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1. PURPOSES AND SCOPE

A comprehen51ve investigation of the behav1or of the Southern
Crossing Bridge is planned. The purposes of the investigation are to prdvide
an 1ndependent check of the ca]culations made by the deSigners, and to
_1nspect matters that are ordinarily not con51dered 1n de51gn ~The“
1nvestigation is necessary because of the innovations which are being '
con51dered by the DiViSion of Bay Toll Cr0551ngs (the deSigners) in "
'bridge type, de51gn .and erection sequence _ _ |
The bridge type being:conSIdered is a cable stayed'girder The

latter type. has been used in Europe and elsewhere, but as yet has not
been 1ntroduced in the United States The centra] span 1ength of the
Southern Cr0551ng Bridge is greater than that of any cabie stayed girder
constructedveisewhere The articulation.of the roadway, cables, and
_towers of the Southern Cr0551ng differs apprec1ab1y from that of any
bother bridge Further, the requ1rement'of maintaining at all times a
v 1;200 foot~navigab1e waterway. in_the main channel_of San Francisco Bay
imposes certain restrictions on‘the Erection sequence to be seiected by
. the de51gners and constructors of the bridge. Also, the conditions of
traffic w1nd, 50115, and seismic disturbances are unique to the site,
and need be taken into account in the design of the SouthernvCr0551ng
__'Bridge. ; | |

 The entire investigation is to include studies of the linear
and nonlinear behavior of the cable Stayed girder bridge subjected to
| static‘and dynamic conditions of 1oad. Aerodynamic andAseismic effects -
are to.be considered. For budgetary_reasons, this report deals only

_ with the linear and nonlinear behavior of the bridge subjected to static



loads. The structura] behavior is three dimensional a]thodgh.for :
convenience it is called the planar behavior of the bridges .This is
because the Toads considered herein are symmetrical with respect to‘the
- central longitudinal axis of the bridge. It is assUmed-that pTane right-
sect1ons of the roadway girder before loading remain p]ane and r1ght
after Toading. The ]1near d1sp1acements of the roadway girder are in a
vert1ca1 plane and the angular dlsplacements are about axes norma] to
the p]ane The effects of localized distributions of stress, ]oca11zed
buck11ng, shear lag, and other three d1mens1ona1 aspects of the roadway
girder are not included in this study. The orientations of the cables
and towers in three dimensional space, however, are taken into.account
For a11 members, the propert1es of materials are assumed to be linear;
that 1s, Hooke's Law is assumed. |

A | A br1ef description of the Southern Crossing and the’qable
stayed girder bridge is given in the report. An‘analytical mode] of the
bridge is described for determining the Tinear and.nonlinear behavior’of
the bridge. A linear theory and a nonlinear theory are presented for
determining the effects of various load conditions on the bridge. The
’ 11near theory is employed in determining influence 11nes for various
: parameters of the bridge, and in determining the maximum effects caused
by specified live loads, temperature changes, and differential movements.
The influence lines are based on the direct app1ication of'Muller-Bnes1au's
principle to structures composed of finite e]astlc e]ements The
linear theory also is employed for obtaining the effects of ten selected
cases of live load distributions. The latter d1str1but1ons are of
interest in assessing the overall safety and behavior of the bridge.

Special attention is given to the distributions of forces and moments



in the towers for various load Conditions Included are those conditions ‘
assoc1ated with a tower 1mmed1ate1y after the tower is erected, and after
- the tower is subJected to the fuTT dead Toad of the bridge

The noniinear theory is genera] and was deveToped by the
writers for other structures besides cable stayed girder bridges Among
the former group of structures are suspension bridges, pipe Tines guyed
towers, reticu]ated domes, cable nets, suspended roofs, and high -rise.
bu1]dings The theory is employed herein for determining (1) the camber
- of the girder and the dimen51ons of each unstressed segment of the
Southern Crossing Bridge, (2) . the dispTacements,kforces and m0ments at _
each section of the bridge for various stages of erection, and (3) the
.1nf1uences of possible overToads of vehicuTar traffic on the noniinear
-reSponse of the bridge The dimensions of the unstressed segments of
the bridge are required for fabrication and to determine camber The
camber is required to insure that all conditions at dead Toad, prescribed
.by the designers, are obtained after erection. The other studies of
nonTinear behavior are rieeded to determine possible modes of faiTure
during and after erection. 'The latter studies are reTated to the
selection of suitable factors of safety, and Toad faotors, in the design
of the bridge. o | |

For use in the nonlinear theory, nonTinear‘force-deformation
relations and tangent stiffnesses are presented for the kinds of members
encountered in the,ana]ytica] model. The'kinds of members are (1)
axial-flexural members which 1ie in two or three dimensional space, and
(2) cables composed of straight or catenary segments. For the axial-
flexural members, the inf]uences of eccentricities are taken into

account in both the linear and nonlinear theories.



The quantitative results reported in th1s study are obtained by
means of spec1a1 and general purpose computer programs. The programs

were deve]oped by the writers.

The text and the theory employed in determining the results for
the var1ous Toad cond1t1ons on the bridge are given in Volume 1 of this

report Quant1tat1ve results are summarized 1n Volumes 1 and 2. The
| 'F1gures of Volume 1 are restr1cted to those needed to 111ustrate the

‘text. The F1gures of Vo]ume 2 are restr1cted to summarles of resu1ts

.wh1ch perta1n to the br1dge



2. DESCRIPTION OF THE SOUTHERN CROSSING BAY BRIDGE

A deta11ed descr1pt1on of the Southern Cross1ng Bay Bridge is
g1ven in the design draw1ngs of the D1v1s1on of Bay Toll CrOSSIngs State‘
of Cal]forn1a and in Refs. 10 and 11. A br1ef descr1pt1on of the bridge _p
is g1ven here1n for convenience and for understand1ng of this report

The Southern Cross1ng will bridge the 1ower arm of San -

, Franc1sco Bay and Tink the southern pen1nsu1a of the Bay reglon to

: A]ameda Oakland and San Leandro on the eastern shore (see F1gure 2. 1)
From the southern pen1nsu1a near Hunters Point, the approach leads into
an e1ght ]ane four and one- ha]f m11e ma1n bay cr0551ng of wh1ch two
and one- ha]f miles 1s a series of h1gh level structures Near the
eastern shore the roadway splits 1nto two s1x lane approaches, _'One
approach heads north through A]ameda to join the Oakland freeway system,
and the other heads south through Bay Farm Is]and to 11nk with the
freeway system in San Leandro

About one and one-half miles east of the San Franc1sco shore-

11ne a high level structure is to cross the main shipping channe]
‘Nav1gat1on requ1rements dlctated clearances of 1200 feet hor1zonta11y

and 220 feet vert1ca11y above MHHW. The latter requ1rement ]1m1ted the
number of structura] types that could be considered by the designers

as possible choices for the main span Extensive studies were made by
the Division of Bay Toll Cross1ngs of severa] types of br1dges that are
pract1ca] for this span length. Among the types studied are the tied-
arch, suspension, cantilever truss, and cab]e;stayed girder. Based on
‘these studies and architectural considerations, a cable-stayed girder -
bridge, with the girder continuous for three spans, was selected for the

location.



The cab]e-steyed-girder bridge is the subject ot this
‘investigation. ActuaT]y, an intermediate ce]ection.made byvthe Division .
of Bay Toll Crossings of theifinal dimensions and make-up of the‘bridge
is considered in thie report. For referehce on1y, a brief description B
is giVen of.the Various changes that were made in‘desigh.during the
investigation. In the beg1nn1ng, a six-lane br1dge supported by two
end-bents and two towers of concrete was cons1dered by the des1gners
- and the wr1ters Calcu]atlons of the six-lane bridge ceased when the
Division of Bay Tol1l Crossings w1dened the bridge to e1ght 1anes with

the bents and towers remaining of concrete. The ca]cu]at1ons reported
herein are for the latter design, as agreed upon by the designers and
writers Modifications which occurred in design of the latter structure
are incorporated in the report " Subsequently, a final design was made
- by the Division in which the bridge was widened an additional ten feet
'with the accompanying towers designed of stéel.
| * The overall dimensions of the'cab]eesteyed girder bridge are

given in Figure 2.2. The roadway girder has a constant depth of 18
feet, an out-to-out width of 107 feet, and a length of 2305 feet. It is
continuous for its entire Tength and'is supported at two end-bents (or
anchorage oiers), two towers, and eight cable anchorage points along
each side of the roadway. At‘each end-bent, the girder is held down
against uplift from the cables by a pair of tie-down assemblies that
allow for temperature movément.- The tie-down assemblies are axial
members with pins at their ehds. At the east tower (Tower 2), the
girder is supported by a pair of pinned bearings, and at the west tower
(Tower 1) by a pair of rocker and buffer systems. The buffers yie]d
under slow temperature movement but act as pinned bearings under wind

and seismic loads.



- The roadway g1rder is composed of twin trapezo1da] box g1rders

wh1ch are interconnected at thelr tops by an orthotrop1c stee] deck

See F1gure 2.3 for the make- up of two typ1ca1 cross sect1ons of the

roadway girder. . The steel deck of the g1rder is st1ffened in the
1ong1tud1na1 direction by c]osed trapezo1da1 ribs, and 1n the transverse
d1rect1on by 42 inch depth beams Spaced 1ong1tud1na11y at 20 feet on

centers In the 1ong1tud1na1 d1rect1on, the webs of the trapezo1da1

‘box girders are st1ffened by plate st1ffeners and the lower f]anges are

st1ffened by trapezoidal r1bs Transverse]y both the webs and bottom y

flanges are st1ffened at 20 foot centers by cross frames that co1nc1de

- with the f]oor beams to form d1aphragms At each cable anchorage along

the roadway, the trapezoidal box g1rders are interconnected by
rectangular transverse anchorage beams. The latter beams are 18 feet
in depth and house the cable anchorageS'at their ends. The orthotrbpic

deck’serves'as_the top flange of the roadway girder, and also as the

| top flange of the transverse anchorage beams.

The stee1 deck is paved with a two-inch skid_resfstant smooth
riding wearing surface‘ A central median barrier divides the deck into
two four- lane roadways, each roadway s1op1ng transverse]y downward from
the barrier at a s]ope of 1-1/2 percent. The longitudinal profile of
the roadway 1ies along a parabola which goes throogh a specifiedIWOrk-
point and is tangent to a specified grade 1ine at each end of the
girder (see the design drawfngs), For purposes of fabricatton and
erection, the girder is segmented into 80 segments along its length,
Each segment has a constant'cross-section and constant properties along
its length. The lengths, cross-sectional areas, weights per foot,

centroidal distances from the top of the roadway, and moments of



1nert1as of the different segments a]ong the roadway are g1ven in toe
‘des1gn draw1ngs In this study, the number, lengths, and properties of
the segments are the same as those se]ectedvby the desighers. - It need-:
be meotioned.that changes in the]atterand in other properties of the
br1dge continued to occur as the de51gn proceeded The same changes in
computer 1nput data were made by the wr1ters as the 1nvest1gat1on
proceeded. |

For the h1gh1y stressed areas of the girders, the des1gners
selected structural steel of ASTM- A588 des1gnat1on for plates th1cker
than 3/4 inches and of ASTM-A441 designation for p]ates 3/4 1nch and
under. - They se]ected structura] carbon steel of ASTM-A36 des1gnat1on
.for the remainder of the structure |

The overall dimensions of the tower are given 1n F1gure 2.4
- and typ1ca] sect1on views in F1gure 2.5. Each tower is composed of two
s1ng1e cell Tegs, a top strut and an 1ntermed1ate strut to wh1ch the
roadway bear1ngs are attached. Two pairs of sadd]es, each pair symmetri-
cal about the Tongitudinal center-line of the tower, are,anchored to the
top strut. The cables pass continuously over these saddles and are
firmly clamped to the saddles, In the longitudinal elevation, the legs
are straight and taper from‘ah‘outside width of 25 feet at the base to
12.5 feet at_the top. In the transverse elevation, the towers are termed
diamond shaped. In this elevation, the two legs of,a tower splay out-
wardvfrom an out-to-out width of 79.33 feet at the base to an out-to-out
width of 150 feet at the roadway level. 'From the roadway level, the
two legs are inclined toward the cénter-]ihe of the tower to an out-to-
out width of 38 feet at the top of the tower. Each leg is composed of
two straight segments, with the segments being tapered and the thick-

nesses of the outside walls decreasing from the bottom to the top. The



Tegs are stiffened with horizontal d1aphrams and are re1nforced w1th |
1ong1tud1na1 and hor1zonta1 steel., The ]ong1tud1na1 steel is d1str1buted
‘between the 1ns1de and outside faces of the legs, w1th a greater |
.proport1on being d1str1buted to the outside faces. The se]ected shape :
of each tower was based on arch1tectura1 cons1derat1ons and the
des1gners ob3ect1ves to gather the cab]es c]ose]y together at the top
and to minimize the cost of foundat1ons -The latter objective 1s

bounded by stability requ1rements of the bridge for lateral Toads.

For the concrete of the towers the designers spec1fy a
strength of 3250 pounds per square inch at the'end of 28 days. They
specify ASTM-A15 des1gnat1on for the longitudinal reinforcing steel.

| The cables are arranged in a pattern commonly ca]]ed

"RADIATING" (see Figure 2.2). From the top of each tower, four pairs
of cables (each pair symmetrical about the longitudinal center-line of
the bridge) radiate to the respective anchorages at the sides of the
roadway. As described elsewhere, the cables pass eontinuously over the
saddles at'the'top of a tower and are firmly clamped to the saddles.
At a girder anchorage, the strands of a-cable splay out from a Spley
saddie and pass through bushings arranged in a hexagona1‘pattern on a‘
splay frame (See the design drawings). The.sp]ay trame forms the
entrance to the cable anchorage housing at the end of the anchorage
beam. The strands terminate at the cabTe anchorege frame in tensile
type sockets. |

| Each cable consists of 19 structural strands of ASTM-A586
steel with Class "A" galvanized coatings on the interior wires and Class
"C" coatings on the exterior wires. The strands are prestressed to

produce a minimum modulus of elasticity of 22,000,000 psi. The long
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cables (see Figure 2.2) are made up of 3-1/8 inch diameter strands and
the short cab]és are made up of 2-1/4 inch diameter strands, A éummary

of the cab]e_properties is giveh»in Table 2.1.



