffening truss and the solid web girder, The deck 1is
usually of orthotropic steel construction having various
cross—section types of the longitudinal ribs as well as
the cross—girders., A latticed type of main girder is
obsolete in the current designs as it requires more fab-
rication, is relatively more difficult to maintain, is
more suscéptible to corrosion and less appealing, Various
types of bridge deck cross—sections with solid web main
girders are shown in fig. 1l.5. Flate girders have very
low torsional rigidity. Depending on the type of loading
and number of lanes a specific cross—section of the deck

may be chosen, The orthotropic errangement with trapezoidal
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configuration and cantilever extensions provides a better

aerodynamic stability.

1.3.5. Cables

A cable is a flexible tension member consisting
of one or more groups of wires, strands or ropes, A wire
is a single continuous length drawn from a cold bar, A
strand, with the exception of parallel wire strand, is
an arrangement of wires helically placed about a centre
wire to produce a symmetrical section, A rope is an
assembly of number of strands helically wound around a

core that is composed of a strand or another rope,

Structural strand is generally preferred to a
rope for cable—stayed bridges because of its greater
breaking strength for equal size, higher modulus of
elasticity and more corrosion resistance for a given
class of zinc coating. However, the strands have a
lesser curvature capability, ILocked—coil-strands are
also used in which the wires in some layers are spe-—

ciallybshaped to lock together around the core.

1l.3.6. Cable Connections

Special end fittings attached to the cable ends
have to ensure full transfer of loads, Standard fittings
can be used with due consideration to the procedure of
erection., .Access for initial tensioning and subsequent

adjustments and inspection, protection against wemther



and accidental damages are the main requirements of an

efficient cable—connection design,

A cable may be terminated at the tower connection
or may be permitted to pass through as a continuous member,
In the latter case the cable is supported on a grooved
fitting, referred to as saddle, which may be either‘rigidly
connected to the tower or supported on expansion bearings
to permit longitudinal movements, The overall rigidity
of the structure is enhanced by the fixed saddles. A
movable saddle reduces bending moments on the tower when
the base of the tower is fixed, In case of large number
of cables on a tower,the saddle for the top cable may be
fixed and all or a few of the lower saddles may be per—

mnitted to move,

1.4, METHODS OF ANALYSIS

Approximate analysis (183) can be carried out
by considering the stiffening girder as contlnuous beam
on elastic supports., Standard two dimensional plane
frame and three dimensional space frame methods of exact
analyses can be used with proper modifications to account

for nonlinearity present in cable-~stayed bridges.

Smith (183, 184) used a linear mixed method of
analysis by formulating a matrix of unkmown displacements
and forces, Troitsky and Lazar (208) used a flexibility
technique, Lazar, Troitsky and Douglass (122) proposed
a load balancing analysis to partially reduce the live
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load effects by applying prestressing forces. Stiffness
method of nonlinear analysis was used by Lazar (121) as
well as Podolny and Fleming (157, 160), Transfer matrix
method was used by Tang (192, 193) to accommodate non-
linearity by using ficticious loads. Arya and Thakkar
(36) used a modified transfer matrix method for calcula~
ting seismic response of a cable-stayed bridge including
soil-structure interaction, Kajita and Cheung (107) used
a linear finite element method to consider torsion in the
deck of three dimensional bridge structure. The method
was extended to perform dynamic analysis also, Morris
(148) presented a method for linear and nonlinear dynamic
analysis of three dimensional cable stiffened structurés
stressed in the elastic range. Tang (194) used energy
approach to calculate the overall buckling load of the

structure.

1.5 IDENTIFICATION OF PROBLEMS ASSOCIATED WITH
CABLE-~STAYED BRIDGES

Although the first modern cable-stayed bridge
came in existence in 1955 and a number of such bridges
were subsequently constructed in Germany, a wide accept—
ance of the concept of stayed bridge type faces both
organisational and technological problems listed in the
following paragraphs., An unreserved application of the
concept, at the present and in the times to come, depends

on how quickly and effectively these problems are tackled.
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(a) Bridge specifications of most of the countries do not
include provisions for cable-stayed bridges and the design-
ers have to adapt their design to satisfy the existing
specifications, wherever possible, and be prepared to
explain their design, analysis and construction details, not
covered by the specifications, to the approving authority.
This prompts the designers to restrict their choice to
conventional types. Lack of data on the cost of construc-
tion, which is normally derived from the past experience,
leads the contractors to overbid to hedge against unfore-—

seen problems.

(b) The available technical data, in terms of influence
lines and parametric charts, which helps in the preliminary

design of a bridge structure is insufficient,

(c) The erection sequence and procedure may govern the
design of some of the components of the bridge structure,
An analysis of forces and deformations in different stages

of erection of the bridge is very important,

(d) The effect of nonlinearity due to large deformations

should be investigated .

A paralles programme of doctoral research is in
progress at the University of Roorkee to study the effect
of various parameters on the behaviour of cable~stayed
bridges under vertical live loads, distribution of fofces
and deformations in the stages of erection and the non-

linear effect of large deformations,
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(e) A cable~stayed bridge is a statically indeterminate
system to a very high degree which is somewhat difficult
'to analyse with reasonable degree of accuracy. Computer
programs must be developed to include all the effective
parameters to ensure greatest precision possible in the

prediction of forces and deformations.,

(£f) A suitable mathematical idealization of the bridge
structure, which gives results as close to the actual
behaviour of the structure as possible,must be made,
Assumptions made in the idealization must be clearly
identified and the validity of the idealization should be

supported by experimental evidences.

(g) Stayed type bridges are considered to exhibit inherent
flexibility compared to conventional girder and truss types.
The live load deflection of the Severin Bridge at Cologne
is 1/225 of the span - 3.5 +times more flexible than that
allowed by the AASHTO specifications (162). Studies are
required to eliminate this disparity in the design of the
stayed bridge type which must be due to the nonlinear beam-
column action of girders and towers and nonlinear behaviour
of the cables, The magnitude of prestress in the cables
mist also effect the nonlinear behaviour of the structure,
The substructure which is normally assumed to rest on rigid
soil mass, is subjected to soil-structure interaction that
must result in increased flexibility of the bridge super-

structure,
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A realistic mathematical model of the bridge
structure should, therefore, include both the superstruc-
ture and the substructure, with appropriately represented
connections between the two. The analysis should be capa-
ble of incorporating nonlinearity due to beam column action,
nonlinearity of cables, preséﬁge of prestress in cables
and; thuss in all other components of the bridge; and
rotations and translations of the substructure due to soll-

structure interaction.

(h) When the cables are located in vertical planes, they
fail to impart stiffness to the bridge in the lateral
direction, A study of the behaviour of the bridge under
lateral static loads is, therefore, important. This can
be done only through an appropriate three dimensional
mathematical model, A study of effects of geometrical
parameters on the lateral load behaviour of the bridge

can provide a guide line to the designers.,

(i) It is important to know the fundamental and a few
higher modes of free vibrations of the bridge structure
.”and to know the response of the structure to dynamic wind
and earthquake forces in all the three principal directions
of the bridge, viz.; vertical, longitudinal and lateral
directions; through suitable lumped mass mathematical

model of the structure.

(j) The problem of computer storage space for large size

two dimensional and three dimensional mathematical
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idealizations can be solved partly but effectively by
taking symmetry of the structure into account and by
dividing the loading into a symmetric and an antisymmetric

loading.

1.6 OBJECTIVES OF THE STUDY

The present study,which 1is related to 5-span and
3-gpan systems of radiating type cable-stayed bridges, aims
to advance the understanding about their static and dynamic
behaviour through investigation of the influence of certain
important parameters, to have an experimental verification
of the mathematical analyses developed and to increase the
capability in regard to analysis of such bridges. More

specifically these aims can be listed as follows:

(a) To study the effect of following parameters on
the vertical load behaviour of cable-stayed bridges:
(i) the nonlinear axial-flexural interaction
(ii) prestressing of the cables
(iii) soil-structure interaction.
(b) To study the behaviour under eccentric vertical
and lateral loads and the effect of soil-structure interaction.
(¢c) To study the effect of following geometrical
parameters on the lateral load behaviour:
(i) ratio of side span and centre span,
(ii) ratio of tower height and centre span,
(iii) ratio of cable stiffness to girder torsional

stiffness,
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(iv) change in deck width.

(4) To study free vibration characteristics in the
three principal directions and to obtain dynamic response to

a specified base motion.

(e) To verify some of the analytical results by

comparison to experimental results of a laboratory structure,.

1.7 SCOPE OF WORK
1.1, Simuetare Considered

Considering the structural superiority of the
radiating type over other types of cable-stayed bridges
and influenced by the proposed Second Hooghly Bridge,
India, which is of radiating type and for which technical
data was available for ready reference, radiating type
bridge structures were chosen for the proposed study. A
radiating type bridge structure of major dimensions equal
to these of proposed second Hooghly Bridge but reducéd
number of equivalent cables has been chosen so as to make
the structure proposed for analysis to suit the available
computer facilities, The structure for plane frame stu-

dies has six cables of varying size on each side of the

tower leg. The structure for lateral load studies has

six cables each on both sides of each of the tower legs.
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The cables have been further reduced to three equivalent
cables for parametric lateral load studies. The structure

for two dimensional and three dimensional dynamic studies

has six cables on each side of the tower leg.

1.7.2. Mathematical Models

Appropriate mathematical models”have peen deve~-
loped to undertake the proposed studies, The superstruc—
ture has been considered connected to the substructure
through hinge at one end and links at other end and inter-
mediate supports to provide free longitudinal movement of
the deck. The cables have been considered to act as truss

menbers,

The contirmous deck plate'between the two main
girders of the three dimensional mathematical model for
lateral load analysis has been replaced by an equivalent

diagonal brace permitted to take axial forces only.

Tumping of masses has been done for the dynamic
analysis, Mass of a weuwber between any two nodes has been

equally lumped at the two nodes,

1,7.3%. Methods of Analysis and Computer
Programs

The stiffness matrix method of analysis has been
used, Stability functions, for both compression and
tension, have been introduced in the member stiffness
matrix to carry out iterative nonlinear beam-—column

analysis, Stability coefficients for conditions
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(i) both ends fixed and (ii) one end fixed-other end

hinged, of the member have been used.

The effect of soil=-structure interaction has been
studied by assuming translational and/or rotational soil

springs at gppropriate nodes of the structure,

A plane frame computer program has been developed
which can carry out linear as well as nonlinear iterative
beam-column analysis, two step analysis of prestressed
bridge structure and incorporate soil springs at appro-
priate nodes in a single run, Variation in the value of
modulus of elasticity of different components of the
structure can be considered. A structural hinge can be

analysed.

A space frame program has been developed which can
analyse structure cut at its lines of symmetry for leadings
divided into symmetric and antisymmetric loadings. Structural
hinges and the effect of soil-structure interaction can be
studied, Effect of eccentric vertical and lateral loads and
the effect of geometrical parameters on lateral load beha-

viour of cable-stayed bridges has been studied.

Rayleigh type method of analysis has been used to
find fundamental frequency and Wilkinson's deflation tech-
nique has been used to get few higher modes of the vibrations.
A spectral acceleration v/s time period curve has beenr consi-
dered for dynamic response analysis by mode superposition

technique,
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1.7.4. Experimental Study

A three span radiating type cable-stayed bridge
model of aluminium alloy, with six cables on each side of
a tower leg, was designed and fabricated to conduct static
vertical and lateral load tests and dynamic free vibration
and steady state vibration tests to check the validity of
the assumptions of analytical methods and to verify ade-
quacy of the proposed mathematical models, Ancilliary
tests were carried out to determine modulus of elasticity
of sheets, actual stiffness of the riveted construction,
rotational stiffness of supports at base, modulus of
elasticity of aluminium wires and their structural stiff-

negss in tension,

1.8 OUTLINE OF THESIS

Chapter two deals with the present state of the
art, Formulations for static studies based on plane frame
and space frame analyses are given in chapter three. The
materiml relevent to dynamic analysis is contained in
Chapter four and the features of experimental studies are
highlighted in Chapter five, Description of mathematical
models used and the results and discussions of plane frame
investigations are given in Chapter 6 while those for the
space frame investigations are contained in Chapter 7.

The results of dynamic investigations are presented and

discussed in Chapter eight, The comparison of analytical and
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experimental results has been made at appropriate locations
in the relevent chapters. Conclusions and scope for further
research are presented in Chapter nine of the thesis., Cal-
culations for rotational stiffnesses at the base of the
substructure and representation of deck-plate stiffness by

equivalent truss member are given in appendices,
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THE STATE OF THE ART

2,1. BRIEF HISTORY OF DEVELOPMENT

The history of development of cable~stayed bridges
can be traced from the primitive bridges of ancient times

to the modern cable-stayed bridges.

The idea of supporting a beam by inclined rope
or chains hanging from mast (tower) was applied to sailing
ships (120). Materials like vines and bamboos were used
in the primitive bridges (139) which were stayed by slop-

ing vines attached to trees on banks,.

The bridges designed by Clive (59), Redpath and
Brown (70), Faustus (79), Hatley (126), Loscher (135),
Motley (149), Poyet and Navier (151) and Iefeuvre (211)
incorporated the main features and basic principles of
metal suspension bridges stiffned by stays. Materials
like timber, mild steel chains and wires, and wrought
iron bars were used for sloping stays. A mumber of these
early bridges failed, probably because of the use of
inferior and insufficient materials for sloping stays aﬁd
use of imperfect techniques of erection, which led to
partial abandonment of this type of bridge. Due to im-
proper tightening of the sloping stays of these early
beidges, the stays performed their proper function only

after substancial deformation of the whole structure had
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occurred under the action of loads. This aspect led to
the opinion that cable-stayed bridges are exceptionally
flexible and unsafe, Navier, a famous French engineer
of his time commented adversely on the performance of
these bridges (162, 209) and advocated the superiority

of suspension bridges over cable~stayed bridges.

The idea of "stay” cables was then used to reduce the
the deflections of suspension bridges and to stiffen the fHeor~
floor of the bridge against build-up of undulations induced
by the action of wind., Arnodin (66, 124), Dischinger (8T
Gisclard (92), Leinekugel 1le Cocq (125), Roebling (188),
Ordish (211) and others extensively applied the idea and
designed even rail road suspension bridges. These design-
ers had not been able to calculate the forces in inclined
cables correctly and the influence of hyperstatic behaviour
and the sag of stay cables was underestimated, The bridges
of the mixed suspension-stay system did not find wide
application mainly because of their aesthetical imper-—

fection,

Nearly fifteen thousand bridges in West Germany
were destroyed in World War II, Reconstruction of these
bridges in post—war period was greatly influenced by the
short supply of steel, Emphasis had to be shifted to
minimum weight design. More reliable methods of analysis
could now be used with the advent and fast development of
digital computers., The importance and performance of

tensioned high strength eables was realised, Methods of
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erection were improved due to mechanisation, The develop+
ment and successful use of orthotropic plate deck system
combined with the concept of cable-stayed design produced
bridges that were, in some cases, 40% lighter (162) than
their pre~war counterparts with the added advantage of
speedy construction. A leading role in this development
was played by Dischinger (67) who published the results
of his studies in 1949. Stromsund Bridge (219) in Sweden,
considered to be the first modern cable-stayed bridge, was
designed by Dischinger and completed in 1955. The Rhine
Bridge in Dusseldorf, though designed by Leonhardt (129)

in 1952, was erected in 1958.

The successful completion of two modern cable~-
stayed bridges, which were very stiff under traffic loads,
aesthetically appealing, economical, simpler amnd quicker
to erect, started the new era of wide and successful
application of the stayed beam concept. Approximately
gixty cable-stayed bridges have been built, or are being
planned, since 1955, including the one across River Hooghly
in India, A fuller review of the development of cable-
stayed bridges can be found in recent publications on this

subject (80, 110, 58, 59, 61, 200, 23).

2.2 SUPERIORITY OVER SUSPENSION BRIDGES
The superiority of cable-stayed bridges over
modern suspension bridges is clearly indicated with respect

to deflections, overall stiffness cable-steel requirements,
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deck performence, anchorages, overall economy and methods
of erection from comparative studies of Leohhardt (129,30)
on the design of a combined highway and railroad bridge
with a main span of 1300 m, The position improves if high
clearsnce under the bridge is required for navigation and
if the cable anchorages of the suspension bridge require

deep foundations,

2.3 ECONOMIC EVALUATION

For a span range of 90-300 m (162, 209) the cable-
stayed bridge system, with only one box as the main girder
gupport, provides an economical and an éesthetioal solution,
Intermediate supports at the location of cable connections
of the flanking spans may be very economical with a rela-
tively small cost of additional supports. Use of variable
panel lengths to reduce the action of local loading may
lead to substancial economy in the metal of main_girders.
Open design competetions -in Germany have conclusively
indicated the economic superiority of cable-stayed bridges
in that country for span range of 150-370 m, Homberg (105) and
and Leonhardt (129) have found the cable-stayed bridge more
economical than, suspension bridge for spans between 500 m

and 800 m,

Utmost economy in material at an adequate carrying
capacity is the general trend in the design of modern steel
bridges and this seems to be achieved to a high degree in
the cable-stayed bridge system though, no simple formula
can be applied to evaluate the conditions in which the

economy of a system can be guaranteed.
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2.4 AESTHETICAL EVALUATION
The reasons for the popularity of the cable-
stayed bridge system during the last two decades, in addi-
tion to a deeper understanding of the technical features,
are its elegant form and capability to blend with the land-
so%be. Cable-stayed bridges are pleasing in outline, clean

in their anatomical conception and free from ornamentation,

Free standing towers of a single plane system give
a pleasing appearance as there is no intersection of the
lines of cables in elevation and the user has an unobs-~

tructed view from one side of the bridge.

A two plane radial system may not provide the most
attractive solution due to unsightly intersections in the
lines of cables, A harp system is an attractive alterna-

tive,

With structural simplicity and harmoneous propor-
tions of towers the bridge attracts vision from many points
of the terrain, The aesthetical height of the tower may be
determined by the clear height of deck above water at the
centre, depth of deck structure and the arrangement and
inclination of cables, Tower surfaces may be given pleasing
appearance by an appropriate choice of form and by econo-
mical constructiBn of sections using metal for structural

purpose only,

2.5 DPRELININARY DESIGN
In the preliminary stage of design; based on

vertical and horizontal clearances, foundation problems,



=30~

terrain conditions and environmental factors of the site;
several types of bridge structures may be investigated to
decide the merits of a specific type. Span proportiocns,
cable-stay configuration, height of pylons and their con-
ditions of anchorage, type of girder and deck, types of
cables and their comnections, design loads and forces
which the proposed structure has to withstand are the
primary decisions made in the preliminary design of a

cable-gtayed bridge,

2.6, MATHEMATICAL IDEALIZATION FOR ANALYSIS

A suitable mathematical idealization, based on
clearly identified assumptions, of the structure conceived
from the preliminary design has to be made to analyse it
for the design loads by an approximate or an exact method
of analysis. Connections of cables, girders and towers
are idealised to determine the stiffness or flexibility

of .each component of the bridge.

2.7. INFLUENCE LINES AND PARAMETRIC CHARTS

Homberg (104) presented analytical results in
the form of influence lines, for cable forces, and tower
and girder moments, of three span bridge systems proposed
for the bidding of the North Bridge at Dusseldorf and the
Rhine Bridge at Speyer. Influence lines for radiating
and harp systems with varying conditions of support have

been drawn. O'comnor (152) produced influence lines, for



_31—

bend ing (deck)moments and cable forces, for comparison of
the performance of three span radiating and harp configu-
rations, Sawhney (170) produced influence lines for axial
forces in cables and tower, for two span radiating type
systems. Influence lines for varying ratio of tower height

to total span were also drawn,

Podolny (157) studied the influence of the follow-
ing parameters on moments in girder and pylon, and tension

in the cables:

(a) ratio of moment of inertia of pylon to girder,
(b) stiffness ratio of outside cable to girder,
(c) stiffness ratio of inside cable to outside

cable,

The influence of the above parameters was also
studied on the nonlinear behaviour of cables due to change

in cable sag with the change in tension in the cable,

The use of influence lines and parametric charts
is evident in the preliminary désign of a cable-stayed
bridge. Span proportions, stay geometry, type and height
of pylons, type of girder, type of cable and its comnection
to the pylon and the girder, anchorage conditions at the
base of the tower and mode of transfer of forces hetween
the superstructure and the substructure can be decided with
greater confidence at the preliminary stage if enough data
is available to the designer in the form of influence lines
and parametric charts, In short, the available litera-

ture (104, 57, 70) covers influence lines, under vertical
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loads, for two span and three span radiating and harp con-

figurations,

The available information can not however, be
considered sufficient to cover various possibilities of
cable configurations, conditions of cable supports at the
pylon, support conditions ai the base of the tower and
mode of transfer of forces between the superstructure and
the substructure. Information regarding the behaviour of
cable~stayed bridges under eccentric vertical loads and

lateral loads is not available,

2,8 MATHEMATICAL SIMULATION
2.8.1., General

When the idealized mathematical model of a structure
or the solution procedure used for its analysis fails to
represent its actual behaviour, mathematical simulation
technique can be uéed. The simulation can be achieved by
adding ficticious members, or nodes, or both, in the mathe-
matical model or by altering the stiffness of some of its

components,

Protte and Tross (164) used the technique of simu-
lation in the flexibility analysis (74, 111, 72) of cable~
stayed bridges. Simulation was effected by introducing
additional truss members or by reducing bending or axial
stiffness of certain parts of the structure, The hinged

support of the tower, for instance, was simulated by
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choosing a very flexible spring connection to a fixed
support. This type of simulation was achieved to analyse
the actual behaviour of a structure from the available
computer programs which could handle only fixed supports,
However, with the present state of knowledge of analysis
and computer programing, the hinged support can be directly

incorporated into the analysis.

2.8.2 Use of Simlation Technique

The simulation technique can be used in the follow-

ing cases also:

(a) To permit free relative longitudinal movements
at the junction of deck and tower, an extra member with
a small length free to rotate at one end about an axis
parallel to the transverse axis of the bridge can be used

at the junction of the deck and the tower.

(b) In a three dimensional skeletal bridge struc-
ture, the parallel girder elements and the tower legs are
located away from the axis of symmetry while the substruc-
ture elements are located on the axis of symmetry. Rigid
links can be used to connect parallel girder elements and
the tower legs to the corresponding substructure elenents,
The rigid links provide means of transfer of forces
between superstructure and substructure and can simlate

the actual behaviour of the structure,

(¢) The lateral stiffness of the stressed skin

of the deck can not be considered directly in a skeletal
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structure, The stiffness can be similated by using a
diagonal truss member of equivalent stiffness which connects

the parallel girder elements of a panel,

2.8.3, Stiffness of Equivalent Diagonal
Truss Member

Based on experimental investigations, several
empirical formmulae are available for representing the equi~-
valent stiffness of the deck plate in the lateral direction
which represents the lateral stiffness of the masonry or
concrete infills of frames, Holmes (103) suggested that
the infill can be replaced by an equivalent diagonal strut
of the same thickness whose width is one~third the diagonal
length of the frame, The recommendation is based on the
assumption that the bond between the frame and the infill
is not broken., Benjamin (54), Mallick (138), Polyakov
(163) and Smith (181, 82) have also worked in this field.

The experimental finding of Holmes (103) for
square infills can be aprlied to rectangular infills with

proper modification in the stiffness of the diagonal strut,

2.8.4, DNumerical Instability

The problem of numerical instability is generally
encountered in the computer solutions of simulated struc—
tures with members of high rigidity occuring away from
boundaries, The problem can be tackled by using better
computational techniques, use of higher precision in

calculations and by choosing proper values of stiffnesses
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of the rigid links (discussed in 2.8.2b) to give a rumeriw

cally stable and a reliable solution,

2,9 METHODS OF ANALYSIS

Approximate as well as exact methods of analyses

have been used for static and dynamic loading conditibns,

2.,9,1. Approximate Methods
These methods are essentially linear and involve

several simplifying assumptions.

(a) Beam on elastic supports: Approximate analysis
can be carried out by considering the stiffening girder as
a contimuous beam on elastic supports., Smith (183%) outlined
a procedure to determine the equivalent spring.constants for
any specific cable—stayed bridge system; The method can
be applied either in conjunction with available tables for
continuous beams on elastic supports or by carrying out a
complete analysis, In the latter case, the solution of the
systen of equations written on the basis of contimuity of

slopes and displacements at joints may be obtained,

(b) Mixed force—displacement method: Smith
(183-84) used the method to examine the linear behaviour of
single plane and double plane (in space) cable-stayed girder
bridges., Analysis, based on the physical behaviour of the
structure, has been done by isolating and considering sepa-—
rately the rotation and shortening of the tower and stretching

v

of cables., These actions have been represented by a set of
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similtaneous equations which were developed by initislly
assuming the girdef to behave as though supported by ridid
cables and a rigid tower, Modifications in the influence
coefficients, through superposition of effects, were made
to account for rotation, stretching and shortening. The
method has been further extended to allow for bending of

the cantilever towers and shortening of the deck,

(¢) Flexibility method: Troitsky and Lazar (205)
used bending moments at fixed and flexible supports of a
cable~stayed bridge as redundants to obtain a well condi~-
tioned, banded flexibility matrix, The technique was used
for analysis of a bridge for dead and live loads as well as

for post tensioning forces,

(d) Dynamic analysis : Arya et al (39) have used
an approximate method of preliminary seismic analysis to
get the fundamental time period of a cable-stayed bridge in
the longitudinal direction by disregarding the flexibility
of the suberstructure and lumping the mass of the deck at
the top of the lone end pier which provides fixed bearing
to the superstructure, Connections through links have
been assumed between the superstructure and the substruc-—
ture at other points which permit free longitudinal move-
ment of the deck. Today, the problems can be solved more
efficiently and accurately by standard two dimensional plane
frame and three dimensional space frame programs, with
appropriate modifications, on larger and faster computers

gystens,
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2.9,2. Exact Linear and Nonlinear Methods
Trensfer matrix method, load balancing method,
finite element method, stiffness approach and the energy
approach have been used for exact linear and nonlinear
analysis for static as well as dynamic loadings, The
results from exact methods o% analysis are subject to vary-

ing degree of accuracy due to computational errors depend-

ing on the method of analysis being used,

(a) Transfer matrix method : General theory of
the transfer matrix method was introduced in 1956 by Folk
(74=77). The method is ideally suited to systems consist-
ing of a number of elements linked together, end to end, in
the form of a chain (111, 23, 55, 92). In this approach
only successive matrix multiplications are necessary to fit
the elements together., Tang (192) presented detailed ana-
lysis of two dimensional problems of cable-stayed bridges,
with different types of cable saddles, by using the transfer
metrix method, Nonlinear effects were considered in the
form of imaginary extermal loads in the calculations. Defor-
mations due to shear, torsion and warping were neglected,
Arya'and Thakkar (36) used transfer equations wherein defor-
metions due to shear and bending and the effect of rotary
inertia were included. The seismic response of a cable
stayed bridge, considering soil-structure interaction was

computed,
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(b) Load balancing method : Load balancing cocncept
was developed by Lin (132) for concrete structures with
prestressed cables embedded in the body of the member, The
concept has been extended by Lazar et al (122) to cables acti
ing outside of the balanced structural elements to determine
the magnitude of post~tensioning forces to be applied to the
cables of the bridge., Partial balancing of extermal loads
and, thereby, reduction in maximum bending moment or the
maximum displacement was achieved, through post—tensioning of
cables, by increasing the forces in members which are less

gtressed,

(c) Finite delement method: The method was used
for linear static and dynamic analyses of cable-stayed bridges
by Kajita and Cheung (107). For static analysis, the bridge
deck was divided into a number of shell elements and the
whole structure was treated as a three dimensional systen.,
Variation in saddle types and the connections between the
tower and the deck were studied, For dynamic analysis, the
bridge deck was considercd as a shell and cables were assumed

to behave as springs,

(d) Stiffness approach: The stiffness method of
analysis has been widely used for linear as well as nonlinear

analysis of the bridge under static and dynamic loadings,

Podolny and Fleming (157, 60) conducted linear
studies on radiating and harp configurations in a single
plane cable arrangement, The girder was rigidly supported

vertically at the pylon but independent of it, Transfer of
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moments between girder and pylon was not allowed, An itera=-
tive procedure was used to account for cable nonlinearity,
The effect of the amount of initial tension in cables, as
measured by sag ratio, and the type of live load distribu~

tion on the structure was studied,

Baron and Lien (46, 47) presented a three dimen-
sional static and dynamic analyses of the proposed Southern

Bay Crossing Cable-Stayed Bridge in San Francisco.

Nonlinear analysis for planar frames for large dis-
placements, bending moment-axial force interaction and short;
ening of the member due to bowing has been studied extensive-
1y in the past decade (60, 140, 42, 68)., Saafan (168) has
developed a physical concept which allows nonlinear analysis
by successive iterations of linear subroutines, Lazar (121)
presented a procedure of two diménsional linear and non-
linear stiffness analysis of cable-stayed bridges under joint
loads., Nonlinearity due to large displacements, bending
moment-axial force interaction and catenary action of cables
was considered under full dead and live loads. A wider
application of the algorithm of Saafan to the nonlinear

problems of cable~stayed bridges is not known to be reported.

Morris (148) presented a method for the linear and
nonlinear dynamic analyses of three dimensional cable stiff-
ened structures stressed within the elastic range. The
nethod was applied to a typical cable—~stayed bridge with harp

configuration of cables in a single plane,
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(e) Energy approach: Energy method was used by
Tang (194) to calculate the overall buckling load of cable-~
stayed bridges considering the whole structure as one enti~
rety in a plane. Local stability was not considered, An
approximate method was suggested for the preliminary esti~

mation of the lowerst critical load.,

A comparison of the relative merits and demerits
of various methods of analysis is not available, The stiff-
ness approach of linear and nonlinear analyses of skeletal
form of cable—~stayed bridges can be considered to be a ver—
satile method, Saafan's (168) physical concept of non-
linear analysis by successive iterations of linear sub-
routines can be incorporated in the linear computer programs
of stiffness analysis with comparatively less additional

programning effort.

