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ABSTRACT
SEISMIC ANALYSES OF TWO STEEL DECK ARCH BRIDGES

by
Ralph Alan Dusseau

Seismic analyses of two steel deck arch bridges were conducted.
The bridges chosen were the 193 foot South Street Bridge (SSB) in
Connecticut and the 700 foot Cold Springs Canyon Bridge (CSCB) in
California. The analyses consisted of computer modeling utilizing the
response spectrum method.

The response spectra used in the analyses were the Normalized Rock
Spectra, Maximum ground accelerations of 0.09g for SSB and 0, 50g for
CSCB were set based on AASHTO site seismicity specifications. No
attenuation of member responses was allowed for ductility,

The calculated fundamental periods were 0.64 seconds for SSB and
0.37 seconds for CSCB, For the arch ribs and the deck, the analyses
indicated acceptable responses for SSB, but stresses approaching the
yield stress for CSCB. The results also indicated that the cables in

CSCB and certain deck abutment, arch rib abutment and column connections

in both bridges might experience distress.
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INTRODUCTION

1,1 Study Motivation apd Goals
The San Fernando earthquake of 1971 resulted in a heightened con-

cern in this country for the safety of long span highway bridges lo-
cated in earthquake prone regions. In response to this concern, the
study by Tseng and Penzien (1) dealing with earthquake analysis of
long miltispan highway bridges and the study by Abdel-Ghaffar (2)
dealing with dynamic analysis of suspension bridge structures have
since been conducted. Similar studies concerning arch highway bridges
have not been conducted, however,

With a large share of their mass concentrated in their decks and
with these decks supported on columns which in turn rest on arch ribs,
"steel deck arch bridges" because of their mass distribution and geom-
etry seem particularly vulnerable to earthquakes., Thakkar and Arya
(3,4) have studied the in-plane responses of single arch ribs to seis-
mic inputs, but these studies have limited applicability to arch
bridges. Japanese studies reported in the text by Okamoto (5) have
dealt with theoretical calculations for and vibration testing of a -
deck arch railroad bridge, but since the material composition of this
bridge was not specified, the applicability of these test results to
steel deck arch bridges is unknown. Therefore, this study was under-
taken in an effort to answer the question, "how might actual steel

1
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deck arch bridges respond to in-plane- and out-of-plane seismic ground
motions?"

The research for this study consisted of four steps. The first
step was to choose a set of actual steel deck arch bridges and develop
linear models of these bridges using a finite element computer
program, The second step was to determine, by means of an eigenvalue-
eigenvector solution, the natural frequencles and mode shapes for each
bridge. The third step was to choose applicable response spectra and
to use these spectra in conjunction with the natural frequencies and
mode shapes of each bridge to determine maximum stresses and displace-
ments in each bridge under different magnitudes of maximum ground
acceleration in three perpendicular directions. The final step was to
analyze and discuss the results of these response spectrum analyses
and to highlight the locations and magnitudes of the maximum responses
and their relation to the safety of the bridge.

Because of time limitations, only two bridges were anélyzedx
South Street Bridge near Middlebury, Connecticut; and Cold Springs
Canyon Bridge near Santa Barbara, California. These two bridges were
chosen because of their differences as well as their similarities,
They are different in arch length and configuration, in column stiff-
nesses and end fixity, and in their number and types of deck expansion
joints, They are similar, however, in that both are steel deck arch
bridges and both have solid-ribbed arches,

1.3 Finlte Element Program

The finite element program used in this study was the structural

analysis program SAPV2 developed at the University of California at
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Berkeley and distributed by the SAP User's Group at the University of
Southern California. The program, in addition to standar@ truss and
beam elements, also allows the user to read element stiffness matrices
directly into the structure stiffness matrix, It can also perform an
eigenvalue-elgenvector solution to determine the natural frequencies
and mode shapes for a given structure. After the program calculates
the natural frequencies and modes shapes, it can then perform response
spectrum analyses on the structure utilizing a variety of solution

procedures and response spectrum curve options.



CHAPTER Il
BRIDGE MODELING AND PRECURSORY ANALYSFES

This chapter discusses how the finite element linear models of
South Street Bridge and Cold Springs Canyon Brldge were developed.

The discussion for each bridge contains a description of the structure,
a statement of the general goal in modeling the bridge, a sketch of the
final bridge model(s), a series of descriptions on how the individual
bridge components were modeled and a description of how the mass of the
bridge was calculated and lumped at the various nodal points in the
model(s).

The discussions of the modeling of the bridges are followed by
descriptions of how the bridges were analyzed for gravity and wind
load responses, Finally, this chapter concludes with presentations
and discussions of the natural frequencies and mode shapes of the
bridge models, Thus the groundwork 1s laid for the discussions of the
response spectrum analyses which are contained in the next chapter.

2.1 General Modeling Notes

The following general notes apply to the modeling of both bridges:

1. All sets of local joint coordinate axes (as well as the
global coordinate axes) are oriented as follows: the x axis
is horizontal and parallel with the bridge centerline; the
Yy axis is vertical; and the z axis is horizontal and per-
pendicular to the bridge centerline.

n
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3.

5
The geometry, member sizes and relevant details of the two
bridges were obtained from design drawings supplied to us by
the Connectlicut State Highway Department and the California
Department of Public Works, The cross-sectional areas of
all members and the moments of inertia, torsional constants
and shear areas of those members modeled as beams were based
on the typical member cross-sections with stiffeners, splice
plates, etc., neglected,
All bridge members, unless otherwise specified, were modeled
as running from joint center to joint center. Thus the
colums which are attached to the tops of the arch ribs were
modeled as running to the centers of the arch ribs,
The weights per foot of the concrete slab, the road surfac-
ing, the parapets and the railings for both bridges were
taken directly from the "Structural Steel Designer's
Handbook" by Merritt (6) which discusses South Street Bridge
on pages 13-40 and 13-41, and Cold Springs Canyon Bridge on
pages 13-22 and 13-23. The weights of the remaining struc-
tural members were calculated by taking the typical member
cross-sectional areas times thelr actual lengths and then
times the unit weight of steel, If these calculated weights
fell short of the values given in the Handbook, then the
calculated values were increased by the necessary percentages
so that they would be essentially equal to the Handbook
values, Thus, for example, according to the Handbook the
arch ribs in South Street Bridge weigh 1070 1b/ft for a total

arch rib weight of 206.51 kips. Since the total calculated
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weight of the arch ribs was only 191.7 kips, the calculated
weights of all arch rib members were increased by 8% so that
the total arch rib weight became 207.1 kips, which is
slightly greater than the Handbook weight.

5. The y axis elevations for all nodes were based on the dead
load deformed shapes of the bridges as specified in the
design drawings.