"TABLE 2.1 : PROPERTIES OF CABLES

Mmoo

- CABLES AREA YOUNG'S |  WEIGHT =
’ ' MODULUS, E (With Wrapping)
(FT. 2 | uo”kips/FT?) | (kipssFT)
A,D,E,H h | : | ' - ) : .
(LONG) 1065400 ‘0.3I680_ e 0.34510
B,_C‘,‘ F, G - » . K " R . ®
(SHORT) 040100 - | . 0-33!_20" | Q.z|_4|-ol
s
|
|

 CABLE SECTION
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‘3._ THE ANALYTICAL MODEL OF THE CABLE STAYED GIRDER BRIDGE

The analytical mode1 employed {n this investigation fs’briefly
deScribed It is represented 1n F1gures 3 1 and 3. 2 The mode] is
three d1mens1ona1 and symmetrical about a vert1ca1 plane The
]ong1tud1na1 center- 11ne of the roadway lies in this p]ane The model
is composed of 271 members and 264 nodal points. Each member is
1dent1f1ed by a number (see F1gure 3. 1) and 11es between 1dent1fy1ng
node-points I and J A]so each node po1nt is 1dent1f1ed by a number
~(see Figure 3.2).

The- box g1rders of the br1dge are represented by twin
1ong1tud1na1 g1rders wh1ch in plan and e]evat10n exactly fo]]ow the
1ong1tud1na1 centro1da1 axes of the box -girders. Each girder of the
model is composed of the same number_of members as in the prototype, and
each}member of the model has the same properties as the corresponding |
member of the prototype. Eccentricities of the longitudinal centroidal
‘axis along the girder, whieh occur because of the differences of the
properties of the members, are taken into account. They are taken into

'account as follows: 1In F1gure 3.3, three consecutive members are shown,
each member hav1ng d1fferent propert1es from the others. The fo]]ow1ng
assumptions are made concern1ng the prototype: (1) for full dead load,
the profi]e of the roadway lies e1ong a parabola as defined by the
designers. (2) for fu]] dead load, a transverse section common to any
two adjacent members 1s norma1 to a Tine which is tangent to the
parabo11c curve at the sect1on (3) p]ane cross-sections before loading
remain plane after loading. To meet these assumptions for the model, a

rigid arm is introduced at each cross-section which is common to the
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deformable members 1y1ng to each side of the section (see Figure 3.3).
The rigid arm connects the ends of the deformable members and its |
length is equal to the distance between the centroidal axes of the two
membefs. A node point is introduced for reference at the mid-point of
the rigid arm. Consequently, eaCh_member‘of the actual girder.is
représented in the,mode] by a-deformab]e segmeht and two rigid arms. -
The arms are attached to ends I and J'bf.fhe_deformab1e member and
extend‘to the respective‘node points. (If desired, this expedient can
be explained in terms of master and's]ave nodés; although not necessary
nor iﬁnovative except in.termino]ogy). It is.noted}that the behavior of
the mode] meets thé assumptiohs 1isted above. Also, the pre&eding o
defines the'coordinates of the hdde pbints,’the orientafions df_the
sections at the endsvof each member, and the properties of the
deformable members with reSpect to their principaTIaxes. The latter
‘observatidns'are impdrtant fn determining camber and in the non-linear
theory developed by the writers.

In Figure 3.1, members transverse to the longitudinal axis of
the bridge are used to intercdnnégt the longitudinal girders atkthe node-
points of the girders. At the anchorage beams, the transverse members
extend t0~the wbrk-points of the ;ab]e ahchorages; In this,Way, the
eccentricities of the cable anchorages are takeh into account. In this
study, the properties of the tranSverse beams and of the girder are
defined to be;consistént with the assumption that the plane cross-
sections across the width of the roadway remain b1ane. The transverse
beams, however, are useful for obtaining an estimate df the possib]e_
influences of the three-dimensional behavior of the deck. The latter

has been partially pursued by the writers but the results are not
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' reported herein. Suffice it to state that the results show that the
three dimensional behavior of the deck has little 1nf1uence on the
magnitudes of the total forces and moments act1ng on the d1fferent
sect1ons of the roadway The localized distributions of these tota]s
across the width and through the depth of the roadway, are fit subJects
for further Study. _

Each long cab]e of the model is divided into six axial members
between cable anchorage and cable sadd]e and each short cab]e into four;
~In the 11near ana]ys1s each cab]e is assumed to be straight. For the |
_ effects of dead lToad and in the nonlinear stud1es conducted here1n each
cable is cons1dered to be a catenary support1ng its own dead we1ght
For dynam1c stud1es the node points along the cables will serve as _
"p]aces for concentratlng the masses of the cable segments.

Each tower of the model, see F1gures 3.4 and 3.5, is divided
into 28 membersvwh1ch Tie between 29 node points. The members of the
model Tie along the centroidal axes of the prototype. Their properties
are obta1ned as fo]]ows The properties of the members in the prototype.
f1rst1y, are calculated at each node point shown in the model.
Propert1es assoc1ated w1th ax1a1 and f1exura1 effects are based on the
| theory of uncracked sect1ons w1th the longitudinal steel transformed to
an equ1va1ent amount of concrete. The tors1ona] res1stance of each
section is calculated by approximating each section by an elliptical
tube having about the same lateral dimensions as the actual section.
The longitudinal steel on each face of the section is transformed to an
equivalent thin-walled tube of concrete and its torsional resistance
‘added to that of the actual concrete. The area resisting a shear is

obtained by considering 5/6 of the areas of the walls of the
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cross-section which are ih the difectibn of the shear. In the model,
eachvmembér between adjacent node points is of constant cross-section
and has properties which are the averages:of‘thpse éa]cu]ated'at the
COrresponding'node;points of the protofype. Becau$e of thé changes :
occurring in design,.thé calculations for‘the.diménsjéns,-coofdinates,
-éhd properties of the towek are made by means of a subroutine, Cé]]éd.
CONTOW. _A‘similar subroutine,‘calledbMETTOW, is’défined_for steel or
other metal towers. -

Other members are inc}uded invthe model to represent'the'cable '
.saddles,vbearings, end-anchorages, and reaction.devices (see Figures 3.1
and 3.2). |

' v ThéApropertiés and dimensions of the ahé]ytiba] model are summarized
ianable 2.1A (see Appendix). These prbpertiés and dimensions Were
emp1oygd in the initia]-phases.of the stddy. Because of the Chénges
which QCCUrked in design, other pfoperties were employed in thé ]ater

phases of the study. The latter properties are not given herein.
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Top of Roadway —

~Transverse Sections

~ THREE CONSECUTIVE MEMBERS ALONG THE GIRDER

FIG, 3.3
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NODE POINT NUMBERS MEMBER NUMBERS

NODE POINT AND MEMBER DESIGNATIONS FOR TOWER |

FIG. 3.4
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NODE POINT NUMBERS MEMBER NUMBERS

NODE POINT AND MEMBER DESIGNATIONS FOR TOWER 2

FIG. 3.5
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4. LINEAR AND NONLINEAR THEORIES OF STRUCTURAL BEHAVIOR

Two k1nds.of analytical procedures are used in th1s study
One kind is based on the classical theory of linear e]ast1c structures
(7, 9) in wh1ch the displacements are con51dered sma]], and the
contributions of the member forces to,the balance of the externa],]oads
are stated in terms of the initial geometry of the structure. The other
k1nd is based on a nonllnear theory of structures (1 3, 7, 8 9, 12) in
which (1) the strain- d1sp1acement re]at1ons of members are non- -Tinear,
and (2) the equat1ons of joint equilibrium are wr1tten in terms of the

final geometries of the structures

4.1 The Linear (or classical) Theory

In the linear (or classical) theory, the relations between the

externa] loads P and the joint d1sp1acements U are given in matrix form

by
L | (4.1)

in whichb KE is the stiffnéssvmatrix of the'structure The stiffness
matri* K is formed by assemb11ng the contributions of each member
which lies between joints I and J to the ba]ance of the externa] 1oads
at joints I and J. Eq. 4.1 is an equat1on of equ111br1um, stated in
matrix form, and is referred to a global set of axes. For the bridge,
a right-handed rectanguiar system of axes (X, Y, Z) is selected for the
- global system as shown in Figs. 3.1 and 3.2. The coordfnates of node-

points and the direction cosines of members are referred to the global

* B
Numbers in parantheses refer to References.
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system of axes. Externa] force and finear disp]acement components are
positive in the d1rect1ons of the axes, and at each node are identified
by subscr1pts 1, 2 and 3. External moments and angu1ar d1sp1acement
components are pos1t1ve about the axes, us1ng a r1ght handed Ju]e of
sig At each node, the moments ‘and angular d1sp1acement components
are 1dent1f1ed by subscr1pts 4, 5, and 6.

For a member loaded only at its ends the force-deformation

vre]at1onsh1ps are g1ven in matrix form by
p} = [K] {w} | |2

in which {p} is a column vector of the force components at the ends,
{u} 1ds a co]umn vector of the d1sp]acement components, and {k] is the
st1ffness matrix of the member For the full array of force components |
at both ends of a member Eq 4.2 1nc]udes the requ1rements of
equ1]1br1um o |

- In the classical theory, the re]at1onsh1p between {p} and
{u} is 11near and 1s in terms of the 1n1t1a1 geometry of the member
Hooke's Law is assumed and strains are considered small. For the br1dge,
s three types of stra1ght pr1smat1c members are used although on]y one
type is required. The three are used for the efficiency of the
"computer program deve]oped by the wr1ters They are (1) axial members
‘as for the end- anchorages and the stra1ght segments of the cables, (2)
ax1a1—f1exura] members which lie in a plane as for the members of the
roadway girder, and (3) axial-flexural members which 1lie in space as
for the members of the towers. For each of these members, the
direCtions and designations of the forces and deformations at the ends

are referred to a set of local axes. For example, the set for type (3)
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-is a right-handed rectangu]ar set (X Y, z) with the X~ axis coinciding
with the 1ong1tud1na1 ax1s of the member the y. and z axes c01nc1d1ng
with the principal axes of the sectlons and the or1g1n of the set at
end I of the member See F1g 4.1 for the des1gnat1ons and s1gns of
the force and d1sp]acement components at ends I and J of each of
the three types of members. | |

- In form1ng the structura] stiffness matr1x KE of Eq 4.1,
the st1ffness matr1x of- each member f1rst1y is transformed from the 1oca1
to the q]oba] set of axes Th1s transformat1on is assoc1ated w1th a
rotat1on matrix. Because of the eccentr1c1t1es of ‘the centro1da] axes
of the members a]ong the roadway g1rder an adJustment is made in the
- force- deformat1on re]at1onsh1ps of type (2) and type (3) members For
these members the g]obal force and d1sp1acement components at the ends
of each deformab]e segment are transformed to global axes at the ends
of the r1g1d arms. Eq. 4 2 then becomes |

_{p}g = [kjg {u}g | - (4.3)

in which the subscr1pt g des1gnates the g]oba] set of axes at ‘the node
po1nts of the eccentr1c members The structural stiffness matrix KE
is formed by assembling the e]ements}of each [k]g in the proper rows
-and columns of K . |
| For use in the stud1es of the linear behavior of the br1dge,
' a genera] computer program is emp]oyed The program is called GENLIN
and 1incorporates the types of members used in the bridge. For a given

case of load or thermal effect on a StructUre, eq 4.1 is solved for U,
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and the interna]'forces and moments, p, at the ends of the members are
obtained by means of Eq. 4.2. Mu]tip]e cases of ]oadings can be solved

in a 'single computer run.

4.2 The Nonlinear Thedny

The nonlinear theory (1, 7) employed by the writers is based
on fhe direcf stiffness method. The theory.is stated in terms of an
estimate plus a correction to.aCCOUnt‘for the nonlinear effects of
changes in the geometry of a'given stnuctune | In this study, the concept
of a tangent st1ffness matr1x is emp]oyed in obta1n1ng the est1mate
Then, the stlffness matr1x and the forces and displacements are
success1ve1y adjusted to obtain a set of results compatible with the
final dimensions of ‘the structure. A solution technique, based on the
Newton-—Raphson method, is used. It is not based on the'incremental
step technique for problems of~1arge disp1acements as presented-else-
where (12). It is based on a one step technique for large increments
of load. In those cases when an increment is too large the increment
is subdivided. . |

In the nonlinear theory of structures, when disp]acements are
1arge,_Eq. 4.1 is no longer valid because: (1) The strain-disp]acement
relations of members are:nonlinear. Consequent1y, KE' is not
applicable; and (2) the equations of joint equilibrium are written in
terms of the final geometries of the structures.

Consider two deformed‘states, 1 and 2, ofva structure. If
the changes between the two deformed states are considered, an
incremental equat1on of Jo1nt equ111br1um can be written in matr1x form

as fo]]ows
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P U (4.4)

12.= K2 Ypp

in ‘which P]2 = a column vector of the change in loads from state 1 to
state 2, and- U]2 = a column vector of the increment of d1sp1acements

The matrix K]2 is a function of U]2

K (4.5)

12 = K ()

and of statesl undefstood It can be 1nterpreted as a secant st1ffness
for the given 1ncrement of load P]2 ”
So]ut1ons to Eq 4.4 can be obta1ned by means of various
techniques. The techn1que used in this study is that in which the final
so]Ution.forvthe response of a si?ucture is obtained by means df
successive estimates and Cofreétions; For this purpose, Eq; 4;4'15
rewriften'ast |

po= 'Pest * Pcor - [Kest.+ Kcor]’ [Uest * Ucor] ’ (4.6)

~in which the subscripts 12 are suppressed. Particular use is made herein
of a.fangent stiffness matrik or of a 1ineérized version of the nonlinear
stiffness matrix for obtaining such estimates. For this pﬁrpbse,

Eq. 4.6 is rewrittenfas:' | |

(4.7)

Po= Dk + Ky d [y + T

in which K = ‘a constant matrix and Ky, = @ nonlinear function of

the displacements U]2. Both matrixes, KL and KNL’ are assembled



3

in exact]y the same way as KE of the classical theory of linear e]astic |
structures. For this purpose, the contr1but1ons of each member of a
Structure to KL and KNL are requ1red | |

In the nonlinear studies of the bridge, four types of members
are used although only two are needed. The four are used to obtain the
max1mum efficiency of a genera] computer program for the non11near
effects of elastic structures The four types are (1) axial members as
for. the end- anchorages (2) axial- f]exura] members which 11e in a plane
as for the members of the roadway g1rder, (3) axial-flexural members
which lie in space as for the members of the towers, and (4) cables
3 Which are shaped in the form of catenaries. See Fig. 4.1 for the
designatidnsiend signs of the Tocal force and-displacement components
at ends I and J of the first»three types of members,‘and Fig. 4.2 of
cable members in the shapes of catenaries. |

In Ref. 1, five techniques are given for solving the non-

linear equation,
P = KU (4.8)

for the displacement vector U when the loads P are known.. One of
these, the.tangent stiffness.technique, is used for'the bridge. It is'
illustrated by a schematic diagram (see Fig. 4.3) which shows a non—
linear relation between the loads P and the displacement U of a
given structure. The diagram is abstract because P and U are
N-dimensional vectors for a structure With Ngdegrees of freedom. In the

iterative scheme, an estimate, U is constantly sought for the

est’
displacement vector U. The tangent stiffness matrix KT is used to
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obtain the estimate for U during each cycle of iteration. The

iterative scheme is as follows:

(i-1) _ J(-1) () . . . T

Pr = K; | u]‘2 i=1,2,3... (4.9)
in which P£1) = the remaining load vector after i cycles of iteration,
'and K(i)'= the tangent stiffness matrix formed by using the'joint

coordlnates and member forces at the end of i eycles of iteration.
For the case when i= 1, P éo) = P]2 | A |
Inspect the sequence of ca]cu]ations indicated by Eq. 4.9.
Assume that at the end of (i-1) cye]es of iterafion,_ Péi;]), K%i']),
and.the joint coordinates bf a structuhe ahe known. Now solve Eq. 4.9
for U§;) Then determine the new coordinates of the JO]"tS and the
deformations, (1), at the ends of the members. Assum1ng.that the
force-deformation re]atibns, k(i), for each member are known, solve

o) 2 (D) () B (4.10)

for p(1). In this study, the force-deformation relations are obtained

for each of the four types of members. The latter relations are non-
()

Tinear; that is, , 1s a function of u(1). For each type of

‘member, k(1) is composed of two parts;

(1) - ke + ké"_) (4.11)

in which kE is the ordinary elastic stiffness matrix of the member,
and ké1) (called the geometric stiffness) is a function of u(1).