2,10, NONLINEARITY

2,10,1 Catenary Action

Change in sag of cable with change in its axial
tension (catenary action) is one of the causes of nonlinear—
- ity in cable~stayed bridges. Non-linearity due to catenary
action can be incorporated into the analysis by the use of
the concept of equivalent modulus of elasticity of the cable
material., Gimsing (91), Goschy (94) and Tung and Kudder
//(210) have studied the problewm of equivalent moduwlus of
elasticity to account for the action of cable force acting

along the inclined chord by assuming a straight member with
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its modulus of elasticity depending on the magnitude of the
tension force in cable., The approach used by these inveét$w
gators results in the sclution provided by E#rnst (73) who
developed the following formla for equivalent modulus of
elasticity (E=)

E
E = . e o (201)
eq -,
1+ SﬂBLQE
1 o
where,
E = modulus of elasticity of cable material,

= spefic weight of cable, weight per unit
volune,

unit tensile stress in cable,

of

Podolny (157) has shown that a significant indicator
of the stiffness of a cable-stayed bridge is the initial
stiffness of the cables, The initial sag ratio of the cable
is a measure of its stiffness. The nonlinear action has been
found to be confined to the deag{load or erection stages.
Under full dead load the sag ratio decreases to a degree of
tautness such that the response of the structure may be gonw
sidffred to be linear during the application of live load.
This conclusion is in agreement with that of Seim et al
(177, 78). The conclusion is important as it permits the
construction of influence lines if nonlinearity due to ot@g;

reasons can also be ignored,
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2,10.2 Large Displacements

Analysis can be carried out by successive iterations
of linear subroutines (168). In the first step of analysis
a vector of displacements based on initial geometry of the
system and external loads is determined., In the second
step, an additional displacement vector due to the differ—
ence between the joint loads and the resultants of intermal
reactions at each joint is obtained., In performing the
second step, the stiffness matrix of the systenm is assenmbled

on the basis of the deformed geometry determined in step 1.

Each subsequent step i wuses data determined in step (i - 1).

The iteration continues until the last displacement vector

obtained is a negligible fraction of the total displacement.

2,10,3%, Bending Moment-Axial Force Interaction

Method of successive iterations of linear subrou-
tines (168) can again be used. Member stiffnesses with
zero axial force in each member are used in the first step
of analysis, The axial forces détermined'in step i are used
to modify the member stiffnesses to be used in step Ch-»-1).
The iterations are continmued till the axial force in each
member obtained in step i is the same as that obtained in

step (i-1l) within the limit of specified tolerance.

Sondh (185) has observed significant nonlinear
effects caused due to bending moment-axial force interaction
in radiating and harp configurations of cable stayed bridges.

The influence of variation of various geometrical parameters

e ————
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on the bending moment~axial force interaction has also

been studied.

Tazar (121) has studied the combined effect of
nonlinearity due to catenary action of cables, large dis-
placements and bending moment—axial force interaction, The
maximum effect of nonlinearity has been found to Dbe 8¢3%
in the cable forces and 8,06% in bending moments at interior
supports of a three span cable~stayed bridge with harp

configuration.

The study of Podolny (157) gives conclusive direc
tion that the effects of catenary action can be ignored
for the analysis of live loads whereas, the effects must be
considered during the analysis of erection stages. An in-
dependent study of nonlinear effects due to large displace~
ments is not available in the literature to date while the
study of Sondh as well as that of Lazar can not be consi-~
dered to be conclusive, The nonlinear effects may be neg-
ligible or may be quite significant depending on the disg=
position of stiffnesses in an individual bridge structure.
Turther studies in this direction are necessary to form
firm and separate opinions about the nonlinear effects due
to large displacements and bending moment—axial force

interaction.

The live loads are carried by cable—stayed bridges
in a stressed state under the action of dead loads. Post-
tensioning of cables is generally done to set the geometry

of the structure which results in redistribution of forces
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in its elements, The nonlineaf analysis of such bridges
ghould be carried out for fully stressed state under full
dead and live loads because it is not possible to determine
the stresses and displacements by superposition of influen-

ce lines.

2,11 SOIL-STRUCTURE INTERACTION

The soil present at the base and at the sides of
the bridge substructure resists the forces transmitted by
the superstructure to the substructure, The resisting soil
undergoes deformations which depend on the properties of
the soil and the distribution of soil pressure, The defor-
mations undergone at the base of the substructure change
the pattern of distribution of forces in the superstructure
elements, This problem of soil-structure interaction can
be incorporated into the analysis by taking into account the
estimated stiffness of the soil at appropriate nodes of the

structure.

(i) Arya et al (38) accounted for soil-structure
interaction in the seismic investigations of Second Hooghly
Bridge, India, The elastic resistance of soil, below scour
level, on the sides of well foundations was represented by
translational side springs. The base resistance was simila~
ted by a rotational spring at the base. The portion of the
well below scour level was considered as rigid body that
could tilt without translation about the point of rotation

at the base,
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The stiffness of side springs (sandy soil) were
calculated (fig. 2.l1a and b)vfrom the following formulae:

1

£ % &M ()
By = (L= 1) ny (Ah)2 s A

8

304 2
5 By (By)

where;
K1,2, eregiy.en = stiffness of side spring in
t/m®,
ny = stiffness factor of sand in
t/mB,
a 4 = total number of modes between

scour-level and the base of
the well where side springs are
lumped ,

b = spacing of soil springs in

metres,

At the base (clay), the rotational stiffness due

to base pressure is given by:

e - -
; Ke = ¥ Kv’ D EEx L2
where;
D = dimension of well in metres in the direction

of the bridge in which rotation is consi-

dered,
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vertical stiffness of soil in t/mz-

-

bt
i

0 rotational spring constant at base in

t-m/rad.

Values of ny and Kv as suggested by Terzaghi
(195) were used.

(ii) Ahmad (1) studied the influence of horizon~
tal subgrade reaction (nh) on dynamic behaviour of a symme-
tric, two span, radiating cable—-stayed bridge. The fbund~
ation well was assumed to rotate, without translation at
the base, as a rigid body, The effect of elastic proper-
ties of the soil at the sides as well as at the base of
the foundation was considered to calculate the total reac-—
tive moment (M) transmitted by the soil to the foundation

as follows:

(a) Soil at the sides: According to Terzaghl
(195), the intensity of side~soil stiffness (KX) at any
depth (x) is a linear function of the modulus of subgrade
reaction (nh) and the depth as shown in fig. 2.2b. Thus;

K, = Dy.X AT {8

With the assumption that the well is a rigid body
allowed to rotate without translation at the base, the
movement of soil has to be maximum at the scour level and

zero at the base as shown in fig. 2.2c.

By combining the effects explained in fig. il

and ¢, the variation of force along the depth of the well
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is represented in fig. 2.24. The resultant horizontal
force on the vertical face of the well can be assumed to
act at H/2 from the base of the well. The total horizon-
tal force per unit width represented by fig. 2.2d can be

expregssed as:

H _
F = S (ny.x) (H = x). 6. dx
O 4
7 '
or F = Iy _g— B o/l TGS

The reactive moment, (Ml) caused by this foxrce

at the base of the well is given bys

p H | 4
:Ml L Fc ’2‘ = s nho H . 9

12
Thus, the rotational stiffness (Kel) at the base

e e x

(b) Soil at the base: Reactive moment (M,)
transmitted by soil to the foundation, according to Barkan

(45) is given by:

|l

My Cge I [ i (2.7).

where;

i}

Cﬁ coefficient of elastic nonuniform com~

pression of soil,
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I = moment of inertia of the base area of well,
in contact with soil, about the axis of

rotation of the well.

¢ = angle with which the foundation is tilted.

The rotational stiffness due to vertical reaction
at the base (KGQ) can be written as:

M2

Kgo = }5— = Cgo1 wantE o]

The horizontal and vertical modulii of subgrade
reaction are considered to have the same value at the base
of the well foundation which may be at a substantial depth

below ground level, According %o Barkan (45),

Cy = 20Cy svatied)
where;
Cu = coefficient of uniform elastic compression
= Iy H

Eq. 2.8 can, thus, be written as:

Kﬁz = 2 l'lh. H.I ...(2.10)

The total rotational stiffness at the base of the
foundation (Ke) is given by:

Ke = + K

ol 02

H2
or kg = g n . H I+ G=) el st )
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(iii) The soil stiffnesses calculated by Arya et al
(38) are based on the recommendations of Terzaghi (195).
The calculations of translational stiffness of side soil and
rotational stiffness at the base are independent of the
width (B) of well foundation (fig. 2.1d). The soil stiff-
nesgeg calcultaed by Ahmad (1) are based on the recommend-
ations of Barkan (45). The calculation of translational
gtiffness of side soil is independent of the width of well
while the rotational stiffness at the base takes into
account the width of well also. An overall rotational
gtiffness at the base of the foundation has been lumped
which includes the effect of translational side-soil stiff-
ness in the form of rotational stiffness at the base and
the rotational stiffness due to vertical soil reaction at

the base.,

Terzaghi's (195) recommendations, in which the
width of footing is ignored in calculating the side~soil
stiffness, are meant primarily for piles having small width
compared to their depth. The recommendation is supported by
the experimental findings that the diameter of the pressure
bulb of the soil increases proportionately with the width
of footing at ultimate load, thus, resulting in no change
in the stiffness of the resisting soil due to a change in
the width of contact. Well foundations at working loads
may not undergo large displacements and the gside soil stiff-
ness may be more than that computed on the basis of unit

width, In the absence of any data for well foundations, the

177230
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conservative approach used by Ahmad (1) and Arya et al (38),

to calculate side-soil stiffness, can be considered logiecal.

The rotational stiffness of the base due 10 verti-
cal soil reaction computed on the basis of unit width resu-
1ts in very flexible soil spring. The approach of Barkan (45)
which takes into account the moment of inertia of the actual

base of the foundation can be considered more logical.

The foundation well can be assumed 1o undergo only
rigid body movements because of high cross—sectional Pafl
dity. Working loads are not expected to mobilize huge fric-
tional forces at the base of the well. Agsumption of trans—

lational fixity at the base can, therefore, be justified.

2,12 EXPERIMENTAL STUDIES

(i) Use of models as an aid to bridge design and
analysis was pioneered by Baker (42), Beggs (52), Fair—
bairn (58), Eney (71), Gottshalk (95), Pippard (156) and
others. First steel model of a suspension bridge was tested
in U.S.A. in 1930 (5%, 187). A wide and successful appli~
cation of model analysis has been made in the desgign of
many cable—stayed bridges (50, 57, 80, 190). Troitsky and.
Lazar (20%, 4, 6-8) have carried out detailed model studies
to cover aspects of model design and analysis, influence
lines, nonlinear behaviour of the bridge and post temsion-
ing of cables. Seismic investigations have been carried out
on perspex models of cable-stayed bridges by Arye gt 31.(57)
i Kpashas ot ol €127},
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(ii) Experimental studies on a properly designed
and scaled model are important to verify the physical
behaviour of the proposed structure, The analytical and
test results of the experimental structure can be compared
to check the validity of the analytical tools employed in

calculating the design forces and deformations.,

2.1% WIND EFFECTS AND DYNAMIC RESPONSE

(i) The study of aerodynamic aspects can be sepa-
rated from the structural aspets by wind tumnel tests,
which are gaining importance (116), to assess the aerody-
namics of cable-stayed bridges. Important developments in
wind tunnel techniques for bridge testing were made by
Seruton (176)., An extensive wind tunnel program was carried
out to examine proposed sections for Severn River Crossing.
Full model and sectional model tests were conducted and it
was established that the results using the sectional app~-
roach provided a satisfactory picture of the bridges aero-
dynamic behaviour, The conditigns of dynamic similarity
between model and full scale bridge have been discussed by
Farquharson (78) and‘Frazer and Scruton (84, 176). The
aerodynamically shaped design of Leonhardt (128) for Tagus
Bridge was tested by Scruton in 1959. The test proved that
aerodynamic stability can be obtained by simple means with
very slender structures. Humber Bridge (7) in England,
Severn Bridge (89, 90) in Demmark and Bosporus Bridge (217)
in Turkey were designed along the same principle and using
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flat hollow boX.

(ii) Cable stayed bridges may be sensitive to
static wind effects and the effect af ground motion due to
an earthquake, Three dimensional static analysis for wind
forces and dynamic analysis for earthquake forces is not
known to be reported. A proper skeletal representation of
the components of the structure for its frame analysis is

important to simulate the actual behaviour.

(iii) It is relatively more difficult to provide
and maintain a resonant oscillation with attendent large
amplitudes in a multi-cable stayed structure. The cables
tend to disturb the formation of the first and second mode
of oscillation by interfering with smaller wave lengths of
higher order, Thus, the inherent system damping of the cable
stayed structure produces relatively smaller anplitudes com-
pared with the suspension system, A-frame towers provide
increased resistance to torsional oscillations of the road-

way deck,

2.14 SUMMARY

The review of literature presented in this chapter

can be sumarised as follows:

(i) The first modern cable-stayed bridge was erec—
ted in 1955, About sixty cable-stayed bridges have since

been built or are being planned.
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(ii) Structural and economic superiority of a cable-

stayed bridge over suspension bridge has been indicated from

studies of Leonhardt on a main span of ER00Q 1,

(iii) Economic superiority of cable-stayed bridges

has been established in Europe for span range of 90~370 n,

(iv) Cable stayed bridges present better aesthetic

appeal.

(v) Available information in the form of influence
lines or parameteric charts is not sufficient to cover
various possibilities of cable configurations, cable—supyrorts
at pylons, support conditions at the base of the tower, mode
of transfer of forces between superstructure and substruc—

ture.

(vi) Information in the form of influence lines or
parametric charts is not known to be available regarding the

behaviour under eccentric vertical and lateral loads.

(vii) Technique of mathematical simlation is an
important aid to the analysis to represent actual physical

behaviour.

(viii) Leteral stiffness of the deck of a cable~
stayed bridge can be represented by replacing the infill
between parallel girder members by an equivalent diagonal

strut of appropriate stiffness.

(ix) Approximate methods of analysis are useful in

the preliminary design of bridge structure,
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(x) For the skeletal representation of a cable-
stayed bridge, the stiffness approach of linear and non-

linear analysis can be considered to be a versatile method.

(xi) Non linear analysis can be performed by succe~-
ssive iterations of linear subroutines, The procedure can
be incorporated in linear computer program with comparative-

ly lesser additional programing effort.

(xii) Nonlinearity due to catenary action can be account-
ed for in the analysis by using the concept of equivalent

modulus of elasticity.

(xiii) Nonlinearity due to catenary action can be
ignored in the live load analysis but should be considered

in the erection stage analysis.

(xiv) Separate studies on nonlinearity due to large

displacements are not known to be reported,

(xv) Separate studies on nonlinearity due to bend-
ing moment-axial force interaction are not conclusive. The
nonlinear effects may be negligible or significant depending

on the overall stiffness of the bridge structure.

(xvi) Nonlinear analysis should be carried out for

fully stressed state under full dead and live loads.

(xvii) Studies on soil resistance offered to well
foundations are not known to be reported. In the absence
of data, the side soil stiffness may be computed on the basis

of unit width of contact while the rotational stiffness at
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the base may be computed on the basis of full area of

contact.

(xviii) The foundation well can be assumed 1o under-

ity at the

go rigid body rotations with translational fix

base.
(xix) Three dimensional static analysis for wind

forces and dynamic analysis for earthquake forces 1is not

known to be reported.

(xx) Bxperimental studies on a properly designed

and scaled model are important.
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ANALYSIS FOR STATIC LOADING

3,1 INTRODUCTION

Stiffness method of structural analysis and Gaussian
elimination technique of solution have been briefly descri-
bed. Assumptions involved in representing the bridge as a
space system and as a planar system have been'outlined.
Various types of member stiffness matrices have been presen—
ted, Static space frame and plane frame computer analyses

used in the present investigation have been described.

%,2 REPRESENTATION OF THE STRUCTURE
As stated earlier, the main components of a cable-

stayed bridge are the following:

(i) +the deck consisting of a reinforced concrete
slab supported by cross girders and longitudinal stifféning

girders,

(ii) +the towers providing support to the deck at

piers,

(iii) the cables tied at the top of the towers and

at points of the deck for supporting the deck,
(iv) the piers and,
(v) the foundation caissons.

The bridge structure can be represented, with rea-

sonable assumptions, as a skeletal structure having a high
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kinematic indeterminacy.

T2l Repfesentation as Space System

For studying the behaviour under 1éteral horizontal
and eccentric vertical forces, the bridge is represented
by a rigid jointed three dimensional skeletal structure,
halved at its transverse axis of symmetry. Axial, flexural
and torsional deformations of members are included in the
analysis as found appropriate for the nature of a member,
The stressed skin of the deck between parallel stiffening
girder elements is replaced by transverse and diagonal
braces of appropriate stiffness, The following simplifying

aasumptions are made:

(a) The cables possess only axial stiffness and
are completely flexible so far as bending stiffness is con=
cerned, Thus, the skeletal representing the cables would

posses only area end no moment of imertia.

(b) Cables can take axial compressive forces also.
Since the superimposed compressive forces are found to be
less than the initial pretension of the cables, the cables

would not slacken.,

(¢) The nodes are chosen at the points of inter-
section and free nodes of the members and the points of

supports.

(d) The loads on the structure are concentrated

actions at the nodes,
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(e) In actual practice, the superstructure is con-
nected to the substructure through hinge at one end and links
at tower support locations and another end support. The space
structure, used for analysis, 1is halved at transverse axis of
symmetry. The halved structure represents a bridge hinged at
both ends and provided with links at tower support locations.
Thus, in the longitudinal direction, rotational deformations
are permitted at all the locations of supports while rolling
is permitted at locations of links. The hinged end and the
links permit only elastic deformations in transverse direction

of the bridge.

(f) For studying the effect of soil-structure inter-
action the foundation caissons are treated as (i) fixed
at the bottom, (ii) supported on springs of varying giift=
nesses representing the soil stiffnesses against translation

and rotation,

3,2,2 Representation as Planar System

For studying the bridge structure under symmetric
vertical loads and horizontal actions acting along the longi-
tudinal axis of the bridge. The skeletal zrepresentation
can be simplified and the structure can be idealized as
a planar system., In addition to assumptions made above for
space representation, it is assumed that, by virtue of
symmetry of the structure about the longitudinal axis, half
the bridge may be considered in analysis under symmetric

loading., Symmetry of deformations will exist. Therefore,
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all the members, loads and actions lie in a single plane
and the deck elements will not offer any torsional resis-

tance.

3,3 STIFFNESS METHOD OF ANATYSIS

This approach of analysis, which is one of the most
powerful methods available to the structural analyst, has
been used to solve both the space and the planar frames.
The important steps involved in the method used in conjunction
with an automatic digital computer axre described in the follr

owing paragraphs.

%.3,1 Assembly of Structure Data

¥amber of members, joints and degrees of freedom;
geometric and elastic properties of member sections; nodes
jincident at two ends of each member, coordinates of the
nodes and conditions of restraints at the supports of the

stfucture are coded in a convenient manner,

3,%,2 Generation of Joint Stiffness Matrix

The joint stiffness matrix of the structure is
generated by summing up the contributions from individual
member stiffness matrices. These are discussed later in

this section.

3,%3,% Generation of Load Vectors
The joint loads acting on the structure are handled

directly while distributed loads on the members are converted
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to equivalent joint loads. The equivalent joint loads are
then added to the actual joint loads and the load vector
assembled.
3,3,4 Solution for Joint Displacements; Gauss'
Elimination Technigue
The joint stiffmness matrix of the structure and its
nodal forces and deformations are related by the following

linear system of simultaneous equations presented in the

matrix form

el FECEEE kg | %1 =
Ry, g =R kop| } %2l = |P2
1
————————————————————— \ = e ..‘(3.1)
e - Rt :nng o Pn
- By
L] L@nm'<i%n =1 Bn
where, § k), , - Matrix of stiffness influence coefficients
?
388, = Deformation vector
iPin = TForce vector
n = Number of degrees of freedom,
Gauss'® elimination (pivotal condensation) technique
has been used to solve equations 3,1, The method is based
on triangularization of the stiffness coefficient matrix by

virtue of the elementary property of the det

erminants that
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tThe determinant of a matrix is not changed when a mltiple
of one row (or colwm) is added to another row (or column),
The unknown deformations {@?-are, then, evaluated by back

substitution starting from the last equation.
The solution of equations 3,1 follows these steps:

(a) Eliminate the coefficients of by in the second

and subsequent equations by gelecting ky, @8 pivot and

(i) add the multiple —kZl/kll of the first row
to the second row,

(ii) add the SRR LE kg /iy Of the f£irst row
to the third TOW,

(iii) continue the procedure until the nth row.

The system will be reduced to the following form

at the end of this step

By Kge T Kin By 51
V' / b g 2
O k22 —————— kzn 62 - P2 o v & (30 )
! ) 1
O 1{112 —————— knn bn P

(b) Eliminate the coefficient of d5 in third and
subsequent equations of équaﬁions 3,2 by selecting ké2 as
pivot and

’ : .
(i) add the multiple k32/ké2 of the second Trow

to the third row.
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(ii) add the multiple —kiz/kéz of the second row

to0 the fourth row.

(iii) contimue the procedure until the nth row.
The system will be reduced to the following

form at the end of this steps

£ iy
kg Wqa Ew o T Kin . Py
e (ot 1 b=
0 “kop "Kox e Kon 51 =1 P
A =cell ¥ 2 - I 2
2 2 2
e e R K | Lﬁn )

(¢c) Repeat the above steps in succession in the
remaining rows with 2k33, 3k44 ——— n'_:Ll{m as pivots.

Finally the system will be triangularized in the form

(u) ibi = §-Q§ in which ;5 = 0 for i>] «.(3.4)

(d) Determine &, from the last equation as

n-1
Pn

bn — n—llirm -00(305)

and by back substitution, all other unknowns can be evaluate@0

Steps (a) to (d) can be sumarised by two equations;
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_ >, - m
kg = Ky E-I;-lmc- %,z | el )
1 n
HE 2 (ki,n+l = I Ky d)
r=i+l
for 0.5 1 B e p=]
i 8Kl =g, 0
S Ty, s ) n+l
hera, ki, v Pi represents the load vector

j 5 [P Timitations of Gauss' Elimination Technique:

(a) The term k;; in the stiffness matrix mist
be nonzero since it is a divisor at each stage of operation,
An original stiffness matrix with nonzero elements does not

guarantee that the pivois at each stage will be nonzero.

(b) Sequential selection of pivots, without testing
whether a particular one is the best possible, may cause

loss of accuracy in the results.

A test to determine whether kii is zero at any
stage and, if so, interchanges of rows of the stiffness and
force matrices’ by keeping a proper track of the operations
can solve the problem. Selecting the largest in the absolute
value of the elements in any column (called partial pivoting
strategy) or by selecting the largest element of the whole
matrix (called the complete pivoting strategy) of the
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remaining equations, the accuracy of the results can be
improved., These operations are possible at the cost of
computation time and may, normally, not be required for
the structural problems of well conditioned structure stiffe

negss matrices.

3.%,6 Member Forces and Reactions

From the joint deformations, obtained by solving
1inear simultaneous equations, support reactions and member
end actions are computed in the final phase of analysis and
printouts of joint deformations, member end forces and
support reactions are taken in suitable format. The equiw

1librium of forces at each joint is ascertained.

% .4 MEMBER STIFFNESS MATRICES (88,109,%4,221)

The stiffness coefficients for a member restrained
at its ends are the actions exerted on the member by the
restraints when unit displacements, induced one at a time,
are imposed at the member ends. Member stiffness matrices
developed in conjunction with a set of member oriented or-

thogonal system of axes have twofold use in the analysis:

(a) Stiffness contributions of the member at the
nodes, which commect it to the structure, are obtained by

guitable transformations into the tgtructure axes'.

(b) Final actions at the ends of the member, in member
axes, are calculated after the joint displacements have been

found,
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The member stiffness matrices presented in this
section hold good for prismetic members with the assumption
that the shear centre and the centroid of the member coincide
so that there is no interaction between the twisting and bene

ding of the member, The sheaxing deformations are neglected,

%,4,1 Fully Restrained Member in Space

For the most general case of a restrained member of
a space structure, coefficients for twelve possible types of
displacements of its two ends are represented in fig. 3,.1.
In each case, the various restraint actions (member stiffe
nesses), required to hold the member in equilibrium, are
shown as vectors., An arrow with single head represents a
force vector and an arrow with double head represents a
moment vector., The member stiffness matrix thus obtained
is given in table 3,1. Here the deformations are taken in
the order of translations along XM’ YM and ZM axes and
rotations about the same axes respectively. The various

notations used are,

L = Length of the member
A = Area of cross-section of the member
I, = Principal moment of inertia of the cross—section

of the member with respect to Ty axis

IZ = Principal moment of inertia of the cross—section

of the member with respect to ZM axis

Iy = Torsional constant for the cross—section (fig.

3.2)
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TABLE 3,1 STIFFNESS MATRIX IN MEMBER AXES FOR FULLY

RESTRAINED MEMBER IN SPACE
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3,4.,2 Truss Member in Space

The general stiffness matrix given in table 3.1
can be simplified for cases of members where the end con-
ditions are specified, For instance, for a simple truss
member with no rotational restraint at the end or the cables
having no flexural rigidity, only axial forces will exist
in the member. The significant joint displacements will
be nodal translations., The member stiffness matrix of
such a member coordinates is given in table 3.2 for twelve

possible displacements at its ends.

%3.4,% Partially Restrained Member in Space
If the end J of the member JK shown in fig. 3.1

was hinged about the Z, axis, the effect of the free

M

rotation about ZIV axis could be considered as such and

the coefficients in cases 2,6, 8 and 12 will get modified,
The resulting stiffness matrix would be as shown in table
3,3, Use of such a matrix would reduce the number of un-

knowns and hence the computation time,

3,4.4 Fully Restrained Member in a FPlance

The stiffness coefficients for six possible types
of co-planar displacements at two ends of a fully restrained
member are given in table 3.4, The deformations have been
considered in the order of translations along XM and YM
axes and rotation about ZM axis for ends J and K res-

pectively.



=

o STIFFNESS MATRIX IN MEMBER AXES FOR TRUSS MEMBER

TABLE 3.

IN SPACE,

Ugz

UK

Ugx

U5z %

Usy

Usx

EAy
L

0

.I.Nu.l

Prx




—72_

TABIE 3.3 STIFFNESS MATRIX IN MEMBER AXES FOR
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TABLE 3.4 STIFFNESS MATRIX IN MEMBER AXES FOR FULLY
RESTRAINED MEMBER JK IN A PLANE

Usx Usy ®57 Uxx Ugy Oz
EA ~EA
P X 0 0 X 0 0
Lo e i
¥ 12E1, 621, -12EI, 6EI,
J 0 0
12 12 12 1°
J7 0 - ——t 0 52 =
L L
~EA. EA.
X X
1 3 s v v C 8 . -
-12E1, ~6E1, 1281, -6EI,
Pry 0 3 5 0 3 5
T T ot ]
5 : 6B, 2E1, : -6EI, 4EI,
K7 = -; F 2 5

3,4,5 Truss Member in a Plane
The stiffnesses for six possible types of coplanar
displacements at the two ends of a 'truss' member are given

in taklkae 3,5.

TABIE 3.5 STIFFNESS MATRIX IN MEMBER AXES FOR TRUSS
MEMBER JK 1IN A PLANE

| Usx Uiy @57 Ukx Uy Oz
EA. T
X X
475 Laa i 0 0 . O 0
Pry| © 0 0 0 0 0
My O 0 0 0 0 0
—EA EA
X X
Prx|—T 0 0 . 0 0
Bel 0 0 0 0 0 0
N 0 0 0 0 0
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3.4,6 Partially Restrained Member in a Plane

The stiffnesses for six possible types of coplanar
displacements at the two ends of a member with J end
hinged about ZM—axis and restrained in other directions

are given in table 3.6.

TABLE %.6 STIFFNESS MATRIX IN MEMBER AXES FOR A
MEMBER JK WITH J END HINGED ABOUT
ZM—AXIS AND RESTRAINED IN OTHER DIREC-

TIONS IN A PLANE

Usx Usy 12 Ugx  Uxy %z
i
EA. -EA
X X
e - 4 e . R 4 ¥
3B1L, 381, 3BI,
Py 0 = 0 0 . 5
1, 1 L
Py 0 0 0 0 0 0
-EA EA.
X X
s 4 A 2 ¥
d ; ~3B1, ; ) 381, -3EI,
KY Lo 12 1°
3BI ApT.. TR
7 7 7
My 0 — 0 0 = -

3.5 ROTATION TEANSFORMATION MATRICES
Rotation Transformation matrix R is required

to transform the member stiffness matrix from member axes
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to structure axes. RT can be obtained from a rotation
matrix (R) expressed in terms of direction cosines of the

menmber,

3,5,1 Space Frame Member
The rotation transformation matrix for a space frame

member is given by:

Ry = Bpg =

0
R
0
O

o e e S

0
0
R
0 PR T

ey o G e

i

The form of rotation matrix R depends upon the
orientation of the member axes. For a member having prin-
cipal axes of its crogs-section lying in horizontal and

vertical planes, the member axes are defined as follows:

XM is the axis of the member,
YM is the axis located in a vertical plane
passing through XM and YS axes,
ZM is the axis located in a horizontal plane
lying in Xq - ZS plane,
XS’ YS and Zs refer to the axes of the structure.

Tor the member axes specified in the manner des-
cribed above and for inclined cable menbers which are

circular in the cross—section, the rotation matrix (R) is
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given by:
R = RS = CX CY CZ
—CXCY / . —CY CZ
s s SRl SR R R
% CX2+CZ V CX + CZ
" Sy 3 %3
2 2 2 2
/% *0z Aoy Oy .o (3.8)
A= LI
where,
R~ X ey - of B 4
- . b s T e S
Cy = I » Cy = = , Cg = =% AL s
and,
e L AR 2 2 A 4
L=/ (xe-x5)7+ (yyz)© + (zg z3) v 5 L8320 )

Xy Yy Zy, Xy Iy and Zye refer to the coordinates of the

two ends of a member in space.