2,2 Modeling of South Street Bridge
2.2.1 Description of the Bridge

South Street Bridge (Figures 1 and 2) is a two lane, solid-ribbed,
steel deck arch spanning Route I-84 near Middlebury, Conn. The bridge
consists of 13 panels each 29 feet in length for an overall bridge
length of 377 feet. The arch consists of two rectangular steel box
girder ribs spaced 22 feet apart and hinged at their abutments, The
arch ribs span the center 193 feet of the bridge with five panels at
29 feet in length and two panels at 24 feet in length., The arch is
circular in configuration with a radius of 175 feet, an enclosed angle
of 66.9° and a height of 29 feet, The ribs are connected laterally by
rectangular steel box girder struts and by tubular steel diagonals, the
latter forming cross-bracing between panel points,

The columns are rectangular steel tubes with their longer sides
normal to the centerline of the bridge. Expansion joints located at
the tops of the colums at panel points A,E,F,F*',E' and A' prevent the
transfer of x direction forces and moments about the z axis at these
points,

Tﬁe deck consists of a 74 inch two-way reinforced concrete slab

supported longitudinally by wide flange floor stringers which in turn
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are supported laterally by wide flange floorbeams located at each panel

point, In addition, welded steel parapets consisting of three square
tubes and one channel section each are fastened to the concrete slab
by welded studs. The deck is divided into five continuous segments
by two expansion joints located at panel points F and F', and by
concrete slab splices located at panel points C and C'. The expansion
joints at F and F', as well as the connections at the abutments,
prevent the transfer of x direction forces and moments about the y and
z axes at these points,

2¢2.2 Modeling Goal and Final Bridge Model

The general goal in the modeling of South Street Bridge was to
develop a finite element linear model which would be reasonably valid
for earthquakes with maximum ground accelerations of 0,09g. The
choice of 0,09g was based on the fact that South Street Bridge is lo-
cated in Zone I of the Seismic Risk Map on page 31 of the AASHTO
Specifications (7) and as such the maximum expected rock acceleration
according to the Specifications would be 0,09g.

The final linear model of South Street Bridge which evolved is
depicted in Figure 3. Note, for added clarity, the deck and the
columns are drawn separately from the arch,

2s2.3 Arch Ribs

The arch ribs are 393 by 24 inch steel box girders with 3/4 inch
web plates and 1 3/4 inch flange plates. Between the panel points the
arch ribs were modeled as straight beam elements, This created about
an 8 inch offset from the true arch curve at the center of each panel,
The rib connections at the arch abutments (Figure 4) were modeled as

hinges with rotations about the z axis as the only degree of freedom



" (dof) allowed at these points.

During construction of the bridge, a third hinge at the crown of
each arch rib prevented the transfer of moments about the z axis at
this point., At completion of the bridge, however, these pin connections
were fully closed. Therefore at their crowns the arch ribs were
modeled as continuous,

26 204 Arch Struts

The arch struts are 24 by 12 inch steel box girders with 9/16
inch web plates and 5/8 inch flange plates. The struts serve as lat-
eral connections between the two arch ribs with one strut located at
each panel point along the arch., The struts are oriented such that
the planes of their webs are normal to the axes of the arch ribs,
Because of the rigid design of the arch rib to strut connections, it
was assumed that axial forces, shear forces, torsional moments and
bending moments would all be transferred through these joints, Thus
the struts were modeled as three-dimensional beam elements.,

2.2.5 Arch Dlagonals

The arch diagonals are 12 by 4 inch steel tubes with a wall thick-
ness of 5/16 inch., The diagonals serve as cross-bracing between the
arch ribs with one pair of diagonals per panel. Because of the rela-
tively flexible design of the arch rib to dilagonal connections, it was
assumed that only axlal forces would be transferred from the diagonals
to the arch ribs, Thus the diagonals were modeled as three-dimensional
truss elements,

2.2,6 Columns

The bridge columns are 16 by 10 inch steel tubes with wall thick-

nesses of % inch, In all, there are five different types of column end
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connections in the bridge: three types of base connections and two

types of top connections. Since all of the columns have at least one
end connection which can be assumed to be rigid, all of the columns in
the bridge were modeled as three-dimensional beam elements,

The expansion joints located at the tops of the columns at panel
points A,E,F,F',E' and A' are depicted in Figure 5 and were modeled as
seml-riglid connections with column end.releases preventing the transfer
of x axis forces and moments about the x and z axes at these points,
As can be seen in Figure 5, the actual connections have curved self-
lubricating bronze plates which allow large z axlis rotations of the
deck relative to the column, Thus it was assumed that moments about
the z axis would not be transferred from the columns to the deck at
these points.

The bronze plates in these expansion joints have a flat upper
surface which allows x and z axis displacements of the deck relative
to the columns at these points, These Jjoints, however, have only a
13/4 inch clearance for relative x axis displacements and a *1/8 inch
clearance for relatlve z axlis displacements, Linear modeling of
these joints, however, required that an assumption be made as to
whether or not forces (or moments) are transferred from the columms to
the deck at these points. Because of the large clearance for relative
displacements in the x direction, it was assumed that x axis forces
would not be transferred., Because of the smaller clearance for rela-
tive z axls displacements, however, it was assumed that z axis forces
would be transferred. This latter assumption, because it in effect ig-
nored the t1/8 inch clearance for relative z axis displacements, also

signified that moments about the y axis would be transferred at these
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connections,

With respect to the transfer of y axis forces from the columns to
the cieck at these expansion joints, the actual connections allow the
transfer of compressive forces only. Because of the large compressive
‘forces on the columns due to the dead load of the deck, i1t was assumed
that these dead loads would exceed any calculated tensile forces due to
earthquake accelerations. Therefore, the assumption was made that y
axis forces (both upward and downward) would be transferred at these
Jjoints.

The transfer of moments about the x axis at these expansion joints
is possible only so long as the dead load compressive stresses at these
points are not exceeded, Preliminary response spectrum analyses assum-
ing full transfer of moments about the x axis were conducted. These
analyses showed that at maximum z axis ground accelerations of 0,013
to 0.08g the estimated maximum combined axial and bending stresses
would exceed the dead load compressive stresses at these points, i.e.
the bearing plates in these expansion joints might begin to separate.
Because most of these separations would begin at maximum z axis ground
accelerations of 0,025¢ or less, which are far below the 0.,09g Zone I
maximum ground acceleration, the decision was made to assume in the
final bridge model that moments about the x axis would not be trans-
ferred between the deck and the columns at these points,

The joints located at the tops of the columns at panel points B,C,
D,D',C' and B' were modeled as fully rigid connections, This assump-
tion was based on the rigld design of these column to deck floorbeam
connections in which the columns are not only continuous to the bottom

flange of the floorbeam but from the bottom to the top flange as well,
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At panel points A and A' the columns are anchored to the concrete
pedestals, as depicted in Figure 6, utilizing two 2 foot by % inch
column stiffeners, a 20 inch by 18% inch by 13 inch base plate and six
1 1/8 inch anchor bolts, At panel points B,C,C' and B' the colums are
anchored to the concrete pedestals, as depicted in Figure 6, utilizing
one 1% foot by % inch column stiffener, a 20 by 18% by 1% inch base
plate and four 1 1/8 inch anchor bolts. Because of their relatively
rigid design, all of these column to pedestal connections were modeled
as fully rigid.

At panel points D,E,E' and D' the column bases are fastened to the
arch ribs utilizing 3/4 inch diaphragm stiffeners inside the arch ribs
to give the colums continuity from the top of the arch ribs to the
bottom, Because of their rigid design, all of these arch rib to column
connections were modeled as fully rigid.