Knowing ’p(1) for each member, transform it to global coordinates at
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the respect1ve nodes and by means of statics determine the externa] loads,
PéQ), which are in balance with the 1nterna1 forces Ca]cu]ate the
remaining Toad vector P(1) from
‘Pr(z”é P - P(a) C(4.12)

Now form the tangent stiffness matrix K%i) using the current values of
the geometry and member forces. Continue theviteratioh and stop when the
remaiﬁing:]oad'vecfdr, 'Pgi), either yanishes'or is within a specified
tolerance. | |

Note that in the solution tééhnique just}deécribed two sets of
relations (k and KT) are’required for each of the four fypes of members
used in this study. One set consists'of the fdrce-deformation‘kélations
which exist between a Streésed_stéte and the unstressed state of the
member{ The other set consists of the re}ations which exist between the
Tocal stiffness of a member and the tangent stiffness of the structure
for a given state of stfesé. In this report, the forceQdéformation
relations for each of the four types of members are givén. The

procedure for Obtaihing the tangent stiffhess is described.

4.2a Force-Deformation Relations

Summaries are inén in Figs. 4.4 to 4.6 of the force-deformat1on
re]at1ons for axial and axial-flexural members. The re]at1ons for cable
members in the shapes of catenar1es are given in Chapter 5. In each of
the preceding Figures, the re1at10ns are for reference forces and

deformations at the ends of thé member; that is, [k]r of

r

(Pl = [k, {u}, (4.13)
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is given in each Figure for the respective member. For example: = In
Fig. 4.5, vectors {p}r and {u} = are for a two dimensional axial-

- flexural member and are given by

{p}r =(r3] {u}r = [us | (4.14)
Ps Ug
Pg) Uy

in which the subscripts 3, 6, and 4 designate the reference
components of force and deformation.' Thé reference stiffness, [k]r’ ,'

is given by

[kl =V ka3 k3e kg - (4.19)
6,3 k6,6 Kg,4
ka3 kg kg

The.comp]ete sét of forces and deformations at both ends of the.membér
is obtained by means of a matrix transformation,

In Ref. 2, several consistent formulations are given of the
fqrcefdeformation relations for members of two dimensional framed
’structukgs. The relations are obtained as follows: .Assume a linear

variation of displacement & along the member,

£ = ax (4.16)

and a third-degree polynomial for displacement n along the member

- 2 3
o= Xt ocxt o+ C3X (4.17)
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| From the bbundary conditions at ends I and J, determine the

coefficients a, Cys Cys and C3. _Form the strain energy of the'member,

\ X (8.18)
in which
L | |
U= 5 f e dx | (4.19)
0 : :
and
U = 521- f sg dx  (4.20)

Terms .. Ua and Ub respectively are the strain energy associated with
axial and flexural deformations. The influences of shear deformations
- are neglected. The potential energy, Ep, for the'member is given by

E = U - P§ (4.21)

in which
P§ = Pgu3 + Pglg + Paly | (4.22)

From a well known principle, a minimum of Ep by variation of the
parameters Uz Ugs and Uy éorfesponds to stab}e equi]ibrium. Then,
differentiate Ep with respect to Uss u', and Ugs and set the
resulting equations to zero. Solve the latter equations for {p}r in
terms of {u}r and obfain the resulting équation for [k]r as given

in Fig. 4.5,
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For this study,‘fhé'fbfte;defermétion reiatibns given in'v
Fig. 4.6 for three dimensional axial-flexural members are obta1ned in
almost exactly the same way as those for two dimensional members

Assume (1) a linear variation of displacement £ along the member,
£ = ax | (4.23)

(2) a Tinear variation of the,rotationa} displacements B, along the
member, |

By = bx o (a.28)

(3) a third-degree polynomial for disp]aeements n along the member,

L2 0.3 | | |
noFogX o+ oext o+ Cax™ (4.25)
and (4) a third- degree polynomial for d1sp1acements 4 along the

member

= d]x + d x2 + d'x3

2 3 (4.26)

From fhe boundary conditions.at endé I and 4, determine the coefficients
a, b, ¢, and d of Eqs. 4.23 to 4.26.  Form the strain energy of the

member,

Uu = U. + U, + U (4.27)

bx T Uby

in which
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L
_ AE 2 o C
Ua = 5 f €a dx ; (4,28)
; A ‘
_ . L . _
o = F | e o . (4.29)
0
. L -
: = EX 2 )
Uby 5 f €by dx | | : (4.30)
. o
and | L
_ Elz 2 '
sz = —2- f Ebz dx . : (4.3])
. 0

Terms: Ua? Ut’ Uby’ and sz respectively are the strain energies
associated with axial, torsional, and flexural deformations. Again, the
influences of shear deformations are neglected. It need be mehtiOned
that thevexpre551ons for the strains €3 Eix? Eby’ and €b7 in |
Eqs. 4.27 to 4.31 are associated with the deflected shape of the deformed
member in three dimensional space and not with the deflected shape
projected separately into the xy and the xz planes.

The potentiaT energy, E ~ for the three dimensional member

p’
is given by Eq. 4.21 in which

PE = pglg *+ pglg * Pyt opygUyg P+ ppouy,  (4.32)

Then, differentiate Ep with respect to the parameters u, and set
the resulting equations to zero. Solve the latter equations for {p}r
in terms of '{u}r and obtain the resulting equations for [k]r as

given in Fig. 4.6. As a check on this expression, [k]r of Fig. 4.6
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can be degenerated into two expressions of [k]r‘ each similar to that
given in Fig..4.5. Each of the latter expréssions is assoCiated'with

a two dimensional member 1yihg in a plane.

4{2b'vTahgent Stiffness

| In Ref. 1, the tangent stiffness of a structure composed only |
of axial members is obtoined on the basis of physical considerations. '
The contribution of an‘axialjmember to the total tangent stiffness of
such'o structure is given ih Fig. 4.4. | |

For the bridge composed of the four types of members; the
tangeht stiffness, KT’ is obtained by means of the oa1cu1us of
variatiohs. In the calculos, avchange in P _from one Staté to another
is related to a change 1in U, and in the functions of U, as U is
pérmitted fo approach zero in the_jimit. bThe latter statement is the
classical definition of a tangent plane to an N-dimensional surface,

| Thebcontribution of each member to the tangent stiffnesé, KT’
of the structure is exo]ained as foT]ows: fhe force deformation.
relations of a member, when stated in terms of local coordinates, are
given by |
p = ku ' (4.33)
The change of p as u is varied is given by
P

d = kdu + dku (4.34)

in which k 1is a function of u, and dk is a function of u and du.

Consequently, Eq. 4.34 can be written in the form of
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dp = k, du ; . : (4.35)

in which kt lis the tangent stiffness of the member, stated in terms of
Tocal coordinates.

Howéver, the cohtribution of each member to the tangent
stiffness, KT,” of the structure is required in global coordinates.
Then, transform thé forcés p of Eq. 4.33 to global coordinates and
obtain

Py = Tp = Tku. _ - (4.36)

in which T s the transformation matrix. The change 1in pg as U is

varied is given by

dpg' = dTku + Tkdu + Tdku (4.37)
which is rewritten as
dpy = dT ku + T (k du + dk u) (4,38)

Because dT s a function of dU, the first term on the right side of

Eq. 4.38 can be wkitten as
dTku = AdU (4.39)

From Eqgs. 4.34 and 4.35, the rehaining termskoh thé right side of Eq;

4,38 can be written as

T [kdu + dku] = T kt du (4.40)
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But note
du = T*dU | (4.41)

in which T* is'the‘transpose of T. Cohsequently; Eq. 4.38 is

" rewritten as

dpg = [A + Tk T™ldu o _. (4.42)
or - |
dp, = kpdu . | (4;43)'
in which
.kT = [A+ T Kk, T | (4.44)

In Eqs. 4.43 and 4.4, k; 1is referred to global coordinates and is the
desired contribution of each member to the téngent stiffness, KT’ of

the structure. Thé contribution édnsiSts df‘two parts: Term T kt T¥

is the conventional transformation of a stiffness matrix in local
coordinates to a stiffness matrix in g]obal'coordinates. Term A is the
contribution to kT due to the change in the direction cosfnes of the
"membef. |

Then, thé tangent stiffness, K of the structure is

T’
assembled in exact]y.the same way as KE of the classical theoky of
linear elastic structures.

Based on the preceding, a general computer program called

NONLIN is employed for studying the nonlinear behavior of the bridge.
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FORCE AND DISPLACEMENT COMPONENTS
OF AXIAL - FLEXURAL MEMBERS

FIG. 4.1
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Local Displacements

FORCE AND DISPLACEMENT COMPONENTS OF CATENARIES
' FIG. 4.2 |
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® Shift to deformed geometry associated with this point and
use the remaining load vector as the applied load vector.

_ SCHEMATIC DIAGRAM FOR TANGENT STIFFNESS TECHNIQUE
| D 5 CFIE 43 |
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Force -Deformation Relations: .

in which

bl

L=

FORCE - DEFORMATION RELATIONS FOR AXIAL MEMBERS
A S - FIG. 4.4‘- o R |
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5. 'CONDITIONS AT DEAD LOAD AND CAMBER

A structure is said to be cambered when so constructed that it
assumes a desired theoretical form for a defined condition of load. For
the Southern Crossing Bridge; the‘requirements of camber are intimate]y
“related to Severa] matters. They are related to the desined shape of
the structnre at full dead load, and also to the safety and response of
the structure for subsequent conditions of 1oadf’_They_are exceeding1y
important to observe and obtain during fabricatipn of each element of
the bridge, and during the erection sequence being_proposed. if the
requirements of camber are not closely obtained duning fabnication and
erection, the resu]tingvbridge at full dead load can have severe
residual stresses not taken'inte accdunt in the'ana]ysts and in design. -
-~ Such residuals can affect expected standards of maintenance, the
stability, reserve strength,'and response of the bridge for subsequent
conditions of load; namely live load, wind load, temperature changes,
subsidences, and seismic movements. Consequently, an accurate
determination of camber is required for each'element of the bridge.

The desired conditions at dead load serve as the bases for
determining the unstressed dimensions of each element. The unstressed
dimensions are required for fabrication, and for the analysis of the
different load cases of the bridge. The Division of Bay Toll Crossings,
the»designers, supplied the deSifed conditions at dead load. The
desired conditions were stated as follows: (A) The profite of the road-
Way lies along a panabo]a, with the coordinates and slopes at the end-
points as specified. (B) The coordinates of work-points, make-up of

members and details, dimensions and properties of sections (including
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their eccentricities) and the d1str1but1ons of dead load a]ong the girder
are in accordance with the des1gn drawings. (C) In add1t1on, the X, Y,
Z,-components of the cab]e forces at the roadway 1eve1, the reactions at
the end bents, and the d1sp1acements at the tops of the towers are as
shown in F1g 5.1.

~ Based on this information, a statical check was made of the
distributions of Toads a]ong the girder considered by the writers and
by the D1v1s1on of Bay Toll Cross1ngs Compar1sons are g1ven in Fig.
5.2 of (1) the rections at the tower bearings, and (2) the moments at
se1ected‘sections of the roadway girdef és calculated by each group.
Accepting the very s}ight differences in the results obtained by each
group, the writers proceeded with the sdbsequent studies of thevbridge

subjected to full dead load.

5.1 Roadway Girder

The distribution of moments, axial forces; and shear a]ong-the
girder are as shown in Fig. 5.1 (II)*.“ These are calculated by meahs of
the general computer program (GENLIN) for linear elastic structures It
is observed that with the preceding information supp11ed by the des1gners,
the internal forces and moments along the girder are a direct consequence
of statics. .Thebcalcu1atiohs of stetics dre in éccordance with the
geometry of the girder at full dead 1oad. Ih brief; for the given
conditions at full dead load the roadway girder is statically determinate.

Tb obtaih the dimensidns of each member in its unstressed state,

the nonlinear stiffness matrix developed for 2D axial-flexural members

* .
~The Roman numeral II designates that the Figure is given in Volume II.
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(see Fig. 4.5) is employed. The stiffness matrix relates the forces

with the deformations at the ends of each member as follows:
Py = [kl {u} R (5.1)

For each member, the values of {b} and the stressed 1eng£h at full
‘dead Toad are known. A subroutine cé]]ed.RELAX is employed to‘501Ve

Eq. S.T for the deformations, {u}. Because [k] is a function of |
{u}, the equation is solved by iteration. From the values of {u} and
the dimensions of the member at full dead ]oad, the unstresséd length
and the cutting angles at thébends‘of'the member are determined. This

- information is required for fabrication and is summarized in Table 5.1.