From the specifications of the member axes described
above in this section, the position of ZM is not fixed
uniquely for a vertical member in space. This difficulty
can be overcome by specifying ZM axis along the ZS axis

for a vertical member, The rotation matrix (R) is, then

given by
! 2 f
B =Bosa © 0 Cy 0 [
-~ 0 0 |

0 0 L | PR &, D 0
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where CY has already been defined,

For members that are nearly vertical, a quantity

L 2 2

Q L \:/ CX. + CZ
less than a specified quantity (0.00L used here), the member

is calculated and if Q is found to be less

is considered vertical.

3,5,2 Plane Frame Member

The rotation transformation matrix for a plane frame

member is given by:

. i
Rp = Rpp = 1R O%
10 R | v o LEn )
where,
B (R Cx Cy 0 '
-C |
Cy Cx 0 ‘
O O l | ll'(3'13)
MEUNENEESN., © N o, Gl e Wi !
X = X35 Wi =¥
=, J 2 K d
CX - L ] CY Lo L 0.0(3.14’)
L= [ (xxi)° + (yp - 730 (3.15)
-  ka” ] Jx = Vg Liiss
Xy 9 Yo Xg and  yy refer to the coordinates of the two

ends of a member in a plane,

3,5.%3 Use of Rotation Transformation Matrices
(i) Member stiffness matrix for structure axes

(SMD) is obtained from the member stiffness matrix for
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member axes (SM) by,

o s U LE)

S = R

MD B R

i i
where Ré ig the transpose of rotation transformation

matrix RT'

(ii) Joint deformations at the two ends of a
member in member axes (DM) are obtained from the joint
deformations at the two ends of a member in structure axes

(Dg) Dy

¢ Dg oos UBedT)

The joint deformations D are further used to

M
calculate forces at the ends of a member in member axes by:

A w. By D

M M i e U ahis)

M

3.6 STRUCTURAL DISCONTINUITY

To account for the action of a hinge at one or more
internal joints of the structure, a rotational discontinuity
has to be introduced at such joints., The particular member,
meeting at the joint and which is considered free to rotate
about that joint, 1is considerd to have a hinged support
at this joint and a rigid connection to the other members
at the other end. The analysis of structures consisting
of members with hinged end conditions at joints other than
supports requires the use of proper stiffness matrices for

the members., The stiffness matrices relevant to the
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present study are already given in 3.4.3 and Bohabie

Members meeting at an internal hinge would rotate
independently of each other, The final computer results
provide the rotation corresponding to the end of the member
" in which the hinge is not located. The rotation of the
end of the member in which the hinge is located can be cal-

culated using the hinged member deformations.

3,7 ELASTIC SﬁPPORTS

The soil present underneath and at the sides of the
foundation caissons is assumed to remain linearly elastic
under the action of applied load and is represented by un-
coupled translational and rotational elastic springs. The
structural components of the foundation are then subjected
to the reactive forces of the elastic springs which are pro-
portional to their corresponding deformations. The stiff-
ness of the structure at the joints where the springs are
coupled, will increase by the amount of these stiffnesses
and can be directly added to the overall joint stiffness
matrix at appropriate joints of the structure., The move-
ments of the elastic supports are entirely controlled by
their reactions and are found using the computed reaction

components,

3,8 USE OF SYMMETRY/ANTISYMMETRY
A general unsymmetrical loading on a symuetrical

structure can be divided into symmetrical and antisymnetrical
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loadings according tc the principle of superposition., The
methods of analysis can, thus, be applied to two different
substructures of smaller size with two different loadings
to give the results of analysis of a larger structure with
unsymmetrical loading. Fig 3,3 explains the substructures
gseparated out from a main planar structure at axis of
symmetry with boundary conditions imposed at cut points.
For structures with large number of degrees of freedom,
the method is economical and nees less computer storage
space without any additional analytical or programing

effort.

A further economy in the computation time and com~
puter storage space can be achieved by making suitable
changes in the stiffness influence coefficients of the
members that are cut in transverse direction by the line
of symmetry. The relation ship between the deformations
at the two ends J and X of such a member for symmetrical
and antisymmetrical loadings of the structure are expressed

as.

Symmetrical Loading:

a) Member in Space Frame

e e )
Usx Ug » Oy = Yy » gz = Ykz

".(3.19)
01y = Okx v O3y = "%y + Gz = Oz

b) Member in Plane Frame

Usx = Vxxr Yoy = Ukyr G52 = ~ %kz oA 20)
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Antisymmetrical Loading:

a) Member in Space Frame

Uy = Uggy Ugpmn ¥ U - U,

JYy o g i T KZ*
075 =6y O3y = Oy » Ugg = Oy by kPSR b
b) Member in Plane Frame
UJX = UIQ(_ ’ UJY = - UKY’ eJZ = GKZ col(.3022.)
where UJX ; UJY = UJZ 3 UKX . UKY . UKZ are the displace-

ments in XM, YM and ZM directions of member axes at the
ends of the member JK and eJX 4 eJY’ er 5 er, eKY9 eKZ

are the rotations about the axes respectively.

Using equations 3.19 to 3.22, the modified form
of stiffness influence coefficients at the two ends of a
member in space, and in plane, is given in table 3.7 to

3,10 for symmetrical and antisymmetrical loads respectively.

3,9 EFFECT OF CABLE PRESTRESS

The effect of cable prestress can be incorporated
into the analysis by including the prestressing force as
equivalent joint loads on the released structure as shown

in fig. 3.4.

3,10 BENDING MOMENT - AXIAL FORCE INTERACTION
In the linear elastic method of analysis, it is

assumed that the changes in actual shape and dimensions



TABLE %.7 STIFFNESS MATRI
MEMBER JK 1IN

X FOR SYMMETRICAL LOADING FOR FULLY RESTRAINED
SPACE CUT TRANSVERSELY BY LINE OF SYMMETRY OF

FRAME
Usx  Ugy Uz Sx Oy 952  Ugx Ugy Ugy, Oxx %y  Skz
| 2EA,
Pyl O 0 0 0 0 0 0 0 0 0 0
Py | O 0 0 0 0 0 0 0 0 0 0 0
Pig 148 0 0 0 0 0 0 0 0 0 0 0
My | O 0 0 0 0 0 0 0 0 0 0 0
2B1,
Mg | O 0 0 — 0 0 0 0 0 0 0
| 281,
My, | O 0 0 0 0 S (B 0 0 0 0 0
2Bhy
B b D 0 0 0 0 0 . 0 0 0 0 0
e ke 0 0 0 0 0 0 0 0 0 0 0
e 0 0 0 0 0 0 0 0 0 0 0
Mg | O 0 0 0 0 0 0 0 0 0 0 0
2E1,
Mey | O 0 0 0 0 0 0 0 0 0 — 0
281,
Meg | O 0 0 0 0 0 0 0 0 0 0o —Z

el
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TABIE 3.8 STIFFNESS MATRIX FOR SYMMETRICAL LOADING FOR
FULLY RESTRAINED MEMBER JK IN A PLANE CUT
TRANSVERSELY BY LINE OF SYMMETRY OF FRAME

| Usx Usy 5z Ukx Ugy k2

]

' 2BAy
g p— 0 0 0 0 0
PJY\ 0 0 0 0 0 0

{

2E1,
My | O 0 L 0 0 0
2BA,

Bl 0 0 e 0 0
0 0 0 0 0 0
: ORI
Meg | O 0 0 0 0 Lz

TABLE %.10 STIFFNESS MATRIX FOR ANTISYMMETRICAL LOADING
FOR. FULLY RESTRAINED MEMBER IN A PLANE CUT
TRANSVERSELY BY LINE OF SYMMETRY OF FRAME

Usx Usy 57 Ugx Ugy g
B 0 0 0 0 0 0
24E1, 1281,
P 0 0 0 0
JY = e
1281, 6E1L,
Mg | O = e 0 (N
By | 0 0 0 0 0 0
2481, +12EI,
P 0 0 0 0
KY 3 =
_12RI. GBI
7 7
Mo | O 0 0 0 > -




TABLE 3.9 STIFFNES
FOR FULLY RESTRAI
TRANSVERSELY BY LINE OF S
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S MATRIX FOR ANTISYMMETRICAL LOADING

NED MEMBER IN SPACE CUT
YMMETRY OF FRAME

Upy Usp Upz O 8¢ &z kx Uy Uz Oxx %y Okz
e T - p [ SEUS LI ey TR T
I (T L T Tl R Vi - SO S
Pl 0 0 Iy 0 L O T L T A O
T e e TR MESE R R W T ST B (L
nl o T ey 0 T T Wt TR - Bk N
TRl AL T TR S B o) M, SRy IR R
Ve A el e S SR R G G S L D e 0
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i < By oe, 0D e e LI
AP - A S 84 0 oyl B 0. A0y
24E1, 12EIZ
Ll = s L2 =
1,2 12
L, = 24EIy e 1281,
3 5
L 1
L = .?_G-:—[g—(- L - ?_:.EE—Y—-
- L ’ % L
G
L
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FIG. 3.4 _REPRESENTATION OF CABLE PRETENSION BY
EQUIVALENT JOINT LOADS ON RELEASED

STRUCTURE
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of the structure, resulting from the working loads, are
immaterial. For any angular deformation © at the end of
o member,it is assumed that, cos © = 13 sin o = tan 6 = 6.
The effect of axial loads in the members is neglected when
deriving the equilibrium equations for a structure, Thus,
for a general member, such as shown in-Figs B.5, it 18

assumed that for the equilibrium of the member:

My, + Mgg = S.L vsx ANped)

With reference to fig. 3.5, it is evident that when
either the deformation L oOr the axial force P or both

P and A are large, equation 3,2%, used in linear elastic

method, becomes inaccurate and should be altered to read:

- b= —Tr-(MJZ + My * P.A) . Ls AR

The effect of P on the equilibrium of the structure
( P - A effect) is one of the causes of nonlinearity in the

structure.

A difficulty is experienced in the nonlinear structurel
analysis due to the member axial forces being unknown. An
iterative method is, therefore, used to overcome this
difficulty. A linear analysis is initially performed by
assuming the axial forces 1o be zero, to estimate the first
approximation of joint displaceuents and resulting meuber

forces, These axial member forces are then used to
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construct an improved stiffness matrix of the structure
through improved member stiffness coefficients after account-
ing for the axial-flexural interaction., A reanalysis of the
structure is now done under the sane set of externally app—
lied loads. An improved approximation of the set of axial
nember forces is, thus, obtained at the end of each cycle of
analysis., The iterations are continued until the difference
between the axial loads of members used 1o calculate improved
stiffness matrices and those obtained at the end of the same

cycle is within a specified tolerance.

The improvement in the stiffness matrices of a planar
member, to account for p-A effect, can be achieved by intro-
ducing suitable stability functions in the stiffness matrices
presented in tables Fud and 3.6 The corresponding improved
stiffness matrices are given in tables 3.11 and 3.12 res-
pectively. In these tables, Bss ﬂB, etc. are called stabi-
1ity functions whose values depend on the slenderness ratio
of the member and ratio of the axial load applied to the
critical buckling load of the member, These have been
derived in detail by Majid (137) and Sondh (185),. e
foriule for the calculation of these stability functions are

given in table 3.13

2,11 QUTLINE OF SPACE-FRAME COMPUTER ANATLYSIS
A space-frame computer prograll, which can handle
nembers with different end conditions as discussed earlier,

has been developed for lateral and eccentric vertical load
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TABIE 3.1l STIFFNESS MATRIX UNDER AXIAL-FLEXURAL INTER-
ACTTON FOR FULLY RESTRAINED MEMBER IN A
PLANE FRAME
Usx Uy 937 Ugx Ugy Ok7,
Z EA- -EA-
| X X
1DJX'; 2. T 0 0 s 0 0
i~ : 1281, 6E1, s : 1281, GBI, ;
3 | . S M- A =z S22
ax7 % 6EI, p 4EL, 4 " -6EI, = 2EI; 4
3% | i R o = By
“EA EA
X X
e ? i e i 4
5 . —12§IZ : —6E;Z s, " 12212 —6}32%2
| a9t L L T
5 ? 6EL, : 2B, 5 1 -6E1, 4E1,
K7 | i A P 5 T 5
|
TABLE 3.12 STIFFNESS MATRIX UNDER AXTAL-FLEXURAL INTER-
"CTION FOR A MEMBER WITH PIRST END HINGED
ABOUT Z-AXIS AND RESTRAINED IN OTHER DIREC-
TIONS IN A PLANE FRAME
Usx Usy 57 Uy Ugy k7
| EA -EA
u X X
kT g 4 3 - 2
e M e R
7 Y L
My 0 0 0 0 0 0
~EA EA
Lol e
Pxx 5 0 0 = 0 0
Py 0 —EE;Z #s & 0 ook B—BE;Z 9,
T 12 L
) : 3E1, ) ; ; 381, 3Bl ¢
My, = 7 oy




TABRLE 3.1% STABILITY FUNCTIONS FOR VARIOUS END CONDITIONS OF A MEMBER
A. BOTH ENDS RESTRAINED

Stabi- Eule— Zero
lity Compressive Force rian  force Tensile Force
Function Force
p (xL)2(1-cos kL) : (kL)%(cosh kL —1)
2 b P b ﬁT
¢ kI.(sin kI-kL cos kL) 1 kL (kL cosh kL-sinh kL)
3 iy T Py
g kL(kL-sin kL) 1 kL(sinh kL = kL
4 (k1) sin kL ;  (kL)? sinh KL
5 12 Dg %
ﬁc = 2-2 cos kI-kL sin kU ﬂT = 2-2 cosh kIL+kL sinh kL
e 1L - Length of member, I, — Mouent of inertia about 7z axis,
% = ET, ' E - Modulus of clasticify of the material, P-Axial load on
\",

B. ONE END HINGED ABOUT Z~AXIS, OTHER END RESTRAINED

2,
B
2y
25

the nenber

(KT.)2 (1-coskL) (28 inkL—kI-kLcoskL)
Lo
(kL)z(l—coskL)(ZSinkL—kL—kLcoskL)

ﬂCC
0

(xL)2coskl(2-2coskl-kL sin kL)
2
oo

ﬁcc = ﬂc(sin kIL-kL cos kL)

)

et

[

(kL) (coshkl~1)(2sin_hkL-kI-kTcoshkL)
(¥1)% (coshkT-1) (28 inhkT~kT-kTcoshkL)
Doy
0
~(KL) coshkT,(2-2coshkL+kl sin h kL)
3 g{‘\m
Al

Bop = Bp(sinhklL - kKL cosh kL)

_06_
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analysis of the proposed cable-stayed bridges. The pro-

gram has the following features:

(a) Use of symmetry of the structure to reduce the
gize of the problem by modifying stiffness matrices of the
symmetrically loaded members. Antisymmetrical loadings are
also similarly treated to reduce the size of the structure

to almost half,

(b) Provision for considering structural discon-
timuity by modifying stiffness matrix of the concerned

member for different end conditions.

(c) Consideration of elastic supports by inclusion
of elastic spring stiffnesses at appropriate locations in

the overall joint stiffiness natrix of the structure.

Linear displacement analysis for nodal concent-
rated forces of general nature is carried out by the program
to obtain;

(i) Nodal deformations.

(ii) Member end actions in member axes.

(iii) Support reactious.

There is a provision to check the nodal equilibrium

of the resulting forces.

3,12 OUTLINE OF PLANE-TRAME COMPUTER ANALYSIS
A plane-—frame computer prograi, which can handle

beam and truss types of structural elements, has been
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suitebly developed for study of nonlinear axial~-flexural
interaction and effect of prestress of cables on the beha~-
viour of cable-stayed bridges. The program has the following

features:

i) Use of symmetry of the structure to reduce the

size of the problem.

ii) Provision for structural discontimuity at

inner points of the frame.
iii) Use of elastic supports.
The following studies are possible with the plane-
frame program,

a) Linear displacement analysis to obtain:

i) Nodal deformations.
ii) Member end forces in member axes.
iii) Support reactions.

iv) Nodal equilibrium check on resulting member

forces in structure axes,

b) Iterative axial-flexural interaction analysis
by using modified stiffness of the members. The important

steps of this procedure are:

i) Axial forces in members, determined by
elastic analysis, are used to calculate the stability func-
tions which, in turn, are used to modify the gstiffness

matrix of each member,
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ii) Stability functions are calculated for members
fixed at both ends; fixed at one end and hinged at other

end, as necessary.

iii) Analysis is carried out with the use of modi~
fied structure stiffness to obtain nodal deformations,
member end forces in menber axes, support reactions and

nodal equilibrium check.

iv) Convergence Criterion:

When absolute value of

( axial force in current cycle W
axial force in preceding cycle

is less than, or equal to, .0OOL in every
member of the structure, the convergence is

assumed to have been achieved,

v) Analysis is carried out for a specified number
of iterations, or, till the convergence is achieved, which-

ever is earlier,
¢) The study of the effect of prestress of cables

on the behaviour of cable-stayed bridges is carried out in

the following two steps:

Step 1

i) Iterative axial-flexural analysis of a struo~
ture is carried out with cables replaced by forces result-

ing from cable pretension at appropriate nodes.
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ii) Nodal deformations, member end forces, support

reactions and nodal equilibrium check are obtained after

each cycle of analysis.

Step 2

i) Cables with specified prestress are added to
the deformed configuration of the structure resulting from
step 1. The number of nodes in the new structure has not
changed while the number of members in the new structure has

increased,

ii) Elastic analysis is carried out for external
forces acting on the new structure. Nodal deformations,
member end forces, support reactions and nodal equilibrium

check are obtained.

1ii) Axial forces in all the members due to the
external forces and due to the prestressing forces of the
cables are added and the sum of the two axial forces in a
member is used for calculating the stabilisyt functions

which are used in the subsequent iterations.

iv) Nonlinear axial-flexural interaction analysis
ig carried out, for the structure with cables, for the con-

vergence criterion specified.

v) Pinal member forces and support reactions are
obtained by superposition of the member forces and support
reactions of the final cycles of the two steps of analysis.

This operation is performed manually, if needed.
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Limitation: In practice, the prestretching of the cables
is done in stages and there are ad justments in the cable
tensions and forces in other members of the bridge at every
stage.' The proposed procedure does not cover the analysis
of prestressing in stages. For the purpose of estimating
the axisl forces in members, which would interact with the
flexural deformations, the final prestressed state is con-

sidercd as if reached simultaneousely in all cables.

d) Loading:

Nodal concentrated forces of general nature and
uniformly distributed loads acting perpendicular to the
longitudinal axis of the member can be applied on the struc-

ture.



CHARIER 4
DYNAMIC ANALYSIS

4,1 INTRODUCTION

Cable-stayed bridges are considered to be flexible
structures with long natural periods. Moving loads, wind
gust and movement of supports during a probable earthquake
cause dynamic forces in such structures. The dynamic
effects of these forces are more pronounced when they in=
duce frequencies of vibrations matching with any one of the
natural frequencies of the structure. Since the natural
frequencies depend upon mass and stiffness distribution,for
a proper dynamic analysis the appropriate disposition of
masses and stiffnesses of the structural elements is of

primary importance.

Dynamic response analysis consists of the deter—
mination of time variant deflections from which siresses
are computed by using principles of static structural
analysis. The scope of this presentation is limited to
free vibration analysis and dynamic response analysis, with-

in the elastic range,

4.2 REPRESENTATION OF THE STRUCTURE

A cable-stayed bridge structure can be idealised,
with reasonable accuracy, as a discrete mltidegree of
freedom system with finite number of lumped masses connect-

ed by close~coupled elastic springs. The number of degrees
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of freedom of the system is equal to the number of inde-
pendent coordinates necessary to define the configuration
of the system completely. In the most general case of a
three dimensional motion, six coordinates are required to
define the position of each mass of a three dimensional
skeletal structure., A two dimensional skeletal structure

involves three degrees of freedom per mass.

Member stiffness matrices and rotation transfor-
mation matrices presented in section 3.4 and 3.5 are used
to calculate stiffnesses of elastic springs connecting
the masses. The assumptions for skeletal three dimensional
and two dimensional anglyses emumerated in section R.2 Ers

applicable to dynamic analyses also.

4,3 FREE VIBRATION ANALYSIS

when a multidegree of freedom system is set into

o mode of vibration such that all masses of the system
attain maximum amplitudes of that mode simultaneousely and,
also, all masses pass through the equilibrium position
simultaneously, the system is said to vibrate in a natural
(or principal or normal) mode of harmonic vibration, When
all the masses of the system vibrate in phase, the mode is
the fundamenfal or the lowest mode of vibration and the
frequency associated with this mode is lowest in magnitude,
When all the adjacent masses vibrate out of phase with
each other, the mode is the highest and the frequency asso-

ciated with this mode 1s the highest. The fundamental
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and a few higher frequencies and modes of a multidegree of
freedom system are of primary significance and can be deter-
nined, with reasonable accuracy, by the method described in

the following paragraphs.

4,3.1 Lowest Frequency— Modeshape Determination
The equation of motion of a multidegree of freedom

system can be written as(55, 118),

(0, %f, + (o) ix}, « &), §x}, = (PO®)),  ...(4.1)
where,

[x)

Lc]

LX)

£

g
1x
§E() 3

n = order of matrices and vectors.

mass matrix,

damping matrix,

n

stiffness matrix,

displacement vector,

velocity vector,

acceleration vector and,

1

force vector

Considering undamped free vibration, Eq. 4.1

reduces to,

Ll ixg, + (K], 3%3, = o Ve (402)

If we assume X = x sin pt, Eq. 4.2 is converted to

Kn xn = _p2. Mnxn LI ] (4’03)
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Equation 4,3 1s in the form of a standard eigen-—
value problem, AX =)B X. Power iteration techniques (83,
171), coupled with any particular root or vector eleminating
(deflation) procedure (222), applied to Eq. 4.5 will yield
the highest and the subsequent eigenvalues in the descending
order, However, to obtain the lowest and a few more eigen-
values in the ascending order, Eq. 4.3 can be expressed in

the form

K M X = ']__'E' Xn s o (4’04‘)
P ;

Equation 4.4 retains the analogy of the standard eigenvalue
problem, AX =2X, and yields lowest and higher eigenvalues
in required number by repeated application of power itera~-
tion and deflation techniques. A considerable reduction in
computational effort can be achieved by adopting algorithms
which take advantage of symmetry of the matrix for eigen-
value determination, The product K"l M of eq. 4.4 1s
able to maintain symmetry conditionally if my = I, = -y,
where my, oy, === I, are the diagonal elements of [ ¥ ] of
prdar . In general, this condition may never be achieved
and the symmetry can be enforced by resorting to the follow-

ing transformation:

(Y2 ety o2 YA T, - ?{MVZJniXEn ves(45)
Substituting,

A g ( the modified dynamic matrix )

- L2, [, (3,
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[ 23x3

mode shape vector of the modified dynamic matrix and,

<
n

A

eigen value of the systemn,

.1_2.
Iy
we 8et,

kel Yag, o= Bl T

The eigenvector of the original system (Eq. 4.,4) may be
calculated Dby,

tx3= V2]8 y9 ... (4.62)

Equation 4,6 can be solved by number of available
techniques among which Rayleigh quotient and iteration type
of techniques are more popular, The approximation to the
Rayleigh Quotient is achieved in the following mammer to
get the lowest eigen value and its associated eigenvector,

Premiltiply both sides of Eq. 4.6 by g YT}.
3\_¥T§n [A:ln gg}n = A %XTgn 3Y}n

SRkl Sk
o 3 o

00.(4"7)

The termination criterion of the iterative solution

of s HaT As

£ £ < & o d o - AR
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where,
)} = ith Alterate for rth eigenvalue
r
3= th
A = (i~1)"" iterate for rth eigenvalue,
T
£ = a specified small quantity,

say 0,001

Another lipmitation on the iterative procedure can be impo-

sed by specifying the maximum mumber of iterations.,

At the end of the iterative procedure for one par—
ticular eigenvalue ()\r), which 1s the lowest every time,

it is deemed that

13
R
a5

$13. 5 il Ghid)

]

final modeshape vector of rth mode

modeshape vector of ith iteration for the

rth mode,

4,3,2 Deflation Technique

Deflation technique, due to Wilkinson (222), to
evaluate higher eigenvalues and associated eigenvectors,
has been adopted for the present study. The deflation

technique can be summarised as:

& £ T :
By S E TR R B B : i K6VE0)
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where,
A, = matrix for the evaluation of rth root,
A, = matrix (to be used) for the evaluation of
(r + 1)th root;
PN I - LT
g L eigenvalue of the system,
L e o
Ry =R eigenvector of the system.

The deflated matrix A(r + 1) of eq. 4.10 can be
used to obtain the next lowest root ...,y following the

lowest root >\r obtained in the roh

step of determination
of lowest roots by power iteration techmique described in
the preoedj.ng paragraphs, The validity of eq. 4.10 can be

proved as follows:

In its standard form, the eigenvalue equation for

the root A can be written as,
(r+1)

A(I‘+1) X(r+1) pr >\(r+l) X(r+1) Ry Feb

using eq. 4.10, one can write,

i
(A‘r —)‘r Xr Xr) X(r+l) o >\(r+1) X(r+1)

T ™~
F, A 2iith = A KKy X(r+1) = 7 (2e1) Xze1) . (4.12)

two cases, which can be considered, are:
(1) X,,,~X,; eq. 4,12 can be written ass

T &
Ay X, >\r Xp Xp Xy = la (r+l) Xy
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From the property of orthogouality, Xy X, =1

L LR S %r) Xp

This is true only when )‘r+1 = 0, Thus, the deflated
matrix of eq. 4,10 will not contain the eigenvalue A, and

the eigenvector Xr'

4 2 4 # X5 eds 4.12 can be written as;

T+l

T
B Xipe1) ™ Pp XL Xp X(pay © N (ze1) F(ze1)

3 s -
From the property of orthogomality, Xr X(r+l) = 0

Thus, the deflated matrix of eq. 4.10 can be written as;

Ape1) Ee1) = P (ee1) F(re1)

which is the standard form of the eigen value equation for
the root 7\(r+l)‘ . The deflated matrix of eq, 4.16 will
thus eliminate all the roots which have been determined and

can be used to determine the subsequent lowest root.

4.3.,% Limitations
The eigen solution technigue and the deflation
technique, described above, are subject to the following

limitations:

(1) The flexibility matrix (A) is obtained from
the numerical inversion of the stiffness matrix (K)., The
inversion can be performed only with finite precision

afforded by digital computation ahd ordering of the matrix,
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Tms KA or AK will satisfy conditions of inversion only

within certain degree of accuracy.

.(ii) The accuracy check imposed on eigenvalues
is not sufficient to ensure a similar accuracy of the
corresponding eigenvectors. Thus, though computationally
the convergence of roots is cubic in nature, the corres—

ponding eigenvectors are calculated with lesser agcuracys

(iii) The accuracy with which the natursl period
and the mode shape of any mode 1s computed is dependant on
the accuracy with which all preceding modal parameters are

evaluated.

Inspite of the limitations, mentioned above, the
combination of methods, as indicated above, is popular for

its speed of convergence and simplicity of implementation.

- 4.4 RESPONSE ANALYSIS

Depending on the availability of the dynamic data,
the response analysis of a structure can be performed in
geveral ways., When accelerograms for probable ground motion
at the base of the structure are used, timewise response
analysis can be resorted to by employing either mode super-
position techniques or the method of explicit integration.
wWhen response spectra for displacements or accelerations
are used, the maximum probable response can be computed by
superimposing modal contributions by means of appropriate
techniques to find all quantities of interest such as

accelerations, displacements and inertia forces at various
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points of the structure or the resultant forces in the

members themselves, The methods used in the present study

are described in the following paragraphs.

4,4,1 Modal Response

Natural frequencies and corresponding mode shapes
of the plane frame structure, determined by considering two
degree of freedom (rotary inertia ignored) per node, have
been used along with the acceleration response spectrum of

the expected ground motion to compute the modal response.

. bl T iy S
Yl - T Sa C ¢i 010(4013)
Py
where
. Y’i = absolute - dynamic displacement at mnode 1
in rth mode,
= . th
D, ™ natural frequency in r— mode
Sg = absolute acceleration spectrum ordinate
corresponding to the time period of rth mode
(usually denoted by S, for horizontal and
Sy for vertical ground motion)
¢ = mode participation factor in rth mode corres—

ponding to ground motion represented l.e.

horizontal or vertical,

ﬁi = normalised amplitude at node i in r* mode.
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The mode participation factor ¢¥ will have
different values for horizontal and vertical ground motions

as given below:

sm, @,
Cl‘h = X :Lb.z 2 ooc(4ol4’>
Smy (B4, + Biy )
and
T m, P,
Oy, = =t ; ee.(4,15)
2
Z mi(ﬁjj_h i ﬂi’v )
where,

Crh = mode participation factor for horizontal ground

motion
Crv = mode participation factor for vertiéal ground
motion, :
my = Dass associéted with ith degree of.freedom,
8, = horizontal modal displacement of 1™ node
g;, = vertical modal displacement of i node

i mode (Fi) corresponding

The force vector for r
to the displacements obtained from Eq, 4.13 can be deter—

mined as;

] T o e

F; = my 5, C B3 eue(4.26)
The vector obtained from Eq. 4.16, when applied
as static nodal forces, will result in a deformed configu~

ration of the plane frame structure (with three degrees of
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gyeedon at each node) given by, |
3pg 3= Lrlie™S oo (4.17)
whe?e,‘ |
- [x)
L]

Thus, from Eq. 4,16 and 4,17,

§o7 3= (kT (75 85 e

Deformation vector obtained from Eq. 4.18 includes

syiffnges matrix of structure

th

overall deformation vector of r mode.

il

translations and rotations at various nodes. Individual
memb%r forces are, now, determined by using the deformations

at the two ends of a member.

o Sl ! RA e (4429
where, |

33J5§= meuber forces in the rth mode

{:ij = member stiffnesé natrix

362 §= deformation veotor at the two ends of a member,

obtained grom  § 87f.