The column to floorbeam expansion joints at panel points F and F'
are fastened directly to the top flange plates of the aich ribs, thus
there are actually no columns at these points, In the model, however,
short columns were used at these points to connect the expansion joints
with the centers of the arch ribs, These columns are necessary because
of the finite height of the rib cross-sectlion, Since these colums are
only about two feet in length, it was felt that modeling them as rigid
links would not be necessary and that the typical column cross-section
would suffice. Thus short columns with typical column cross-sections
were used at panel points F and F°,

At each panel point in the model the tops of the columns were
placed at the bottom of the floorbeam, Because the columns at panel

points B,C,D,D',C*' and B' are continuous between the top and bottom
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floorbeam flanges at these points, their tops could have been placed at

the same y axis elevation as the deck centroidal axis at these points,
But because the distance from the deck centroidal axis to the bottom
floorbeam flanges is only about 21 inches and in order to be consist-
ent throughout the model, the decision was made to place the tops of
the colums at each panel point at the same y axis elevation as the
bottom flange of the floorbeam at that panel point, Thus the columns
at panel points A,B,C,C'B' and A' were modeled as running from the tops
of the concrete pedestals to the bottoms of the deck floorbeams and the
colums at panel points D,E,F,F',E' and D' were modeled as running from
the centers of the arch ribs to the bottoms of the deck floorbeams,

2.2,7 Deck

The bridge deck was modeled as a single three-dimensional beam
connected to the columns at panel points A to A' by rigid links which
serve to replace the floorbeams in the deck, The typical deck cross-
section consists of six structural components: a reinforced concrete
slab and five floor stringers. The Connecticut State Highway
Department informed us that the steel parapets were not designed to
contribute to the overall deck stiffnesses and our own calculations
bore this out. Thus the parapets were treated in the model as contri-
buting to dead load only.

The reinforced concrete slab is 71 inches thick and 34 feet wide
with a 1% crown, It has both longitudinal and lateral reinforcing,
only the former of which was used in the calculations of deck stiff-
nesses, The concrete in the slab was modeled as 50% effective, i.,e. in
the ealculations of deck stiffnesses the area of the concrete slab was
converted to steel using a modular ratio of elasticity (n) of 20. The
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decision to use 50% concrete effectiveness was essentially an arbitrary
compromise necessitated by the linear nature of the model.

Any cracking of the slab whether due to earthquake loads, wind
loads, live loads, temperature changes or other effects would result in
nonlinear behavior of the slab, Thus it was felt that while an assump-
tion of 0% concrete effectiveness would not be correct, neither would
an assumption of 100% concrete effectiveness., Therefore, a compromise
value of 50% was used. In order to get some measure of the effects of
this choice, an alternate bridge model assuming 100% concrete effective-
ness was analyzed. The results of this analysis are discussed in
section 3.8.

For each deck cross-section the areas of the concrete haunches at
the floor stringers were ignored in the calculations of deck stiffnesses
because they are small compared with the area of the slab as a whole.

There are four different wide flange sections which are used as
stringers in the bridge. From panel points O to F and F' to 0' the two
exterior stringers are W2lx68 sections while the three interior
stringers are W24x76 sections. From panel points F to F' the two ex-
terior stringers are W24x84 sections while the three interior stringers
are W24x100 sections, While the top flanges of the stringers are par-
tially embedded in the concrete slab, the slab and the stringers were
not designed to act compositely and thus in the model they were not
treated as composite beams,

Because of the different wlde flange sections used as stringers,
there are essentially two different deck cross-sections. The various
geometric properties for each deck cross-section were calculated using

the same procedures. For each cross-section the area of the concrete
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slab was converted to steel using n=20 and was added to the areas of
the stringers and the longitudinal reinforcing to get the total cross-
sectlion area. The shear area in the y directlon for each cross-section
was calculated by taking the sum of the web areas of the five floor
stringers. The shear area in the z direction was calculated by taking
the sum of the flange areas of the five stringers and the area of the
concrete slab converted to steel,

Moments of inertia about the y and z axes were calculated by
taking the sum of the individua.l moments of inertia of the five
stringers, the longitudinal reinforcing and the concrete slab converted
to steel. Since the deck does not act like a composite beam and since
the bulk of the moment of inertia about the z axis is contributed by
*t:he i}c_:qr stringers, the centroldal axls of the deck was placed at the
center of the middle floor stringer,

The deck torsion constants were calculated by taking the sum of
the individual torsion constants of the five stringers and the concrete
slab converted to steel, The additional torsional stiffness arising
out of the bending resistance of the stringers was ignored. Response
spectrum analyses (see section 3.9) indicated that under z axis accel-
eration the largest and most important bridge responses were virtually
unaffected by the value of the torsion constants. Thus the lower and
more conservative values for the torsion constants were used.

The expansion connections between the stringers and the abutments
at panel points O and 0' are depicted in Figure 7 and were modeled as
semi~-fixed connections allowing displacement of the deck in the x
direction and rotation of the deck about the y and z axes at these
points, As can be seen in Figure 7, the actual connections have 1%
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inch elastomeric bearing pads which allow large z axis rotations of the
deck. Thus it was assumed that moments about the z axis would not be
transferred from the deck to the abutments,

The elastomeric pads in the stringer to abutment connections also
allow x and z axis displacements of the deck at the abutments, These
connections, however, have only a t3/4 inch clearance for x axis dis-
placements and a t1/8 inch clearance for z axis displacements., Thus,
for the same reasons as in the case of the column to floorbeam expan-
sion connections, the assumption was made that z axis shear forces
would be transferred from the deck to the abutments but that x axis
axial forces would not. This latter assumption, be;ause it allowed un-
limited x axis displacements of the stringers, also signified that
moments about the y axis would not be transferred from the deck to the
abutments,

With respect to the transfer of y axis shear forces from the deck
to the abutments, the actual connections allow the transfer of com-
pressive forces only., Here again, for the same reasons as in the case
of the column to floorbeam expansion connections, the assumption was
made that y axis shear forces would be transferred from the deck to the
abutments, Because this assumption prevented any y axis displacements
of the floor strinéers at the abutments, it also implied that torsional
moments about the x axis would also be transferred from the deck to the
abutments,

Between the deck abutments, the continuity of the deck is broken
in four locations: at the expansion joints near panel points F and F',
and at the deck slab splices at panel points C and C'. The expansion

joints near panel points F and F' (Figure 8) are located 5i inches from
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the panel points and serve to prevent the transfer of x axis aina.l
forces and moments about the y and z axes at these points, 1In the
model the center span was modeled from panel points F to F' with moment
releases at both ends to prevent the transfer of moments about the y
and 2 axes at these points., Axial releases could not be placed at both
ernds of the center span because this would have resulted in an unstable
center span with respect to x axis loading. Because the mass of the
center span was ignored in the x direction (see section 2.2.8), it was
possible to model the center span using only one axial release without
glving rise to axial forces at elther end.

| Panel points C and C' are the locations where the concrete slabs
from O to F and F' to 0' respectively are spliced. At these points the
concrete and the top flanges of the floor stringers are discontinuous,
Also at these points the longitudinal reinforcing in the slab is
doubled. While there is some continuity at C and C' with respect to
rotation about the z axis, preliminary response spectrum analyses
assuming full continuity at C and C' showed that under vertical (y axis)
or longitudinal (x axis) acceleration the most severe bending about the
z axis occurred at panel points C and C'., Thus it was assumed that
under relatively low earthquake acceleration levels the moment
capacitles about the z axis would be exceeded., Since the deck was not
designed to be continuous at C and C* with respect to rotation about
the 2z axis, the decision was made to place moment releases about the z
axis at both panel points,

These same preliminary analyses also showed that under lateral

acceleration the lateral bending moments reached their largest values
at panel points C and C'. The bulk of the lateral bending stiffness of
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the deck is contributed by the slab, Even though the slab at C and C'
is discontinuous, it can still transfer compressive forces which, when
coupled with the tensile forces of the longitudinal reinforcing which
is doubled at C and C', ylelds a connectlion which is comparable to the
typical deck cross-section in strength. Thus no moment releases with
respect to bending about the y axis were placed at these panel points,

2.2.8 Lumped Masses

The mass of South Street Bridge was lumped at 26 nodal points in
the structure:s at panel points 0,A,B,C,C',B',A' and O' masses were
lumped at the centroidal axis of the deck and at panel points D,E,F,F',
E' and D' masses were lumped at the deck centroidal axis and at the
centers of the two arch ribs,

The mass lumped at the centroildal axis of the deck at a given
panel point included one-half the mass of the deck segments lying
between the given panel point and the adjacent panel points plus one-
half the mass of the columns at the given panel point., Because the
floorbeams were replaced by rigid links, the mass moments of inertia of
the various deck masses were also calculated,

The first step in the calculation of deck mass moments of inertia
was to lump the masses of the various deck components at the points
where they intersect the vertical planes of the floorbeams or would
intersect them if they were placed at the panel points, Thus the
masses of the parapets and the floor stringers were lumped at the
points where they intersect the vertical planes of the floorbeams, The
deck portions of the column masses were lumped as point masses at the
bottoms of the floorbeams where they are fastened. The masses of the

concrete slab, the intermediate and end diaphragms, the road surfacing
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and the floorbeams were lumped as linear masses in the vertical planes
of the floorbeams., The mass moments of inertia were then calculated
for these linear and point masses with respect to x, y and z axes pass-
ing through the deck centroidal axis at each panel point.