5.Ta Camber of the Roadway'Gikder

- The camber of the gikdgr is obtained thrdugh elementary
considerations of geometry. Because fhe distanées, Yo of the
centroidal axes of the members measured from the top of the koadway
vary along the girder, we describe oh]y the determination of the top
surface of the gifder. The girder is weightless and unstressed. See
Fig. 5.3 for the geometry of two adjacent members of the unstressed
girder, and Fig. 5.4 for the po]ygon (shown as a curve in the Figure)
which represents the top surface of the girder. It is required to
obtain the x, y—éoordinates'and the'ang]e-break,\ ¢, at eéch node point,
with reference to selected axes. The selected x-axis is parallel to
the horizontal axis which goes through both béarings of the roadway,
and the origin of the selected x, y.axes is at the hinged bearing. The‘
ca]cu]ations for the required coordinates and ahg]e-breaks are as

follows:
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(1) For each member, calculate the unstressed Tength at the

top of the member. (See Fig. 5.5)

(2) At each station N, calculate the angle break wN’.

between the adjacent members. (See Fig. 5.3)

(3) Guess at the x, y coord1nates of node point 1, and at
the s]ope of the first member at the left end of the girder. (See Fig.
5.4). Then sequent1a11y calculate from left to right the x, y
coordinates of each node pbint, and thevs1opé of each segment of the
po]ygon; | |

The unstressed segments of the girder in step (3) are p]aced
end to end with the trénsverse section at end j of a ségment. m in
contact with the transverse seCfion at end i of segment n. (See Fig.
5.3). Note that the calculations in th1s step are conducted in exactly
the same way as those conducted in surveying when a po]ygon_with given
angles between segments of given Tengths is traversed. Also note that

the shape of the unstressed girder is independent df the set of

coordinate axes selected in step (3).  The selected axes merely serve

for reference.

(4) In step (4), select a set of references axes for the
camber diagram which is more convenient than that arbitrarily selected
in step (3). Select the horizontal 11ne which goes through the roller
bearing at A and the p1nned bear1ng at B. Also, select point B of
the unstressed girder (i.e. the camber d1agram) to coincide with point
B of the girder subjected to dead load. (See Fig. 5.4) Now transform
the coordinates of the camber diagram in step (3) to the coordinate axes
of step (4). The latter transformation éqnsists of a coordinate

translation in the X, Y-plane and a coordinate rotation about the Z-axis.
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Essentia]]y,'the camber diagram in step'(3) is translated ahd rotated as
a rigid body in the X, Y-plane; until points B of the stressed and the
unstressed girders_coincidé, and points A of both girders are on a
horizontal line. | |

The camber diagrams for the roadway girder are givén in Fig.
5.2 (1I1). Included is a diagram called thevX-camber The diagram shows
the difference between the X-coordinates of correspondlng node points of |
the unstressed and the stressed girder. The diagrams in Fig. 5.2 (II)
are obtained by méahs of a'subroutihe called CAMBER. It is emphasized
that the subroutine is based on considerations of nonlinear force-
deformat1on re]at1ons for each member, and on the geometry of 1arge
dlsp1accments, that is, the calculations ‘are in accordance with a non-
linear theory. bBoth éXia] and f]exuraT deformations and eccentricities

" of the centroidal axes of the girder are taken into account.

An independent check of the camber diagram was made by means
of the computer program called NONLIN. The unstressed girder was loaded
with the externa} dead load forces and reactions as specified byrthe
designers. The shape of the.stréssed girder at full dead load was
calculated to be the same as that specified by the designers, and the
distributions of the interné] forces and moments along fhelstressed
girder were the same as chose given in Fig. 5.1 (II). They were the
same within acceptab]e tolerances of round-off errcr. The differences
between the given and the calculated values were at most in the sixth

bit of a ten-bit output.

ff ' ' - A further check was made by means of the program called
CAMBER, 1in which the camber diagram was calculated for the case of the
~member forces of the girder equal to zero. The camber diagram then

coincided with the profile of the girder as specified by the designers.
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5.1b _Agproximations of Camber

Anbther set of camber diagrams is given in Fig. 5.2 (II) The
diagrams are approx1mat1ons of the true camber d1agrams given in the |
same Figure. They are exact, however, if the assumptions of the
c1ass1ca] linear theory in regard to ca]cu1at1ons of geometry are
'accepted The approximate diagrams of Flg 5.2 (II) are obtained as
follows: | |

Analyze the girder by means of the c]ass1ca] linear theory.

The girder 1s lToaded with the externa] set of dead 1oads, cable forces,
and anchorage p1er react1ons as specified by the designers. It is
supported on a hinged bearfng at B and a roller bearing at A. The
shape of the roadway prbfi]e and the makeup of the members are the same
as those shown in the design.drawings. In the analysis, form KE and

solve
eV | (5.2)
for U. .Then determine u ffom U, and p from

p = kg u ‘ ‘ (5.3)

Now review the assumpt1ons of the 11near theory and observe
the fo]]ow1ng (1) The internal forces and moments a]ong the girder
(see Fig. 5.1 (II) are statlca]ly determlnate for the given conditions.
of load. The equations of statics are in accordance with the dimensions
of the girder at full dead Toad. (2) The magnitudes of the deformations
u are 1inear1y_re]ated to p and are based on Hooke's Law (see Eq. 5.3).
(3) The calculations of the node point displacements are based on the

following assumptions of gebmetry: The deformations, rotations,
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and disp]acements'are small, and the usual definition of a sma11 angle-
change is accepted. 1In the ana]ySIS, the contributions of a deformat1on
{u} at a point i to displacements {U} at a po1nt J are given in

global form by

U

~—
=

><4 :
n

1 0 o (Y. X
0 1 (xj - X.) _uY uY (5.4)
0 0 1 uZ ‘UZ

The'positions and directions of the member deformations arefassumed to
be in accordance with the given profi]e-bflthe roadway at full dead 1oadr

Based on the preceding assumptibns, dispTacement diagrams of
the girder‘are giyeh in Fig. 5.3 (II). | |

A common ekpedienf in obtaihing the coerdinates of a camber.
diagram df a girder-is. to deddct the calculated displacements caused by
dead Toad from the coordinates of the girder at condithns of dead Tload.
The approximate camber diagrams given in Fig. 5.2’(II)eare-ca1cu1ated'
in this way. _

A compar1son of the approx1mate and the true camber diagram
shown in Fig. 5 2 (I1) yields the fo]]ow1ng. The approximate Y-diagram
differs but Tittle from the true. The difference between the two
Y-diagrams is 0.004 ff.»at the_center of.the bridge and 0.009 ft. at each
end bent. More fmpbrtant differences_exist between the approximate and
the true X—diagrahs, They are of sufficient importance to require an
accurate determination of camber for the final design of the girder. The
wr1ters prefer to obta1n the camber requ1rements of the roadway girder

by re]ax1ng each member of the girder of 1ts dead ]oad stress and then
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simply conducting a traverse of the unstressed girder; or else, to obtain
the camber requirements by unloading the girder of its dead load forces
and conducting an analysis based on the nonlinear theory of elastic

structures.

5.2 Cables

The shape of each cable under its own weight is a catenary,
assuming that flexural deformationé are neglected. 'In Fig. 5;6, a
catenary is shown whichfIies in a local x, y-p1ahe. The ofigin of the
x,'y—éxes is af end i of the cable, and‘the y-axis is parallel to the

force of gravity. In terms of these axes the shape of the catenary (4)

is given by
y = B cosh (X x + a,) ; a : | (5.5)
Y 7w H 1 2 :
in which
a, = ; H-.cosh.a o - (5.6)
-2 W o v ’
ay = sinhTl [ 7., (5.7)
1 . 2H- sinh r _ ’
and .
L
r = g. i (5.8)

Term H 1in these equations is the horizontal componént of the cable
tension, w is the weight per unit of 1ength, L. is the base length,
and h' is the vertical distance between ends i and j of the cable.
The slope of the cable as a function of x May be desired as a check

during erection. It is given by
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F st (Exva) -~ (5.9)

from which the end slopes at ends i and Js respectively are given by

. \ = 1 - w ‘o -
tan 6, = Sjnh a; = ﬁ'_[ hecoth r Ls ] (5.10)
and
 tan 6j = sinh (2r + a])- = W [h-éoth‘r + Ls] (5.11)

2H

in which L, is the length of the stressed cable. The vertical

components of cable tension at endS i and j are given by

V; = ¥ [hecoth r - Ll (5.12)

V, = %’ [hecoth r + Ls] (5.13)

The Tength of the stressed cable is defined by

3 L -
. . 1
L = f ds = f [1 + ( g%.)z ]2 dx (5.14)
i )
or
L ,
_ | WX .
Ly = [ oosh (% v ey (5.15)
0

which yields
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Eq. 5.]6 can bevrewriﬁten_as
sinﬁ2 r] ‘ . .» (5.17)
or
[Lg ; hzll”2 - %Iﬂ..slihhr o |  (5.8)

For checksvduring ekettion, the maximum sag, s, measured.
perpendicular to the chord between ends i and j may be desired. At

X8 the horizontal distance to the point of maximum sag, the slope

equals %—. CQnsequent]y,
| I P |
| 'X§ = W;_[s1nh C - a]] . o (5.]9)
and
_H - |
V) C W [ sec 0. - cosh a]] : (5.20)

in which O is the angle measured from the x-axis to the chord between

ends i and - j. The magnitude of thé max imum sag is given by
so= X th o, - ;y(xs) "cos 6, (5.21)

The length of the unstressed cab]e; Lu,' is required as
information for provisions to be made at the ends of the cable during
fabricatioh and erection. Also, it specifica]]y is required in the

nonlinear theory of structures deve]oped by the writers. It is
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obtained as follows: ;Consider a differential 1ength, ds, of the cable
as shown in Fig. 5.7 subjected to a tension fofce, T. From Hooke's Law,

we have

ds - ds _ c
ﬁf =_f7f;._11 | | - (5.22)
u o

in which dsu' is the unstressed length of the differentia] element.

Eq. 5.22 can be rewritten as
dSu = —7 ‘(5.23)
Because ﬁ%— is small relative to 1.0, .dsu. is approximated by

dsu

ne

(1 - 72) ds o (5.28)

However, T as a function of x is given by

) ) , ” -
T = H x - H cosh ( Tt ) o (5.25)
and ds by
ds = cosh (M+a ) dx B (5.26)

Eqs. 5.24 to 5.26 yield

_ H WX | WX |
ds, =| T - gp cosh (TT'+ a])]_cosh ( Tt a1) dx (5.27)
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From the relation

L= | s,  (s.28)
the unstressed 1ength, Lu’ of the cable fs-pbtained; néme]y,

Lz'ﬂ
]

sinh (‘—”HL + a].) - sinh a],
2 a | '
- ?gfﬁ' [(%%-+ a1> + sinh (%% + a]) cosh (%% +va1)J (5.29)

-[a1 + sfnh é] = cosh a1]

in which 3y is given by Eq. 5.7. An inspection of Eq. 5.29 shows
that the first term within the brackets‘is edua] tovthe']ength of the

stressed cab]e;'that is,
_H . wl . 0 _ o
LS = W—l sinh ("TT + a]) - sinh a]} o - (5.30)

Then, the change in 1ehgth from the unstressed state to the stressed

state is given by

AL o = ‘ﬁgéw-_ [(%%ff a]> .+ sinh (%%—+ é]) cosh (%%~+ a])] (5.31)

- [a] + sinh ay - cosh a]]-

For the magnitudes of the force components at end i of each
cable as specified for the condition of dead load, the values of the
remaining parameters for the bridge are determined as follows: (1) The

unbalanced force components, Px’ at the top of each tower and at each
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roadway béaring are ca]cu]ated‘from statics. (2) For these values of
force components, the displacements, UX’ at the top énd intermediate
struts of each tower are calculated by means of the general program for
11néar1y elastic struétUres. (3) The coordinates of_the3hinged bearing
and of end j of each cable are determined by considerations of
geometry. In the same way, the coofdinates of the WOfk points (W. P)
along the roadway and of end 1 of each cable are determined‘from the
brofi]e‘requirements of the roadway and the coordinates at.the hinged
beaking. 'We'ﬁow have all the information required to calculate the
unstressed Tengths of the various cab]es, ahd the values of any additional
paraméters of the cables that may be desired for the‘condition of dead
load.

Summaries are given in Téb]es 5.2 to 5.9 for the values of
certain parameters for each cable of the bridge (see Fig. 5.8). Dead
Toad conditions are consideréd and are based bh the weight of each céb]e
given in Table 2,1.> Among the various parameters listed are the stressed
and uhstressed 1ehgths, the $lopes of the chord and‘of the tangents at
ends i and j, _the sag, the horizontal cab]e'tension, and the

resultant force and its global components at ends i and j. The

values of thése parameters are required for provisions to be made during

fabrication and erection. The values of other parameters, if desired,
are easily calculated. A sUbroutine, called CABLE, is employed in
making the calculations. The subroutine is based on the properties of

a catenary as given in Egs. 5.1 through 5,37,

5.3 Towers
The distributions of forces and moments along the various

members of each tower are considered for two conditions of dead load.
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The tw0'conditidn§ are (1) dead load of the tower alone after the tower
is erected, and (2) full dead load of the tower and bridge after the
entire bridge is erected. Cohditfon (1) is referred to as stage (T) of
the tower, and conditidn (2) as stage (B)

Let"¢ repfesent a function of interest for e1ther stage.

For stage (B), the value of a funct10n is g1ven by
o8 = oB) 4 ¢(B) O (5.32)

“in which

¢§B)' + ¢£B) | | (5.33)

8B -
In Egs. 5.32 and 5;33, the subscripts o, 1, 2, and R designate
installments to the final value of the function, and superscript (B)
~de$ignates'that the fun¢tion is associated with the full dead load of the
bridge. The term withbut a subScripf'designatesbthe final value of the
- function. | |
In the succeed1ng discussion, funct1ons of interest are the

axial force and moment at a sect1on of a tower. Let
p o= "3} v (5.34)

in which p is the axial force at the centroid and m is the moment
about the centroidal axis of the section. The centroidal axis is
parallel to the global X-axis. Other functions of interest are the

stresses at a section. Let



61

5 l ] 178 o J(p | (5.35)

o c¢/I m

in which 9, is the axial stress at the centro1d and 9 is the bending
stress at the extreme fiber of the section. In Eq. 5.35, A and I are
properties of the transformed section, and - ¢ is the transverse dtstance
measured from the ‘centroidal axis to the extreme f1ber of the section.
It is assumed in th1s study - that cracking of a sectlon does not occur,
and that Eq. 5.35 is applicable for the concrete and the stee] towers.,

The total stress in the extreme f1bers of a section then is glven by
o = 0, oo | ) . '(5,36)

For further purposes, let

1]
]
= IER

(5.37)

in which e designates the eccentricity of the pressure line, or of the
resultant force acting on the section, measured from the centroidal axis

of the section. Also, let

e=Alc_='”__.. - (5.38)

in which e designates the Timiting Tateral dimension of the kern of
the section, measured in'thebsame direction as e. It remains to
explain the various installments to the functions of stage (B), the

final values of the functions, and how they are obtained.