4,4,2 Superposition of Modal Responses
Total speetral response of the bridge structure cean
be computed by (a) absolute sum method which gives an upper

bound solution, (b) SRSS (squareroot of sum of squares)
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method, (c) RMS (sqdareroot of mean valuc of squareé)
method which is considered as a probability approach,
(d) weighted combination of modal responses as followed
by Rugsian and Yugoslavian codes and (e) average of (a)
and (c). In the absence of data about relative superiority
of the methods for bridge problems, SRSS method has been

used in the present investigation,



CHAPTER 5

EXPERIMENTAL STUDIES

5.1 INTRODUCTION

Experimental studies carried out on a ratiating
type, small size, cable~stayed bridge, hereafier referred
as model, are described in this chapter. For purposes of
analysis, the small size experimental bridge has been used
as a protype, but for arriving at realistic proportions
and sizes of members a linear scale ratio was used to
relate the experimental bridge to a large bridge of 457.2m
main span that was physically conceived. Static vertical
and lateral load tests and dynamic free vibration and

steady state tests have been conducted.

5.2 AIM OF STUDY

The primary aim of the experimental study carried
out was to verify experimentally the validity of the assump-
tions made in analysis and to ascertain the reliability of
the mathematical formulation of the structural problems invol-
ved, Experiments under static and dynamic loading conditions

were planned to accomplish the following specific objectives,

(a) To compare analytical and experimental results

for the following static loading cases:

i) symmetric vertical loads
ii) eccentric vertical loads

iii) lateral loads.



-110~
(b) To determine predominant vibration modes in
vertical, longitudinal and lateral directions and to com-—

pare these with the analytical results.

(¢) To gain an insight into the physical behaviour
of this type of bridge under static and dynamic loading

conditions,

5.3 SELECTION OF TYPE OF BRIDGE

The choice of the bridge type was influenced by
the proposed Second Hooghly Bridge to be built by Calcutta
Port Authority, India, Salient details of the bridge are
shown in fig. 5.1. The bridge is of radiating cable-stayed
type with a total span of 822.96m. The towers of the
bridge consist of two tapering, slightly inclined legs
joined by three box portals; one below deck level, one
below saddle level and a third midway between the two., The
deck section comprises of two longitudinal rectangular steel
boxes with cross-—girders spanning between them. A rein-
farced concrete roadway slab is supported on rolled steel
joist section stringers spanning between the cross-girders.
The bridge is considered to be restrained in horizontal and
vertical directions at one end and held only in vertical
directions at the other five support points (fig. 5.1).
Links, which permit longitudinal movements to accomuniodate
temperature changes as well as rotation of deck in the
vertical plane, are provided at these five points of support.

The deck is supported from the tower tops by steel strands
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which are comnected to the main boxes by means of cast
steel sockets., There are thirty one strands at each tower
leg. The substructure consists of six pilers and six mono-

liths/wells,

Executable drawings of the proposed Second Hooghly
Bridge were available for refe ence., It was, therefore,
decided to more or less scale out a radiating type cable-

stayed bridge structure for experimentation.

5.4 CHCICE OF SCALE

Keeping in view the availability of the sheke table,
facilities of testing equipments available, cost of model
and the time required in its fabrication and erection, a
scale factor of 200 was chosen, This scale factor was
used primarily to fix up the overall dimensions of the model
and to provide general guidance to determine the overall
cross=sectional dimensions of the components, The shape of
the cross—sections was altered, as necessary, to suit the
requirements of workabiiity. Exact geometrical proportion-

ing was neither achieved nor intended.

5.5 SELECTION OF MATERIAL AND PRELIMINARY TESTS

Dynamic tests (37)were performed prior to this
work on a pgrspex model of the above described Bridge. For
these tests, perspex had been chosen as model material due
to its low modulus of elasticity, ease of fabrication and

easy availability. Smoothly finished joints of various
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components were made by using chloroform, The cables were
represented by wires of spring steel and their cast steel
sockets were represented by grips made of brass. Use of
wore than one material in the model was necessary due to
the limitation of perspex to represent steel cables and
cast steel sockets. The hinge action of the prototype
support was represented by clamping the deck to the pier
by steel wires, and the link was represented by a vertical
steel pin inserted in conical pivots., The arrangement did
not represent the exact support conditions of the prototype

bridge.

Perspex is known to develop crystallization within
the material after some time (not exactly known). The
crystallization changes the modulus of elasticity of the
material and renders the behaviour of the structure uncer-
tain., Keeping in view the time gap of more than four years
between the date of fabrication of the above model and the
dates of proposed tests by the author and the observations
of the preceding paragraph, the perspex model, though

available, was not used for the proposed tests.

In order to eliminate the time dependent problems
connected with perspex it was decided to use an aluminjum
alloy which was comuercially available in the form of sgheets
of varying thichness as well as in the form of wires and
rods which could be used for cables and cable grips res-

pectively. Riveted construction was used in the model 1o
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sirulate the actual bridge construction, The process of
making riveted comnections hetween thin sheets, and also,
the particularly difficult comnections at some joints were
developed early in the experimental program to avoid any
uncertainty or delay during actual fabrication, Araldite
was used to paste the surfaces together just before riveting
to avcid local out of phase vibrations of surfaces between
two rivets during dynamic tests., ZExcepting for the use of
steel screws to join thick plates and the connecting hinge
and links at piers and towers which were of mild steel, the
fabrication of the model bridge was from the aluminium alloy
chosen, Preliminary direct tension tests on specimens from
sheets and wires of aluminium were performed to ensure
elastic behaviour of the material within the range of working

loads.,

5.6 DESIGN OF MODEL BRIDGE
The cross-sections of the components of the bridge

were designed such that the stiffness ratio (Kp/Km) remained
constant for every component of the bridge. The subscripts
p and m stand for prototype and model respectively. To
achieve the aim in the design, the substructure was propor-
tioned geometrically to give certain Kp/Km and the stiff-
ness ratio cf the other components of the bridge was then

adopted to be the same as that of the substructure.

For any elastic member, the flexural stiffness of

the member is proportional ato EI/L3 and its axial stiffness
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is proportional to EA/L, where;

E

1

nodulus of elasticity,

=4
]

moment of inertia,

L = significant length, and

b.
1}

area of cross—section of the member,

The stiffness ratio of the substructure is given

by
3
%ﬂ'. = Epl Ip ] Lm = n :E:'Ll 000(501)
Kml Em Im Lg Em

where; n = Lp/Lm = 200, is the scale ratio adopted; Epl

is the modulus of elasticity of concrete used in the pro-
totype substructure (assumed = 1507 Kg/mmz), E, is the
modulus of elasticity of aluminium alloy used in model sub~

structure (10000 Kg/mmz). Thus;
K51 1507
7= = 200 x $3ghy = 30.14 .o (5.18)
Tl
The stiffness ratio for the deck, towers and por-

tals is represented by:

- ERML Rl g
Km2 n3 Em Iml
where;
Ep2 = modulus of elasticity of steel in prototype

deck, tower or portal (assumed = 21100 kg/mmZ),
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Ip2 = moment of inertia of member in protype deck,
tower or portal,

By, modulus of elasticity of the material of
model (10,000 Kg/mm®),

Lo moment of inertia of a member in model,

For the stiffness ratio of deck, tower or portal to

be equal to the stiffness ratio of the substructure, we

have;
E I H
L p2 p2 2\ -
—— 4 = n .00(502)
n3 m Iml Em

The moment of inertia of the model member (deck,

tower or portal) is, thus calculated from the formulas

% p2
T = e . I -os(503)
S A
i ek 21100 _ = -8
or Iml = —“2004 X —151.7 X Ip2 = 0.875 w16 Ip2 ...(5038.)

The depth of the section in the model deck and the
cross~sections of the tower legs and portals were so adjus-—

ted as to achieve the desired stiffness ratio.

The stiffness ratio for cables is represented by:

KpB = E})B A3 I
Km3 Em2 Am2 Lp
where;
Ep3 = modulus of elasticity of cable steel in prototype

(assumed = 16500 kg/mmz),
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Ap3 = area of cross—section of cable in prototype,

L = length of prototype cable,

His % modulus of elasticity of cable wire of the
model (assumed 10000 kg/mm2 for the purpose

of calculations),

Am2 = area of cross—section of the cable wire of
the model,

L = length of model cable wire.

yis}

Tor the stiffness ratio of cables to be equal to

the stiffness ratio of the substructure, we have;

E

Bz Aps I 1

Epo Am2 Lp >

;

eee(544)

=

The area of cross—section of the model cable is, thus,
calculated from the formula:
B

B
- B3 4 ves(5.5)
Apo 22 Eg v Ep e

10000 " 16500 A

.
or A =355 X 507 10000 “p3

i ~4
= 2,737 x 10 © A5 ... (5.5a)

5.7 DESIGN CALCULATIONS
Table 5.1 gives a comparision of the section pro-
perties of the components of the prototype and the model

bridge. The following points need special mention in respect



TABIE 5.1 COMPARISON OF COMPONENT SECTION PROPERTIES OF THE PROTOTYFE AND THE

MODEL
PROTOTYPE 0 MODEL :
Component AL Iy-x Ly-y lg-2 & ‘xex g Lpmz
) - o @hH et w®) (o) (mm) i)

Individual box 0.264 0.264 0.257 0.369
girder with To To To o 145.5  2360.4 12276.6 4178.9
partial deck 0,495 0.608 0,380 0.819

Two box gird-

ers with com-— - - - # 444.8 = - 12179.4
plete deck 4
OuEs  1a3AE  IEL  oULELE @Rl 14625 40052.,3 36070.3
Tower To To To To To To To To
0,089 Y3 L. 7714 1,605 30%.0  34TR5.7 473%69.3 80017,3%
gggd£gr£ii%ul 0,199 0,301  0.154  0.584  162.0  5847.7 9905,0 10454,1
Bottom portal 0.23%6 0.435 0.190 1.17h 177.0 9497 .4 11191.3 16982.7
%gggi;girder 0.073 0.000018 0.00225 0,063 40.0 203.8 20553 83.3
0.0106" 7.07
Cables To - - - To - —~ da
0.0310 12.57 | r
End pier 5.059"" 0.984"" 181.181%" 6.058** 1420.0 333654.6 ~ 3406833.3  109323.3
End well 12,087 *588.896" " 603.818% 311,951 4170.0 872760%,7 10608187.0  4204988.7

Middle pier  1%.733 '304.430°72915.8657105,302%" 4613.0 1897486.4  48754096.0 984006.,0
Middle well  32.%11%73721.333%*4284.787 1564.012%% 7530,0 421%9116.0 69153725.0 16611185.0

=2T1L~

+ Values obtained by lumping, ++ Equivalent values in terms of steel.
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1o table 5.4.

(i) Actual values of areas and inertias were cal-
culated for concrete piers and wells of the prototype and

were converted to equivalent values in terms of steel,

(ii) Actual values of area and inertias were cal-
culated for all length segments of the longitudinal girders
with partial concrete deck and average values were found by

taking weighted mean,

(iii) The prototype deck is a composite structure
of steel main girders and concrete deck., Equivalent values

in terms of steel were used in the calculations.

(iv) Numker of cables at a tower leg in the proto-
type was reduced from 31 to 12 by lumping of the areas. The

cable areas in the model were then calculated,

5.8 DESCRIPTION OF MODEL BRIDGE

General view of the model bridge is shown in photo
Pl and significant dimensions of the model bridge are given
in table 5.2 Thege are precisely 1/200 of Second Hooghly
Bridge. Important technical features of Second Hooghly
Bridge, hereaiter referwed aé prototype, are represented in
the model bridge also, The intermediate supports in the

end span (fig, 5.1) of the prototype have been abandoned*

+ The intermediate piers in the end spans of proposed Second
Hooghly Bridge (ptototype) were designed as aids in the
erection of the bridge. These piers have been dropped in
the subsequent revised design of the bridge. Changes in the
cross—section details of the components of the bridge, if
any, have not been used in the design calculations of the
bridge model.
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GENERAL VIEW OF LABORARORY BRIDGE STRUCTURE WITH OSCILLATOR
MOUNTING FOR SHAKING IN LONGITUDINAL DIRECTION
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in the model bridge leaving the deck on four supports only.

The tapering steel towers of prototype are represented by

TABLE 5.2 SIGNIFICART DIMENSIONS OF MODEL BRIDGE

Total length (mm) 4114.8
Central span between the towers (mm) 2286.0
End spans (total two) each (mm) 914.4
Height of towers (mm) 520.0
Total width of deck (mm) i72.5
¢/C distance of main box girders (mm ) 137.5
Spacing of cross-girders (mm) F540
Size of box girders (mmX mm ) 10 x 18

similar construction of aluminium alloy. Composite construc-
tion of concrete deck and steel boxes is represented by alu-
miniuvm alloy plate deck and stiffening boxes of the same
material., Thirty one steel cables at each tower leg of
prototype are represented by twelve wire cables of aluminium
alloy at each tower leg. Aluminium grips fitted with a
micrometer tensioning arrangement have been used to hold the
deck against tensioned cables. Concrete substructure of
prototype is repreéented by a corresponding substructure of

aluminium alloy.
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5.9 MODEL FABRICATION

The detailed drawings of the components of the
model bridge are given in fig. 5.2 to 5.11. Aluminium
plates of thicknesses varying from 1.5 mm to 11 mm were
used for the fabrication of various components of the model.
Aluminium rivets of %mm x 6mm (long) size were used for
jointing thin plates of 1,5mm thickness. ©Steel screws of
sizes varying from 3mm x 6mm to 6um x 38mm were used for
connecting thicker plates. Aluminium wires of 3, 3.5 and
4mm diameters were used as cables, The micrometer tension-—
ing-cum—-gripping device was made from 25mm dia. rods of
aluminium, The special size of the anchor block fitted at
the top of each tower leg was an aluminium casting. The
hinge and the links connecting the deck and the piers/towers

were made from mild steel.

Riveting was done immediately after applying aral-
dite between the surfaces to produce requisite pressure on the
surfaces needed to ensure a thin and strong adhesive layer

between them,

Special features of fabrication of the individual
components of the model, if any, in addition to those detailed
out in the relevent figures, are described in the following

. paragraphs,

Figures 5.2 and 5.3 show the details of cross-
sections of the end wells and the end piers respectively. An

assembly of tower legs, portals, middle piers and wells is
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shown (fig. 5.4) in the end view of the model bridge at
tower location. Figures 5,5 and 5.6 show details of cross-
sections of the middle wells and middle piers respectively,
The slanting and taperiug wower legs[fg%¥icated by Jjointing
two chamnels of uniform cross—-section with two tapering
plates to form boxes with cross-sections (fig. 5.7) varying
with the height of the tower, The peculiar cross-section
of the portals (fig. 5.8) was chosen to facilitate the joint-
ing of the ends of the portals with the tower legs by rivet-
ing. The cross—section of the deck with main box girders is
shown in fig. 5.9. The total length of the girder (4114,8mm)
was obtained by jointing three pieces of equal length, Single
cover butt riveting with three rivets, spaced 15mm, on each
side of the joint (fig. 5.10) was done, The deck was a
1.5 mm +thick plate 172.5 mm wide and 4114.8 mm long. The
length of the deck was obtained by jointing three pieces of
plate with single cover, double riveted, zig-zag butt joint
(fig. 5.11). The joints in the deck plate and the joints in
the box girders were kept sufficiently staggered (250 mm) to

avoid concentration of structural weakness on a section.

5.10 SUPFORT DETAILS

To restrain the movements of the deck with respect
to the supporting pier in the horizontal and vertical planes
and to allow free rotation at one end of the model bridge, a
hinge connection, similar in action to the hinge of the actual

bridge, was provided. The detailed drawings of the mild steel
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hinge are shown in fig. 5.12, The other three points of
deck supports in the model bridge were provided with mild
steel links to permit horizontal translation and free o~
tation of the deck with respect to the supporting portals/
pier. The relative movements in the vertical plane were
restrained. The details of link comnection between deck
and the tower portals are shown in fig. 5.13 and the link
comnection at one end pier of the bridge is described in
fig, 5.14. Photos P2 to P4 show the positioning of hinge
and the links at appropriate locations of the model bridge
Photo P5 shows the detached hinge and the link,

5.11 CABLE ANCHORAGE DETAILS

5.,11.1 Anchor Block

Detailed drawings of the anchor block are shown in
fig. 5.15. The anchor block was fitted to tower leg by in-
serting its solid projecting web into the hollow leg cross-
section and by screwing the two together, Araldite was used
at the joint. The holes for wires of end span were drilled
on one side of the centre line of the anchor block and those
for the mid span were drilled on another side. Each cable
was anchored to the block by two screws providing a grip to
the cable end. Photo P6 illustrates the positioning of the

anchor block,

Under symmetric loads, the twisting caused due to

tension in eccentrically connected wires at the anchor block
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was counteracted by the twisting caused af the anchor block
of the other leg of the tower (fig. 5.16). Eccentric an-
choring of the cables was considered necessary to limit the
height of the anchor block. This constructional feature
induéed a deviation in the physical behaviour, under non-
symnetric loads, of the experimental bridge and its mathe~-
matical formulation in which a concentric cable connection

was assumed at the top of the tower,

5.11.2 Micrometer Tensioning-cum~Gripping Device

The micrometer tensioning-cum-gripping device was
developed to serve the dual purpose of holding the deck
against the tension of the cable and to increase or release
the tension of any cable. The movement of the joint in the
direction of the cable can be roughly known by the micro-
meter which can move into the grip. The gripping was done
by three screws meeting at 120° on the cable. The tension-
ing device was mainly used for adjusting the cable tensions
to obtain on arbitrary cambered deck profile. No measure-
ments were made on the micrometer in the present test progra-
mne, The details of the device are giveh in.fig., 5,17 and

Photo P 7.

5.12 PRELOADING AND INSTRUMENTATION OF CABLE WIRES
~ Aluminium wires in pieces of required lengths were
kept stressed to a level of about 4 Kg/mm2 for a period of

24 * 2 hours to overcome the creep effects, if any. Strain
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gauges were then pasted near the centre of the wires to
record static cable forces. The instrumented wires were used

as cables in the model bridge.

5.13 MODEL ERECTION

The assemblies of piers and wells were mounted
on the shake table, The towers, fitted with portals and
anchor heads, were installed on the middle piers. The deck
was placed on the substructure system and connected to it
through a hinge at one end and links at other locatioms.,
The deck was adjusted to an arbitrary cambered profile by
providing a temporary prop at the centre of the main span
and the cables were installed, The cables were gripped at
the tower heads first and then at the girder locations.
Micrometer tensioning device was used for adjustments in
the cable tensions, The central prop was then removed and
a final cambered profile for the deck was obtained (Photo

P1).

5.14 TEST RECORDS (FIG. 5.18a)

Static deflections at various locations of the
deck, towers, piers and wells were measured with dial gauges.,
Deflections of towers, piers and wells in the longitudinal
direction of the bridge and vertical deflections of the deck
were measured for symmetric and eccentric vertical loadings.
Lateral deflections were measured for lateral loadings.

Strain gauge records were taken to get static cable forces.
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Accelerations in vertical, longitudinal and
lateral directions of the bridge were recorded at different

locations of deck, towers, piers and wells,

5.15 TEST DETAILS

B.15.1 . Static Tesgls

The following static load tests were carried out:

(a) Tests under symmetric vertical loads through
both stiffening girders (Photo P8), loadings 11 to 16 of
table 5.3.

(b) Tests under eccentric vertical loads through

one stiffening girder, loadings 21 to 26 of table 5.3.

(¢) Tests under lateral forces (Photo P9), load-
ings 31 to 36 of table 5.3.

Records for the following conditions of loading

of the bridge were obtained:

(i) End span with hinge at the end loaded (Load-
igegs 11, 21 and 31 of table 5.3%).

(ii) End span with hinge at the end and centre
span loaded (loadings 12, 22 and 32 of table 5.3).

(iii) Centre span loaded (loadings 13, 23 and 33
of “tekle 5,%).

(iv) Centre span and end span with link at the
end loaded (loadings 14, 24 and 34 of table 5.3).
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(v) End span with link at the end loaded (load-

ings 15, 25 and 35 of table 5.3).

(vi) Full span loaded (loadings 16, 26 and 36 of

tablie H.3).

TABLE 5.3 SCHEME OF LOADING OF BRIDGE-MODEL FOR STATIC

TESTS
TYPE OF LOADS ON LOADS ON TOADS ON LOADS ON LOADS ON LOADS
STATIC END SPAN END SPAN CENTRE  CENTRE  END SPAN ON
LOADING WITH WITH SPAN SPAN AND WITH FULL
HINGE HINGE END SPAN LINK SPAN
AND CEN- WITH
TRE SPAN TINK
R 12 1% 14 15 16
SYMME- AT NODES AT NODES AT NODES AT NODES AT NODES AT
TRIC 1705 1T016 6 T016 6 T0 21 17 TO 21 NODES
VERTI- AND 22 AND 22 AND 27  AND 27 AND 38 1 TO
CAT, TO 26 TQ 37 70 37 TO 42 0 42 42
NO.
ECCEN- AT NODES AT NODES AT NODES AT NODES AT NODES AT
TRIC 1 705 1T016 6 T0 16 6 TO 21 17 TO 23 NODES
VERTI- 1 10
CAT, o1
ok 32 33 34 35 36
LATERAL AT NODE AT NODES AT NODES AT NODES AT NODE AT
3 3, 8 W, 11 8,11,14 19 NODES
AND 14 AND 14  AND 19 3,8,
11,14
(Node nuribers Referred to fig, 5,18) AND 19

tudinal and lateral (Photo P 10) directions of the bridge.

5.15.2 Dynamic Tests

The following dynamic tests were carried out

(a) Free vibration tests in the vertical, longi-
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P1: STRAIN RECORDING FOR DIRECT TENSION
TEST ON COUPON FROM ALUMINIUM
ALLOY SHEET
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(b) Steady state vibration test in the lateral
direction of the bridge (Photo P 10).

The steady state tests in longitudinal and lateral
directions of the bridge could not be carried out due to

limitations of testing facilities.

5.16 ANCILLIARY TESTS

Direct tension tests were conducted on coupens
cut from aluminium alloy sheets (Photo P 11) as well as on
wires. Electrical resistance strain gauges were used to
measure tensile strains and the modulus of elasticity of the
material was calculated from the stress—strain diagram,
Tensile strains of wires were measured from two strain
gauges, pasted as closely as possible on diametrically
opposite faces of the wire and connected in series to over~
come the effect of initial curvature in the wire on the

recorded tensile strain,

The wires were not perfactly straight and suffered
from out-of-straightness, locally, at one or more locations
along the lengths, These curvatures could not be fully
straightened even after preloading., As will be described,
this crookedness did alter the overall axial stiffness of the
wires in varying measures. To eliminate the effect of cur—
vature of wires on the computed vertical deflegtions of the
deck, the actual tensile stiffness of each individual wire

used in the model was found by loading the length of wire
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actually used in the model and recording the total extension
of the wire. The detaile of this testing arrangement are
shown in fig. 5.19. From the load deflection plots of all
the wires, average value of equivalent modulus of elasti-
city (Euq ) for a particular diameter of wire was deter-
mined, This value Eeq. was used in the analysis of the

model structure. .

Fixity at the base of the substructure was
achieved by screwing the substructure wells to the shake
table, Tests were conducted to ascertain the actual
rotational stiffness at the base of the supports., Ioads
in the longitudinal and lateral directions were applied at
the top of (i) the substructure assembly at the end and
(ii) assembly of tower, pier and well at the middle supports
of the deck. Deflection at top in the direction of appli-
cation of the force was measured and this was compared with
the analytical deflection of fixed base supports. Extra
experimental deflection was considered to be caused due to
the rotation of support at its base. Torsional stiffness.
of the substructure assembly at the hinged end was also

experimentally evaluated,

To find the stiffness of riveted deck construction,
the deck without cables was tested as a three span slab
subjected to symmetrical vertical loads applied at the stiff-
ening girders, The measured vertical deflections of the

deck were compared with the analytical results.
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The results of ancilliary tests are presented in

tabte 5.4,

TABLE 5.4 RESULTS OF ANCILLIARY TESTS

(a) Modulus of Elasticity (E)

(1) Aluminium alloy plates,obtained

from coupen tests 10000 kg/mm2
(i1) Aluminium alloy wires, Obtained
from strain gauge records 6971 kg/mm2
(b) Equivalent Modvlus of Elasticity of
Wires (Bq. )
Obtained from load-deflection records
of actual length of wires
£1) 3 mm@ia, (7.07 mm2) 2869 kg/mm2
(i1) 3.5 mm dia (9,68 mn?) 3673 ke/mn’
(111) 4.0 mn dia. (12,57 ma?) 3061 ke/mn”

(c) Stiffness of Riveted Construction Symme-
tric vertical loads of 1 kg applied at
nodes of deck with cables removed and ana-

lytical and experimental results compared,

Deflection at centre of main span
(1) analytical 14,2096 mm
(ii) experimental 13.68 mm
(d) Rotational Stiffnesses (kg-mm/rad.)

(1) torsional stiffness, substructure
at end 1014441.7



-151..
(ii) Rotational stiffness about trans-
verse axis of bridge
Substructure at end 910160.0
Substructure below tower 3288600,0
(iii) Rotational stiffness about longi-
tudinal axis of bridge
Substructure at end 3220280.0
Substructure below tower 30087400,0

It is observed from table 5.4 that the modulus of
elasticity of cable wires and their equivalent modulii of
elasticity. (EBeq.) are quite different. Average value of
Eeq. for a particular diameter of wire could be obtained
from the straight portions of the load-deflection records
which were exhibited after small curved portions in the
initial stages of loading. Values of Eeq. were used in the
computations for analytical verifications. The riveted
construction of the model components can be assumed to
attain full stiffness and the experimentally evaluated
springs must be considered in the analysis to obtain the

results which can be compared with the experimental results.



CHAPTER 6

STATIC PLANE FRAME INVESTIGATIONS

6.1 INTRODUCTION

Jdealized planar mathematical models of struc-
tures chosen for analytical studies and various loadings
applied on them have been described herein, Conditions
of external restraints and geometrical properties of com-
ponents of mathematical models have been tabulated. Salient
results obtained from analytical and experimental studies

have been presented, interpreted and discussed.

6.2 DETALLS OF STRUCTURES S1 TO S7

Idealized mathematical model shown in fig, 6,1
has been used for (a) carrying out linear analysis,
(b) determination of extent of bending moment-axial force
interaction and (c¢) studying the effect of initial pre-
stressing on the nonlinearity due to axial-flexural inter-
action, The structures considered are described below and
the conditions of external restraints of these structures

are given in table 6.1,

(a) Structure Sl: A- 5 span system (fig. 6.la)
having substructure fixed at the base. It has a main span
of 457.2 m, four side spans of 91.44 m each and a tower
height of 85.22m from the level of deck. The deck is

taken as straight horizontal without camber.
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TABLE 6.1 DETAILS OF EXTERNAL RESTRAINTS FOR

51 TO 87

STIFFNESS DUE TO EXTER-

STRUCTURE DESIGNA- "ot iA”  NAL RESTRAINT
TION AND DESCRIPTION NODE No. TIRANSLATION- ROTATIONAL
7" AT, ALONG ABOUT AXIS
AXIS OF OF Z
X Y =
31 (fig. G.1a) 1 RIGID SUFPORT
52 (fig. 6.la,b) 6 ZERO RIGID ZERO
i
5-Span system with 35 RIGID SUFPCRTS
sub-structure fixed
at the base 36 ZERO RIGID ZERO
42 RIGID SUPPORT
53 (fig. 6.1a) 1 10t 10t 6.08x107
5-span system with sub- 6 0 1ott 0
structure supported on gk 11 8
elastic springs at the %g A e 194210
base
36 0 10t 0
B (Lig, B.1a) i
B5 (fig, 613,58 15
3=span system with sub- 33 RIGID SUPFORTS
structure fixed at the
base 42
S6 (fig. 6.1a) 1 100t 10t 6.08x007
3-span system with sub- 15 ' | 1 8
structure supported on b 43 2 1.94x10
elastic springs at the 11 74 | g
base +-m UNITS 4’2 10 10 6 SRR
S7 (fig. 6.1a,b) 1 T3 S ¢ N S 05 1
3-span system (model) 15 11 11 -
with substructure support- 33 10 10 5.29x10
ed on elastic springs at 1 11 5
base Kg-mm  UNITS 42 10 10 9.10x10

+ Bee fig, 6.1
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(b) Structure S2 : A 5-span structure (fig.6,la)
which is similar to S1 except that the initial geometrical
configuration and the member force system is in equili-
brium with cable prestress and dead loads - a factor not
considered in S1, The prestressed state has been accounted
for while carrying out nonlinear axial-flexural analysis of

S2 for live loads.

(¢) Structure S3: A structure similar to S1 but
its substructure is supported on elastic springs at the

base, The stiffnesses of these springs are given in table 6.1.

(d) Structure S4: A 3-span system (fig. 6.la) having
substructure fixed at the base. The structure has two side
spans of 182.88 m each., Other features are same as des-

eribed for S1 in (a).

(e) Structure S5: A 3-span system (fig. 6.la)
which is similar to S4 except in as far as prestressing con-

sidered as at (b),

(f) Structure S6: A 3-span system similar to S4
but its substructure is supported on elastic springs at the
base, The stiffnesses of these springs are given in

table 6.1,

(g) Structure 87: This structure represents the
laboratory model made from an aluminium alloy with its main
dimensions proportioned to a scale ratio of 1:200 from S4.