The mass lumped at the center of one arch rib at a given panel
point included one-fourth the mass of all arch members lying between
the given panel point and the ad jacent panel points plus one-fourth
the mass of the columns at the given panel point,

Because of the expansion joints at F and F', the deck segment from
F to F' can be expected to act as if supported by rollers at these
points, In order to model this condition with respect to mass effect,
the mass of the deck segment from F to F' was neglected in the x direc-
tion. The lumped masses and mass moments of inertia at F and F' were

then calculated on this basis,

2,3 Modeling of Cold Springs Canyon Bridge

2.3.1 Description of the Bridge
Cold Springs Canyon Bridge (Figures 9 and 10) is a two lane, solid-

ribbed steel deck arch spanning Cold Springs Canyon and Route 80 near
Santa Barbara, California. The bridge consists of 19 panels with two
at 46,5 feet in length, 13 at 63.635 feet in length and four at 74,385
feet in length for an overall bridge length of 1217.8 feet. The arch
consists of two rectangular steel box girders spaced 26 feet apart and
hinged at their abutments with 11 panels at 63.635 feet each for a
total arch span of 700 feet,

The configuration of the arch is based on a seventh order polyno-
mial with the northern hinges being 46,48 feet above the southern hinges

and with the rise at the highest point on the arch being 144,5 feet
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above the southern hinges. The ribs are connected laterally by a system
of crossframes with one crossframe located at each panel point and three
crossframes (labeled a, b and c) spaced equally between panel points,
This crossframe configuration subdivides each panel into four subpanels,
The ribs are also connected laterally by top and bottom laterals which
along with the crossframes and the arch ribs creates a type of box
truss configuration with the arch ribs acting in place of side trusses.

The columns located at panel points 2 to 5, 7 through 16, 18 and
19 are steel box sectlions with hinge connections at top a.nd bottom,

The towers located at panel points 6 and 17 consist of steel box sec-
tion columns which are rigidly fastened at their bases and are connect-
ed ia.tera.lly by two steel box girder struts and by a composite steel
box girder and concrete strut at the top.

'The deck consists of a 7% inch two-way reinforced concrete slab
supported longitudinally by four plate girder stringers which are in
turn supported laterally by plate girder floorbeams. The parapets are
in preformed reinforced concrete segments, and the assumption was made
that they would not contribute to the stiffnesses of the deck. The deck
is divided into three continuous segments by hinged tower connections at
panel points 6 and 17 which prevent the transfer of moments about the
z axis,

Between panel points 11 and 12 a system of bridge rope cables runs
between the deck and the arch forming cross-bracing in the longitudinal
direction and V-bracing in the lateral direction,

2.3.2 Modeling Coal and Final Bridge Models

The general goal in the modeling of Cold Springs Canyon Bridge was

to develop a finite element linear model which would be reasonably
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valid for earthquakes with maximum ground accelerations up to 0.50g.
The choice of 0,50g was based on the fact that Cold Springs Canyon
Bridge 1s located in Zone III of AASHTO's Seismic Risk Map, and as
such the maximum expected rock acceleration according to the AASHTO
Specifications would be 0, 50g.

The final linear models of Cold Springs Canyon Bridge which were
derived are depicted in Figure 11. Note that two models evolved - one
with cables and one without cables. Since these two models differ
only between panel points 11 and 12, this section is drawn twice in
Figure 11 - once with cables and once without cables. For added clar-
ity the deck and the columns are drawn separately from the arch,

2.3.3 Arch Rite

The arch ribs are 9 foot by 3 foot steel box girders with 15/16
inch webs and with flanges varying in thickness from 1.5 to 3.5 inches.
Between panel and subpanel points the ribs were modeled as straight
beam elements, This created a less than one inch offset from the true
curve at the center of each subpanel. The arch rib stiffnesses between
panel and subpanel points were based on the average flange thicknesses
between these points,

As in the case of South Street Bridge, the rib connections at the
arch abutments of Cold Springs Canyon Bridge (Figure 12) were modeled
as hinges with rotations about the z axis as the only dof allowed at
these points., Also as in the case of South Street Bridge, third hinges
near the crown of each arch rid in Cold Springs Canyon Bridge were
closed at the completion of the bridge and thus the arch ribs were

modeled as contlnuous at these points,
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2.3.4 Arch Crossframes
The arch crossframes (see Figure 10) are composed of five members

eachs continuous top and bottom HP section chords, a WI8x18 section
running between the centers of the top and bottom chords, and two
WT8x25 sections running between the center of the top chord and the
ends of the bottom chord. The top and bottom chords are HP10x42
sections for the crossframes from panel points 8 to 15, and HP10x57
sections for the crossframes from panel point 6 to subpanel point 7c
and from subpanel point 15a to panel point 17,

Due to the configuration of the crossframes, all crossframe
members were modeled as three-dimensional truss elements, Ea.ch cross-
frame is oriented such that its plane is perpendicular to the tangents
of the arch ribs at the points of connection. Figure 13 depicts a
typical arch rib to crossframe to colum connection at the panel points,
As can be seen, the panel point crossframes are not precisely centered
at the panel points but are positioned sgch that their planes pass
through the points where the columns are fastened to the top flange
plates of the arch ribs., Similarly, the three subpanel point cross-
frames for each panel are not centered at the subpanel points but
instead they are equally spaced between the panel point crossframes,

In the models the crossframes are centered at the panel and sub-
panel points, These modeled positions of the crossframes hold true
near the crown of the arch but their difference from the true posi-
tions increases as one moves further away from the crown of the arch,
Therefore the largest differences from the true positions occur at the
arch hinges where in the actual structure the crossframes are 40 inches

from the hinges tut in the bridge models they were placed at the hinges.
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At subpanel point 11b there are two crossframes located 40 inches
from and on either side of the closed third hinges (see Figure 14),
Both of these crossframes were placed at their correct positions in
the bridge models along with the crossframes at 1la and 1ic which are
located midway between the nearer of the two crossframes at 11b and the
crossframe at the ad jacent panel point (11 or 12 respectively).