62

Insfa]]ments 1 and 2 of (B), see Fig. 5.9, are for an imaginary
structure and are introduced for computation purposes only. Insta11ment |
1 is for the dead load of the tower only, end insta]]ment.Z for the dead
load reections:of the cables at the saddle tops and of the roadway et the
bearings. Eaeh of these installments is calculated as if the dead load
is sUdden]y flashed onto an imaginary weightless tower with properties
and dimensions as selected by the designers Obviously the real dead
load will not be app11ed as imagined for these installments. The final
condition of the tower, for stages (T) and (B) will depend on the
erection sequence to be se]ected and on the provisions to be made during
erectfon. Inc]uded among'these pquisions'may»be temporany braces,
struts,.prestressing; camberind, fa]seWork,dand erection equipment. The
writeré have not been supp]iedeith the erection sequence‘to be selected
for'either the concrete or the steel towers. The erection sequence is
to be.se]eeted by the contractor and is to be approved by the designers.

The writers in need of the.dead load condition of the tower and bridge
} for subsequent calculations of the nonlinear behavior of the bridge,
present a pkocedure fon'the determinetien of the condition of the tower
at stage (B). (The condition of the tower at stage‘(T) is obtained
from stage (B) by means of'the’n6n1inear theory deve1oped by the writers.
kIn fhe latter study, the tower {s unloaded from stage (B) to stagek(T) :
by removing the dead load reactions at the saddle tops and at the road-
way bearings.)

The procedure for the deternfnation of the tower at stage (B)
is independent of the erection sequence selected. It 15 applicable to
the concrete and to the steel tower assuming for the concrete tower

that sections are not severe]y cracked during intermediate stages of
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erectfon, and for the steel tawer'that buckling or yie1ding does not
occur during the same stages. The procedure is illustrated for Tower 1
only. The results for Tower 2 are'almost the same. For purposes of
ach1ev1ng def1n1teness, the fo]]ow1ng assumptions and ob]ect1ves of
design are selected by the writers:

(1) For every stage of erectian, including stages (T) and (B),
the resu]tant pressure Tine at each section of a tower 1eg is to be w1th-
in the kern of the sect1on Because of the b1g va]ues of saddle anda
roadway reactions for stage (B), tension in the struts is a110wed;’or
else prestress1ng of ‘the Tegs and Struts need be considered. In'this
study, prestressing is pfec]uded. |

(2) For etage (B), the camber of each member is to be such
that the final coordlnates and geometry of the tower are as prescrlbed
by the D1v1s1on of Bay Toll Cross1ngs in the design drawings.

(3) Also for stage (B), the_d1str1but1ons of forces and
moments in the towek are to meet a specified-optimum condition. A
possible optfmum condition 1s‘se1eeted by the-writers for 1]1u5tration
only. Other optimum conditions are possible and are briefly discussed.
If specified,.they cah be sfudjed_further.

Insta]]ments 1 and 2 of (B) are.aaa]yzed in accordance with
the Tinear theory of elastic structures, and installment 0 of (B) is
obtained by superposition (see.Eq. 5.33). The results for these
ineta]]ments afe given in Fig. 5.4 (II). In Table 5.10, summaries are
giVen of axial forces and momehts associated with.insta11ment 0. The
axial forces and moments are at 7 Se]ected sections of the tower legs.
The properties of the selected sections are given in Table 5.11. A

summary is given in Table 5.12 of calculated stresses at these sections
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fof installment 0. Tension estts in the extreme fibers of member 103,
Consequently, the distributions of forces and moments in the legs of the
tower for installment 0 doe not meet the objeCtives_in design selected
by the writers. | | "

In any case, the internal fqrées_and moments . of insta]]ment.'o
of (B) are in equilibrium with the dead loads of stage (B). The |
equations of equi]ibkium are with reference to the geometry of the tower
for stage (B), as préscribed by the Division of Bay Toll Crossings in
the deéign drawings. However, the sef of 1nférné]-f0rces and momenté as
ca]cﬁ]ated in.accordance with the linear théory of elastic structures is
but one df an infinite number of statically possible diétribUtions of
forces énd>moments for the given stage. 'To the Tatter insta11ment,
1n§ta11ment R of (B) is added which doés not disturb the requirements
of equilibrium (see Fig. 5.9); Installment R of (B) is internally
self-balancing, that is, the external loads of the installment are zero.
For reference, the_magnitudes of fhe axial forces and moments at’the
mid—points of the two Horizonfa] struts are'se1ectéd as redundants. Only
four are selected, although if prestressing of the struts only is per-
missible at léastisi*.can be selected. The four that are selected to

illustrate the procedure are'designated by ix%B)' to XéB) . Based on

(B)

statics, the axial force, Ppr > At a section n of the tower is given

by

DD B L B D O
and the moment, mgg) , by

B ), (B)X(B):+ DB (B, LB (B) b B),(B) (5 40

nr nl ™1 M2 *2 n3 73 mn4 4 =1 M
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(B)

(B)
Pni My

in which the coefficients and are ca]cu]éted in accordance

with the geometry of the tower for stage (B). From Eq. 5.32, the final

values of the axial force and moment at section n respectively are

given by
- gl s o
n) = mle) e on (5.42)

We are reminded that the values of _XgB). are independent of

the sé]ected'ekection procedure. ~Then, the question arises as to what

(B)

va}ués of‘ Xiv are'deeméd most desirable for the condition of full
dead Toad of the bridge. Various criteria caﬁ be éstab]ished for the
determination'qf the most suitable set of 'XgB). For example,‘the

- criterion can be that the final pressure line for full dead-load
approximates most d]ose1y the center-Tlines of thé legs of thé tower. In
‘this case, the>distribution of stress'atross each section of a leg 1is
approximately unifbrm, and all material of'thé'1eg is_used to its best
advantége in resistfng'dead load. But in addition, each portion of the -
tower Has the greatést reserve strength for resisting cracking (buckling
or yie]dihg of the steé] tower) caused by subsequent loads or effects;
for example, sejsmic effects. For another example, the criterion can
be that the final values of axial forces and moments and of the
associated deformations must meét the requirement of minimum strain

energy to resist full dead load. If desired, the criterion can be based

on achieving a minimum weight of tower.
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Again, for achieving definitenees and for simplicity of
obtaining a so]ut1on, the wr1ters specified the f0110w1ng cr1ter1a for .
obta1n1ng the optimum values of X(B) : |

(1) For the 7 sections Tisted in Table 5.10, each eXtreme

fiber stress at sections n shall be in compression; that 1is,

C_ ' 1 ch > _
g, = (pno;+ b pnixi) Kh - ( + % mnIX]) T;' € 0 (5743)

(2) _The se]ected values of Xi- shall meet the.reduirement,

Lo|X;

;| = winimm o (5.44)

Note that Eq. 5. 43 and each 1nequa11ty of Eq. 5.44 are linear 1n terms of
Xi’_ Consequent]y, a so]ut1on to Eqs 5.43 and 5.44 is obtained by means
of Tinear programming (5). A standard computer program on file in the .
Computer Center Library Ofvthe University of California, Berkeley was
employed to obtain a solution to Eqs.’5.43 and 5.44. The,calculated |
values of' X(B), to X(B) were adjusted after an inspection was made of
the results obta1ned for additional sect1ons of the tower The_fiha]

values of X%B) to ng)f se]ected for this study are

x%B)' = - 100.0 Kips R (5.45)
(B) _ |

kg = 0. o (5.46)
ng) = 93.1 kips . | | (5.47)

x{B) < 120853 kip-ft | ~ (5.48)
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The final distributions of axial forces and moments in the .
tower for stage (B) are ca]cu]ated'bylmeans of Eqs. 5.41 and 5.42.
Summaries are given in Table 5.]0 of axiel fbrces and moments associated
with insta]]ment R "and with stage (B). The axial forces and moments |
are at the 7 selected sections of the tower legs. A summary is given
in Table 5.12 of the calcu]ated.stresses et these sections for stege
(B). Now note that the resultant pressure line at each sect1on of the
tower legs is w1th1n the kern of the sect1on

For stage (B), the distributions of axial forces and moments
given in Fig. 5.5 (iI)‘are used to determine the dimensions of each
unstressed member of the tower. The 1atter d1mens1ons are requ1red
in the subsequent studies of the nonllnear behav1or of the bridge.

| For each member of the tower, the va]ues of {p} and the

stressed 1ength for stage (B) now are known.' As for the members of the

roadway-g1rder, the subroutine called RELAX is employed to solve
{p} = [k] {u} - | (5.49)

- for the deformations  {u}. A nonlinear relation between {p} and {u}
is used. The dimensions of each unstressed member of the tower are

g1ven in Tab]e 5.13.
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INITIAL LENGTHS AND ANGLES AT THE ENDS OF EACH MEMBER OF THE GIRDER

T

V ' | \ - ’/CENTROIbAL AX_I-S |

| - UNSTRESSED | CINITIAL ANGLES 6
MEMBER | LENGTH, L ~ (IN 1/1000 RADIANS)
(IN FEET) Y 0,
1 41.510 - .20572 +.41144
2 11.003 - -.11028 +.12113
3 11.004 - .15884 +.15532
4 24.008 - -.38110 +.37007
5 40.012 ~ .65373 +.65383
6 40.011 - .69686 +.73980
1 20.005 - .36229 +.37943
8 20.004 ~.37704 +.39753
9 20.004 ~ .40550 +.42906
10 14.002 ~ . 30591 +.35855
i} ~11.002 ~.21031 +.21708
12 11.002 - .22272 +.21579
13 ~24.005 ~.47452 +.44058
14 120.004 ~.35613 + 33558
15 20.004 ~ .32968 +.31234
16 30.006 ~ . 48676 +.43819
17 40.009 - .60494 +.58480
18 40.008 -~ .58396 +.60327
19 20.003 - .28327 +.29462
20 ~24.003 - .31474 +.33573
21 121.002 ~ .29835 +.31831
22 21.002 - .32255 +.30684
23 34.003 ~ .50056 +.47349
24 £ 20.002 - .28743 +.28355
25 50.005 - .80989 +.53516
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~ TABLE 5.1 (CONTINUED)
INITIAL LENGTHS AND ANGLES AT THE ENDS OF EACH MEMBER OF THE GIRDER

- UNSTRESSED INITIAL ANGLES @
- MEMBER LENGTH, L, (IN 1/1000 RADIANS)
(IN FEET) | 0, e

26 20.001 - —=.31940 +.33082
21 ~20.001 . -.32555 +.34054
28 30.001 - .53362 +.57709
29 24.000 — .48700 +.52075
30 11.000 | ~.22988 +.23671
31 11.000 - .23379 +.22840
32 23.999 | -.59582 +.56879
33 19.999 - - .46854 +.45352
34 ©19.999 1 - .46257 +.45114
35 44.999 -1.05840 +1.03530
36 44.998 - 1.04250 +1.07280

37 23.999 - .54322 + .56090
38 | 11.000 - .22817 +.23264
39 10.999 | ~.20346 +.18300 |
40 | 13.998 - .34073 +.31703
41 29.995 - .58416 +.47822
42 39.994 - .38674 +.21817
43 39.993 +.07137 - .19234

44 139.994 +.40625 - .48412

45 | 44.993 +.66628 - .70032
46 44,983 +.70007 - .66578
47 39.994 .+ .48326 — .40518
48 ~39.993 +.18095 - .06979
49 39.994 ~.22014 +.38890
50 29.995 ~ .47989 +.58592
51 13.998 - -.31784 +.34156
52 10.999 | = -.19343 +.20399
53 11.000 - .23311 +.22861
54 23.999 -.56178 +.54394
55 44.998 -1.07320 +1.04220
56 | 44.999 ~ -1.03360 +1.05600
57 19.999 -~ .44870 +.46100
58 19.999 = 45177 + .46667
59 23.999 | — .56634 +.58321 .

+

60 11.000 ' —.22746 .23284
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TABLE 9.1 (CONTINUED)
INITIAL LENGTHS AND ANGLES AT THE ENDS OF EACH MEMBER OF THE GIRDER

UNSTRESSED ~ INITIAL ANGLES @
MEMBER | LENGTH, L, ~(IN 1/1000 RADIANS)
(IN FEET) | 0, 6,
61 11.000 ~ .23570 +.22886
62 24..000 - .51768 +.48381
63 30.001 - .57256 +.52892
64 ~20.001 ~.33704 +.32199
65 ~20.001 - .32688 +.31537
66 50.001 - .82361 +.19778
67 -20.002 - - .27871 +.28250
68 34.003 | - .46520 +.49205
69 |  21.002 ~.30172 +.31735
70 21.002 - .31304 +.29311
71 124,003 -~ .32929 +.30833
72 | 20.003 . - .28848 +.21716
73 40.008 - ~.59008 +.57089
74 40.004 - .57197 +.59223
715 |  30.006 ~ .42965 +.45829
76 20.004 -~ .30720 +.32456
17 20.004 ~ . 33087 +.35144
78 24.004 ~ .435489 +.48946
79 11.002 - .21387 +.22081
80 11.002 - .21522 +.20848
81 ©14.002 - .31564 +.30306
82 20.004 » - .42497 +.40157
83 20.004 .~ -.39362 +.37330
84 20.005 - :37569 +.35873
85 |  40.011 ~ -.73308 +.69096
86 40.012 - .64958 +.65031
87 24.008 - .36886 +.38013
88 11.004 ~ . 15506 +.15862
- 89 11.003 ~.12113 +.11028
90 41.510 ~ 41144 +.20572
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| TABLE 5.13 82
CINITIAL LENGTHS AND ANGLES AT THE ENDS OF EACH MEMBER OF TOWER |

-
;”)\ . . \[‘\.I/CENTROIDAL AX1S

. b ]
UNSTRESSED - INITIAL ANGLES
MEMBER | LENGTH, L, (IN 1/1000 RADIANS)
| (IN FEET) | o, | g
95 12.000 ~.00017 — .00001
96 34.548 +.01357 —~ .00304
g7 . 34.547 - .01553 +.02215
98 |  34.547 —~ .03660 +.03818
99 | 34.547 - .04127 +.03626
100 34547 ~.02304 +.00953
101 10.159 + . 00004 ~ .00006
102 10.159 +.00087 - ~ .00070
103 22.353 +.04085 +.04599
104 128.483 -.17043 +.14614
105 28.464 ~.12734 +.10563
106 1 28.474 = .08450 +.06673
107  28.474 —~ . 04661 +.03470
108 28.474 - .02343 +.01950
109 . 28.474 | ~ .02602 +.03302
110 - 28.476 - .06979 +.09149
11 8.218 - .00009 +.00009.
112 15.760 +.00014 - .00007
113, ©13.930 +.00010 ~ .00005
114 12.000 ~ .00000 ~.00000
115 12.393 —~.00000 - .00000
116 27.500 —.00000 ~ 00000
17 9.704 - .00080 +.00068
118 20.059 ~ . 05648 +.01966
119 29.999 +.05501 -~ .07607
120 5.747 +.00002 ~.00012
121 1.917 +.00005 — .00006
122 10.333 +.06231 - .06313
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COMPARISON OF GIRDER MOMENTS AND BEARING REACTIONS