For analysis purposes the bridge substructure is taken as
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supported on elastic springs so as to account for the fact
that complete fixity could not be obtained in the model,
The spring stiffnesses, as experimentally determined, have

been used (values in table 6.1),

Geometrical properties of elements of structures
S1 to S6 are presented in table 6,2, The values of areas
and inertias given in table 6,2 represent members in a
vertical plane passing through one of the main stiffening
girders of the bridge. The vertical plane has not been
considered on the longitudinal line of symmetry and the
elements represent only half the overall stiffness of the
bridge. This has been done to study the nonlinear axial-
flexural interaction effects on members with actual forces.
The loadings on the structures have been correspondingly
modified to represent total loads on the structure., Geo-
metrical properties of S7 have been picked up from the
data given in chapter 5. ZFrom the assumptions and fea-
tures of the idealized mathematical models $S1 to S7 are

restated here below:

(1) Independent rotation of members at node 3

{€3= 6510

(ii) Use of links (elements 29, 35 and 39, fig.
6.1) for transfer of vertical forces between deck and
tower/pier while allowing free longitudinal movement and

rotation of the deck at junctions with tower/pier.
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TABLE 6.2 GEOMETRICAL PROPERTIES OF ELEMENTS OF
STRUCTURES S1 TO S6

Member Area Inertia Member Area Inertia-Z
No.™" (mz) i No: (m2) (m4)
(m™)
1 12,087 331,595 24 0.569 1.195
2 %.059 6.058 25 0,219 &G
- 0.%63 O s 545 36 0.689 1.605
4 0.376 02540 . N6 PR 105, 3
b 0.3%40 0.489 38 SR Halal 1564.0
6 0.%92 0.576 39 0.219 @, 0l
b 4 U350 0.499 40 %3.059 6.058
8 0.379 Q554 41 12 . 087 311.95
9 O . 5l 0.520 42 0,022 0]
10 0,305 0,426 43 0,021 0
F) 0,290 0.405 44 0,016 0
12 0.265 Q.576 45 G OIEL 0
13 0,264 0,369 46 0.014 0
14 0,264 0.369 47 2000 0
15 0.264 0.3%69 48 0.012 0
16 0.264 0,369 49 0.014 0
17 0.265 =500 50 GRS 0
18 0,290 0.405 Bl 0.023 0
19 0305 Q.426 52 0,027 0
20 0.359 0,520 53 0,014 0
21 0.379 5 e 54 0.014 0
22 Ou358 0.499 5% 0.027 0
23 Q¢392 0.576 56 0023 0
24 0.340 0.489 . ] P 51T 0
25 03Te Q. 550 58 0,014 0
26 0.3%63% 0.543 59 8,012 0
27 o0 L 0.818 60 @) (9n L 0
28 0.569 1.195 61 0,014 0
29 0.219 0100 62 Qwe31 0
30 0.689 1.605 63 0,016 0
31 LT 75 10 e 64 0 0L 0
B e 1564.0 65 0,022 0
i Q. 475 0,818

*See fig 6.1

Note: Equivalent values in terms of superstructure
steel are tabulated
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(iii) Members representing cables can take both

tension and compression,

6.3 LOADING
Loadings on S1 +to S6, which are described here-

after, have the following features:

(a) Forces of pretension in the cables have been
calculated on the basis of uniform cable prestress of 4t/

oS ST s Banka.

(b) On the basis of calculation of actual dead
weights of all the components of the bridge, a dead weight

of 21.% t/m intensity has been assumed,

(¢) A live load of 5t/m" intensity has been

assumed to act on the bridge.

(d) Only half of the total loads acting on the
bridge have been applied at appropriate nodes of Sl to
56.

6.4 LOADINGS Il TO L4
(a) Loading Il : A uniform live load of 2.5t/m

intensity applied at deck level for S1 to S6.

¥ This intensity of live load has been arrived at by con-
sidering a traffic hold up in three out of the six lanes
of the carriageway in one direction and normal traffic
on other three lanes in the reverse direction. IRC class A
loading (108) on 50% of the total carriageway lanes induces
a load intensity of 4 t/m. One load train consists of one
bus, two cars, one truck, two cars, one truck, one car, one
truck, one car, one bus, one car following in succession,
Overloading by 20% for buses and trucks was considered,
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(b) Loading L2: Vertical loads of 5 kg each at
nades (fig., ©.l8) 4 to0 8, 16 to 26 and 34 to 38 of 57,

(¢) Loading L3: Vertical loads of 5 kg each at
nodes 4 to 8 and 16 to 26 of 7.

(d) Loading L4: Vertical loads of 5 kg each at
nodes 16 to 26 of S57.

6.5 BLASTIC CONSTANTS

Elastic constants used in the analysis of S1 to 57,
and the space frame structures to be described hereafter,
are given in table 6.3, The values of cable areas and
geometrical properties of piers and wells given in table
6.2 are equivalent values of areas and inertias of these
components as if they were made of steel with values of

elastic constants same as that of the superstructure steel.

6.6 TABULATION OF RESULTS

Results of linear and nonlinear axial-Ilexural
interaction analyses of structures Sl to S6 under loading
L1 are presented in tables 6.4 to 6,7. For ease of
comparison, while the actual values of deformations and
forces in structure S1 ander loading L1 are tabulated as
such for the linear case, the values for other conditions
are tabulated as ratios of the former, ©Shears have not
been tabulated as they were found insignificant in the

superstructures,
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TABLE 6.3 ELASTIC CONSTANTS

Modulus Modulus
Description of of Unit
Elasticity Rigidity
170 86
(a) Superstructure 7 7 5
steel 2.11x10 0.8373%x10 t/m
(b) Cable steel 1.65%10' b

(c¢) Substructure, 7
concrete 0.,1507x10 -

(a) Superstructure and
substructure, alu-

miniuvm alloy 10000 4000
(b) Cable-aluminium
+
alloy
(1) 2 om @ 2869 ~
(ii) 3.5 mm @ 3673 -
(iii) 4 mm g 3061 2]

+Experimentally evaluated stiffness in direct
tension,



TABLE 6.4 - DISPLACEMENTS IN STRUCTURES S1 TO S6 UNDER LOADING Il

Node Axis® Actual

VALUES “S RATIOS OF CORIESPONDING VALUE IN S1

LOCATION No. of walue (LINEAR CASE)

defle- in S1 51 52 53 S4 S5 Sb

ction (linear

case)

(m) 2 =ik NL L L it NL %

End pier top 3 X O.umess 1 0.474 D426 1.336 1,019 1.896 5,830 1.486
End span 5 Y 0.00435 1 0.874 1.265 0.972 27.7° 23.21F s3.66F 28.1%
End span 7 Y 0,00482 1 0.8%0 1.079 1.076 14.8% 15,52 30.29% 15.1%
Tower top 10 X 0.10186 L 0SS Du9EB 1,088° Y. 6% 1.561 2.593 1.683
Centre span 18 v IESESST, ) Ge9ET .0 1,005 2% 1,856 1o 1-9RW
Centre span 21 Y 0.513%06 1 ey 1060 I 017 aEge 1.248 1.8 1.32%6
Centre span 24 b s L 1 8,988 126 1.008 A,;333 1,287 Q.B24.- 1.358
Tower top 28 X DS 1 0,916 0,296 1,038 1.622 1.542 2,600 1.675
End span 35 Y 0.00489 1 0.838 1.063 1.070 14.4% 14.92% 29.4%% 14.7%
End span 37 Y 0.B030% 1 0636 138§ 102 38:7C  2.045% b wmnf g £
End pier top 39 i D.eizay 1 Oy 0,958 1.0551 1080 1.6816" 'B.0S L.454

¥ ‘gee Tig. 6.1

* Values at points close to the supports removed in 3 span system

L

= Linear,

NL

= Nonlinear

ad A7 e



TABLE 6.5 - CABLE FORCES IN STRUCTURES S1 TO S6 UNDER LOADING L1

& Actual VALUES AS MULTIPLE OF CORRESPONDING LINEAR VALUES IN S1
Memb linear
LOCATION N value in
0. 1 s1 53 - sS4 56
&P L L NL L L L NL L
Top cable,
end span 42 o e T 1 W97l 0,994 0.994 1.749 1.545 2xall LaTH4
43 -181.4 1 0,984 1,000 0.998 1,267 1,286 1618 Tl
44 ~1AT .5 L 3968 1..003 L0903 0,790 0.896 0,738 ©D.790
Location of in-
termediate supp-
ort of 5-spar .
systems 45 =503 1 0.989 1.088 1.006 0.486 0,509 0,239 0.485
46 L350 ki S O )1 1087 1.004 0.611 0,536 0.284 0.610
Cable near tower 47 = 9.3 I I.0BB 1.080 1,060 O«E8S 0.310 0.482 0,879
Cable near tower 48 -69.4 ¢ I P 1 ) 15125 1.001 Dok TS0 1327 1,004
49 =155 bS5 1.024 1.000 0.999 1.029 1,156 0,999
50 =158, 4 1 0,944 0.959 1.006 1,006 0,986 1,071 1.008
51 ~216.0 1 0.949 0.969 1,000 1,004 0985 1039 1,025
52 =A%, 5 1 ‘D982 0.993 1,001 1.00%3 0.989 0.984 1,004
Top cable 93 - e 1 0,978 0.974 0.995 0.929 0,937 0.765 0,924
centre span
*See fig. 6.la
L = Tlinear, NL = Nonlinear, -ve = Tension

ol



TABLE 6.6 - AXIAL FORCES IN GIRDER, TOWER, PIER AND WELL ELEMENTS OF
§1 TO S6 UNDER LOADING L1

X VALUES AS MULTIPLE OF CORKESPONDING LINEAR VALUE

Actual z
Memb. linear IN Sl
LOCATION . value in ,
No, 31 Sl 53 o4 S5 S6
(1) L L NL L L L NL L
Pier, well at the ,
end L5 -45.59 r | 0.93 0.987 0,989 2.595 @ 2,508 2.942 2,608
Deck element at - ,
end pier 3 -95.3% i [C g . Lub3T 0.148 Q081 2.500 -%:449 0.905
4 3.0, 1 24998 4,99 2.286 3,062 0,500 9.112 4.559
5 184.0 1 1.6576 I~ 1.442 1,568 0,429 3,610 2,080
6 ALE0L% i 1.299 L6635 La20r 0971 Q.48 L5535 1,200
i/ 476.4 1 1. 081 1.283 1.174 0,921 0.408 1.286 1,119
Deck element near
tower 8 489,0 1 1. 250 1.540 LeX7h Q.09230 0,508 1,598 Felil2
-do- 9 4%5.5 I by Lifrx 1,140 1.018 0.6%1 1,7%9 1,267
10 407 .0 1 1.796 1814 1,149 1.019 0.662 Lattd dalfa
1% =T x 2.012 2:0%2 Ll 1,025 (O 48T 15948 1,228
12 190.8 1 2.709 2750 .58 1058 0.35% 2008 14376
15 2-3 l 145-4 14'505 27.26 3.04— -66-44 126'05 30.9
Element at centre
of main span 14 ~giozE. 1 -0,511 -0.502 0.726 0.981 1.692 =-0,342 0,691
Tower legs above
deck 2728  1LUEl b g 0.970 0,991 OB . 0599 " | Q807 0,911 0,919
Link between tow-
er and deck 29 1481 1 1:3162 pHER 0.999 1,039 1,105 1.213 1,099
Tower leg below
deck, pier, well A0~-%2 1229.7 3 4 0.995 1,009 1,001l 0,953 0.93%0 0.947 0.934

TSee fig, 6.1

X

-ve

= tension,

L = Linear, NL = Nonlinear

~¢9T~



TABLE 6.7 - MOMENTS IN GIRDER, TOWER AND WELL ELEMENTS OF S1 TO S6 UNDER LOADING Il

Actual AIUE AS MULTIPLE OF CORRESPONDING LINEAR VALUE IN S1

Node+ linear
LOCATION No. value
e R S1 52 53 o4 S5 S6
(t-m) L L NL L L L NI L

Base of end well 1 15687.3 1 0.474 0.001 0,675 13149 1.88% 0,058 0.75
Node in deck near :
end well 4 135.4 : W B 1 L5959 0.985 Sl & Hhalias, " EAEP B lif)
Node in deck 5 88.2 1 3,281 L.JT20 0.997 Hs 56 B.19) 17.%6 W |

-do- 6 214.2 R ] 3550 1.026 2.66 4,426 5,198 2.68

S S 7 108.9 1 1,282 L4510 'L.03% - 155 U555 O 706 . 1.3%2
Node in deck near 1
Tower 8 64,0 1- 1,505  31.082: 0.916 4,15 3,654 MBS 4.09
Base of tower 13 1545,0 1 8,276 0.081 1..206 0.885 0,1%8 0,188 3171
Base of well below '
tower 15 Bee0 . 6. 1 35l A5 1205 0,560 0 0,009 0.669
Node in deck near
tower 16 146.5 1 L4y 1.5.0 0.986 0.969 1,301 1.491 0.954
Node in deck LT 43 ;2 1 0.706 0.8%2 1,066 1,312 0,292 04452 1,182

o — 18 58.6 1 1.858 1.9 1. 05% T8 13471 14654 1,208

v 19 88.5 d et L 4T 1,017 0.918 1,066 0.856 0.940

—0lB= 20 248.T T i £ 1501 1,020 L, 385 13352 Buise 1.347
Centre of main
Span 21 18242 1 1157 o o | 1.019 1217 1.176 - 1.445 1,846

+ h a
See fig. 6.1
L = Linesr, HNL Nonlinear

~¥9T-
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6.7 INTERPRETATION OF RESULTS
6.7.1 5-Span Systems (S1 to S3)

(a) Structure S1 : Distribution of deformations and
forces in 5 span system (S1) under live loads (I1) in the
linear case is shown in fig, 6.2. The following specific

observations are made from the figure,

(i) Maximum vertical deflection occurs at the

centre of main span and its retio to the main span is 1/891.

(ii) Maximum longitudinal deflection at the top of

tower is about 20% of the maximum deck deflection.

(1ii) Supports at the ends are subjected to small

tensile forces,

(iv) Maximum axial compression in a deck element
occurs near tower and is about 40% of the maximum axial

compression in a tower leg which occurs at its foot,

(v) Maximum sagging moment in the deck element
occurs at the centre of main span which is about 80% of the

maximum hogging moment occurring at the location of tower,

(b) Structure S52: This structure is different from
51 only to the extent of its nodal configuration which
represents a prestressed configuration of S1 under the
action of cable pretension and dead loads. The general
pattern of deformations and forces in the elements of S2

is similar to those of S1. The following is the deviation
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of the results of linear analysis of S2 from that of ©Sl.

Maximum vertical deflection of the deck is about 4%
more while the longitudinal displacement at the top of the
tower is about 10% less. The change in cable forces is, in
general, less than 5%. Maximum axial compression in the deck
occurs near the tower in the main span, This is about 75%
higher than its corresponding valma o 8Bl; The axial
forces in tower, pier and well elements change by less than
10%, The moment at the centre of the span increases by
about 14%. The moment at the base of the end well has
reduced to about 47% while that at the base of well below

tower is reduced to about 15%.

The extent of axial-flexural interaction for 52
takes into account the presence of axial forces in the
clements due to its prestressed state. The maximum verti-
cal deflection at the centre of deck is increased by about
3% and the maximm longitudinal displacement at the top of
the tower is increased by about 9%. Cable forces change by
less than 5%, Axial compression in the deck element near
tower (end span) increases by about 23%. The moment at the
centre of main span is reduced by about 3%, The moments at

the base of the substructure are reduced by negligible value.

(¢) Structure S3: This structure is different from
S1 only to the extent that its substructure is supported on
elastic springs. The stiffnesses of these elastic springs

(table 6.1) represent the stiffnesses of soil at the base
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and the side of the substructure (calculations in appendix
Al) activated due to soil-structure interaction. The
general pattern of deformations and forces in the elements
of 83 is similar to these of S1 with the following devia-

tions in the values of linear analysis,

Increase in the value of maximum deformations 1is
less than 5%. Cable forces are changed by less than 1%,
Maximum axial force in the deck increases by about 17%
while the axial force in tower, pier and well elements changes
by less than 2%, The change in the deck moments is within
5%. The moment at the base of the end well is reduced to
67.5 % and the moment at the base of the well below tower

is increased by about 30%.

6.7.2. 3-Span Systems (54 to S56)

(a) Structure S4: Distribution of deformations
and forces in 3-span system (S4) under live loads (I1) in
the linear case is shown in fig. 6.3. The following speci-

fic observations are made from the figure.

(i) Ratio of maximum vertical deflection at the

centre of main span to the span length is 1/684,

(ii) Maximum longitudinal deflection at the top of

the tower is about 25% of the maximum deck deflection,

(iii) Maximum axial compression in a deck element
occurs near tower and is about 40% of the maximum axial

compression in a tower leg which occurs at its foot.,



- — _‘
4 R SEA TR }2 B o8 3 20 pE6emiS)
MAIN SPAN (1)=457.2m
§/L =1/684

a-LONGITUDINAL AND VERTICAL DEFORMATIONS

995.9
-ve = TENSION | K
+ve = COMPRESSION =7/ "
//_/' - -—
{ VALUES IN TONNES ) e //7 (&) NS 85,
RN T e A
R e‘,\\}?ﬁéf’{ !
~ = 6> . —l*ﬁ‘i\..
A S S = =
22 8 % 25 2%
39740 |~
- =
o VALUES IN BRACKETS AXIAL FORCES IN CABLES a 1B
e " 6.8
7.4 b-AXIAL FORCES :
]
a
SIGN CONVENSION o
10(0) 28 (0) |
*ve = Ve
s l559 7) bk ( ) ) 29 (-497.6) tsa1 5) (644.8)
VALUES IN t-m 37
(45.8) 190.1) 185.7) (45.6)
17 18 19 23 % 25
S . % - o Q
12 %‘f R
2 (7137.5) (- 355 6)  $1.01598.5) .azlm.as'l (-7370.5)¢ 41
1 (15315) ’J_;g (2007.5) 271915 1) P3-1297.9) . (-15964-6)

C-MEMBER- END - MOMENTS

FIG.6.3_DISTRIBUTION OF DEFORMATIONS AND FORCES LINEAR IN 3- SPAN SYSTEM (S3)

UNDER LIVE LOAD (€ LT)



LT D=

(iv) Maximum'sagging moment in the deck element
occurs at the centre of main span which is about 4% more

than the maximum hogging moment at the location of tower,

(b) Structure S5: This 3-span system has similar
features as described for S2, The general pattern of
deformations and forces in the elements of S5 1is similar
to those of S4. The following are the deviations in the

linear results of 5S4 and S5,

Maximum values of vertical deck deflection and
longitudinal tower deflection are reduced by about 5%,
Maximum axial force in the deck element is reduced by about
45% while the cable forces change by less than 10% in
general, Moment at the centre of main span is reduced by
4%, The moment at the base of end well is increased by
about 70% while that at the base of well below tower is

reduced to zZero.

The effect of axial flexural interaction on S5 with
respect to its linear analysis is to increase the deflection
of deck by 38%., Increcase in the deflection of tower is
7%, Maximum cable force in the top cable of end span
increases by about 43%, Axial force in the deck element
near tower increases by about 200% while the moment at the
centre of main span increases by about 23%, Moments at the
base of the substructure are reduced to almost a negligible
value while the axial forces in these elements are not much

changed. Non linear effects on 35 aré€, in general, very high,
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(c) Structure S6: Substructure of this 3-span
system is supported on elastic springs which are similar to
those described for S3. The deviations in the linear

results of $6 compared to those of S4 are as follows.

The maximum vertical deflection of the deck increases
by about 2% and the tower declection increases by about 4%,
The cable forces vary within 1%. Axial force in the deck
near tower is increased by 22% while the moment at the centre
of main span is increased by about 2%, The axial forces in
tower, pier and well elements are not altered. The moment
at the base of the end well is reduced to about 67% while
the moment at the base of well below tower is increased by

about 20%.

6.8 DISCUSSION OF RESULTS

The 5-span and 3-span systems chosen for the pre-
sent investigation represent a bridge structure with main
gpan of 457.2 n, Linear and nonlinear behaviour of both
S5-span and 3-span systems are compared., A constant pres-—

tress in the cables of the two systems has been assumed,

6.8.1 Conditions of Symmetry,

Structures S1 +to 57, analysed in the present
investigation, represent the full structure on the longitu-
dinal axis of the bridge. The deck is hinged to the sub-

structure element at one end and connected to the substructure
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with a link, which is free to rotate as well as provide
rolling at the other end. The structures are, thus, not symm-

etric about the centre of the main span.

It is observed from the magnitudes of displacements
and forces tabulated in table 6.4 and shown in figures 6.2
and 6.3 thet the values at two nodes or members lying symue-
trically with respect to the transverse axis of the bridge
differ by less than 10%, As the difference is not large,
tables 6.5 to 6.7 present values for only half the struc-—
Ture, This observation may be considered to hold true on
results of space frame analysis also., Taking advantage of
this observation, space frame investigations presented and
discussed in the subsequent chapter have been carried out on

half the structure only,

6.8.2 Comparison of Results of S1 and S4.

(1) Maximum value of nonlinear vertical deflection of
the deck in 54 is about 31% higher and the maximum deflection
of the tower is about 64% higher than the corresponding
value in 81, Thus the 3-span systems in quite flexible as

compared with the 5 span system,

(ii) In S1 , the cables connected to externally
restrained intermediate nodes of the end spans draw the
heaviest forces while in S4, the top cables of the end
spans draw the haviest forces. The pattern of distribution
of cable forces in the main spans of both S1 and S4 is

almost the same and the magnitudes of forces are not mch
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different,

(iii) Axial forces and mouments in other elements of

both S1 and S4 have comparable magnitudes,

6.8.3 Comparison of Results of S2 and S5

Nodal configurations of S2 and S5 obtained by analy-
sing S52-a and S5-a respectively under cable prestress and
dead weights are shown in fig, 6.4. It can be observed from
the figure that $S2 is a more stable configuration for resis-—
ting live loads as compared to S5, The effects of axial
flexural interaction are high on S5 whereas the prestresed

configuration of S2 helps in reducing the nonlinear effects.,

With suitable modifications in cable pretensions and
cable areas, the deck of 3-gpan system (S5) can also be
stressed to a cambered profile which should be more stable
and less prone to the nonlinear axial-flexural interaction
effects, Structure S4, thus, may not be considred as a
practical structure and therefore, high nonlinear effects
observed in S4 do not carry significant implications,
However, the general observations made from the study of 82
and 55 under similar forces are indicative of the general
behaviour of the two systems., Importance of achieving appro-
priate pretensioning forces in the cables to avoid undesirable

nonlinear effects is also reflected from this study,
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6.8.4 Comparison of Overall Stiffnesses
The ratios of maximum deck deflections to the main
span (¥/1) as found from linear and nonlinear analyses of

S1 to S6 under live loads Il are given in table 6.8.

TABLE 6,8 RATIOS OF MAXIMUM DECK DEFLECTIONS TO
MAIN SPAN FOR S1 TO S6 UNDER Il

d/1
Linear Nonlinear

Structure

S1 (5-span, straight deck,
fixed base) 1/891

52 (5-span, stressed deck,
fixed base) 1/857 1/83%6

$3 (5-span, straight deck,
elastic base) 1/876

S4 (3-span, straight deck,
fixed base) 1/684

S5 (3-span, stressed deck,
fixed base) 1/714 1/519

56 (3-span, straight deck,
elastic base) 1/671

From the values of /1, it can be observed that
the effects of nonlinearity are high in 3-span system,
From the linear results it is observed that the overall
stiffness of the 5-span system is more when the effect of
prestress is not considered while for 3—span system, it is
more when the effect of prestress in consideration.

On comparison of results of S1 with S3 and 34 with S6
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it is observed that the overall stiffness gets reduced by

about 2%,

6.9 EXPERIMENTAL VERIFICATION OF RESULTS

A comparison of linear and nonlinear analytical
and experimental results of model bridge (S7) is given in
table 6.9, It is observed that the experimental values
are in between the values of linear and nonlinear analysis.
The values are close to the nonlinear analytical values
for comparatively heavy loading L2 while they are close 1o
the linear analytical values for lighter loadings 13 and
L4,

Similar trend in the deformation pattern of the
laboratory bridge model was observed under different types
of loadings described in chapter 5. However, all the
experimental results could not analytically be verified
because of the limitation of computational time hence not

reported.

6.10 SUMMARY

Linear as well as'nonlinear axial-flexural inter-
action' behaviour of various 5-span and 3-span variations
of a cable-stayed bridge wunder live loads has been studied
in this chapter, The observations and discussions of

results can be summarised as follows:

(i) Pattern of distribution of forces in cables of

the end spans changes with the introducfion of external



e e

TABLE 6,9 COMPARISON OF ANALYTICAL AND EXPERIMENTAL
RESULTS

Deformations(um) %

Loading on

: . Analy~- Experi~- varia-
%gggl Bridge tical mental tion from
analytical
value
Loads on full - A 1.909 237 24,74
deck RleRE. Tel Catiod | gekos 52.4
(12) Noh A 2,97 20,2
linear B g 512% !
. ) A 2.3422 2.7825 R o
Loads in one Linear
end span and B 0.63%52 0.5975 5.9
centre span Non A kg dT 10.9
(L3) linear B 0.8784 B
. A 2.7983% B dH LE.8
Loads in centre Linear B 0.6187 0.655 e 1)
span Fiit Non S 51 6.1
linear B L8785 25.2
A = Maximum vertical deflection of deck,
B = Maximum horizontal deflection of tower

in longitudinal direction,

restraints at intermediate nodes of the end span but this does
not significantly change the distribution of cable forces in

main span,

(ii) Maximum axial compression in the deck elements
occurs near tower, which is about 40% of the maximum axial
compression in tower leg and the substructure below it, in
both 5-span and 3-span systems. Nonlinear axial-flexural

interaction increases the axial forces in deck elements by
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20% to 60% or more while keeping the maximum axial compression
in tower leg and the sub-structure below it more or less cons-

Tty

(iii) ©Some elements of deck near end supports and
at the centre of main span, which are found to be in tension
from the linear analysis, come in compression when axial-

flexural interaction is considered.

(iv) Incidentdly, moments at the base of the sub-
structure elements, which are found to be quite high in the
linear analysis are reduced to almost negligible magnitudes

when axial-flexural interaction is considered,

(v) From the pattern of overall deformations of
the structure, it may be concluded that the 3-span systemn,
in general, is more flexible than the 5-span system. The
effect of axial-flexural interaction on overall stiffness of
S5-span system can be assumed to be less than 10%. The
effect of soil structure interaction on the overall stifiness
is found to be about 2% in both 5-span and 3-span systems
for a case of loose sand. For stiffner sands the efiects

oan be expected to be even lesser.

(vi) Appreciable change in the magnitude of forces
and deformations is seen to occur between the geometrical

configurations of a bridge with straight and cambered decks.

(vii) Cambered configuration obtained by cable pre-
tensions together with dead loads has shown a reduction in

the nonlinear effects by about 2%.
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(viii) The -comparison of analytical and experimental

values of the laboratory bridge model is reasonably good.

(ix) The bridge structure can be considered
symmetrical about the axis through centre of the main span
by assuming a variation within 10% due to different support

conditions at two ends of the bridge deck,



CHAPTER 7

STATIC SPACE FRAME INVESTIGATIONS

7.1 INTRODUCTION

In this chapter, idealized mathematical model of the
cable-stayed bridge as a space frame has been described and
the conditions of extermal restraints as well as geometrical
properties of the various elements of the frame have been
tabulated., Salient results obtained from analytical and ex-
perimental studies have been presented, interpreted and dis-

cussed.

7.2 DETAILS OF STRUCTURES S8 TQ S12

The idealized mathematical model of the bridge as
shown in fig. 7.1 has been used for eccentric vertical and
lateral load analysis, The structures considered are des-
cribed below and their extermal restraint conditions are

given in table 7.1

(a) Structure S8 : A five span radiating system with
substructure fixed at the base, The structure has a main
span of 457.2m, four side spans of 91.44m each, total tower
height of 103,59 m projecting by 77.9m above the deck., The
camber in the deck is 1/25 in end spans and 1/50 in the

centre span.,

(b) Structure S9: A structure similar to S8, but

the substructure is supported on elastic springs.
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TABLE 7.1~ DETAILS OF EXTERNAL RESTRAINTS FOR S8 TO S12

STRUCTURE rEoo-  _STIFFNESS _DUE TO EXTERNAL _ RESTRAINT
DESIGNATION ~ REST-, , ,
AND DESCRIP- NSDE ATONG AXIS OF OF
TION No. X Y 7 X Y 7
S8 1 RIGID SUPPORT
5-SPAN SYSTEM 10
T aRiaTE et AR et iy | | RIGID RIGID ZERO ZERO
TURE FIXED AT s
THE BASE 35 RIGID ZERO  ZERO ZERO RIGID  RIGID
42 RIGID SUPPORT
59 1 1ott 10t 3021 1.20x108 10t 6.08x107
5-SPAN SYSTEM 10 11 11 11
WITH SUBSTRUC- 11 0 10 10 10 0 0
TURE SUPPORTED
ON ELASTIC SPR- gf 108t o 0 0 10%L 10+t
INGS AT THE BA-
SE t-m UNITS 42 10+t 10Mt 10l 7.27x108 101 1.94x108
S10 1 RIGID SUPPORT
3-SPAN SYSTEM 30
(oot BUReRTe. 31 < BIGID RO - TERG ZJERO  RIGID  RIGID
TURE FIXED AT
s11 1 10t 10ttt 10l 1,20x08 101! 6.08x10°
3-SPAN SYSTEM 30
WITH SUBSTRRUC- 4o 101t o0 0 0 10t 101t
TURE SUPFORTED & . .
ON ELASTIC SPR- 11 8 11 .
i g 42 10 10 10 7.27x108 1011 1.94x10
BASE
t=m UNITS
512 1 10t 10ttt 101t 3,00%10° 101 9.10x108
3-SPAN SYSTEM %0
(MODEL) WITH o 1011 o 0 0 10+t 10tt
SUBSTRUCTURE & 3 25 < 5 .
SUPPORTED ON 42 10 10 10 3., 01x7 1011 3,20x10

ELASTIC SPRINGS
AT THE BASE
Kg-mm UNITS

+hee Lig.

7.1
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(¢) Structure 510 : A three span radiating system
with substructure fixed at the base, The structure has two
side spans of 182,88 m each. Other features are same as des-

cribed in (a).

(d) Structure S11 : Similar to S10 but the sub-

structure is supported on elastic springs at the base.

(e) Structure S12: This structure represents the
laboratory model of aluminium alloy with main dimensions
proportioned to a scale ratio of 1:200 from S10. The
bridge substructure is assumed to be supported on elastic
springs at the base. The value of the spring constants is

evaluated eXperimentally.