2.3.5 Arch Laterals

The arch laterals depicted in Figure 14 are systems of HP section
members which form lateral bracing between the crossframe top chords
and between the crossframe bottom chords. As can be seen in Figure 14,
each palr of laterals forms an inverted V which points toward the
closed third hinges at subpanel point 1ib. The top and bottom laterals
are HP10x42 sections for those pairs of laterals between panel points
8 and 15, and HP10x57 sections between panel points 6 and 8 and between
panel points 15 and 17. As 1n the case of the crossframe members, all
of the arch laterals were modeled as three-dimensional truss elements,
and as in the actual structure, the arch laterals were modeled as
running from the end of one crossframe chord to the center of the next
crossframe chord,

2,3,6 "Arch Elements"

With over 500 members, the arch if modeled apart from the rest of
the bridge would have over 800 dof which when added to the 113 dof of
the remainder of the bridge would yield a total of over 900 dof., In
order to reduce this number of dof, "substructures" called "arch
elements" were used, Each arch element, covering one or more subpanels,
included the two arch ribs, the associated crossframes, and the top and

bottom laterals, From the stiffness matrix of each arch element, the
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dof of the internal nodes were condensed out, In addition, constraints
were imposed at the ends of each arch element such that the x and y
rotations and the z displacements of both arch ribs at these points
would be the same, The condensed stiffness matrices for all of the
arch elements were then assembled with the rest of the structure. The
use of these arch elements resulted in a reduction of about 600 dof
ylelding a total of 306 dof for the final models, The condensation
- procedure, the configuration of the arch elements and the arch dof re-
maining after condensation are discussed in more detall as follows.

The 44 subpanels of the arch were divided into 22 arch elements
each one beilng one to three subpanels in length., The configuration of
the arch elements, as depicted in Figure 15, arose out of the need to
recover at least some of the stresses in the arch ribs resulting from
the response spectrum analyses, The SAPV2 output for a response
spectrum analysis consists of two partss maximum nodal displacements,
and maximm beam and truss element stress resultants., The maximum re-
sultants for the components of the arch elements can not be recovered
because the SAPVZ program can not calculate resultants for elements
whose stiffness matrices are read into the computer and because the
maximm nodal displacements which are calculated have no direct rela~
tion to maximum element resultants. By modeling single subpanels as
arch elements, however, the arch rib segments contained in these ele-
ments could be taken out and modeled as individual beam elements, Thus
the stresses in these segments of arch rib could be calculated and
recovered,

In practice, arch rib segments with one-half thelr actual stiff-

nesses remained as part of the single subpanel arch elements., The
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remaining one-half of the stiffnesses of these arch rib segments were
represented by separate beam elements, The reason for this division of
the arch rib stiffnesses was that the stiffness matrices for the single
subpanel arch elements became ill-conditioned when the arch rib segments
were entirely removed, Thus in the final bridge models the stresses
derived from a response spectrum analysis could be recovered for 20 of
the 88 arch rib segments in the bridge.

Figure 16 represents a typical panel or subpanel cross-section with
the nodal points and members used in the models depicted also., The
dashed lines represent pseudo-rigid links which connect the centers of
the arch ribs with the ends of the top and bottom chords of the cross-
frames, These pseudo-rigid links as modeled had stiffnesses approxi-
mately three times larger than the stiffnesses of the arch J':ibs.1

The 193 dof remaining in the arch after condensation were two dof
each at panel points 6 and 17; nine dof each at panel points 7 through
163 and nine dof each at subpanel points 6¢,7¢,8c¢,9,10c,11b,12¢,13¢c,
14c,15c and 16c. At panel points 6 and 17, where the arch ribs are
hinged to their abutments, the dof remaining after condensation were
the z rotations of the nodes at the centers of the arch ribs,

Those panel and subpanel points with nine dof remaining after con-
densation had all nine &of assigned to the nodes located at the centers
of the arch ribs with individual x and y displacements and z rotations

at each point, and common 2 displacements and x and y rotations, The
1

Stiffer 1links were not used because the stiffnesses of the cross-
frame members are small compared with the arch ribs, The use of
links with stiffnesses much larger than the arch ribs would have
resulted in i1ll-conditioned element stiffness matrices., Rigld
links were not used because the program used in the condensation
procedure did not have this option,
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decision to make the z displacements and x and y rotations the same at
both points was based on the mode shapes derived for South Street
Bridge. In every South Street Bridge mode shape in which the z dis<
placements and x and y rotations at the centers of the arch ribs were
large, the values of these varlables at each panel point were the same
for both arch ribs,

2.3.7 Cables

There are four palir of tensioned cables which run between the
deck and the arch with two pair lying in the planes of the arch ribs
and two palr lying in planes normal to these planes. All of these
cables were modeled as linear truss elements that resist both tensile
and compressive loads.

In reality, the bridge cables could go limp under seismic com-
pressive loads because the tensioning stresses in them are low.
However, since each palr of cables has a symmetric or nearly symmetric
configuration, the changes in stress which occur within each pair of
cables tend to be equal and opposite. Hence, if one cable in a pair of
cables goes limp because of seismic compressive loads, the other cable
in the palr must be in tension., Therefore, two linear truss elements
can be used to model each pair of cables if the following assumptions
are mades

1. No cable tensioning,

2, The sum of the absolute values of the calculated stresses in
the two truss elements represents the actual stress which
would exist in one cable,

The two palr of cables lying in vertical planes normal to the

planes of the arch ribs (Figure 17) are located at panel points 11 and
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12, They are composed of 1% inch bridge rope which is tensioned to
2000 psi and has a minimm breaking strength of 96 tons., As can be
seen in Figure 17, these lateral cables run from the center of the
crossframe top chord to points on the bottom of the deck floorbeam near
where the columns are attached. As depicted by the dashed lines in
Figure 17, however, the lateral cables were modeled as running from
the center of one arch rib to the opposite column to floorbeam connee-
tion, Thus, while the lateral cables form V-bracing in the actual
structure, they were modeled as cross-bracing.

The reason for modeling the lateral cables as cross-bracing was to
allow the three dof each at the centers of the crossframe top chords at
panel points 11 and 12 to be condensed out of the arch elements., Since
the cfoss-sectional area of the lateral cables is only about 14 square
inches, it was felt that changing the lateral cable configuration from
V to cross-bracing would have little impact on the overall behavior of
the models,

The two pair of cables lying in the same vertical planes as the
arch ribs (Figure 18) are located roughly between panel points 11 and
12, These longitudinal cables are composed of 1 5/8 inch bridge rope
which is tensioned to 7000 psi and has a minimm breaking strength of
162 tons. Each longitudinal cable begins at a point near where the
column at one panel point is connected to the top flange of the arch
rib., It then runs through a point about midway between the top and
bottom flanges of the floorbeam at the other panel point, and ends at
a point 98 inches from the second panel point where it is fastened to
a short plate girder.

For the computer models, as depicted by the dashed lines in
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Figure 18, each longitudinal cable was assumed to run from the arch ridb
centerline at one panel point to the column to floorbeam connection at
the other panel point. Thus in ﬁxe models the lower ends of the longi-
tudinal cables were moved downward by about 4% feet when compared with
the actual structure while the upper ends were placed about 2% feet
lower than the point where they intersect the floorbeams in the actual
structure., Modeling the longitudinal cables in this manner enabled the
utilization of the existing dof at the centers of the arch ribs and at
the colum to floorbeam connections. Since the cross-sectional area of
each longitudinal cable is only about two square inches, it was felt
that this changing of the endpoints of the longitudinal cables would
have 1little impact on the overall behavior of the models.,

The response spectrum analyses of the Cold Springs Canyon Bridge
model with both lateral and longitudinal cables included showed that
both types of cables would reach their minimum breaking strengths at
maximum ground accelerations less than 0.50g. Thus the decision was
made to use two models to represent Cold Springs Canyon Bridge - one
with the cables and one without the cables. Because both of these
models were to represent Cold Springs Canyon Bridge, both are dealt with
on an equal basis in this study. Therefore, the natural frequencies
and mode shapes for both models were computed and are presented in
this chapter. In addition, the results described in the next chapter
include the responses of each model where applicable,

23,8 Columns

The columns (Figure 19) located at all panel points except 1,6,17
and 20 are 244 by 25 inch box shapes with %4 inch wall thicknesses and
with hinge connections at top and bottom. The column to pier
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connections at panel points 2,3,4,5,18 and 19 consist of three steel
platest a 10 by 10 by 2% inch top plate with a concave lower surface,
a 5 inch circular bearing plate with a convex upper surface and a flat
lower surface, and a 10 by 10 by 2 inch bottom plate with a flat upper
surface (see Figure 19). This sandwich of three plates is held to-
gether by two 1 inch bolts spaced six inches apart which run between
the top and bottom plates and serve to hold the circular bearing plate
in position. The same connection is used at panel points 7 through 16
to connect the bases of the columns to the top flange plates of the
arch ribs, It is also used to connect the tops of all the columns to
the deck floorbeams.