FIG. 5.2



X

GEOMETRY. OF TWO ADJACENT MEMBERS OF THE UNSTRESSED GIRDER

FIG. 5.3



'x(c)

UNDER DEAD LOAD

)

~NODE PO INT 1
A (c)
XI‘
(p)
1Y
1 ym
IYA( c‘) ‘
CAMBERED SHAPE -
PROF | LE SHAPE e

DETERMINATION OF THE CAMBERED SHAPE OF THE GIRDER

FIG. 5.4
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Iﬂ/CENTROIDAL AX1S

X

LENGTHS AND ANGLES OF UNSTRESSED MEMBER
FIG. 5.5
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gy
H ax

(a) DIFFERENTIAL ELEMENT

V.
J A A
.Local y
| o | T
MAX. SAG, S—~
CATENARY- h
~H == 9 : y(xs) 5
_ j:,,,»/””“ . . - Local x
| . : .
ot

(b) TRUE ELEVATION OF CATENARY

TRUE VIEW OF CATENARY
FIG. 5.6



DIFFEhENTIAL ELEMENTS OF CABLE

FIG. 5.7

89



‘a) Elevation: Projectionvon global XY plane

b) Plan: Projection on global XZ plane

Local y
SAG ej
CATENARY L
H- - 9| 0¢ | ' - Y-SAG
[::—,,,—e" Local x
‘ T - X-SAG -
' S - BL -

c) True Elevation: Projection of cahle on the true vertical
plane of Cable. '

STATIC AND GEOMETRIC TERMS OF CABLES
' FIG. 5.8
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6. EFFECTS OF LIVE LOADS, TEMPERATURE CHANGES, AND
DIFFERENTIAL MOVEMENTS

’Resuits are given in this Chapter of the max imum effects
caused by live 1oads, temperature changes, and differential movements.
Ordinarily, the effects of these conditions and of dead 1oad are of -
primary concern in conducting a reView of the design of a bridge.

In this Chapter, the maximum effects caused by Tive loads are
_obtained for se]ected members of the Southern CrOSSing Bridge. The
_ selected members are listed in Fig. 6.1 and are most likely to contro]
_ the‘prOportions and dimensions of the bridge. Infiuence lines based
“on the linear theory of elastic structures, are: used to obtain the
kmax1mum effects caused by live loads The resu]ts for temperature
changes and differential movements also are based on the linear theory

of e]astic structures

6.1 kInfiuence~Lines

Influence 1ines for different functions of a structure can be
obtained.in seyerai'ways.» They can be obtained by computing the desired
functions for various positions of a.unit load on a structure. However,
the 1atter'procedure at times is inefficient.for obtaining a selected
group -.of influence lines. In this investigation, the influence lines
are,obtained by direct application of Miiller-Breslau's principle. This
princip]e‘may be stated as,foiiows:

If an influence line for any function is desired, introduce

a unit discontinuity at the section on which the function

acts and the displacements of the load iine represent the
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influence line. The unit discontinuity must correspond to
the function and the displacement to the unit load, by

definition of work.

For the}appjication of this principle, the writers devé]oped‘
va‘general procedure for obtaining fnf]uence lines of any‘1inear1y
'élastic stfucture‘composed of finite elements. The pfocedure extends

thé use of thé.direct stiffness matfix approach'for the analysis of
.sﬁch Structures. A subroutine, called MULLER, was written and
incorporated into the'genera]_tompufer program employed for the bridge.
The output‘of MULLER yie]dS'the following information for each influence
line: (1) ‘the complete shape of the inf]uenée line, (2) the maximum
positive and negative ordinates and their 16cations, (3) the Tength and
area of each positive andveéch negative segment, and (4) the total load

lengths and aréas of the positive and of the negative segments. This

- information is required to obtain the maximum positive and negative

va]UeS'bf the functions for the various positions of the Tive Toad.

o In thié report, influence Tines are given for forces or
moments at various secfions of the bridge. Because of the combined
states of stress that exist at a section, it may be desired to obtain
- the Maxfmum value of a force and the accompanying moment at the section,
or the maximum vajue 6f‘a moment and the accompanying force. In either .
case, the focus is on the strength.or stability of the entire section.
The calculations then need be sTightly modified but can be obtained
‘through inf]uencé 1ines. For other purposes, it may be desired to obtain
" influence lines fbrvstresses at a point. In the latter case, the focus
is on the strength or stability of the region in the immediate vicinity

of the point. Such influence lines can be obtained through MULLER.
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For the Southern Crossing Bridge, influence lines arevgiven in
Figs. 6.2 (II) to 6.19 (II) for se]ecied force and moment components in
the various membehs,of the hridge;a Included among the'members arehthose
of the roadway, cables, saddles, reaetions; and. towers. The se]ected
force and moment components are considered to be essential in the nre-
liminary phases of deSIQn See Figs. 6.1 and 6.1 (II) for a listing of
.the force and moment components that are con51dered and of the
correspond1ng F1gures of Volume II in which the 1nf1uence lines are.
assembled. _

In Figs. 6.2 (II) to 6.13 (II), each influence Tine shows the
effect of”a vertical load, _Py equal to one‘nnit, moving along the top
of the roadway on the magnitude and éign of the parameter considered.
The 1nformation given for each influence line is that ohtained by'means
bf MULLER. Thihty nine nf such kinds of influence lines are given.

The effects of a horizontal traction load, PX equa1 to one
unit, mov1ng a]ong the top of the roadway on the va]ues of various
parameters are shown in Figs. 6.15 (II) to 6.19 (I1). For each of these
influence lines, only the shapes and the values of the maximum positive_
and negative ord1nates are given. - |

It has been ment1oned that depend1ng on “the speed of
application of 1oad the bear1ng at Tower 1 is designed to act either as
a roeker or as avh1nge. The influence lines obtained in this study are
based on the assumption that the bearing at Tower 1 acts as a hinge.
~ The effects of the kind of bearing at Tower 1 on‘the propertieé of
inf]uence lines is indicated in Table 6.1. In the Table, the properties
of the influence line for the tension foree in Cable C are summahized

for the bearing acting as a hinge or as a rocker. The differences in
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results for the two influence lines are small. Based on this and other
studies for vert{ca1 loads Py, the influence lines for the vékious
force ahd moment components of the bridge are practically the same for
v._either.c’or.ld.ition of the bearing at Tower 1. a
‘ For horizontal tractiqn loads PX’ the influence 1ines_for the

variOUSVfUnctions of‘fhe brfdge can differ appreciably, however,
depending on the ;ondition of the bearing at Tower 1. For the 1atter:
kinds'of loads (and for wind and seismic effects) it is assuméd fhat the
‘ bearihg‘at TbWer 1 acts as a hingéd bearing. |

| Further, the results of the ]inear theory of structures given
in this report are based on assumed values of E for the cab]es'as'given
in Table 2.1. Beéadse'the latter values of E depend on the conditions
of the curved cables in their stresséd stages, a comparisoh is given in
Table 6.2 of the effects of diffefent values of E for Cables A and C
onvthe properties of selected influence lines. The selected influence
Tines are for the axial forces of the two cables. Fof Cables Aland c
vréspective]y, the differences befween the corresponding maximum
ordinétes of the two sets of influence lines are 8.2 percent and 0.08
perceht; The'differencésvbetweenithe corresponding positive areas of

“the two sets of influence lines are 11.7 percent and 0.08 percent.

6.2 Maxima Caused By Live Loads

Maximum values for selected force and moment components caused
‘by live loads are given in Table 6.4. The selected components are the
same as those for which influence lines are reported. The maximum
,Values are calculated in accordance with the basic requirements of

AASHO but reduced as recommended in a paper by Ivy et al (6). The
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recommended reductions are intended for 1dng-span bridges and are based

on loaded lengths. A summary of the recommended live loads is given'ih

" Table 6.3.

For each component of force or moment, the maximum values are
calculated by means of the areas and ordinates of the réspective influence
1ihe. QuéStions however arise in the determination. of the maximum values
because of the various shapes of the influence 1ihes; the different

loaded Tengths, and the accompanying values of the live loads. The

questions arise because-of the probabilistic distributions of live loads

across and along the roadway of a long-span bridge. A probabilistic
approach to the determination of haxima caused by live 1oads is being
pursued by the Senfdr writer. The results of the latter approach will
be réported later.

In this report, the Toad lengths considered are the full
lengths of each positive or negative segmeﬁt of an influence 1Tne, or
any combinatfon of the full segments. Partial lengths of a segment are
not-cdnsidered although the latter consideration can at times yield a
gkeater value of a maximum than that based on full lengths. For the
Toaded Tengths obtained in this way, the values of maxima reported in
Table 6.4 are in accordance with the specified values of live load as
given in Téb]e 6.3. Samb]e calculations for determining the maximum
positive and negative values of a moment component and of a shear
component are given_ih Figé. 6.2 and 6.3, respectively. The moment
component is pé of member 42, and the shear component is Pg of
member 24. A1l values of maxima and minima reported in Table 6.4 are
calculated in this way. It‘is observed that the effects of live loads

in the simple spans which flank the cable-stayed girder bridge are not
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included in the values of Table 6.4. If desired, the latter values can
easi]y be adjusted to take into account the effects of 1ive loads in the

flanking spans. For this purpose, reinspect the influence lines.

6.3 Effects of Temperature Changes

Four cases of temperature changes, specified by the de51gners
are cons1dered for the bridge. The four cases are for the br1dge when

erected and are as follows:

Case T1: A + 40° F change in temperature from the ambient condition for
all members of the bridge including the end-bents. The coefficients of
therma] expansion are 0,0000055/°F/unit length for the concrete members

and 0. 0000065/°F/un1t ]ength for the stee] members.

Case T2: A = 20 °F difference'between the temperatures of the cables

and of the other members of the bridge.

Case T3: A Tlinear distribution of temperature changes through the depth
of the roadway girder only; with a + 20 °deifference in the temperature

between the top and bottom of the girder.

Case T4: The same as Case T3, but accompan1ed by a Tinear d1str1but1on
of temperature changes through the global X-thicknesses of the towers

A 20 °F dlfference in temperature exists between the respective X-faces
of each tower.

Summaries are given in Fig. 6.20 (II) to 6.23 (II) for the
effects of the different cases of temperature changes considered. For
each case, the summary includes the magnitudes of the Y-displacements
along the roadway girder, and the magnitudes of the force and moment
components for the various members of the bridge. The general computer

program employed herein was modified to include the effects of thermal
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changes. It is based on the analysis of linearly elastic structures.
Because of a possible confusion with signs, the results given herein are
for but one kind of ‘a change in temperature for each case. The results

are for the following kinds:
Case T1: The change of 40 °F in temperature is an increase.

Case T2: The temperature of the cables is 20 °F greater than that of the

other members.

Case T3: The temperature at the top of the gtrder is 20 °F greater than

at the bottom.

Case T4' The temperature through the X-thickness of a tower decreases

with an increase in the value of X.

An inspection of Figs. 6.20 (II) to 6.23 (II) shows that in
general the effects of Caée T1 on the fdrtes and momehts in the various
members of the bridge are less severe than those of the other cases.

| The effects of.Case T4 are more severe‘thah those of the other cases.

6.4 Effects ef Differential Movements

The effects of possible differential movements of the supports
on the forces and mements in the bridge are inspected for three cases,
designated by St to S3. In Case S1, a Qertical settlement of one foot
at the base of the end-bent located at X=1150 ft. is considered. The
results for this case are summarized in Fig. 6.24 (II). A vertical
settlement of one foot at the base of Tower 2 is considered in Case S2,
and a rotation of 0.001 radians about the global Z-axis at the base of
the same Tower in Case S3. The resu]ts for the latter two cases are

respectively summarized in Figs. 6.25 (II) and 6.26 (II).
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6.5 Summary of Results'for Selected Members

A summary of the forces and moménts in seiected‘members of the
: bkidge is given in Table 6.4. vThe summary is for the effects'of dead
| Toad, live loads, témperature changes, and differential movements. The
sé?ected:members.and‘the components are the same as those for which
.inf]ueﬁce Tines are reported.

An inspection of Table 6.4 readily show§ the relative
magnitudés of .the internal forces and moments thét are caused in the

bridge by the various sources of stress or strain.
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EFFECTS OF THE CUNDITION OF THE BEARING AT TOWER 1 ON
| THE PROPERTIES OF |INFLUENCE LINES | |

| PRDPERTIES OF INFLUENCE LINES FOR COMPUNENT P,

OF CABLE C: MEMBER 161
Value of E 23,000 K/i&?
P05|t|ve area }341.03.Ft.
§ ~ Length of positive segments I',324.3 Ft.
= | Maximum ordinate 0.87163
: At nocje point | 60
:, Negative area - 60.348
— E—’ Length of hegative segments 960.69 Ft.
g Winimum ordinate - 0.19924
=1 | At node point Y
- :
= Value of E 23,000 K/in?
z_ Positive area 351.85 Ft.
§ & | Length of positive segments 1385.0 Ft.
g Naximum ordinate | 0.88496
=< | At node point- 60
W) | .
= | Negative area -59.479 Ft.
g Length of negative segments 920.02 Ft.
| Winimum ordinate - 0.20650
At node point | 32
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EFFECTS OF DIFFERENT VALUES OF E OF THE CABLES
ON THE PROPERTIES OF INFLUENCE LINES.

PROPERTlES OF INFLUENCE 'LINES FOR COMPONENTS
“OF CABLES A AND C.

| At Node pt.