Stiffness offered by external restraints for struc-
tures S8 to 512 are presented in table 7,l. The numeri-
cal value 10%% is arbitrarily chosen to be relatively
large as compared with component stiffnesses so as to rep-
resent 'fixed' condition, Geometrical properties of ele-
ments of S8 to S11 are given in table 7.2, The geometri-
cal properties of $S12 have been picked up from the data
given in chapter 5, In continuation to assumptions outlined
in gection 3%.2,1, the salient féatures of the idealized

mathematical models, S8 to S12, are as follows:

(i) Only half the structure has been considered for
analysis by separating it from the other half at its trans-

verse axis of symmetry. Appropriate external restraints
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TABLE 7.2 - GEOMETRICAL PROPERTIES OF ELEMENTS OF
STRUCTURES S8 TO S11

Hanbe' Arga Inertia-X Inertia-Y Inertia-~72
No. m m4 m4 m4
1 2 v, 4 5
1 12,09 588,90 603,82 511,95
5 3,06 0.984 181,18 6:.06
Y 152,95 49,22 9059,1 302.89
- SeTe 0.387 0.3%36 G550
9,10 0,340 Gy T O3 F 0,489
Y 0.3%92 0,402 0,343 0,576
13,14 0.356 0,372 0.330 0.499
1516 0.379 0.3%89 0.,3%38 AL
17,18 0.359 0.362 0.324 0.520
19,20 0.305 0.295 0.289 0.426
21,22 0.290 0.27% 0.278 0.405
23, 24 0.265 0.237 0.258 0.370
26 =8 0.264 0,255 0.257 0.369
29-33 0,292  0.70% x 1074  0.009 0.252
34~40 0365 -0.879 % 10°™% 0,011 &, 5
41,42 0.475 1,189 1.181 0.818
43,44 0.569 1.655 1.432 1,195
45,46 0,689 2175 Py 1.605
47.48 0.199 0.301 0.154 0.58%
49 0.236 0,435 0.189 1.176
50, 51 0.219 0.022 0.254 0.010
52, 53  686.65 1,52 x 10%  1,46x10°  5,27x107
54 13.7% 304, 4 2915, 9 105,3
e L. >[N 2§ STEL .3 4284 .8 1564,0
56,57 0,022 0 0 0
58, 59 0.021 0 0 0
60,61 0.016 0 0 0
62, 63 0.031 0 0 0
64,65 0.014 0 0 0
66,67 0.011 0 0 0
68,69 0.012 0 0 0
70,71 0.014 0 0 0
12, 7% 0.017 0 0 0
74,75 0.023% 0 0 0
76,77 0.027 0 0 0
78,79 0.014 0 0 0
80,81 0.236 0.435 0.189 15976
82-87 0.354 0 0 0
88-9% 0,327 0 0 0

+ See Tig. 7.1
Note: Equivalent values in terms of superstructure steel
are tabulated.
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(table 7.1) have been imposed at the nodes incident at the

axis of symmetry.

(iii) Rotations of members 5,6, 50 and 51 (fig.7.1l)
can freely occur at nodes 4,5, 34 and 35 respectively, in-
dependent of the rotations of other members meeting at these

nodes.

(iii) Any of the ficticious members 3,4, 52 and 53
(fig 7.1), used to provide the means of trausfer of forces
between the super-structure and the substrcuture, has been
assumed to be relatively rigid. This has been achieved by
taking their stiffness fifty times greater than that of the

stiffest member cori.ected to them.

(iv) The stiffnesses of the ficticious truss
members 82 to 93 (fig. 7.1), which represent the stiffness
of the contimuous deck plate between the two main girders,
has been derived in accordance with the criterion described
in appendix 'B'.

(v) The soil at the base and sides of the sub-
structure elements 1 and 55 (fig. 7.1) of $§9 and S11 is
assumed to provide rotational stiffness at nodes 1 and 42
These nodes are assumed to be restrained against translations
and twisting, Thh calculations for rotational stiffnesses

are given in Appendix 'A'.
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7.3 LOADINGS L5 to I10
The following loadings have been considered for
computing the resulting deformations and forces in the struc-

tures:

(a) Loading I5: Eccentric vertical loads (table
7.3) applied at the deck nodes of S8 to S11. The loads are
equivalent to an eccentric uniform load of 2.5 t/m intensity

applied on the axis of one of the longitudinal girders.

(b) Loading I16: Iateral forces (table 7.4) re-
presenting a uniform wind pressure of 320 kg/m2 at the
level of deck of S8 to S11. The wind pressures were varied
with the height of tower, The calculations were based on

Indian Road Congress specifications (108).

(¢) Loading L7: Vertical weights placed on S12
consisting of 5 Kg each at nodes 4,6,8,10,12, 14, 20, 22, 24,
26 and 28 and 2.5 Kg at node 30 (see fig. 7.1l).

(d) Loading 18: Vertical weights placed on 512
consisting of 5 Kg each at unodes 20,22,24, 26 and 28 and
2.5 Kg at node 30 (see fig. T.l).

(e) Loading 19: Lateral forces of 5 Kg each
applied to S12 at nodes 10 and 24 and 2.5 Kg at node %0
CEIgy Tl

(f) Loading I110: Lateral forces of 5Kg and 2.5
Kg at nodes 24 and 30 respectively (fig. 7.l1) applied on
512,
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TABILE 7,3 - LOADING L5 ON S8 TO S11 (ECCENTRIC
VERTICAL LOADING)

Node®  Vertical Node™ Vertical Node " Vertical
no. Force no., Force No. Force
() (t) (t)

4 -38,10 14 -76,20 26 -95.25

6 _76020 18 _85073 28 '_95-25

8 -76.20 20 -95.25 30 -47.62
lO _76.20 22 —95025 - -
12 -76.20 24 ~-95,25 - e

YSee Tig. T.l

TABLE 7.4- LOADING L6 ON S8 TO S11 (LATERAL LOADING
DUE TO UNIFORM WIND PRESSURE, VARYILG WITH

HEIGHT)
Node® Tateral Node ™ Lateral Node" Lateral
no. Force no, Force no, Force
(t) (%) %)
2 35395 Xy 34,22 57 60.77
4 45.09 18 65.56 b s 6077
6 58.28 20 72.85 36 1.4
8 5828 22 TEEH e 1§ 2 il
10 58.28 24 285 38 20,87
L2 58,28 26 T8 89 >4 £0.87
14 58.28 28 12809 41 44 98
16 3,22 30 %6. 42 - =

Ysee fig, Tul
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7.4 ECCENTRIC VERTICAL LOAD ANALYSIS

7.4.,1 Tabulation of Results

The results of analysis of S8 to S11 under loading L5

are presented in tables

T8 e .,

Actual values of de-

formations at salient locations and axial forces and bending

moments in important elements of S8 have been tabulated and

comparative values for 59 to 811 as ratio to corresponding

values of S8 have been presented.

TABLE 7.5- DEFORMATIONS AT SALIENT LOCATIONS OF 58 TO S11

UNDER ECCENTRIC VERTICAL LOADS (L5)

X ActualX

Values expressed as ratios

LOCATION Node dhies in to correggonding values in

No, 58
(m) S8 S9 S10 811

+ +

Vertical deflec- 8 - 00089 1 0.75 106.7 107'O,+

tions in end Span 9 ., 00319 i L' B 15,38, F3.50,

B - AEah 12 , 00548 B Ty OR 11.47, Yhoe2.

5 , 00301 1 T s 895 9.14

Horizontal deflec- 16 9287 T3 S 1452 1.83

tien gt tower top 17 P gy e 1 FaxBb RalE 2 00

24 =-,27189 it iy B P4 328

Vertical deflec-— 25 =.,01998 1 B p et 2.78

tions in centre. 830 =,555.5 1 iifeiagl 1 2% [,

span of deck 31 -.06098 1 1,01 2.0% 2:08

Xsee fig, 7.1

*Values at points
in %=-span system

close to the supports removed
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TABLE 7.6 - CABLE FORCES IN S8 TO S11 UNDER ECCENTRIC
VERTICAL LOADS (L5)

+ Values as multiple of
Memb™ égi&gé corresponding value in S8
LOCATION No. in 88 588 89 510 511
()

Top cables, end 56 ~-164,8 1 0,997 L, 558 1,578
58 ~178.6 1 0,998 b . o B 5 0 8

59 - 10,6 1 €881 2« T45 L L

60 -149,5 1 0.999 0.841 0.841

Middle cables, 61 = 10,1 i .10 =05015 ~0.,012
end span 62 -311.0 L LSR8 - 91l 0,571
63 = B8 1 1,009 =0,485 -~0.485

64 «}17%9 1 0.999 0,857 0,656

65 - @5 4. 1,002  =0.829 =0.520

66 = 44.1 2 R ¢ 0,880 Q.85

Cables near 07 e B = R 22005 3067
tower 68 - 69.3 2 & 1.001

69 - 0.4 1125 -1 =t a0
71 = a2 i - - =R
EERE ) - (855 (2.5

72 -166.0 1.2 1o O 1,002

Middle cables, 73 = el 1 AgU7L 1786 1.786
centre span 74 =228.0 i W | 1.005 1Ly 05
3= el - W ¢ T S 1,284 RIS 7 |

76 =245.9 1 0.998 0.989 0,988

'y = 17a5 1 ©.960 1081 1.069

Top cables 78 ~ 96,3 1 0,993 0.923 0,918
centre span 79 =, Tk 1 UeS18 Q.70 0.5%5

Xade . figag:

-+

-ve = Tension
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TABLE 7.7 - AXIAL FORCES IN GIRDER, TOWER, PIER AND WELL
ELEMENTS OF S8 TO S11 UNDER ECCENTRIC VERTI-
CAL LOADS (1L5)

Well,Piexr below
tower

54,55 1240,2

+ Values as multiple of

Memb™ égf&gé corresponding value in S8

LOCATION no.  in S8 s8 89 510 511

(%)

well, Pier 1,2 - 41.7 1 @ Qua8s- 2.8k 2.794
T End, members, 5 76,0 1 1.364 2,182 P i 5
end span 6 b A 1 1.446 0,298 1,911
7 145.1 1 1,268 288 2.475
8 L ageh 1l 1.020 0.465 0.686
9 179.8 1 1,281 2.284 2448
Central members, 10 229.9 1 w968 0395 G522
end span i FPEsD ik 1,190 1.598 1,688
D 12 23500 1 1,022 0.500 0.636
f B, 43343 1L a2 1.229 1,295
4 179.% 1 1,100 €y 0.7 0,913
15 488.,7 3 IO Z.088 11y
Members near 16 135.8 1 1,258 1.366 1.379
E tower 17 614.3 1 -IaopE 1.081  1.060
18 99,7 1 1idkS 1Al 1,436
19 568.4 1 1.029 1.043 1.063
C 20 100.1 iL 1 200 La5ES 1 AR
21 488,6 1 Y. 055 1,052 1,076
22 99.6 il 1152 HIAT B i 1,455
&3 250,4 1 1,049 i G2 1005
K 24 98,0 il T 5, 245> TP i 1L, 45
25 149,.1 1 L aadsll-d Lt 1.23%9
26 90,2 1 1,232 PR e 1.448
Member at centre 27 =79 4 & 0.780 0.669 0.519
.of main span 28 144 1. 2 0ms Lo 1923
41 1016.2 i 0.999 0,920 0,920
42 93%.2 % 8.899 8.;%% 8.;9%

4% o .998 k .91
Tower legs Al 1887 1 1.002 0.847 0.847
45 1069.7 1 0,983 0.929 0,918
46 ET .6 1 1.089 0.906 0.964
4 22 .5 1 1,000 0.907 0.907
Portals 48 0.6 1 1.367 LA b 1:32%
49 b5 s 0.661 0.862 G854,

1

0.998 0,926 0.924

Xdee fig. T.1

+ )
-ve = Tension
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VERTICAL LOADS (L5)

TABLE 7.8 - TWISTING MOMENTS IN GIRDER, TOWER, PIER AND
WELL ELEMENTS OF S8 TO S11 UNDER ECCENTRIC

Values as multiple of

o igf&gé corresponding value in 58

LOCATION No * in BA

. (t-m) oS8 59 510 811

Well,Pier, e - 'Stk 1 1.324  2.693 2.676
7 8.4 i 2.000 1868.:25Q0 187,750
9,10 «9 2 130 F0RE - NTES
End span 1508 9.3 1 0.968 7,290 7.3%00
Members near hagh - Y11.8 ¥ - UBHL 5.509 5.381
tower i%.28 216.8 1 1,615 1165 el
19,20 205,5 i 0.989 Tsli53 i S A e
21,22 1988 1 1.004 1.3k42 e Sl A5
Centre apan 23.24 186.3 1. T.008 109 3.008
25 .36 175.4 il 1,003 1.106 1,107
27 ;28 88,2 x 1.003 1.090 1.090
41,42 342,95 1  3.066 Lahs 1588
Tower legs 43,44 289.4 1 0.995 L:a2b 1.308
45,46 238.4 . 10x953 i S Ly iy S
47 129.9 i A, ) 1.346 1,548
xRy 18 97.7 T i.mh  TiagL - 1349
49 2502 i & 0.972 1.079 1.087
Well,pier 54,55 908.0 1 1:088 1.72%  2.004

below tower

"See fig. Tk
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TABIE 7.9 - BENDING MOMENTS (M-Z) IN GIRDER, TOWER, PIER AND
WELL ELEMENTS ABOUT AXES PARALLEL TO TRANSVERSE
AXIS OF S8 TO S11 UNDER ECCENTRIC VERTICAL LOADS

(L5)
5 Actual Values as multiple of
Memb. values corresponding values in S8
LOCATION Xo . in 8
(t-m) o8 29 510 Skl
4 2 b 4 5 b {
Pier, well, 1 7569.8 1 Q.602 1.003 6G.586
end span 2 BuET 9 1 0,602 1803 0.586
3 2 ) 69.5 1 0.964 6.449 6.469
6 90.6 X 0.979 3,864 5 BEL
7 69.5 1 0.964 6.449 6.469
D 8 90,6 1 0.979 3,864 3.881
Central 9 146.,1 ! 0,980 3,910 %.918
fignbere 10 139.5 1 el 1008 1,800
end span 11 146,1 T U S.Udd S5HLE
B 12 1585 1 1007 0,496 0.507
] 1= 120.6 . 1,015 L8857 1.816
14 63.8 X 1,005 0,387 Q.55
15 893%,0 al. 1.000 0.960 0.964
¢ Member near 16 5% . 2 1 ey O.800 Q.618
tower # 928.4 1 0,997 0.993 0,988
18 48 3 B AT B2 08
19 99.7 I Gest Q.953 OuSdl
K 20 (S 1 v 1.58 1.460 Y 5he
21 T2.4 A" L.0lLe X, 058 1.069
22 27 .2 il MR 1.210 1,224
23 68,6 8 1,004 1,080 1.085
24 48.8 I  G.96% 0,981 0,976
25 269.6 1 L% 1254 1263
26 48,7 1 0.96% L 28¢ 1.645
i Members at 27 784 .6 1 0,996 1.145 l«l44
-4 centre of main 28 14%,0 1 0.964 1.445 1.436
span
a4l 482.7 1 1.00L 0.943 0.944
Tower legs 43 337 .8 L G872 G956 0957
44 759.)% 1 o.97¢ 0,924 0,930
45 126.3 1 0.956 6.3%349 5.479
46 135.7 1 0.892 5.874 5.064

Table Contd---

+ See fig. 7.1
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I 2 3 4 N &) 7
= & aEn 1 1.001 0.943 0.944
Portals 48 593 .6 1 1.040 0.981 0,982
49 481.5 i 1.545 L. 1.280
Pier, well 54 L g s 1 L1595 5.645 5,028
below tower 55 . 1158,0 1 B.5TY  3.b49. 480

++ Moments about axes parallel to longitudinal axis of
the bridge.

TABLE 7.10- BENDING MOMENTS IN TOWER, PIER AND WELL ELEMENTS
ABOUT AXES PARALLEL TO LONGITUDINAL AXIS OF S8
70 S11 UNDER ECCENTRIC VERTICAL LOADS (L5)

. Actual Values as multiple of

LOCATTON Mﬁgb. vgéues in corresponding values in S8
t—m 58 59 S10 Sl
Well, 13 4194.,1 P Q.875 0,159 0,160
pier 2 1817.6 1 0.865 0,050 0,049
' 41 YT547 1 04969 1.675 1,604
Tower legs 42 144.,0 TR 0> 1 il T
4% 1103.9 1 0.978 1647, Ly 5T
44 146.0 1 0,859 2.528 2.005
45 1080,4 b1 OLa9 1.658 1.59¢
46 Tee.d - 1529 AT MR AR e
Portals 47 348,.5 ] 1,007 1345 L.999
(Moments about 48 56.2 1 1.004 1.65% 1.662
vertical axis) 49 1738 1 0888 1.542 1,472
Well, pier B4  16276.6 T 092 0,838 0841
below tower 55 16956,0 i 0.990 0 OLTZE5

* Bea Fig. 7.1

++ Moments about parallel to longitudinal axis
of the bridge.
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TABLE 7.11 -~ SUMMARY OF MAXIMUM VALUES OF FORCES IN S8 TO
511 UNDER ECCENTRIC VERTICsL LOADS (IL5)

DESCRIPTION S8 59 510 511

AXIAT, FORCES (%)

Cables -311.,0 -310,8 -260,0 -260,1
Deck 614.3% 631.3 639,2 650.9
Tower leg 1069.7 1051..7 99%.4 98L.5
Portal 22,5 22,5 20.4 20,4
End pier/well ~41,7 -39,0 -118,6 =-116,5
Pier/well below tower 12402 12%37,5 114%.9 1145,9
PWISTING MOMENT (t-m)
Deck 216.8 220.,0 252.5 254.3%
Tower leg 342 ,9 45,1 460,6 458,9
Portal 129,9 hE- 5 I 174.:9 L5,
End pier/well 22.5 29.8 60.6 60,2
Pier/well below tower 908.,0 994,3 1564.8 1829.0
M-Y" (t-m)
Deck 68.7 B5 84.1 78,0
Tower leg 110%.9 10808 18I8.4 1751.9
Portal 48,5 350.8 468,2 466.5
End pier/well 4194,1 3670,6 666.6 670.1
Pier/well below tower 16956,0 16790.4 11874.2 12296.3
M=Z" (t-m)
Deck L 928. 4 925,5 g9l 91726
Tower leg 482.7 48%,3% 801.9 692.0
Portal++ 593,6 647.5 e W R
Endpier/well 7569.8 458b.,4  T7592.2 4434.7
Pier/well bwlow tower 1159.0 662.2 4229.2 5146,6

+ Refer to member axes defined in sec. 3.4
++ Tocation of maximum value has changed.
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7.4.2 Interpyxetation

The loading L5 applied on idealised space frames 58
to S11 consists of an eccentric vertical loading of 2.5 t/m
intensity on the axis of one of the two stiffening girders,

The symmetric verfical loading Il applied on planar structures

S1 to S6 corresponds to a total load of intensity 5 t/m applied

on the longitudinal axis of symmetry of the bridge. A compa-
rison of the results of planar and space frame structures for

the respective loading actions is attempted herein,

(a) 5-span Systems (358)

Distribution of deformations and forces of 5-span
system (S8) under eccentric vertical loads (L5) is shown in
fig. 7.2. On a comparison of behaviour of Sl presented in
fig, 6.2 and S8 presented in fig, 7.2, it is observed that the
general nature of deformations and forces of the loaded side of
the bridge is the same in the two cases. The maximum vertical
deflection at the centre of the main span of 58 is about %
higher than that of S1., The maximum axial compression in deck
clement near the tower is about 26% higher, sagging moment at
the centre of the main span is about 5% higher,meximum hogging
moment in the deck is about 6% higher and the axial forces in
cables, towers and substructurc elements differ, in general,
within 5% in respect of corresponding values in Sl. However,
there is a large reduction in the bending moments at the base

of the substructure of S8 as compared to those of Sl.
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(-=0.033)
28 31(-0061)m

AR N

-[~03331\, \ 5
-t :ﬂ

'5,_ -ve =TENSION
+ve= COMPRESSION

55 VALUES IN TONNES

(68.6)
24 26
4 +r =
6 12 14
(69.5) 120.6) 28
38 (-269.4)

4 30

2 135279) VALUES IN t-m %0 (-327.5) (-784.6)

1 (7569.8) 42 (-1159)

c_MEMBER END MOMENTS

e 7,2 _DISTRIBUT[ON OF DEFORMATIONS AND FORCES
(LINEAR) IN 5-SPAN SYSTEM (S8) UNDER ECCENTRIC
VERTICAL TLOADS (t5)
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The following specific observations are made from
tables 7.5 to 7.10 about the space action of structure 58
under the effect of 15,

(i) On the unloaded side of the bridge, the maximum
vertical deflection at the centre span is about 11% and the
maximum longitudinal deflection at the top of the tower is

about 14% of the corresponding value on loaded side,

(ii) Cable forces on the unloded side are in general
less than 10% of the forces on loaded side with a tendency of

change in the nature of force in cables near the tower,

(iii) Axial forces on the unloaded side of the girder
elements near tower are about 10 to 20% of those on the
loaded side while they have equal and opposite values in the
elements near centre of the main span due to horizontal bending

of the main span.

(iv) Maximum twisting in the deck occurs near tower,
The magnitude is about 25% of the maximum bending moment in

longitudinal direction at the same location.

(v) Axial forces on the unloaded side of the tower
legs are about 16% of those on the loaded side, The twisting
moments and the bending moments in the longitudinal direction

are almost equal,

(vi) Bending moments in tower legs, pier and well
e low tower are very high in the transverse direction. The

ratio of maximum values of bending moments in the transverse
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and the longitudinal directions is about 15.

(b) 5-span System S9; Effect of Soil
Structure Interaction:

The effect of soil-structure interaction is signifi-
cant only on the behaviour of the substructure elements, The
effects on the behaviour of the superstructure can be consi-

dered to be less than 10% in general,

(c) 3-Span Systems (S10): Distribution of defor-
mations and forces of the 3-span system (S10) under eccentric
vertical loads (I5) is shown in fig, 7.%. On comparing the
behaviour of 8% presented in gig, 6.3 and S10 presented in
fig. 7.3, it is observed that the general nature of defor-
mations and forces of the loaded sides of the bridge is the
same in the two cases. The maximum vertical deflection at
the centrc of the main span of $S10 is about %% higher than
that of S3%, The maximum axial compression in the deck is
about 42% higher, sagging moment at the centre of main span
is about 2% lower and maximum hogging moment in the deck is
about 5% higher in $S10 than in S3. The difference in the
meximum cable force, which occurs in the top cable of the
end span, is about 15% whereas the general difference of axial
forces in cables, towers and substructure elements is less
than 5% as compared to 83. Bending moment at the base of the
end well is about 50% and the one at the base of the well

below the tower is nore than doubled.

The observations made from table 7.5 to 7,10 about

the space action of structure 58 under effect of L5 apply in
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general to ©S10 also with the following deviations:

(i) On the unloaded side of the bridges the maximum
vertical deflection at the centre span is about 18% and the
maximun longitudinal deflecticu at the top of tower is about

25% of the corresponding value on loaded side,

(ii) Top cable of the unloaded side of end span takes
about 25% of the corresponding cable force of the :loaded side,
The cable forces on the unlcaded side are, in general, about

10% of the corresponding cable forces on loaded side,

(d) 3~Span System (S1ll): The behaviour, under the
effect of soil-structure interaction, of this 3-span struc-

ture is similar to that of 510,

7.4.3 Maximum Values of Forces

A sumunary of maximum values of forces in different
components of S8 t6 811 under L5 is given in table 7.11.
The following observations are made for 5-span system, 58,

and similar observations are applicable for 59 to S11,

(i) The ratio of maxinmﬁ.value of principal bending
moment to axial force in the deck as well as the tower leg is
high, Axial-flexural interaction will depend on the level
of axial force in the component with respect to its Euler
buckling force, causing nonlinearity in the bahaviour of the

structure.
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(ii) Maximum twisting in the deck is about 25% and
the horizontal bending due to eccentric vertical loading is

whthin 10% of the principal longitudinal bending.

(iii) Maximum twisting of the tower is about 30% and

the secondary bending is about 45% of the principal bending.

(iv) Portals do not draw heavy axial forces but
twisting moments and bending moments have comparable maxinmum

values,

(v) Compared to the substructure below tower, the
substructure at the end draws less axial force (also oppsite
in nature), less twisting moment (less than 3%) and less
secondary bending effects., The principal moment at the base
of substructure at the end is about seven times that at

the base of substructure below tower,

7.4.4 Discussion.

In general, the 5-span system exhibits greater over-
all stiffeness to the action of eccentric vertical loads than
the 3-span system., It is observed that the forces and defor-
mations in the planar bridge elements under full symmetric
loads and the elements of space structure under the action
of half the vertical loads applied on the axis of one of the
two main girders are more or less equal., OSpace action is
observed to be more predominant in the 3-span system as
conpared to the 5 span systern bhecause the percentage of

forces in the eclements of unloaded side is higher in the
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3-span system, The effect cf sdl-structure interaction is
observed to be insignificant on the bridge substructure. The
effect of soil flexibility has been studied by taking a prac-
tical value of the coefficient of subgrade reaction (nH=130
t/m2) for the case of loose sand, Yet the flexibility added
to the system as a whole is not appreciable since the super-
structure is already mmuch more flexible., But the moments and
deflections of the rigid substructures are appreciably altered
by the seil flexibility. Btiffsr =oils would naturally provide
greater elastic stiffness at the base and sides of the subs-
tructure, and therefore, will modify the wvalues in the struc-

ture even smaller extent,

7.5 LATERAL LOAD ANALYSIS
T«5.1 Results

The results of analysis of 88 to S11 under lateral
loading L6 are presented in tables 7.12 to 7.18. Actual
values of deformations at salient locations and axial forces
and bending moments in important elements of S8 have been
tabulated and comparative values have been presented for S9

to 511 in terms of multiples of corresponding values of S8.

7.5.2 Interpretation,

The purpose of the analysis of S8 to S11 under the
effect of lateral forces (L6) is to study and compare the
behaviour of the 5-span and 3-span systems under space action

and to study the effect of soil-structure interaction thereon.
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Independent behaviour of 5-span and 3-span systems is first

interpreted and then the two are compared in the following

paragraphs.