All the columns in the bridge were modeled as truss elements with
the columns at panel points 2,3,4,5,18 and 19 being modeled as running
from the tops of the concrete plers to the bottoms of the floorbeams,
The columns located at panel points 7 through 16 were also modeled as
ending at the bottoms of the floorbeams, but unlike the real bridge,
these colums were modeled as beginning at the centers of the arch ribs
rather than at the top flanges. In order to begin these columns at
the top flanges, rigid links running from the centers of the arch ribs
to the top flange plates would have been required. Such rigid links
would have increased the complexity of the models. Since the columns
are modeled as truss elements, the net result would have been somewhat
smaller axial deformations, The change in axial deformation due to a
44 foot reduction in column length at each of these points would be
small and its effects negligible, Thus the columns at panel points 6
through 17 were modeled as beginning at the centers of the arch ribs,
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2.3 We

The towers (Figure 20) located at panel points 6 and 17 are each
composed of five members: two columms having 48 by 52% inch box shapes
with 1% inch wall thicknesses and with their longer sides normal to
the centerline of the bridge, two 73% by 30 inch intermediate box
girder struts with 14 inch flange plates and % inch webs, and a single
composite top strut composed of a 61 3/4 inch by 30 inch box girder
with 7/8 inch flange plates and 5/8 inch webs and topped by a short
segment of concrete slab which varies in thickness from 74 to 12 11/16
inches,

In modeling the towers (see Figure 21), all dof except the six dof
each at the deck centroidal axis at panel points 6 and 17 were condensed
out thus eliminating 24 dof from each tower. The remaining six by six
stiffness matrix for each tower was then read into the SAPV2 program
using the Read-in Stiffness Matrix Element,

The column to skewback connections are very rigid in design with
29 prestressed 1 3/8 inch rods used to anchor the colums to the skew-
backs, Thus the columns were modeled as three-dimensional beam elements
fixed at their bases and running from the tops of the skewbacks to the
elevation of the deck centroidal axis, The intermedlate strut to column
connections are also very rigid and thus the intermediate struts were
modeled as three-dimenslonal beam elements rigidly connected to the
tower columns,

In the models, the tower columns were connected to the deck cen-
troidal axis by pseudo-rigid links which served to replace the top
tower struts, These pseudo-rigid links ran from the tops of the tower

columns horizontally to the deck centroidal axis., The stiffnesses of
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these pseudo-rigid links were roughly three times larger than the cor-
responding stiffnesses of the intermediate tower stz:ui:s.1

2. 3. 10 Deck

As in the case of South Street Bridge, the deck in Cold Springs
Canyon Bridge was modeled as a single three-dimensional beam connected
to the colums at panel points 2 through 5, 7 through 16, 18 and 19 by
rigid links which serve to take the place of the deck floorbeams, The
typical deck cross-sectlon consists of six components: a reinforced
concrete slab, four floor stringers and a deck lateral,

The concrete slab is 74 inches thick and 3 feet wide with a 1.5%
tilt for water runoff and with both longitudinal and lateral rein-
forcing, only the former of which was used in the calculations of deck
stiffnesses, For the same reasons as discussed with respect to the
South Street Bridge deck, the concrete in the Cold Springs Canyon
Bridge deck was modeled as 50% effective. Thus, in the calculations of
deck stiffness constants, the area of concrete was converted to steel
using a modular ratio of 20, In orxrder to get some measure of the
effects of this choice, an alternate version of the model with cables
assuming 100% concrete effectiveness was analyzed. The results of this
analysis are discussed in section 3.8.

Two additional 1tems should also be mentioned with regard to the
concrete slab, First, because the slab is fastened to each floor
stringer by trios of 7/8 inch shear connectors spaced every 6 to 18

inches, the assumption was made that the slab and the stringers would
1

¥hile rigid links were used to replace the deck floorbeams (see
section 2,3,10), they could not be used in place of the top tower
struts because the computer program used for the condensation of
the tower dof had no rigid link element.
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act as a composite beam, Second, for each deck cross-section the areas
of the concrete haunches at the floor stringers were ignored in the
calculations of deck stiffness constants because they are small com-
pared with the area of the slab as a whole,

All of the floor stringers are plate girders with 52 by 5/16 inch
web plates, 10 inch wide top flange plates and 12 inch wide bottom
flange plates. The two dimensions which vary along the length of the
floor stringers are the thicknesses of the top and bottom flange plates.
The top flange plate varies from 5/8 inch to 1 inch in thickness while
the bottom flange plate varies from 5/8 inch to 1 1/8 inch in thickness,
Because of these various changes in flange thicknesses, there are
basically four different panel point to panel point plate girders which
are used as stringers with all four stringers at any deck cross-section
being the same, In the bridge models the average top ani bottom flange
thicknesses between panel points were used in the calculations of deck
stiffness constants for each panel,

The deck laterals (Figure 22) are WT8x18 sections which run in a
zig-zag fashion between the two outer floor stringers and which lie in
a plane 11 inches above the bottom of the stringer web plates. In the
models the cross-sectional area of the laterals was divided into x and
z components both of which were used in the calculations of deck stiff-
nesses,

Based on the assumptions made above, there were four deck cross-
sections used in the models, The first ran from panel points 1 to 2
and 19 to 20; the second from panel points 2 to 4 and 8 to 15; the
third from panel points 4 to 5, 7 to 8, 15 to 16 and 18 to 19; and the
fourth from panel points 5 to 7 and 16 to 18,
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The various geometric stiffness constants for each deck cross-
sectlion were calculated using the same basic procedures. For each
cross-section the area of concrete was first converted to steel using
=20 and was used along with the areas of the longitudinal reinforcing,
the stringers and the x axis component of the deck lateral to calculate
the total cross-sectional area, the vertical (y axis) location of the
deck centroidal axis and the moment of inertia about the z axis, The
moment of :Lnertj.a about the y axlis was based on the areas of the
concrete slab converted to steel, the longitudinal reinforcing and the
stringers.

The shear area in the y direction for each deck cross-section was
calculated by taking the sum of the web areas of the stringers. The
shear area in the z direction was calculated by taking the sum of the
area of the concrete slab converted to steel, the flange areas of the
stringers and the z component of the area of the deck lateral.

The torsional constant for each deck cross-section was calculated
by summing the individual torsilonal constants of the concrete slab con-
verted to steel and the four stringers., As in the case of South Street
Bridge and for the same reasons discussed in section 2.2.7, the deck
torsional constants for Cold Springs Canyon Bridge did not include the
additional torsional stiffness due to the bending resistance of the
stringers.