Value of E 22000 K/in2| 20486 K/in2
= qu’inve area 742.73 Ft | 655.65 Ft
.| Length of positive segments 1405.2 Ft | 13453 Ft
& | Maximum ordinate .2244 11240
2 At Node pt. 74 72
z Negative area - -166.90 Ft |-14265 Ft
o | Length of negative segments | 899. 80 Ft | 959.69 Ft
S | Minimum ordinate -0.52972  |-0.48653
At Node pt. 24 24
Value of E 123000 K/in?| 22708 K/in?
Positive area 341.03 Ft | 346.53 Fi
© | Length of positive seg.»ments 1324.3 Ft 1346.9 ‘Ft
|5 |Maximum ordinate | os7e3 | 0.87233
= | At Node pt. 60 60
& | Negative area -60.948 Ft [-59.768 Fi
5_ Length of negative segments 980.69 Ft 958.06 Ft
2 Minimum o_rdinate -0.19924 -0.19814
“ 1. 32 32
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EQUIVALENT_LANE LOADING IN RELATION TO LOADED LENGTH

LL FOR 8 LANE DESIGN **

LOADED | UNIFORM |CONCENTRATED
LENGTH U.PERIANE LL PER LANE 'MPAQT UN|FORM CONCENTRATED LL
Ty | (/FT ) »:?(M) smn FACTOR) 'y ers M.O(P:(E)NT SEI%R
0-600 0.64 | 18 | 26 1% | 4.1088 | 115.56 | 166.92
601-800 0.64 9 | 13 6% | 4.0704| 57.24 | 82.68
 801-1000 | 0.64 o | o | s% |4032 | — | —
1001-1200 | 0.60 | 0 | O 4% | 3.144 | — —
(1201 e 0ver] 0.5 | o 0 | 4% |3.4044| — —

ok Impact factor and reduction in |oad lntenSIty for multi-lane
Ioadlng are included.
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!c.f.?
I,
-— 113
FOR LOADS Py ALONG THE GIRDER FOR LOADS Py ALONG THE GIRDER
FORCE COMPONETS FORCE COMPONETS
Py 1Pa[Pg|Pa [Ps [P [Pr|Pg [PolPio [P Fia||Pi [P2lPs|Ps |Ps |PgP7 [Ps [PelPiolPulPi2
FIGURE NUMBERS REFER TO FIGURES IN VOLUME I
e 2 63
% 7 6.8 [6.5 81T 5.16
& I 6.5 6.16
£ 6 6.9 |6.6 6.3 6.17/6.16 6.5
% 24 6.6 8.16
o 25 |6.9 |6.6 6.4 5.1716.16 6.15
= 32 6.7 .16
< 34 |6.9 6.7 5.4 6.17/6.16 6.15
@ 40 67 616
e 42 l610]68 6.4 6.17]6.16 6.16
] 48 6.8 6.5
114 25  [6.10 6.17 6.19
96 6.12 6.13 7] [e.us 6.19
- 100 6.14/6.14 6.19
o 103 6.14 69|
‘f?;‘ 110 6.10 6.12 5.18 6.18 6.19
o e 6.1 6.12 618 6.8
= |13 6,11 6.1 618] |6.19
i 14 611 6.3 516 619
" 151 6.2 6.5
‘ o 157 6.2 6.13
\ @ 161 5.2 615
95— 37 Tes |63 6.15
| }

Member Numbers
Tower 1

LISTING OF INFLUENCE LINES AND CORRESPONDING FIGURE NUMBERS OF VOLUME TI
FlG. 6.1
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7. OVERALL INFLUENCES OF DIFFERENT LIVE LOAD DISTRIBUTIONS

In this Chapter, ten different distributions of Tive 1oad’are
considered to obtain a more complete deécription of the overall behaVior
of the bridge. Influehce linés, a]thbugh useful in obtaining the
méximum va]ues of se]ected parametefs, do hot readily yield the comp]éte
states of.stress that accompany the maXimum Va]ues. The complete states
of stress are useful in studies of initial or local failures and of
subsequent modes of fai]ure that might lead to the total collapse of the
bridge. They are useful in assessing the consequences of different kinds
of fai]ure; and in determining factors of safety for the different
cOﬁponents of the bridge. Further,.they are useful in indicating the
kinds of nonlinear étudies required to determine actual load factors or
- the reserve strength of the bridge beyond the specified Tive loads.

From an inspection of the influence 1ines given in Figs. 6.1
(I1) to 6.14 (II), it is observed that approximately 26 different cases
of live load distributions yield the maximum values of the selected
parameters. A'summary‘is given in.Fig. 7.1 of 26 distributiohs of live
loads which approximate those actually conéidered in obtaining the
values of maxima. Several of the latter distributions differ but
s]ight1yvfrom each other and theif effects on values of maxima are
almost identical. Based on this observation, 10 different cases of
Tive load distributions are selected for obtaining a more complete

~description of the overall behaVior of the bridge. The 10 cases are
shown in Fig. 7.2. The effects of these cases are calculated by means
“of the general program for linearly elastic structures and are

summarized in Figs. 7.1 (II) to 7.10 (II). For each case, a summary
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is given in a separate Figure of the displacements and of the dis-
tributions of forces and moments along the various members of fhe
bridge. -

The total state of stress for dead load and avgiven case of .
‘live Toad is obtained by adding the effects of both loadings. The
addition can be performed by the s1mp1e expedlent of inverting the
~ diagrams obtajned for dead load and superposing them on the corresponding
diagrams for live load. 0bv1ous]y, the 1atter addltlon is p0551b1e

provwded that corresponding d1agrams are drawn to the same sca]e




10
1
12

13

113

|
11556 K e 870"

450'

LR Y3 v .

| #azﬁa‘K!== o7’ -]

4.07

f%* 580 o
65.92K w - 4 1088 K/FT.

L-M-Jl %166.92 K ’

W =4.1088 K/FT.
TR |

250" 1866.92 K ’
ek 088 K/FT.

430" #166.92 K.
W=4.1088 K/FTY |
s A

W = 4.032 K/FT.

l

I

= 3.4944 K/FT.

R R
l ~ = 4.032 K/FT. |
e 3. 4944 K/FT.
e S

i

LS

LOAD CASES APPROXIMATE TO THOSE USED IN DETERMINING
MAXIMUM FORCES AND MOMENTS

FIG. 7.1
SHEET 1 OF 2




CASE
14

15

16

20
21
22
23

24

25

26

114

Lkv 503’ N

166.92 K |
| W= 4.1088 K/FT.

W= 3.744 K/FT) ‘ \

L T4 KT,

L; Yo e ,1070,§_

. fif

! 450'
W=4.0704 K/FT.

82}68 K 82.68 K
o uilu!lg

|.-230" ] | 870 ]
| . _

‘w3>Z44,K/FT

6.9 K
u 4.1088 K/FT.
| 220’

_ ‘ |

\ ' e 34944K/FT o —
s

LOAD CASES APPROXIMATE TO THOSE USED IN DETERMINING

MAXIMUM FORCES AND MOMENTS

FIG. 7.1
SHEET 2 OF 2




CASE

10

FIG. NO. VOL Il

7.2

1

7.

1.4 1.3

1.5

1.1

1.9

.10

115

1.6 -

= 3748 K/FT. |

}_‘

W=4002KFT.

7 T

i;~_7ri;

[N

o

= 4092 K/FT.
B

I e |

_ ¥ = 3.4944 K/FT.

e

Hkl75b} i

a8 K E T 1',
B

s LA T
R

7.8

— l  _

850"

Tl

LIST OF LIVE LOAD DISTRIBUTIONS CONSIDERED FOR OVERALL EFFECTS

FIG. 7.2




116

8. NONLINEAR BEHAVIOR OF THE BRIDGE

Four kinds of studies are presented in the report concerning
the non]inear behaVior of the bridge The first two kinds are given in
.Chapter 5 and dea] w1th the determination of (1) the dimen51ons of each
member of. the bridge when the member has no stress, and (2) the camber |
of_the roadway-girder The last two kinds are given in this Chapter and
dea].with‘thevdetermination of (3) joint displacements and member forces
.for various stages of erection, and (4) the nonlinear response of the |

bridge to a se]ected over]oad of vehicuiar traffic.

.8;] Description Of The Erection Procedure

| A critical aSpect in the design of any maJor structure is the
se]ection of a su1tab1e erection procedure ~In de51gn, what may be but
:a-concept becomes a rea]ity only when erected iA]so,'if a structure can
be bu11t, in genera], it will remain standing  The . preceding statements
v are 1ntended mere]y to indicate the nece551ty and importance of
conducting a_close review of the erection procedure to be selected for
the’Southern.Crossing.Bridge._ The final procedure will be selected by
thechntractor, subject tovthe_approvai of the designers. In this study,
_the prOCedUre'se]ected_by the‘Division ofiBay To]]‘Crossings as a base
for determining the feasibility of design is considered. In selecting
vthe procedure, the Division assumed that temporary erection bents may
be used in the side;spans but would not be allowed in the 1200 foot
navigation channe]. »

The erection procedure c0nsidered by the Division of Bay Toll

Crossings is described in the design drawings and in Ref. 10. The
assumed erection sequence is shown in Fig.b8.1 and 8.1 (II1). It consists

of six stages and is as follows:
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In Stage I, temporary erection bents are ihsta]]ed'between the
main towersdend the anchor piers at the;ends of the cab]e.stayed girder
dv bfidge. “For exemp]e, consider Tower 1 and the anchor pier c]oseét.to it.
A'bent.is insté]ied near Tower 1, and another at the‘trahsverse anchorage
beam:associated With‘Cable B.'vThe girder sections are canti]evered in
both direétionsffrom:thenmain towertusing a be]aneed cantilever method.
The rocker bearing at Tower 1 is blocked temporarily during this phase
" The cant1]ever1ng proceeds unt1] the g1rder lands on the bent associated
'.w1th the position of cable B |

- In Stage‘II, the bent near the mainttower ié removed, The
girder,secttdns in the eenter_spah_are_extended-to the_tfansverse.
vaﬁchorage beem associeted with'the position of cab]e C, Whi1evthe side
épah is completed'to the anchof-pier bdt Stjllvsupported by the‘temporary
tent at cable B.: At this Stage, the tapered girder in the f]anking'span"
is erected, with an erection.bent in the flanking span being optiona],
femporary catwalks arekthen inétaT]ed; and the saddle aSsemb]ies on top.
of the main‘tower are p]aced and bolted in final position | |

In Stage I1I, the catwa]ks provide access to the top of the
tower and can be used to help support cables B and C dur1ng their place-
~ment. Cab]esz and C are continuous over their respective sadd]e and
are clamped firmly in the saddle after being tensioned to.an initial
load of about 1450 kips each, as indicated by the designers. The
- tensioning is performed by jaeking at both ends of the short cable
simultaneously. in Stage III, the flanking epan is connected to the
end of the cable stayed girder.

During Stage IV, the center span is advanced by cantilevering

to the next cable anchorage beam; that is, the anchorage beam associated

~




s

with.cable D | The temporary erect1on bent 1n the s1de span can be
vremoved when the dead load react1on dur1ng erect1on reduces to zero
Catwa]ks are p1aced for aid in 1nsta111ng the 1ong cab]es

| In Stage v, cab1es A and D wh1ch are cont1nuous over the1r |
*;_respect1ve sadd]e are c]amped f1rm1y 1n the sadd]e after be1ng tens1oned['
- to an 1n1t1a1 load of 2200 k1ps The procedure for tens1on1ng the 1ong )
cables is the same as for the short cab]es After the 1ong cab]es are :
"clamped at the sadd]e an add1t1ona1 Ioad of 250 k1ps, 1nd1cated by the a- |

f.de51gners, is app]1ed to the shoreward side. of the 1ong cab]e At th1s

po1nt the top of ‘the tower is expected to be def]ected approx1mate]y 14 _

' 1nches shoreward from the or1g1na] vertical pos1t1on
| In Stage VI, the rema1n1ng portlon of the center span is then
cant11evered, sect1on by sect1on unt11 the pos1t1on of a centra] |
closing section is reached, ‘ | |

j | The entire‘procedure is repeated for thefother ha]f of the

br1dge and then the c]os1ng section of about 60 feet in length s
1nsta1]ed to form a cont1nuous g1rder _ |
| Thrust buffers are 1nsta11ed and the blocking at the rocker

removed to a]]ow the structure to move with temperature changes ~The
_‘ra1]1ng, median barrier. and wear1ng surface are placed on the continuous
structure The tops of the towers. which were deflected a maximum .amount
at one point in the erection‘procedure shou]d return to their permanent
position under dead load, and the forces on both sides of each 1ong‘

cable should now be approximately egualized.

8.2 Sequence Of Erection Calculations

- From the viewpoint of'anaTysis the on]y state of a g1ven
structure comp]ete]y known for erect1on purposes is the dead load state

des1red by the des1gners In genera1 the des1red_cond1t10ns are within
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- the control of the designers provided that other c0nditions of 10ading;'
'including thoSe of erection‘ do not warrant changes in design. 0bv1ous]y
the des1red cond1t1ons at. dead 1oad depend on the objectives in des1gn
and on the estab11shment of su1tab1e cr1ter1a for check1ng the design,
Among the latter criteria are: su1tab1e factors of safety and 1oad factors
for other cond1t1ons of Ioad bes1de dead 1oad
For the dead load state of the Southern Cross1ng Br1dge the

<d1str1but1ons of forces and moments the mater1als and 51zes of members
and the geometry of the br1dge are prescr1bed The geometry is prescribed
by spec1fy1ng the prof11e and sect1on of the roadway, the art1cu1at10n of
the bridge, and the coord1nates of a]] work- -points. The wr1ters consider
‘the dead ]oad state as the reference state in the subsequent ca]cu]at1ons
concern1ng the erect1on procedure of the ‘bridge. Also, for each stage of
erect1on on]y the dead load of the br1dge at the given stage is
_cons1dered The effects of erect1on equ1pment temperature changes,
residual strains, and other cond1t1ons of 1oad1ng that may be associated
with the given stage are not considered. It is assumed for eaoh stage
that the camber shape and the dimensions of the unstressed members are
based on the conditions at the dead Toad state of the bridge. For each
stagebof erection, the additional objectives of thebdesigners (see Fig.
8.1) are considered. | | |

| It need be recognized that the sequence of calculations for a
given struCture need not be the same as that selected for the erection
scheme. At first gTanoe, it may Seem preferable or even necessary to
employ the same sequence.in the ca]cu]ations as in the erection scheme.
It will be shown that in certain instances, depending on the erection
sequence and on the need of the calculations, a sequence reverse to that

of the erection scheme is preferable. In other instances, a combination
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of both sequences is_preferable. of course whatever sequence is
selected for}the ena]ysis the ana]ys1s must read11y permit the con-
ditions at any stage of erect1on to be completely described. The theory
and the computer program deve]oped by the writer5~permit either a

, forWard or a reverse sequence to be employed in the calculations of an
.erection scheme. For the ceTcu]attons reported herein, the writers
employed a sequence that is reverse to the erection sequence shown tn}
Fig. 8.1. The uriters preferences in se]ect1ng a reverse sequence are
__exp1a1ned after the results. are presented and the conduct of the
,;calculat1ons is descr1bed

| The sequence of ca]cu]at1ons and the various states of the
3br1dge for which the calculations are made are given in Figs. 8.2 and
8.2 (II). With reference to the dead load state, e1ght erection states
of the bridge and Stage T of Tower 1 are considered The eight states
encompass the six stages of erection def1ned by the designers. Any
other state that may be of 1nterest during actua] construct1on can be

studied in the same way.