TABLE 7.12 - DEFORMATIONS AT SALIENT LOCATIONS OF S8 TO Sll

UNDER LATERAL FORCES (L6)

Values as multiple of
corresponding value in S8

Actual Values

Node® Along™ in s8*

TOCATION :
No. ety (1) 88, B9 Slo S11
. £ -000085 1 RIgeE <1 696 ‘<1580
7 —.oooggz 1 7.5%2 -1.066 7.121
Y, - 00008% 1 088 NY.0B 34,0
End span & 2 - ,00ICBE 1 1,799 -1%.% =17.41
- Y - 00M1F. 1 0,897 2.88 2,44
: g« 005142 ¢ 1 1.20% 12.92 3.67
X =.002027 1 1.478 2.47 2,54
Tower top 16 . -.002671 1 0,488 1.148 0.559
7 . +.3a8692 1 1.107 1.08% @ 1.9%0
i ¥ +.08588 1 1.124 L0108 18
7 163085 1 1,068 0Q.985  1.00
Centre span - Y . o~ 085885 1 10M6 1.086 . Y.115
B «.260406 '} l.08® 0979, X,0%5

+36e TiE. 7.l

S5~span System (S58):; Distribution of deformations

and forces of S8 wunder lateral loads (16) is shown in

TEEy T o &

The following speiific points are observed from

fig., 7«4 and tablea 7T.12 to 7.17:

Maximum lateral deflection (0,261 m) at the

centre of the main span (457.2 m) is about 1/1750 of the

main span.
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TABLE 7.13 - %Ag%E FORCES IN S8 TO S11 UNDER LATERAL FORCES
L

Actual++

Mardil:  Taluak Values as multiple of

LOCATION No, i .. 88 corresponding value in S8
&) S8 S9 g10 811
Top cables, 56 4,24 1 0.889 3.995 3.807
end span BT il 1 0,95 -8.876 -9.655
58 %.81 i ] 0.890 2,680 2.577
59 -0.69 '\ 0.942 9.377 10,029
60 o M - 0.920 0,595 0587
Middle cables, 6l =% . 85 1 1 0.588 0,603
end span 62 19.31 Lo @Bag,  G0BE 0028
6% =18.59 108 0,009 0055
64 6.89 1 0.946 -0,0%0 ~0,067
65 ~-6.44 p 0.989 0.043 g
66 2,74 1 1.004 Q.,26% 0.215
Cables near 67 ~%.30 1 0,967 0.484 0.418
tower 68 -0.96 1 PRt 0,677 1,010
69 1.69 L 1.160 O.882 1.03
70 -2.,31 1 L 1d) 0.952 1.065
71 Beds j | E R 0,860 1.085
Middle cables 72 -2 .83 1 1000 0.098 0.99
centre span 19 1.91 4 1.073 0,99 1,042
T4 4,90 1 1,014 0.924 0,922
. 4322 E I 5 0.903 0,929
76 2518 1 L5 DEFL 0,931 0,925
77 -21.08 I 1.0 0,925 @Q.956
Top cables, 78] -=15,72 Y 0.996 0.920 0.913
centre span 79 1818 F | X U4 0,920 0,951

+ See fig 7.1
++ =ve = Tension
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TABLE 7.14 - AXIAL FORCES IN GIRDER, TOWER, PIER AND
WELL ELEMENTS OF S8 TO S11 UNDER LATERAL
FORCES (16)

++ values as multiple of

Memb, Actual corresponding values in S8
LOCATION N Yalggs
e S8 S9 S10 S1l
(t)

Well,pier,end span 1,2 4,3 ) 0,897 1.209 ©,507
End members 5 8.3 1 0.446 0,843 0,506
6 127 .4 1 1809 ~0.0%% 0,085
T =110 0 1 1.287 =0,194 =0,200
8 04, 2 1 i 5 1 S 0 0 0.109
9 =-283.8 s 14160 10,087 0.075
Central members 10 54%.8 i 1,066 8,280 0,268
end span Il =5%4.1 - 3 Lelee 0258, 0,248
12 881 .2 1 1086 Q575 0,550
13 =562.0 1 1,860 Q857 0.544
14 667.9 i 0,991 0.861 0.8%6
Members 15 -645.9 ] Y} .088 O.858 0:843
near tower 16 814.9 1 gLBBy  1.07% - 1.050
17 =940.0 AL 0.99% 1.043 1.046
T8 eI 1" 4:888 1,080 11.0%
19 =403.,1 1 0.98% 1,102 1131
20 g1 1 0.112 2.095 i SRS
21 50.9 X 1120 0,200 0.126
22 =3%31%.9 a1 IREQOn GLBYS 0,942
23 400,3 1 1,015 0,898 0.889
24 -564,1 ol 1088 0.551 0.967
25 656.2 ki 1.009 0,937 0.93%2
' 26 =718.6 ¥ i L0484 0.9458 0.974
Members at centre 27 828.7 3 1,007 0Q.948 0.944
of main span 28 -789.,0 ;i ! 1,040 9,948 0.975
41 ~105.4 i YR C.H88 QB9
42 89.4 i, 1.101 0.982 0,980
Tower legs 43 =246,2 1 0,986 0.974 0.964
44 239,1 1 8.998 0,979 0.974
45 =272,3% 1 et 1.01% 0.701
46 266.1 i D788 Y. 019 Ded 09

47 - 0.2 - - - -

Portals 48 - 0.6 = - - +
49 TR i L2150 0,220 0.309
Well, Pier 54,55 - 6.4 1 - QuéTz 0.01% 0,609

below tower

+ See fig. 7.1
++ ~=ye = Tension
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TABIE 7.15- TWISTING MOMENTS IN GIRDER, TOWER, PIER AND WELL
ELEMENTS OF S8 TO S11 UNDER LATERAL FORCES (1L6)

Memb. values in

Actual

Values as multiple of
corresponding value in S1

below tower

LOCATION = s8

2 (t-m) 58 59 510 Sidkas
Well ¢ piery

end span 142 117 1 1.619 6.982 8.168
P 5,6 2.5 1 0.40 17.44 16.88
Tal 2.8 b 13395 B.25 o Lo
E  Bnd span 5,10 D 1 5,00 13,5 7.50
11,12 25.2 1 :3.14% 0T O aans
¢ 13,14 8.3 1 0.663 1.928 1,976
Member near 15,16 29- I E.eRy 4,582 O862
K tower 17,18 38.8 ] 1,556 Ladisk L 47T
18,20 3%5:8 1 LU L 1 LER 1.148
Centre 21,82 €54 1 1967 1.2l 1 2a55
span 23,24 20,2 i § 1.064 L2213 1,229
25,26 41,6 1 1.0%8 1.048 1,058
Sl L RN 1 1.029 0.987 0.998
41,42 90,2 1 1,106 1.106 1:4%5
Tower legs 43,44 129,7 I GOLE 0LT3e - Q.TRE
45-46 162.8 X 0.964 0.780 Q.752
47 5 i R 138 g W0 1.0%6
Portals 48 ¥4 .0 ¥ 1236 1,085 1,086
49 103.4 1 1,069 0.846 0.879
Well, piex 54,55 59€1.1 X 1,036 0.871 0.872

+See fig. 7.1
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TABLE 7.16 - BENDING MOMENTS (M-Y) IN GIRDER, TOWER,
PIER AND WELL ELEMENTS OF S8 10 511
UNDER LATERAL FORCES (16)

. Actual Values as multiple of
; Memb. values corresponding values in 58
LOCATION No. tn S8

(t-11) o8 959 510 Skl
Pier, well, end 3 2616.4 T SR4A0 0 1,990 AT
span 2 1452,0 1 32332 D872 ‘O59id
""" g 38,8 I 0.997 3.041 9.601
69.7 1 - I:0D80 1.588 L3000
7 D8 1 31.379 10.759 125507
8 16.8 1 1,119 5. 740 4Bl
4 BT 4 1,146 9.072 0,091
Central members 10 68.7 1. ke84 . DROBE 4Ll
D end span 5L 84,2 1 1154 D252 « Uraday
2 LS i1 1,208 0. 21%  C. 20
1% 28,k i L. 157 0,601 09,562
14 4T oJf 3} 2087 D805 Q3799
Members near 15 951 o €.781 1.512 1:418
E tower 16 61.8 a3 Q.812 T ETe e kSY
13 2285 1 L. GEL) 1.078 1.098
18 25% .2 1 0.988 1.0585 1.049
19 e 1" 1.186 0.42¢ Q.54

c 20 16,1 il L5087 0,988 4]
ik 38.6 1 L% 0.49%0 0,548
22 30 .4 1 1.080 0,924 O 947
70 5209 il 1,028 0.945 0.960
K 24 o g 1 1vuZ8 0.945 0,960
25 65.2 L 185 0.956 0,960
26 64.8 1 AR 0.955 0.960
Members at centre 27 T o b o - W o A Ty
—i of main span 28 63.0 1 014 0.958 0,95
41 185.9 1 . L30T Q883 Ligf0
42 282 .2 1. L1084 Q.84 UsSED
Tower legs 43 752.8 1 | 1.499 O.h80 U, 930
44 1097.7 1T 1.039 0.816 0,90
45 1849.8 1. LI.la8 O.827 0.960
46 3018.8 1 0,997 G,B95 0,861
Portals (Moments 47 92.7 ik 1. 107 1204 1383
about vertical 48 211.,9 3 1.062 0,884 0,907
axis) 49 w5 %10 1 .1.08% 0.9%4 0.:936
Well, pier below 54  45445.8 1. 0878 - 1.337 1yl
tower 55 T6474.9 1 YooiE - T.A50 LM

+See fig. 7.1
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TABLE 7.17- BENDING MOMENTS (M-Z) IN GIRDER, TOWER, PIER AND
WELL ELEMENTS OF S8 TO S11 ABOUT AXES PARALIEL
T0 TRANSVERSE AXIS OF BRIDGE UNDER LATERAL
FORCES (16)

Actual Values as tultiple of

LOCATION M§§b+ Xglggs corresponding values in 58

(t-1) o8 S9 SO g1l

Pier, well, end TR T 0 S TOR T 15 < v
span 2 £24,,.5 j ¥ g, 700 ©0.959 0.667
T"‘ 5 28,0 1 o O.EEE 2486 2055
6 b o 7 o 00 309,0 252 .0

7 28,0 1 0.882 2.486 2:530

8 215 i 1..508 YN0 14,08

9 52.9 3 0.9%7 0847 P LY

Central members, 10 63.4 1 O,892 0J/288 0.34L
end span 1L 82.8 LT 90339 . X9
12 63.4 1 0.992 0,243 U.a e

13 5.3 1. Ji15) D805 9,459

14 &7 .5 P 1,68 0.440 0.598

Members near 5 45 oL 1 1:158 0,286 0,521
tower 16 44,0 O e R 0857
17 60.2 ) 0. 877 0.B5l 8,691

18 66.4 - 0.818 0.904 0,682

19 14.5 g0 RJisy  1-1858 160

20 21.6 il 1.07T4 0,926 0,986

21 o2 il 1.041 0,844 0,861

22 o A 1 1.074 0.926 0,981

23 39.5 2l 0.985 0,911 0.891

K 24 -2 E L 1,067 0,%90% 0.949
1 25 565 1 0982 0.804 ©.064
26 &2:5 3 1.045 0.902 0.9%6

Menmbers at centre 27 260,2 1 1011 Q978 0,972
of main span 28 20%,2 1, 1,047 . 8,907 0999
41 Bi2.:7 1 0.998 1.027 1,026

42 B74.2 1 0,888 1,826 1.0=24

Tower legs 43 1802 .8 1 g.988 1.048 1,039
44  1792,0 L g.887 1,063 1.043

45 9696.7 ¥ Rl LULrd Ya%
46 9754435 1 1.0%4 1,169 A =0

47 874 ¢ 4L 0.998 1.026 1,024

Portals++ 48 2131.9 b 0.992 1.0%9 1,033
49 361.2 1 1.0968  1.261 L uTe

"Pier, well below 54  1907.0 PO o iy e R W
tower 55 322909 | 10506 1.009 10495

+ See fig. 7.1
++ Moments about axes parallel to longitudinal axis
of bridge.
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TABLE 7.18 - SUMMARY OF MAXIMUM VALUES OF FORCES IN S8 TO
S11 UNDER LATERAL FORCES (IL6)

DESCRIPTION S8 859 510 o511

AXTAL FORCES (t)+

Cables +23,78 +23.80 +22,15 2L .99
Pl +828,7 +8%4.6 th7dil +856,0
+ . + L] + L] + *
FOWEY 156 L399.5  <2RLT - <FBeS BITa4
Portal - Yro - 42,9 = 'Be - 11.3
End pier/well + 4,3 + BLh ».. 52 + 59
Pier/well below tower - 6.4 et s P - Hul

TWISTING MOMENT (t-m)

Deck™ . 45,5 52,6 44,9 57.%
Tower leg 162.8 156.9 sy A 122.5
Portal 10%:4 110.5 8i+5 90.9
End pier/well 11.3 1E:3 78.9 92.9
Pief/Well below tower 5921.1 6135.4 5156,.8 5160,.8
M-Y (t-m)**
Deck 253%,2 250.1 267.,2 265,7
Tower leg 3018.8 3009.1 2701.4 2598.2
portal 363 ,0 382,2 331,7 336,2
End pier/well 2614.6 3686,8 3491.8 3620,1
Pier/well below tower 76474.9 77665.0 87915.3  91344.0
M-7Z (t—m)++
Deck 260,2 263,0 254.5 252.8
Tower leg 9754,% 10088,2 11401.4 12001.7
Pol"tal 874-.2 87203 896.6 895-6
End pier/well 1¥7E & 1239,0 1696.9 1180,5

Pier/well below tower 3229.9 4865.6 3258.6 4829.6

+ (+)ve = conpression
x Location of maximum value has changed
++ Refer to member axes defined in sec, 3.4
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(ii) Maximum lateral deflection (0.117m) at the top
of the tower (103,59 m) is about 1/890 of the tower height.

(iii) Cables are subjected to small axial forces.
The maxirmum cable force is only about 3% of the maximum axial

force in a girder element,

(iv) Windward cables get,in general, compressive
forces, except a few cables near the centre of the main span,
which get tensile force. The forces in cables of leeward

side are, in general, of opposite nature, .

(v) Maximum axial forces in the girder elements
occcur near the tower. Windward girder elements of the end
span and a few elements of the centre span near the tower
are in tension while the elements near the centre of main
span are in compression. The nature of forces in the leeward

glenents is reverse,

(vi) Bending moments in the itransverse direction are
very low in the superstructure as compared to the substructure.
Heaviest bending moments occur at the base of well below
tower and its magnitude is about 30 times the value at the

base of end well,

(vii) Maximum twisting of deck elements is observed
near centre of main span and the variation in other elements

of main span is small,
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(viii) Axial forces in tower elements of windward
and leeward sides are of opposite nature and the axial forces

in the substructure are negligible,

(ix) Maximum bending and twisting in the tower occurs

a8t its foots

(b) 5-Span System S9; Effect of Soil - Structure
Interactions

Behaviour of 58 and S9 is observed to be similar.
The effect of soil-structure interaction is to increase the
maxirmun lateral deflection at centre of main span by about 6%
and at the top of tower by about 12%. Cable forces are, in
general, changed by less than 5%. Maximun axial force in
the deck element is changed by less than 5% and a sinmilar
effect is observed on axial forces of other elements of the
bridge. The effects of soil-structure interaction on forces
in superstructure elements is, in general, less than, 5%
while it is significant on the forces and deformations in

elenents of substructure.

(c) 3~ span System S10:

Distribution of deformations and forces of S10
under lateral forces 16 is shown im fig. 7.5. It is obser-
ved from £ig. 7.5 and tables 7,12 to 7.17 that the main
features of the behaviours of S8 and 510 are, in general,

similar and as described in (a),.
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(d) 3-Span System S11; Effect of Soil-
Structure Interaction:

Behaviour of S10 and S11 is observed to be
similar., Pronounced effects of soil-structure interaction
are observed in the distribution of forces and deformations
of the elewments of substructure while the effect is not very

significant on the behaviour of the superstructure.

7.5.3 Maximun Values of Forces

A sumnary of maximum valges of forces in different
components of 88 to S11 under L6 is given in table 7.18.
The following observations are made for the 5~span systen S8

and similar observations are applicable to S9 to S11.

(1) Meximum axial force in cables, portals, piers
and wells is less than 5%, whereas in the tower leg it is
less than one-third, of the maxirum axial force in the deck

elenents.

(ii) Twisting moments in various elements of the
structure are small as compared to their bending moments,
The ratio of maximun twisting moment to the maximunm bending
noment in a girder element is about 1/6 and in the subs-
structure below tower it is about 1/15, The ratio is even

lesser for cther elements of the structure,

(iii) The ratios of maximunm values of M-Z and M-Y
(referred to member axes) for various components of the

bridge are as follows:
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Elenment Mz/My
deck = 1,03
tower leg = 3.23
portal = 2.4
end pier/well = 0.68
pier/well below tower = 0.04

Under the effect of lateral forces, deck elements
are subjected to high value of axial forces and low bending
moments., The bending moments about both the axes of deck

cross—section are almost equal,

7.5.4 Discussion

The results show that the deck of the bridge behaves
as 1f it were a continuous beam in the transverse direction
carrying the lateral forces. The participation of cables,
when they lie in vertical planes, is only secondary in the
lateral force resistance of the bridge. Heavy axial forces
are caused in the girder elements due to the horizontal
bending of the deck whereas the substructure below tower is
subjected to heavy moments., Because of the increased rigi=
dity of the end spans of the 5-span system, the maxirun
deflection at the centre of the main span of the 5-span
system is little more while the lateral deflection at the
top of the tower is less than that of the 3~span systen,
The influence of soil-structure interaction is not sigini-
ficant on the behaviour of the deck whereas it may be con-
sidered significant on the lateral stiffness of the sub-

structure,
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7.6 EXPERIMENTAL VERIFICATION OF RESULTS

TABLE 7.19 - COMPARISON OF ANALYTICAL AND EXPERI-
MENTAT, VALUES OF MAXIMUM DEFLECTIONS
IN S12 UNDER L7 TO I10

Defornations (rm) %
Type of Loading Analyti-  Experi- T
cal nental tiom
Eccentric Vertical Loads
End span and centre & L.59L5 1.74 9.3
span loaded (37 B 0528587 0.225 12,0
Centre span loaded (18) i BegioD 2,205 30
B 0.529% 0.465 12,2
Lateral Forces
End span and centre (19) A Oy PES1 0.28 5.6
span loaded B 0.,1558 0,16 2.7
Centre span loaded (110) k- C.E958 0+305 o P
B 0,0991 0410 11
A ~ Maximun vertical/lateral deflection of deck
B - Maximum longitudinal/lateral deflection of tower

Analytical and experimental results of aluminiun
model structure, S12, under eccentric vertical loads (L7,
L8)land lateral forces (19, 110) are given in table 7.19,
Percentage variation of experimental values with respect 1o
analytical values is also shown in the table, It is observed
that the nmaxirum percentage of variation is 12.2 and the

comparison of analytical and experinental values is excellent,
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7.7 PARAMETRIC STUDY UNDER LATERAL FORCES

Behaviour of radiating type 3-span cable-stayed
bridge with its substructure fixed at the base has been
investigated under the effect of following parametric varia-

tions:

(1) Ratio of side span to cemtre span (a)
(ii) Ratio of tower height to centre span (8)
(iii) Ratio of width of deck to centre span (V)
(iv) Ratio of cable area to girder torsional
rigidiy (™M ).
Nondimensional values of a, B,V and ¥} are given

i fig, Tehe

The planar and space frame investigations reported
in the'present thesis relate to radiating 6-cable systens.
To reduce the volume of results and to save in the conputa-
tional time, the bridge structures chosen for the paranetric
studies are equivalent 3-cable systems (fig., 7.6). The
equivalence with 6-cable system such as S10 is established
by lumping the areas of two consecutive cables of the 6-cable
system at one node, thus reducing the number of cables fron
six to three, Since this results in increasing the panel
length of the deck between cable points, the stiffness of
ficticious diagonal braces 40-45 (fig., 7.6) of the equivalent
3—cable systen have been derived afresh in accordance with the
criterion described in appendix-C to represent the lateral

stiffness of the deck plate properly.
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& = f = 05 n-= &= B- V- N &
STRUCTURE STRUCTURE
DE SIGNATION | SIDE SPAN [ TOWER HEIGH|WIDTH OF DECK W. Ax DES IGNATION| —SIDE SPAN ITOWER HEIGHT |WIDTH OF DECK| _ W.AX
CENTRE SPAN |CENTRE SPAN | CENTRE SPAN G.1x CENTRE SPAN [CENTRE SPAN |CENTRE SPAN 6. Tx
S13 0.40 0.17 0.06015 6.159x10° $19 0-40 0-30 0.06015 6159 x 10 °
= =%
S14 0-35 017 0.06015 6.159 x106° $20 0-4C 0.17 0.04921 6.159 x 10
Aokt ) ol g & -
$15 0-45 017 0-06015 6.159 x 16° $21 0-40 017 0.07108 6.159 x 10
$16 0.50 0.17 0.06015 6.159x10° S 22 0-40 0:17 0.06 015 5.543 x10°
517 - 0-40 0-12 0-06015 6159 x 10 ° S 23 0-40 0-17 0-06015 6.929 x10°
s18 0-40 0-22 0.06015 6.159 x 10 ©
W -

TOTAL LATERAL FORCE ON THE STRUCTURE , Ax = AREA OF CABLE,

ELASTIC MODULUS OF RIGIDITY, I,:= TORSIONAL RIGIDITY OF GIRDER CROSS - SECTION

FIG. 76 _MATHEMATICAL MODEL OF STRUCTURES S13 TO S23
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To compare the lateral deformations of the 6-cable
system and equivalent 3-cable system the results of a test
problem are given in table 7.20, It may be observed that the
values in the main span for 6-cable system and equivalent
3-cable system are quite close, Therefore the parametric
results of 3-cable systems can be used for the interpretation

of behaviour of corresponding 6-cable systems,

TABLE 7,20 = COMPARISON OF LATERAL DEFORMATIONS OF
6-CABLE SYSTEM AND EQUIVALENT 3-CABLE

SYSTEM
. Llateral Deflec- % . Lateral Deflec- %
Node tions (m) Vari- Node tions (m) . Varia-
No, b-cable %-cable ation No, b-cable 3-cable tion
system system gystem systen

8 0.,0145 0,0114 27 26 €,2180 0,2225
9 Q.414) -ORQLL4 24 er 0.2194 0.2226
L2 0.0267 0,020 34 30 25599 Q2585

I ST S

13 G.0287 0u8l95 22 I3 0.2559 0,2585
16 0,X262 « Q1108 14 e 7 0.,0991 0.0831 19
17 oul2ee 053303 14 E o 0.0991 0,083l 19
18 0.0468 0.0356 21 34 G.0469 0.0357 31
15 0.0468 0,0356 e 2 b - 0.0469 0,0357 14
22 0.1%42 O.,1%%0 1 %8 0.0464 0,0354 ¥l
e g.39%5L £33 X 37 0.0465 0.0354 LY

+ Bafer fig. 7.1
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7.7.1 Details of Structures S13 to 823

The idealized mathematical model for structures 513
to 523 is shown in fig, 7.6. Gecometrical properties of
elements of S13 are given in table 7.21. Suitable changes
in the data of S13 were done to obtain parameteric variation

for 814 +to 823 tabulated in fig. 7.6.

The behaviocur at nodes 4,5, 14, 15, 20 and 21 of
3-cable system shown in Fig. 7.6 would represent the behaviour
at nodes 4, 5, 34, 35, 30 and 31 respectively for the struc-
ture in fig, 7.1. Likewise, the behaviour of members 3,4, 7,
8, 32 and 3% of fig. 7.6 would represent the behaviour of
members 3, 4, 52, 5%, 50 and 51 respectively of fig. 7.1l.

7:1.2 Toadinge T1L Yo Td7

Lateral forces applied on 513 to S23 for parametric
study are given in tables 7.22 to 7.28. The basis of cal-
culation of these forces is the same as that used for loading

L6.

7.73 Results

The results of parametric study are presented in
figures 7.7 to 7.21, From the study of behaviour of 313
under the action of lateral forces (L1l) it is observed
that the force in top cables is two to three times greater
than the force in other cables while the maximum force in a
cable is only about 5% of the maximum axial force in & girder

element, Girder elements near the tower and at the centre
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TABLE 7.21 - GEOMETRICAL PROPERTIES OF MEMBERS OF S13

Member
No. Length Area Inertia-x Inertia-Y Inertia-72
e o NAE R ) () (@)
1 28.956 12.087  588.90 60%.82 311,95
2 25.247  3.095 0.984 181.18 6.058
3,4 13,75 152,95 49,215 9059.1 302,89
5 21.945 32,311 3721.3 4284 .8 1564.,0
6 12,391 13.733  304.43 2195.9 105.3
7.8  18.00 686.65 15222.0 1.46x10° 5265.1
9-14 61,009
15-20 76,215 0435 WY 0.30 0.50
21,22 40,104 0,475 1.189 1,181 0.818
23,24 38,302 0.569 1.655 1.432 1,195
95,26 25.271 0.689 2,173 1.774 1,605
F.  EhG OE gied e 0.154 0.584
28 30,78
29 275 0,236 0.435 0.189 1.176
30,31 F.21
28,94 0,44 ‘7 B0 0.435 0.254 3278
34,35 27.5 0.584 0.15x10"°  0.018 0.50%
%635 27.5 0.73 0.20x107° 0,022 0.629
40-42 66.92  0.577 0 0 0
43-45 81.03 0,563 0 0 0
46,47 201,76 0,04 0 0 0
48,49 147.37 0,04 0 0 0
50,51 100.85 0.04 0 0 0
52,53 107.89 0.04 0 0 0
54,55 169,79 0.04 0 0 0
56,57 240,08 0,04 0 0 0




TABLE 7.22 = LATERAL FORCES

Y

(121} APPLIRD ®0 813,

D)« HI%
Node Lateral Node Lateral Node Lateral
10 » Force No, Force No, Force
{fig.76) (t) (g, Feb). LD) (fig.7.6) (t)
2 15:95 L3 34:22 24 Tiidd
4 45,09 16 145,69 25 3dvl4
6 116,56 18 145.69 26 2B
8 116,56 20 12,85 27 20.87
10 15E 2 22 60,77 29 5 B
12 Bl o2 2% 60.77
TABLE 7.23 - LATERAL: FORCES (112) APPLIED TO S14
Node Lateral Node Lateral Node Lateral
no, Force no. Force no. Yorce
(fig.7.6) (t) (L3R T6) (t) LY b ) A
2 15.95 % 34,22 24 3.4
4 40.67 16 258,55 25 Pl 2ok
6 ITEETaE 18 154,593 26 20,87
8 IOV 22 20 FlE] 27 20,87
10 LF iR 22 604 7T 29 13.30
12 34,22 2% T
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TABLE 7.24- LATERAL FORCES (L13) APPLIED TO S15

Node Lateral Node Lateral Node Lateral
No. Force No. Force No., Force
(fig.76) (t) (fig.7.6) (t) (£ig.7.6) (t)
2 15,95 13 34,22 24 71,14
4 48.92 16 138,03 25 o P
6 124,22 18 15805 26 20,87
8 124 .22 20 69.01 27 20.87
10 B P b 22 60.77 29 1590
12 34,22 2% 60.77

TABLE 7.25 = LATERAL PORCES (L14) APPLIED TO S16

Node Lateral Node Lateral Node Lateral
No. Force No. Force No. Force
(fig.7.6) (t) (fig.7.6) (t) (fig.7.6) (t)
2 AT L5 34.22 24 Theldd
4 WP 16 ek e Y 25 i L
6 LALL RS 18 1B 2 5 26 20,87
8 Y3L21R 20 65+56 27 20.87
10 P W 22 60.77 29 13.30
12 54,22 23 60,77




-224~

TABLE 7.26 = LATERAL FORCES (L15) APPLIED TO §17

Node®  TLateral Node* Lateral Node™ Lateral
no, Force No., Force No. Force
(t) (t) (t)
2 1385 i 4 2e 8 24 31,08
4 45,09 16 145.69 g . 08
6 116.56 18 145,69 26 20.87
8 116.56 20 TESSD 2f 20,87
10 5] I8 22 40,54 29 F24 28
12 22,81 23 40,54

+ Refer fig. 7.6

TABLE 7.27 =~ LATERAL FORCES (L16) APPLIED TO S18

Node™ Lateral Node* Lateral Node™* Lateral
No, Force no., Force No. Force
(1) (t) (1)
2 15.95 13 44,78 28 46.91
4 45.09 16 145.69 25 46.91
6 116,56 18 145.69 26 20387
8 116.56 20 12485 27 20,87
10 54 5 e, 22 80,39 29 13350
12 44.78 23 80.39

+ Refer fig, 7.6
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TABLE 7.28 - LA TERAL PORCES (1L17) APPLIED TO S19

Node®  TLateral Node®  Iateral  Node' Lateral
No. Porce No. Force No. Force
(%) (t) (t)
2 15.95 13 62,25 24 60.10
4 45,09 16 145.69 25 60.10
6 116,56 18 145,69 26 20,87
8 116,56 20 72.85 27 20,87
10 131.12 22 134,89 29 13,30
12 62.25 g% 114.23

+Refer fig., 7.6

of the main span carry axial forces which are three times
higher than the axial forces in other girder elements, Girder
shears are less than 1% of the maximim girder axial force
and the maximum girder moment about a vertical axis is about
six times the maximum torsional moment in the girder and
twice the maximum girder moment about horizontal axis of the
girder cross-~section, Maximum axial force and maximum shear
in a tower leg is about two~thirds of the maximum axial force
in a girder element, Maximum moment in a tower leg about
an axis parallel to the transverse axis of the bridge is
three times the maximum moment about an axis parallel to
longitudinal axis of the bridge and about twenty times the
maximum twisting moment of the tower leg., Following further

observations, can be made with regard to effect of various
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parameters on the behaviour of the bridge under lateral

forces.,

(i) Axial forces in cables, axial forces, shears
and moments in girder elements and shears and moments in
tower legs decrease with the increase of the ratio of side
span to centre span while the axial forces in tower legs

increase,

(ii) Axial forces in cables and shears and moments
in girder elements decrease while axial forces, shears and
moments in tower legs and axial forces in girder elements
increase with the increase in the ratio of tower height to

centre span,

(1ii) As the ratio of deck width to main span increase-s,
the axial forces in cables, aXial forces, shears and moments
in girder elements and axial forces, twisting moment and
moment about the axis of the tower legs parallel to the lon-
gitudinal axis of the bridge decrease whereas shears and
moments about the axis of the tower legs parallel to trans-

verse axis of the bridge increase.

(iv) As the total cable area increases in relation
to torsional rigidity of girder elements, cable forces tend
to increase but shears, twisting moment and the moment
about axis parallel to transverse axis of the bridge in the
cross—section of the girder element decrease. Other forces
in the girder elements and tower legs remain unchanged due

to change in this ratio.
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7.8 SUMMARY
The results of the analysis of radiating type
cable-stayed bridges as space frames, under the action of
eccentric vertical live loads and lateral wind forces as
interpreted and discussed in this chapter are summarized

below.

A, Behaviour Under Eccentric Vertical ILoads

(i) The pattern of forces and deformations of the
bridge obtained from plane frame analysis under the action
of full live loads and that obtained from space frame ana-
lysis (loaded side of the bridge considered) under the action
of half the live loads applied on the axis of one of the two

main girders is more or less similar,

(ii) The space action, by way of transfer of loads
on the unloaded side, is observed to be activated more in
>-span system than in the 5+span system. This may be attri-
buted to the greater longitudinal flexibility of the 3-span

systen relative to the 5-span system,

(1ii) Axial forces on the unloaded side of the girder
elements near tower are about 10 to 20 percent of these on
the loaded side while they have equal and opposite values
in the elements near centre of the main span due to horizon-
tal bending of the main span, Other forces and deformations
in the elements of unloaded side also vary, in general, from

10 to 25 percent of the corresponding value on loaded side.
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(iv) Effect of soil-structure interaction may be
considered significant on the behaviour of substructure of
the bridge but the effects are insignificant on the beha-

viour of the superstructure,

B, Behaviour Under Lateral Forces

(i) Cables (in vertical plane) as well as the
elements of substructure are subjected to negligible axial

forces,

(ii) Nature of axial forces is reverse, in general,

in the windward and leeward elements of the bridge.

(iii) Bending moments in transverse direction of the
bridge are low in the superstructure as compared to subs-
tructure, Heavy bending moments are induced at the base of
the well below tower, Bending moment at the base of well
at the end support is about 1/30 of the value at the base

of well below tower,

(iv) Effect of soil-structure interaction is signi-
ficant on the behaviour of the substructure of the bridge
but the effects are insignificant on the deformation and

forces in the superstructure,

(v) Figures 7.7 to 7.21 present the summary of the
effects of various parameters on the forces in various ele-
ments of radiating type cable-stayed bridges under the action

of lateral wind forcés.



DYNAMIC INVESTIGATIONS

8.1 INTRODUCTION

Free vibration analysis is presented here for a 5-span
cable-stayed bridge in vertical, longitudinal and lateral direc-
tions., Experimental and analytical values of free vibration
frequencies in the principal directions of the model bridge have
been compared and experimental observations of the forced vib-
ration tests have been discussed. Also, the response of the
bridge is computed for earthquake motion in the traffic direc-

tion represented by an acceleration spectrum (37).