The expansion connections between the floor stringers and the
abutment at panel point 1 are depicted in Figure 23 and were modeled
as semi-fixed connections allowling x axis deck displacements and rota-
tions of the deck about the y and z axes at panel point 1. As can be
seen in Figure 23, the actual connections have curved,
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self-lubricating, bronze bearing plates which allow large z axis rota-
tions, Thus 1t was assumed that no moments about the z axis would be
transferred from the deck to the abutment at panel point i, In addi-
tion, these bronze bearing plates have a flat side which allows x and
z axis displacements of the stringers. These connections have +8% inch
and -6% inch clearances for x axis displacements but only a +1/16 inch
clearance for z axis displacements, Thus, for the same reasons as in
the case of the South Street Bridge deck to abutment connections, the
assumption was made that z axis shear forces would be transferred from
the deck to the abutment at panel point 1 in Cold Springs Canyon Bridge
but that there would be no transfer of x axis axial forces or moments
about the y axis at this point.

The bearing connections between the stringers and the abutment at
panel point 20 are depicted in Figure 24 and were modeled as semi-fixed
connectlons allowing rotations of the deck about the y and z axes at
this point., As can be seen in Figure 24, the actual connections have
2 inch elastomeric bearing pads which allow large z axis rotations,
Thus it was assumed that no moments about the z axis would be trans-
ferred from the deck to the abutment at panel point 20, In addition,
these pads allow some motion of the floor stringefs in the x and 2
directions., The system of deck laterals ends at panel point 20,
however, with a pin connection at the center of the deck (see Figure
22) which prevents any x or z axis motion of the deck at this point,
This pin connection does allow rotation about the y axis, " Thus it was
assumed that z axis shear forces and x axis axial forces would be
transferred at panel point 20 but that bending moments about the y axis

would not be,



H

The stringer to abutment connections at panel points 1 and 20
allow the transfer of compressive forces only, Here again, for the
same reasons as in the case of the South Street Bridge deck to abutment
connections, the assumption was made that both y axis shear forces and
torsional moments about the x axis would be transferred from the deck
to the abutments at panel points 1 and 20 of Cold Springs Canyon
Bridge,

Between the deck abutments the continuity of the deck is broken
at the two towers located at panel points 6 and 17. At these points
the deck floor stringers are connected to the towers by pins located
33 inches from and on either side of the panel points., In the models
it was assumed that bending moments about the z axlis would not be
transferred at these points and thus moment releases were used at the
ends of the deck segments connected to the towers, In order to sim-
plify the modeling of these deck to tower connections, the deck seg-
ments ending at the towers were modeled as running to the towers
rather than to points 33 inches from them,

2.3.11 Lumped Masses

The mass of Cold Springs Canyon Bridge was lumped at 40 nodal
points in each model: at panel points 1 through 6 and 17 through 20,
masses were lumped at the deck centroidal axis; and at panel points
7 through 16, masses were lumped at the deck centroidal axis and at
the centers of the arch ribs,

All of the procedures used in lumping deck and arch masses and in
calculating deck mass moments of inertia for Cold Springs Canyon
Bridge were the same procedures used for South Street Bridge. In the

mass moment of inertia calculations for Cold Springs Canyon Bridge the
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towers, cables and deck laterals were dealt with as follows:

1, The various deck masses were lumped in the vertical planes
of the top tower struts as well as in the vertical planes of
the deck floorbeams;

2. The masses of the top tower struts were lumped as linear
masses in thelr own vertical planes;

3. One-fourth of the mass of each tower, excluding the top
tower strut, was lumped at each end of the top tower strut;

L4, The masses of the deck laterals and the bridge cables were
neglected in the mass moment of inertia calculations,.

2.4 Gravity and Wind Load Responses

The purpose of this section of the text is to describe the proce-
dures which were used in calculating gravity and wind load responses
for comparison with seismic responses. The responses chosen for
these comparisons were dead load displacements, dead load stresses,
live load stresses, wind load displacements and wind load stresses,

2,4.1 Dead Load Responses

The dead load displacements of both bridges were taken directly
from the design drawings. The dead load stresses were calculated by
applying the dead loads to the btridge models (the model with cables
for Cold Springs Canyon Bridge). For the arch in each model the dead
load was lumped at the mass points, For the deck in each model,
however, the dead load was applied as a uniformly distrituted load
across each panel,

2.4.2 Live Load Stresses

In designing South Street Bridge and Cold Springs Canyon Bridge,
equivalent live plus impact loads on each arch rib of 1498 1b/ft and
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904 1b/ft respectively were used (6).  Therefore, in calculating live
load stresses, a maximum live load of 3 kips per foot of bridge was
assumed for South Street Bridge and a maximum live load of 1.8 kips
per foot of bridge was assumed for Cold Springs Canyon Bridge.

In calculating arch rib live load stresses, models of the South
Street Bridge and Cold Springs Canyon Bridge arch ribs were utilized.
The South Street Bridge arch rib model was the same as the arch ribs
in the overall bridge model. The Cold Springs Canyon Bridge arch ribd
model, however, was a simplified version of the arch ribs in the over-
all models with only 11 panel segments as opposed to 44 subpanel
segments,

Utilizing the maximm live loads assumed above, maximum column
loads at each panel point were calculated. The estimated maximum live
load stress in each arch rib element was then based on the worst com-
bination of these maximum column live loads. As an example, for panel
CD in South Street Bridge the largest live load stress occurs when
maximum column live loads are placed at panel points F,F',E' and D',
Thus, this is the stress which was taken to be the estimated maximum
live load stress in panel CD of South Street Bridge.

Deck live load stresses were calculated by applying the full
live loads to the bridge models (the model with cables for Cold
Springs Canyon Bridge). For each bridge the live load was applied as
a uniformly distributed load across the full length of the deck. The
results of these deck live load analyses should be regarded as

estimates only, because partial deck loading was not considered.
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2.4.3 Wind load Responses

An assumed maximum wind load pressure of 75 pounds per square foot
was applied to each bridge profile in the z direction. The resulting z
direction loads were then applied to the bridge models (the model with
cables for Cold Springs Canyon Bridge) thus ylelding estimated values
for maximum wind load stresses and displacements.

2.5 Natural Frequencies and Mode Shapes

2.5.1 General Comments

The .first 36 natural frequencies and mode shapes for the South
Street Bridge model and the first 26 natural frequencies and mode
shapes for each of the Cold Springs Canyon Bridge models were calcu-
lated and are presented in this section., All of the mode shapes ob-
tained can be categorized in one of two groups. The modes in the
first group are characterized by z axis displacements and/or x axis
rotations and thus represent out-of-plane or space motion, The modes
in the second group represent in-plane motion and are characterized
by x axis displacements and/or y axis displacements. In presenting
the mode shapes for each bridge model, two tables are used - one for
each group of mode shapes. These tables, in addition to listing the
modes, also list the period of vibration for each mode along with de-
scriptions of the primary displacements or rotations,

Those figures containing the plots of out-of-plane modes each
show the x, y and z axis displacement of the deck and each arch rib,
In these figures, the top two plots are for the x and y displacements
of the deck and the arch ribs, while the bottom two plots represent
the z displacements of the deck and the arch ribs, Because the dis-

placements of the deck are plotted for the centroidal axis only, any
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x axis rotations of the deck are not depicted in these figures. The
x axis deck rotations are noted, however, in the tabular listings of
the mode shapes, For the section of the deck-above the arch ribs
(panel points C to C' in South Street Bridge and panel points 6 to 17
in Cold Springs Canyon Bridge), the x axis deck rotations are vir-
tually the same as the x axis rotations of the arch as a whole, The
latter rotations can be seen by comparing the displacements of the
east arch rib (e) and the west arch rib (w). Large x axis deck rota-
tions for the approach spans of South Street Bridge (panel points 0 to
C and C' to 0') are noted in the figures as well as in the tables,

The figures which contain the plots of those mode shapes charac-
terized by x axis and/or y axis displacements each show the x and y
displacements of the deck and the arch ribs, Because the displace-
ments of both arch ribs at each panel point are identical in these
mode shapes, there is only one curve representing arch rib displace-
ments 1n each figure.