. '8.3 Results Of The Erection Calculations

Summaries are,given_in Figs. 8.3 (II) to 8.8 (II) and in
Tables 8.1 to 8.8 of the'results obtainedbfor the eight states and for
Stage T of Tower 1.

For reference, a summary’is.given in Fig. 8.3 (II) of the
member forces for the dead load state of the bridge. Because of the
changes that kept occuring in design, the analytical model used in the
nonlinear studies_of camber, erection, and overload conditions of the
bridge differs from that used for the linear studies. The node point

and member designations of the analytical model used for the non-linear




121

studies are shown in Fig. 8.3‘(II) The Tatter des1gnat1ons are
1mportant to note when referr1ng to Tables 8 1 to 8. 3. _

In F1gs 8.4 (II) to 8.8 (II) Jo1nt d1spTacements and member
forces are g1ven for- the e1ght erect1on states and for Stage T of Tower 1.
A summary of the defTected structures for ‘the e1ght states is g1ven in
’F1g 8. 3 For each state the defTect1ons are referred to the dead load
state of the br1dge that is, the dead Toad state serves as a reference :
from wh1ch the d1spTacements are measured | For the dead Toad state, the
hor1zonta1 d1sp]acements at the tops of Towers 1 and 2 respect1ve1y are
-0 ]076 feet and -0. 019] feet To obtain the absoTute d1sp1acement at
the top of a tower for each erect1on state the latter values and those
,recorded;1n F1gs. 8.4 (II) to 8.8 (II)vneed be taken into account

_ Summar1es are g1ven in Tab]es 8.1 to 8.7 of Jo1nt d1sp1acements

and member forces for each erect1on state ~In Table 8.1 (5 sheets) the
summary is for forces and moments 1n seTected members of the br1dge The
;seTected members and the force and moment components are essent1a11y the
same as those cons1dered 1n Table 6. 4 Note, however, the d1fferences_
in the member and node designations because of the two analytical models
used in th1s study. |

Tota] d1spTacements of selected nodes for each state are given
in TabTe 8.2. The latter displacements are with reference to the dead
load state of the bridge. Relative displacements between different
states also are given 'They are given in TabTe 8.3. The relative
d1spTacements are between states as cons1dered in the sequence of
ca]cuTat1ons.

Summaries are given in Tables 8.4 to 8.7 of selected parameters
of the cables. The selected parameters are force components and slopes

at the two ends of each cable. The magnitudes of the parameters are for

each erection state.
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8.4 Conduct Of The Erection Calculations.

The resu]ts presented in Sectlon 8.3 are based on the nonlinear
theory of elastic structures They are obtained by means of the genera]

computer program ca]}ed NONLIN. Note in the theory -
Pog = Ky Uy (8)

"15 in terms of the difference between”two states of.a structure; namely,
.states i and n. Consequent]y, an unknown state n can be obta1ned from
any known.state i by solving Eq. 8.1 for the d1fference between States
i_ and n. In Eq. 8.1, subscripts i and n merely serve as 1ndex
numbers for 1dent1fy1ng known and unknown states of a structure No
restr1ct1ons are imposed on the values of i and n. This implies that
many»kinds of sequences can be fo]]owed in studying the erection stages
of a structure. Included are sequences of calculations that are forward
or.backward to’the sequence of construction. Also included are sequences -
of ca]cu]ations that combine forward and backward'sequences.‘ In‘fact,
the calculations need not be sequential. 4 »

The sequence of Cajculations followed in obtaining the results
summarized in Section 8.3 is shown in Table 8.8. It is observed in
processjng the ca]culations that the output for a known State‘ i serves
as the input for a sought State n. For example, State 3vis obtained by
cohsideringbthe results of State 2 as tnput and solving Eq. 8.1 for the
difference between States 2 and 3. The sequence selected herein is one
of convenience and of preference‘rather than one of necessity. As
stated before, the on]y state completely known for erection purposes is
the dead load state des1red by the des1gners For this reason, the

writers prefer to se]ect the dead load state as the reference state for
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the ca]cu1ationskof-erection In addition, the dead load state furnishes
the initial data. Then, for reasons of accuracy, the wr1ters prefer to
se]ect a sequence in wh1ch the d1fference between each State and‘

its assoc1ated State n s small. | .

In general, no special provision need be made-in the solution
technique described in Chapter 4vf0r‘determining the difference.between
two States. Program NONLIN is written to acconmodate‘either specified
diSp]acements or external loads and reactions fbr'any State n. In the
- erection procedure shown in F1g 8. 1,_other requ1rements than those of

-external 1oads d1sp]acements, and react1ons are indicated for Stages
2, 3 and 4. The program also is written to accommodate other‘requ1rements
- than those of externa1 Toads, dtsp]acements; and selected reactions for
any State 'n' For example, for State 6 of the erect1on ca]cu]atlons it

is spec1f1ed that no unbalanced. hor1zonta1 force is to exist at the top

of Tower 1. The results shown in Fig. 8.7 (II) are compat1b1e-w1th this
requirement. They are obtained by means of an 1terat1ve procedure . in
Wh1ch each est1mate of State 6 is success1ve1y adjusted until the global
o X- components of the forces in Cab]es B and C are ba]anced, and the
res1dua1 force.vectors at the.nodes are sufficiently small. For another
' examp]e for State 8 it is spec1f1ed that the react1on and the d1sp1acement
of the g1rder at the end bent are 51mu1taneously zero. The results shown
in Fig. 8.8 (II) are compatible with this dual requirement. For this
example, the results are obtained by means of another iterative
procedureyin which each estimate of.Step 8 is successively adjusted until
the dual requirement is fqui]]ed, and the residual force vectors at the
nodes are sufficiently small. In each iteration, a rigid body rotation of
the girder.aboutva global Z-axis at the bearing support at Tower 1 is

incorporated.
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For purposes of effic1ency, particular attention is given in
orqanizinq suitab]e and f]ex1b1e formats of input and output data for
the various computer runs. The output of each run consists of (1)‘a
printed record and iisting offthe results, and (2) punched cards which
serve as input for a subsequent run. The following items are included
in the printout: (1) total displacements of State n with reference to
the dead Toad state, (2) reiative disp]acements between States‘i and n,
(3) member forces, (4) applied Toads and reactions, and (5) the residual
1oad vectors Wh1Ch may remain at the end of a spec1f1ed number of
1terations The fo]]ow1ng items are punched on cards: (1) member data
such as forces, or deformations, unstressed 1engths direction COsines
of 1oca1 axes, eccentricnties_of rigid arms, and (2) node data such as

coordinates, tota] displacements with reference to the dead load state

. and specified 1oadings or disp]acements The punched data serve either
for the calculation of the next erection state or for the further
1teration of the same-state if convergence is unsatisfactory The
number of iterations used for obtaining the results of each state is-
given in Tab]e 8.8.

~Some difficulties arise.in the processing of data for the
'various states because each state differs from the others. Consequently,
a different set of node and member_designations need be used for the
solution system of each state. For efficient processing, the writers
devised a solution system of node and member designations for each state
and a single master system for all states. Matrix arrays are defined
and are used in the input data by means of ‘which the solution system of
a State i is transformed to that of a State n. For output, the solution

_System of State n is transformed to the single master system.
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In the program NONLIN, e1ther member forces or deformat1ons
bare used as input data. For the ca]cu]at1on$ of erection, it is

preferable to input member_deformations.',This is because from Eq. 8.2,
p o= k() - w (g2

_the calculation of member forces from deformations is performed direct1y§
whereas, the calculation of deformations from member forces involves an
iterative scheme (see Section 5.1). Note, deformat1ons assoc1ated w1th

temperature changes or m1sf1ts are eas11y taken into account

8.5 Overload of Vehicular Traffic

As stated before, Several innovations in design are intreduced
for the Southern Crossing Bridge. The central span length is greater
than that of any other bridge.of the same kind constructed elsewhere.
~ Also, an orthotropic deck is incorporated with a cable system and with
uniquely shaped towers. Fer these and the reasons given in Chabter 1,
a study is made of the nonlinear behavior of the bridge when the bridge
is subjeeted to an overload of vehicular traffic. |

The distribution of Tive load for the overload case is the
same as that of Fig 7.3 (II). The Tive 1oad is distributed uniformly
between the two towers The intensity of the overload is 3. 4944k/ft.
for one-half bridge, wh1ch is twice the live load spec1f1ed for design
purposes.

. The results for theeoverload case ere summarized in Figs. 8.4
and 8.9 (II), in Tab]es 8.1 to 8.7, and in Table 8.9. Forces, moments,
and displacements for the total bridge are summarized in Fig. 8.9 (II).

‘The summaries in Tables 8.1 to 8.7 are of the same kind as those given
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for the:érection cdl@u]ations. A_comharjéon is giQen in Fig. 8;4 of
the deflected structures obﬁaihéd by means of thé:]ineaf and nﬁhlineér
_thebries, ‘Also;]a.cpmpafisoﬁ is given in'Tab]é 8.9 of thé»influen¢es of
’,nonlinearity on differentiparameteré offthe Bfidge; 'quf grddpSIOf

. pakameters are consfdered inlthé}TabTé,_ The fOuk grodﬁs ére'(])‘fokces.
in fhevcables; (2) shearé,' P*, étthé sadd1és; (3) disb]dtements,'andv_

- (4) moments in the girder'ahd at the bése bf,Tower 1.. FOr»the,Ioading  .
casevconsidered,.the percéntage.differenceﬁ.between the results of the
two theories are smallest for the values of fdrceé in the cables. Tﬁeyfﬁ
" -are biggeSt for the vé]ueslof sheaks_ih the sadd]es_atvthe,tob of : ‘

 Tower 1.
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TEMPORARY ERECTION BENTS ARE INSTALLED. GIRDER SECTIONS ARE
CANTILEVERED IN BOTH DIRECTIONS FROM THE MAIN TOWER. TEMP-
ORARY BLOCKING {$ INSTALLED AT TOWER BEARING.

TOWER |
¢
_FLANKING SPAN SIDE SPAN I CENTER SPAN

] 3 1
- i
Zl TEMPORA-]]
@l RY BENTS ||
Q
= oy
w | }

¥ folley
STAGE | 1

GIRDER SECTIONS ARE EXTENDED TO ANCHORAGE BEAM OF CABLE C,
AND TO THE END BENT. TEMPORARY BENT AT CABLE B IS STILL IN
PLACE. CATWALKS ARE INSTALLED.

Vs \\
I \\ Q—
’ N
e~ CATWALK l
~
TAPERED GIRDER-~ A !
LY M 1}
[I] 1
] =
(1]
oPTION- ;;; '
AL BENTs a
T i\
10 = |
1
STAGE 2 l

CABLES B AND C ARE CLAMPED FIRMLY IN THE SADDLE AND ARE
TENSIONED SIMULTANEOUSLY TO SPECIFIED LOADS AT THE ANCHOR-

AGE ENDS OF THE CABLES. TOWER IS REQUIRED TO BE IN ITS
ORIGINAL PLUMB POSITION AFTER COMPLETION OF JACKING.

STAGE 3 i

SIX STAGES OF THE ERECTION SEQUENCE

FIG. 8.1

140

GIRDER SECTIONS OF CENTER SPAN ARE ADVANCED BY CANTILEVERING

TO ANCHORAGE BEAM OF CABLE D. TEMPORARY ERECTION BENT IN SIDE
SPAN CAN BE REMOVED ONLY WHEN THE DEAD LOAD REACTION DURING
ERECTION IS REGISTERED TO BE ZERO. CATWALKS ARE INSTALLED.

¢
—
ﬂ ]
[}
STAGE 4
CABLES A AND D ARE INSTALLED AND TENSIONED TO PRESCRIBED
LOADS AT THE ANCHORAGE ENDS OF THE CABLES.
¢
t
b
11
STAGE 5
REMAINING PORTION OF CENTER SPAN IS ERECTED BY CANTILEVER-
ING TO CENTRAL SECTION. CENTRAL SECTION OF €0'+ IS INSTALLED
TO FORM A CONTINUOUS GIRDER. BLOCKING AT TOWER iS RELEASED.
THRUST BUFFERS ARE INSTALLED. WEARING SURFACE, RAILING,
AND MEDIAN BARRIER ARE PLACED.
t {
CLOSING SECTION
o = I — | ==
]

AL '

STAGE 6
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9. SUMMARY AND CONCLUDING REMARKS

The report deals with the linear and nonlinear behavior of the
Southern Crossing Bridge subjected to static loads. The bridge consists
of an orthotropic deck girder stayed by cables which radiate to the
girder from the tops of two diamond shaped towers. The loads are
symmetrical with respect to the central longitudinal axis of the bridge
and are those usually associated with the dimensioning phase of a bridge.
Particular consideration is given to the determination of influence lines,
and of maxima caused by dead loads, live loads, temperature changes, and
| foundation movements. Special attention is given to the nonlinear
probiems associated with camber, the erection procedure, and an overload
of vehicular traffic. The behavior although planar necessitates the
use of a theory which takes into account the nonlinear characteristics
of cables and axial-flexural members lying in space. Results are given
for the bridge, based on the use of a computer program applicabie to
space structures,

The report completes the first phase of a comprehensive study
being pursued by the writers.

The uses of cable stayed girders and of orthotropic deck
constructions for bridges are of more recent origin than other kinds of
articulations. Consequently, additional research is needed in regard to
the design and analysis of cable stayed girders before their full
capacities can be realized. Mention is made of a few topics in this

area that need further research. They are as follows:

(1) Three dimensional aspects of orthotropic deck constructions.



(2)

(3)

(4)

(5)

(6)
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Effects of spatial distributions of vehicular and of wind loads on
the torsional, flexural, and axial characteristics of cable stayed

girder bridges.

Relationship of integral and local modes of failure to the selection

of suitable factors of safety and load factors.

Uses of prestressing in the girders and towers of cable stayed

girder bridges.

A probabilistic approach to the effects of live Toads, and of wind

loads, on Tong span bridges.

The dynamic response of cable stayed girder bridges to seismic

disturbances.

Several of the above topics are being pursued by graduate

students at the University of California, Berkeley as part of their

research and educational programs. Their researches are at various

stages of progress. It is expected that some will be completed soon.



10.

11,

12.
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