8.2 STRUCTURES FOR DYNAMIC ANALYSIS
(a) Structure 524

A 5-span planar structure with a cambered profile
(fig. 8.1a). The camber in the end span is 1 in 25 and that
in the centre span is 1 in 50, The nodal coordinates and
weights lumped at different nodes of this structure are given
in table 8.1. The base of the substructures of 824 is assumed
to be supported on elastic springs. The stiffnesses of elastic
springs are same as those used for S3 (Chapter 6)., The member
properties of $24 represent the properties at the longitudinal
line of symmetry of the structure. These have been appropriate-
ly taken from table 6,2 with due modifications, Weights of
full structure have been appropriately lumped at the nodes.
Free vibration and response analyses of $S24 are presented

later,
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TABLE 8.1- NODAL COORDINATES AND WEIGHTS LUMPED AT
DIFFERENT NODES OF S24

COORDINATES Weight Node COORDINATES Weight
Node X X lunped No. X g lunped
No, (m) (m) (t (1) () (%)
ik 0] 0 5249,0 28 449,58 65.35 992.0
= 0 14:48 10403,0 29 487 .68 64.59 974.0
2 0 28.96 6549.0 30 b25.78 65463 962.0
4 0 4L:59 1240.0 Bl 563%.88 63,07 940.,7
5 0 54.23  1405.0 7 601,98 B2.31 970.,0
6 70.48 55,48 gai =0 640,08 61411 285,0
(] 60,96 56:67 957 0 34 640,08 6355 994.0
8 91.44 57.89 874.0 35 640,08 80.25 LY LG
- S - - 699,0 36 640,08 99.25 208.5
10 152,40 &35 764.,0 BT 640,08 119.42 149:5
il - 18z2.88 6111 285.0 38 640,08 129.45 478.6
12 1 Bd;BE G1LER 994.0 L L, 640,08 55:86 5217.0
1% 182.88 B80.25 17230 40 640,08 2347 175%%,.0
44 182,808 '09.3%8 20845 41 640,08 19,81 16725.0
5 AB2.88 119.42 1465 42 640,08 10,67 18861.0
16 182,88 139,45 478.6 43 640,08 1.52 9430,0
X7 182,88 35,86 HELT.0 44 670.56 60.3%3 764.,0
18- 182,80 2547 17833.0 45 70104 ES sl 699.0
19 182.88 19,81 16785.0 46 Tidu52 51.89 B874.0
20, 182,88 10,87 18861.0 47 762,00 56.67 957.0
24 18Z.B8 1.58 9430,0 48 192,48 55.45 935.0
22 220.98. 62,31 970.0 49 822.96 54.23 410.0
% 259.08 6%.07 960,0 50 822.96 53. 79 10060
24 - 297.18 B3.83 962.0 il 822.96 4Ll.37 1240,0
25 3A%.28 64,59 974.0 52 822,96 28.96 6549,0
26 '%¥7%.98 €5.35 992.0 s 822.96 14,48 10406%.0
27 411 .48 66.11 103i%.C 54 822.96 0 5249.0
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(b) Structure 525:

A 5-span space frame structure with base support-
ed on elastic supports (fig. 8.1b), The structure is the same
as S9 with the exception of a few additional nodes in the
substructure., The data has been appropriately taken from
table 9J&. This structure has been analysed to obtain the

lateral torsional and flexural modes of free vibrations.

(c) A Note on the Analysis of $25:

If the procedure of free vibration analysis
outlined in Chapter 4 is directly used and if the rotational
degrees of freedom at each node of the structure are eliminated
from the overall stiffness matrix used for the free vibration
analysis, a matrix of the order of 135 x 135 has to be inverted
to obtain the flexibility matrix, The operational cost and time
for the above on the digital computer available for use would
have been prohibitive, Therefore, a selective inversion tech-
nique, described hereunder, was adopted to obtain a flexibility

matrix of the order of 56 x 56.

To obtain the torsional and lateral modes of free
vibration, only antisymmeitric loading conditions of the bridge
have been used for getting the flexibility coefficients, Anti-
symmetric unit loads were applied, one set at a time, corres-
ponding to a particular degree of freedom at the two nodes
(such as nodes 7 and 8 of fig, 8.,1) which are symnetrically
located from the longitudinal axis of the bridge and flexibi-

lity coefficients at various nodes of the structure were
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computed by the stiffness matrix method described earlier in

hapter J; Translational degrees of freedom considered are:

(i) The longitudinal and lateral directions for

nodes 2 to 4 and 41 to 44 (fig. 8.1b) of the substructure,

(ii) The vertical and lateral directions for the nodes

of the deck,

(iii) All the three directions for the nodes of the

tower,

The selection of these degrees of freedom was consi-
dered to yield a flexibility matrix which could be used to
obtain torsional and lateral flexural modes of free vibration

of the bridge.

A condensed flexibility matrix of order 56 was, thus,
obtained for selected degrees of freedom and then used for
determining frequencies and modes as explained earlier in

Chapter 4.

For the dynamic analysis of S25, the direction of
the translational degree of freedom considered at a particular
node and the weight lumped at that node (in the direction of

the degree of freedom considered) is given in table 8.2,

8.% VIBRATIONS IN VERTICAL PLANE
8.3.1 Periods and Modes
The first six time pericds of the structure 524 in

the vertical plane and the associated modeshapes are shown in
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TABLE 8,2 - DEGREES OF FREEDOM CONSIDERED AND LUMPING OF
WEIGHTS FOR DYNAMIC ANALYSIS OF 825

wie | i am yei
No of freedom is consi- (+)
dered
2 X.E 11403,0
3 28 7169.0
4 ;% 1240,0
2 XyYs2 392.5
£ Y2 466.5
9 V2 478,5
B & | Y2 4357 ,0
f Y2 349.5
45 Tk 382.0
L - 314,0
i3 Y2 497.0
21 V,2 485.,0
23 | ¥,z 480.0
25 B 481,0
&7 Y2 487.0
29 Vil 496.0
o3 ¥ Y2 253.0
-5 b 95 184.4
I Xy¥,B 12,5
57 Xy¥52 157,08
39 s P g% 55.65
41 I 516l,4
42 X,% 1¥533%.0
43 Ko7 16725,0

44 X, % 18861.0
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figures 8.2 and 8.3, From these, it is observed that the
first mode is a longitdinal deflection mode in the towers and
the substructures, Normally the deck could be expected to
undergo rigid body translations in such an antisymumetric mode
of vibration but it is observed that, in this case, the main
span of the deck is also set to its vertical vibrations, and
incidentally, the maximum modal deflection occurs in the
deck itself, The first mode is, therefore, a conbination of
the flexibilities of substructures, towers as well as the deck,
Looking at the performance of the structure in higher modes,
in which the longitudinal displacenents are either small or
negligible, the first mode can be considered an antisymmetric

mnode causing dominant longitudinal translations,

The dominance of the vertical deflections of the
deck in the main span is clearly observed in the second, third
and the fourth modes., These modes can be compared to the
first three modes of a swinging string., The longitudinal
deflections of the towers are seen to be gradually reducing
and the deck deflections in the end spans are negligible., The
study indicates that the main span ofthe bridge vibrates as
if it is simply supported at the locations of the towers with
small restraint provided by the presence of end spans. The
second mode is a symmetric vertical mode, the third mode is
an antisymuetric vertical énd the fourth mode is a symmetric

vertical mode,
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The fifth mode, which is antisymmetric vertical mode,
can be considered in continuation of the modes discussed above.
The maximum intensity of vertical deflection in this mode
occurs in the end span which is connected to the substructure
through a link., The number of computational iterations exceed-
ed the specified limit (20) in this mode  before the speci-
fied convergence (0,1 %) was achieved. The magnitudes of

deflections of this mode can, therefore, in slight error.

8.3.2 ©Seismic Response

The spectral accelerations due to horizontal ground
motion for 10% damping (38) which have been used to carry out
the response analysis of structure S24 are given in table 8.3,
The probable maximum values of displaceunents at various nodes
and axial forces in various members are shown in fig. 8.4.
These values were obtained by taking the squareroot of the
sum of sqares of the modal values. This method of combination
is henceforth referred to as SRSS. Similarly, fig., 8.5 shows
SR33 values of shears and noments, Contribution of first four
modes has been considered in the evaluation of the above res-

ponses.,

From a study of the values in figures 8.4 and 8.5,
it is observed that the vertical deck deflections in the main
span of the bridge are predominant. The longitudinal deflectims
of the tower near the hinged end of the deck are lower than
those of the other tower., ILongitudinal deformations in the

substructure at the hinged end of the deck are considerably
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TABLE 8.3 - SPECTRAL ACCELERATIONS DUE TO HORIZONTAL
GROUND MOTION FOR 10% DAMPING (Ref. 38)

ngéOd ggzéignﬁgiion ngéOd ggiéggnzgiion
' Sahr/g : Sahr/g
0.15 0,07125 1.60 0.04875
0.18 0.09 2470 0.045
0.20 0.10725 1.80 0.04125
0,30 0. 12575 1.90 O OFg 5
0,40 0,12375 2,00 0,03375
0.50 0.12375 Bat 0.031875
0.60 QUiRATS" . $,2 0.0%
0,70 0.12375 2.3 0.03
0.80 0.11625 2.4 0.03
0.90 0.10725 2.5 0.03
1.00 0.0975 2.6 0.0%
1.10 0.08625 2.8 0.03
1.20 0.075 3.0 0.03
1350 0.,0675 - 0.0225
1.40 0.05625 3.75 0.01875
1.50 0.04875 4.00 0.01875

high. The deformations in the substructures at other locations
are negligible due to the presence of links or rollers under
the deck. Heavy axial forces occur in girder elements near

the hinged end. Thus considerable nonlinear axial-flexural



o 7 A

interaction should be expected in the overall behaviour of the
bridge structure under dynamic loads. Cables connected to the
intermediate supports of the end spans draw meximum tensile
forces. The substructures at the ends are subjected to small
axial forces while the axial forces in full length of towers
and the substructures below them are almost constant, The
shears in whole of the structure are very small except in the
elements of the substructure at the hinged end of the deck.
This behaviour is expected because the cables reduce the
shears of the deck while the links at various locations of the
deck do not allow transfer of horizontal forces to the subs-
tructure below towers and at the roller end of the deck. Bend-
ing moments are also very high in the substructure at the
hinged end as compared to the values in substructures at other
locations, Moments in the end spans are more than the moment

at the centre of main span,

8.4 VIBRATIONS IN THE TRANSVERSE DIRECTION OF THE BRIDGE

The time periods of the structure 525 in first six
modes of free vibrations and their associated modeshapes are
shown in figures 8.6 and 8,7. From the study of these figures

it is observed that the first mode is a transverse mode

(period 2.41 sec,) and the second mode is a torsional mode
(period = 1.91 sec,) in the main span of the deck. The defor-
mations of the substructures, tower and the end span are not
significant in these modes. The third mode is a lateral mode

in the tower with small lateral deflections in the main span
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of the deck while the deformations in the end spans and the
substructures are negligible. The fourth (period = 1.0 sec. ),
fifth (period = 0,735 sec.) and sixth (period = 0,675 sec.)
modes are the torsional modes of the deck with negligible
deformations in the tower and the substructures. The fourth
mode causes torsional deformations only in the main span of
the deck while the fifth mode causes torsional deformations
only in the end spans of the deck, It is observed that in the
first five modes, the main span of the deck does not signifi-
cantly interact with the side spans and its dynauic behaviour
is, as if the deck is simply supported between the towers.

The sixth mode has predominant torsional deformations of the
main span which are transmitted, to some extent, to the end

spans also,

The time periods obtained for torsional and transverse
flexural modes are seen to be well separated, a fact that

helps in rumerical analysis,

8.5 DISCUSSION OF OVERALL DYNAMIC BEHAVIOUR OF
5= SPAN SYSTEM

Structutes $524 and $25 chosen for the dynanic analy-
sis, represent a single structure in space whose symmetric
and antisymmetric modes of free vibrations in the longitudinal
and vertical directions have been obtained by the planar
structure $24 and the torsional and lateral modes of free
vibrations have been obtained by getting a condensed flexi-
bility matrix for the dynamic analysis of space frame struc-

ture S525.
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A combined study of the dynamic behaviour of S$24 and

525 can be summarised in the following:

(1) The S5-span system of the cable~stayed bridge,
under study, has the fundamental mode (period = 3.4% sec)
which is mixed in nature causing longitudinal vibrations in
the tower and the substructures while the deck vibrates in

symuetric vertical mode,

(1i) A purely antisymmetric mode in the longitudinal

direction of the bridge is not excited in the structure.

(iii) The second mode (period = 3,15 sec) is a symme-
tric vertical mode, Vertical deck deflections are observed

primarily in the main span of the deck,

(iv) The third mode (period = 2,41 sec) is a lateral
mode. Lateral deflections are observed primarily in the main

span of the deck.

(v) The fourth mode (period = 2.%6 sec) is an anti-
symuetric vertical mode with predominant vertical deflections

of the main span of the deck.

(vi) The fifth mode (period = 1,913 sec) is a torsional

mode with prodominant deformations of the main span of the deck,

(vii) The sixth mode (period = 1,622 sec) is a symaetric
vertical mode with predominant vertical deflections in the main

span of the deck,

Other modes of free vibration can not be placed in an

order because of slight numerical inaccuracy that could be
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present due to incomplete iterations in the fifth and sixth
modes of structure S24 obtained by plane frame analysis,
However, it is clearly observed that the transverse mode that
causes predoninant flexural deformations of the tower has a
place after the sixth mode, Further torsional modes of the

deck follow this lateral mode.

8.6 EXPERIMENTAL VERIFICATION OF RESULTS

Dynanic analyses of structures S7 (Chapter 6) and S12
(Chapter 7) were performed on lines similar to those adopted
for structures 524 and S25 respectively for the experimental
verification of the analytical results. The comparison of

analytical and experimental frequencies is given in table 8.4.

TABLE 8.4 - COMPARISON OF ANALYTICAL AND EXPERIMENTAL
VALUES OF NATURAL FREQUENCIES IN LONGITUDINAL,
VERTICAL AND LATERAL DIRECTIONS

Natural frequency in %
Direction of bridge X%;%;iéfec Experi- Variation
cal mental
Longitudinal 289 5 1D
Vertical 5l.4 % b5
Transverse 49,3 30.0 39:2

It is observed from table 8.4 that the analytical
and experimental values of natural frequencies are close in
the longitudinal and vertical directions of the bridge whereas

the difference is large in the transverse direction. This
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difference is after accounting for the actual rotational and
torsional stiffnesses at the base of the substructure and the

actual tensile stiffnesses of cable wires,

Steady state vibrations in the transverse direction
of the bridge model produced a pesk in the amplitudes of
acceleration records at a frequency of 30 cycles per second,
This correborates with the free vibration test value of 30

cycles per second stated before,

A study of the effect of using a condensed flexibility
matrix of the space frame structure on the frequency in trans-
verse direction could not be attempted in the present investi-
gation, Therefore, the reasons of the large difference seen
in analytical and experimental values remain unexplained,
Hence, the quantitative implications of the results of analysis
of structure $25, discussed earlier in section 8-5, have to

be viewed with some caution,

Some more observations of the experimental study of

the bridge model are given hereunder,

(i) Due to the presence of cables, the nixing of
higher modes was significant in the acceleration records of
longitudinal and vertical directions taken at the locations
of the superstructure. The records taken at the points of
the substructure gave a clearer picture of the lowerst fre—
quency of vibration in all the three directions. Fig. 8.8

shows two typical records of acceleration in the vertical
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e

a- For a location in superstructure

fpr——

b_For a location in substructure

FIG. 8.8 _TYPICAL ACCELERATION RECORDS OF
FREE VIBRATION IN VERTICAL DIRECTION
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direction, due to free vibration, taken at locations of the

superstructure and the substructure.

(ii) Steady state vibrations in the longitudinal
direction of the bridge, at frequency equal to the lowest
natural frequency of longitudinal vibration, did not induce
appreciable peaks in the values of accelerations at the locas
tions of the superstructure, This may again be attributed to

the presence of cables which tend to retard the dynamic am~

plifications.

8.7 SUMMARY
The results of analyticel and experimental investi-
gations of the dynamic behaviour of the cable-stayed bridges

under study can be sumuarised as follows:

(i) A purely antisymmetric fundamental mode in the
longitudinal direction of the bridge is not excited in the

structure.

(ii) Main span of the deck undergoes predominant
deformations in most of the lower modes of free vibration.
The deformations of the end spans, towers and the substructures

are either small or negligible,

(iii) The response of the structure to static and dynanic

loading conditions is similar.

(iv) Experimental and analytical values of fundamental

frequencies are close in the longitudinal and the
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vertical directions. However the difference in the two

results in transverse direction is quite large and could not

be fully explained.

(v) It is difficult to induce a pure mode in the

superstructure due to the presence of cables.



CHAPTER 9

SUMMARY AND CONCLUSIONS

9.1 STUDIES CARRIED OUT
The following static and dynamic studies of the
cable-stayed bridges have been presented in the earlier

chaprers.

(a) Study of the bridge considered as a plane frame
system subjected to the action of vertical loads and analy-
sed as a linear system; determination of the extent of axial-
flexural interaction and the effect of initial prestressing
on the consequent nonlinearity; and, the effect of soil-

structure interaction,

(b) Study of the bridge, considered as a spance frame
under the action of eccentric vertical as well as lateral
loads, analysed as a linear system, and determination of the
effect of soil-structure interaction; study of the effect
of various parameters on the behaviour of the bridge under

lateral forces,

(¢) Study of periods and modes of free vibration in
the principal directions of the bridge and determination of

its response to a ground motion acceleration spectrum,

(d) Experimental verification of static and dynamic

results of the analysis of a small scale aluminium model,
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9,2 SIGNIFICANT RESULTS
The following significant results have been obtained

as reported in earlier chapters,

A, Behaviour Under Symmetric Vertical Loads

l, Pattern of distribution of forces in cables of
the end spans changes with the introduction of additional
anchor piers at intermediate nodes of the end span but this
does not significantly change the distribution of cable forces

in the main span.,

2, Maximum axial compression in the deck elements
occurs near the towers, This, for the example chosen, Iis
of the order of 40% of the maximum axial compression of the
tower leg and the substructure below it, Axial-flexural
interaction increases the axial forces in the deck elements
by 20 to 60% or more but there is practically no change in

the tower or substructure forces.

3., Some elements of the deck, near the end supports
and the centre of the main span, which are found to be in
tension from the linear analysis, show compression when axial-

flexural interaction is considered,

4, A three span system, in general, is more flexible
than the five span system obtained by inserting anchor piers,
The effect of axial-flexural interaction was to increase the

flexibility of a 5-span system by about 10%,
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5. A camber in the deck is seen to impart a small
degree of extra stiffness to the system and nonlinear effects
due to axial-flexural interaction are reduced by about 2%

onn this account,

6. The effect of the end support condition, that is,
one end hinged and the other on rollers in an otherwise symme-
trical bridge under vertical symmetrical loads was to intro-
duce small amount of unsymmetry in the forces in two halves
of the bridge. The variation of forces is seen to be about

10% in the corresponding elements,

B, Behaviour Under Eccentric Vertical Loads

7. When the bridge is treated as a space frame,
its behaviour on the loaded side under half deck load, is
nearly the same as that obtained from a plane frame analysis

of the bridge under full deck live load,

8. The space action, by way of sharing of loads by
the unloaded girder, is activated more in the 3-span systen
than in the 5-span system due to the greater longitudinal

flexibility of the 3-span system,

9., Axial force on the unloaded side of the girder
¢lements near the tower are about 10 to 20% of those on the
loaded side while they have equal and opposite values in the
elements near the centre due to horizontal bending of the
main span., Other forces and deformations in the elements

of the unloaded side also vary, in general, from 10 to
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25 percent of the corresponding value on the loaded side.

¢, Behaviour Under Lateral Forces

10, Under the action of lateral loads, cables as
well as the elements of the substructure are subjected to

negligible axial forces.

11, Nature of axial forces is generally opposite in
the windward and leeward elements of the bridge, the deck

acting like & horizontal girder.

12. Heavy bending moments are induced in the subs-
tructures, particularly at the base of the well below the

tower.,

D. Parametric Study Under Lateral Forces
Figures 7.7 to 7.21 present the summary of the
effects of various parameters on forces in various elements

of the bridgdé. The broad conclusions are as follows:

1%, Axial forces in cables; axial forces, shears and
moments in girder elements and shears and moments in tower
legs decrease with the increase of the ratio of side span
to centre span while the axial forces in the tower legs

increase.

14. Axial forces in cables; shears and moments in
girder clements decrease while axial forces, shear and
moments in tower legs and axial forces in girder elements
increase with the increase in the ratio of tower height to

centre span.
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15, As the ratio of width of deck to main span
increases, the axial forces in cables; axial forces, shears
and moments in girder elements and axial forces, twisting
moment and transverse moment in the tower legs decrease
whereas longitudinal shears and moments in tower legs show

increase.

16, Cable forces increase; shears, twisting and
longitudinal moment in the girder element decrease; as the
ratio of cable area to girder torsional rigidity increases.
Other forces in the girder elements and tower legs remain

unchanged dque to this change.

17, Axial forces and moments in the main girder
elements are significantly effected by the.ratio of the
side span to centre span, The ratio of tower height to
centre span has significant effect on twisting and horizon-
tal bending of the main girders and akxial forces, shears
and moments in the tower and the substructure, The ratio of
cable stiffness to girder torsional stiffness effects hori-
zontal bending and twisting of tower legs., The effects of
increasing the width of deck is to decrease the horizontal

bending of the deck.

E., Effect of Soil-fStructure Interaction
18, The soil Fflexibility has the effect of increas-
ing the flexibility of the bridge, but even for loose sand

the effect on deflections is seen to be only about 2%. For
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stiffer soils, the effects can be exprected to be even

smaller.

19, In the case of the substructure, the effect on
shears and moments is, however, significant, although, it is

small in the superstructure.

F, Dynamic Behaviour

20, A purely antisymmetric fundamental mode in the
longitudinal direction of the bridge is not excited in the
structure. The deflections of the main span, in fact, pre-
dominate in most of the lower modes. The deformations of
the end spans, towers and the substructure are either small or

negligible,

G. Comparison of Analytical and Experimental Results

21, The deflections of the model under static load-
ing conditions are close to the actual values when the actual
fixity conditions at the base of substructures and actual

cable stiffnesses are duly accounted for.

22, Experimental and analytical values of funda-
mental frequencies are close in the longitudinal and verti-
cal directions. However, the difference in the two results
in transverse direction is quite large and could not be

explained,

H. Experimental Observations
2%, It does not appear possible to induce a pure

vibration mode in the superstructure due to individual
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vibration of cables,

9.3 CONCLUSIONS
The main conclusions arrived at from the study are

the following:s

1. The three span system is appreciably more fle-—
xible than the five span system, The effect of axial-flex-
ural interaction is to increase the overall flexibility of
the system. The inerease is seen to be within 10% for the
five span system, but the increase in the axial forces in
main girder elements is seen to be significent, The pres-
tressed cables are seen to reduce the nonlinear axial-

flexural effect by about 2% in the S5-span system,

2. The mutual sharing of eccentric vertical loads
by the main girders is moderate as seen from the study of
the bridge under vertical loads applied to one of the main
girders. The forces and deformations in the uwnloaded side
lie generally between 10 to 25% of those on the loaded sida.
Other effects of eccentric loading are the horizontal bend-
ing and twisting of the deck near the centre of main span

which rust be considered in the design.

3, Under the action of lateral forces, the deck -
tends to act as a horizontal girder with cables carrying
only negligible axial forces. Axial forces and moments in
the main girder elements are significantly effected by the

ratio of the side span to centre span., The ratio of tower
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height to centre span has significant effect on twisting
and horizontal bending of the main girders and axial forces,
shears and moments in the tower and the substructure, The
ratio of cable stiffness to girder torsional stiffness
effects horizontal . bending and twisting of tower legs.

The effects of increasing the width of deck is to decrease

the horizontal bending of the deck.

4, The effect of soil-structure interaction, even
when soil is soft, is seen to be negligible on the super-
structure forces but the substructure forces are signifi-

cantly increased.

5, Most of the lower modes of free vibration are
characterised by the deflections of the deck in the verti-
cal plane, Experimentally, it does not appear possible
to induce a pure mode in the superstructure due to cable

vibrations.

6. Comparison of analytical and experimental results
is generally good which proves the adequacy of the analyses

adopted.
\ _“L LE 9 y C 'I..

9.4 SCOPE FOR FURTHER RESEARCH SOORKES

OF ROORTEN

Some points which appear to be of significance and

will need further investigation are listed below:

(a) Nonlinearity in the behaviour of cable-stayed
bridges could be caused due to axial-flexural interaction,

change in geometry due to large deflections and material
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nonlinearity beyond the yield point. The study presented
in this thesis covers the nonlinear effect of axial-flexural
interaction to some extent, The available literature also
shows little attention to these effects, This is an import~

ant aspect of the cable-stayed bridge to be studied.,

(b) Analytical procedures are also wanted, still,
to deternine the ultimate load carrying capacity of the
bridge structure under combined vertical and horizontal
loads and the mode in which such a .bridge is likely to fail,
This study is important so as to ascertain the reserve of

strength in the structure beyond the working loads,

(¢c) A methodology, taking into account the various
types of nonlinear effects is still to be developed for
finding the true state of stress in various components of
the bridge for different stages of erection, Optinization
in the initial state of stress of the bridge under the
action of dead loads and cable prestress may lead to econo~

ny in the construction of cable-stayed bridges.

(d) The study of soil-structure interaction has
been carried out by assuming elastic behaviour of soil at
the base and sides of the substructure, It is further
assuned that full area of soil at the base of the substruc-
ture develops resistance while the soil resistance at the
sides of the substructure is independent of the width of
contact. This method or .representing soil stiffness 1is

believed to give greater flexibility to the springs than
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may really be available., Information is not sufficient on
the actual behaviour of well foundations., Although the
effects due to this parameter on the superstructure are
geen to be small, the substructure stability as well as
forces are directly dependent on the soil stiffness and

resistance. Studies are called for on this aspect.
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APPENDIX A

CALCULATION OF ROTATIONAL STIFFNESS AT THE
BASE OF SUBSTRUCTURE WELLS

Cross—-sections of concrete wells, one at the end

and the other below the tower, are shown in fig. A.1, Values

of moments of inertia about principal axes are also given in

the figure,

Rotational stiffness (Kel) at the base of a well

is calculate

where

by using eq. 2.11 given below.

q°
eny H (I + 7 ) PR (2% ik

coefficient of horizontal subgrade reac-—
tion (t/ms),

depth of foundation below scour level (m),
moment of inertia at the base (active

in the direction of rotation) (=),

For the case of loose sand (ny = 130 t/mj), the

values of rotational stiffnesses calculated for sections

shown in fig.

Al are given hereunder,

End Well: t-m/rad.
Longitudinal direction 0.6076 x 10°
Transverse direction 1.195 x 108

Well below tower:
Longitudinal direction 1.9%52 x 10°
Transverse direction Ty atl® = 108
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APTPENDIX - B

REPRESENTATION OF DECK-PLATE STIFINESS BY EQUIVALENT
TRUSS MEMBER

Pigure Bl (a) shows a segment of deck plate; with
length L, width B and thickness t; between two longitudinal
stiffening girders and two cross—girders. An equivalent
truss members of length equal to the length of diagonal with
width Bl and thickness t is shown in fig. Bl (b).

Tateral deflection (d) of the actual deck plate

under a lateral force (P) is given by:

3
5 = PL > + légig% ooy CEEY
CE(tB’/12) -
where,
c = a constant depending on the condition of

rigidity due to continuity at the other end,

= 12 for & Tixed gaset;

E = modulus of elasticity of material of plate,
¢ = modulus of rigidity of material of plate,
= Og4 B,

Eq. Bl can be written in a simplified form as:

T 2
12FL° (7 4 CB_ i (EES

CE4B° AT

Elongation (e) of the equivalent truss member under

lateral force (P) is given by:
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e = LS00 (5%, 12y1/2 ... (B3)
where;
A = area of cross-section of diagonal truss member

@ = angle of the diagonal member with the lateral

force,

The corresponding movement (&') in the direction

of lateral force is given by:

' = co: 5 = _§E sec26 (B2 + L2)1/2 s’ SN
2 2
we have, sec® = EL—%~L-
B
2 2\53/2
r Al (B . e.0L")
I | - sow | BB

For equivalence of deformations © and &' in the direc-

tion of lateral force,

s ol capBan ke e gl gEaWE
CEtB 41° 5 B°
on simplification,
o o ghtEipaRse 0 aglaafie
- : ,

4L

S(B2 « 12)1/2

or A = K. 3 o e o

(B6)




_302_

GB (B2 + 1°)
5

9 CB
4L7 (1+ )
AT?

i IR

where, X

In the case of square infills, it has been experimentally
established (103) that the square infill can be replaced by
equivalent diagonal truss member of width equal to one-
third the length of diagonal and thickness equal to t.
Thus, when B = L and K = 1, for a square infill, we get

¢ = 4 (by substituting values in Eq. B7).

Assuming the value of C = 435 a constant to repre-
sent the condition of rigidity due to contimity at the
other end; the value of K for a rectangular panel sub-

jected to latcral forces is obtained from Bg. B7 asj

kK = & and,
I 1
A_ = % . -t <B 3+ L L e (B8)

Thus, for the purpose of lateral load analysis, the
continuous deck plate between the main stiffening girders
of the bridge can be replaced by equivalent truss type
diagonal braces connecting two diagonally opposite nodes of
the stiffening girders and having width equal to one-third
of the length of diagonal times the ratio of the two sides
of the rectangle and thickness equal to the thickness of

the deck plate,
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APPENDIX - C

REPRESENTATION OF DECK PLATE STIFFNESS OF 6-CABLE
SYSTEM IN EQUIVALENT 3-CABLE SYSTEM
Using suffix 1 for 6 cable system and suffix 2 for
3 cable system, area (Al) of equivalent truss member of

6~cable system is given by Eq. BB as:

e 18 92

j SR S (1 12
1 Iy 3

The stiffness (Sl) of the diagonal truss

member is given by,

A E
S £ )

e 2)1/2 i o 0D

2
(8% + IS

Tor the stiffness of the diagonal truss-member of

~ 3-cable system to be equal to that of 6-cable system,

AE A, E
-, - % 7 A W RS - I ¥
(B2 + 12 )/2
or Ay =4 . S g /%
(B + Iy )

Using eq. C1l. for calculation of value of Al,

T N g L oo« {05)

Eq. C3 can be used to calculate the stiffness of diagonal

truss member of equivalent 3-cable system,
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