Note that in all of the mode shape figures the deck and the arch
ribs are not drawn to scale,

2.5.2 South Street Bridge Mode Shapes

Figures 25 to 60 represent the first 36 modes of vibration for
the South Street Bridge model. Table 1 lists the 22 out-of-plane
modes while Table 2 lists the 14 in-plane modes.

The first five modes can be described as follows., The fundamental
mode (period = 1,565 seconds) consists mainly of a longitudinal trans-
lation of the south half of the deck. The second mode (period = 1,124
seconds) consists mainly of a longitudinal translation of the north

half of the deck, The third mode (period = 0.6206 seconds) represents
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a single in-plane wave with both deck and arch in phase, The fourth
mode (period = 0,6125 seconds) consists of an out-of-plane half wave
translation in the z direction accompanied by a 1% wave longitudinal
rotation, The fifth mode (period = 0,3920 seconds) represents an out-
of-plane full wave translation in the z direction accompanied by a
full wave longitudinal rotation.

2.5.3 Cold Springs Canyon Bridge Mode Shapes With Cables

Figures 61 to 86 represent the first 26 modes of vibration for
the Cold Springs Canyon Bridge model with cables. Table 3 lists the
18 out~of-plane modes while Table 4 lists the 8 in-plane modes.

Because one end of the deck is pinned, the lower modes of both
Cold Springs Canyon Bridge models are not characterized by longitu-
dinal deck translation (in contrast to South Street Bridge which has
no direct longitudinal deck restraints). The fundamental mode
(period = 2,732 seconds) represents an out-of-plane half wave trans-
lation in the z direction (analogous to mode 4 of South Street
Bridge). The second mode (period = 2,117 seconds) consists of a
single in-plane wave (analogous to mode 3 of South Street Bridge).
The third mode (period = 1,561 seconds) represents an out-of-plane
full wave translation of the deck in the z direction (similar to mode
5 of South Street Bridge). The fourth mode (period = 1.182 seconds)
consists of an out-of-plane 1% wave franslation of the deck in the 2
direction (similar to mode 7 of South Street Bridge). The fifth mode
(period = 1,167 seconds) represents an in-plane 1% wave translation
(analogous to mode 6 of South Street Bridge).
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2.5.4 Cold Springs Canyon Bridge Mode Shapes Without Cables

Figures 87 to 112 represent the first 26 modes of vibration for
the Cold Sfrings Canyon Bridge model without cables, Table 5 lists
the 18 out-of-plane modes while Table 6 lists the 8 in-plane modes.

Because of the absence of the cables which tle the deck to the
arch ribs, the fundamental mode (period = 3.535 seconds) consists of
an out-of plane half wave translation in the z direction which involves
only the deck. The second mode (period = 2,469 seconds) represents a
single in-plane wave (analogous to mode 3 of South Street Bridge).

The third mode (period = 1,854 seconds) consists of an out-of-plane
half wave translation of the arch in the z direction. The fourth mode
(period = 1,603 seconds) represents an out-of-plane full wave transla-
tion of the deck in the z direction (similar to mode 5 of South Street
Bridge). The fifth mode (period = 1.167 seconds) represents an
in-plane 1% wave translation (analogous to mode 6 of South Street
Bridge).



CHAPTER III

RESPONSE SPECTRUM ANALYSES

This chapter discusses the assumptions and calculations made in
and the results of the response spectrum analyses which were con-
ducted on the two bridges. In the first section of this chapter, the
method of analysis and the response spectra which were chosen for use
in the response spectrum analyses are discussed along with the defini-
tions of frequently used terms and abbreviations. The second through
fifth parts of this chapter present and discuss the following types of
maximum responses: arch rib stresses, arch rib displacements, deck
stresses and deck displacements., In sections two through five, spe-
cific arch rib and deck stresses and displacements are discussed in
terms of where and under which direction of maximum ground accelera-
tion they reach their largest values, how these largest values compare
with gravity and/or wind load responses, why these largest response
values occur where they do and why they may differ between the two
bridges.

Part six of this chapter discusses the responses of other items
in the South Street Bridge and Cold Springs Canyon Bridge models,
namely, deck expansion joints, arch rib hinges, column to floorbeam
connections, column base connections and bridge cables. Sections
seven, eight and nine discuss how the results may have been affected
by the following: the lumping of the deck masses at panel points only,

L1
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the neglecting of stringer bending resistance in the calculations of
deck torsion constants and the assumption that only 50% of the deck
concrete slab cross-sectional area would be acting at any given time,
3.1 General Notes

3.1.1 Method of Analysis

A complete time-history "load-displacement" dynamic analysis is
usually quite expensive to perform. As an alternative, the response
spectrum method, which is well known (8), has the attractive feature
of lower computation cost. It consists of choosing a response
sPecfrum which indicates the maximum response corresponding to a given
normal mode and natural frequency. One issue with the method is how
the maximum responses for the different normal modes should be com-
bined to produce a "representative" maximum response,

The followlng formula was chosen for combining the various modal
responses to a given spectrums

i
2

2
R = (kg RS+ 23 RyR))

wheres
R = representative maximm value of a particular response;
Rk = peak value of the particular response due to the kth mode;
N = total number of modes;
Ri & R 3 = peak value of the particular response due to the ith
and jth modes, respectively;
i & j = all pairs of modes such that (Fj - Fi)/Fi # 0,1 and

1 i< j=N;
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Fi & Fj = frequencles of vibration of the ith and jth modes,
respectively,
This fbrmulé is taken from the Nuclear Regulatory Commission (NRC)
Regulatory Guide 1.92, page 3, section 1.2.,2 entitled "Ten Percent
Method" (9).

The first summation in the formula is the well known square root
of the sum of the squares (SRSS) of the modal responses., The second
summation is used only for those pairs of modes with frequencies of
vibration within 10# of one another and is the cross-product term of

.the square of the sum of the two modal responses Ry and Rj'

Because closely spaced modes tend to be additive rather than in-
dependent and because many of the modes of the two bridges considered
here are closely spaced, it was felt that the Ten Percent Method would
be an appropriate procedure to use,

As discussed in section 2.3.6, SAPV2 output for response spectrum
analyses consists of maximum nodal displacements and maxlmm element
forces and moments, It does not include maximum combined axial and
bending stresses, however., Thus, in order to obtain some estimates of
combined stresses, it was necessary to find ways of combining maximum
axial stresses and maximum bending stresses., The two methods used
were the SRSS of these maximum stresses and the summation of these
maximm stresses.1

3.1.2 Response Spectra

The response spectra chosen for use in the response spectrum

analyses were the Normalized Rock Spectra depicted in Figure 113 and

1 Note that since these maximim stresses are SRSS values themselves,

they are always positive.
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taken from the report by Gates (10). These spectra are based on accel-
erograms from five California sites. Three of these accelerograms
correspond to the San Fernando Earthquake of 1971, one to the
Parkfield Earthquake of 1966 and one to the San Francisco Earthquake
of 1957, In deriving the Normalized Rock Spectra, each accelerogram
response spectrum for % damping was first normalized and then all

five were averaged and smoothed for three ranges of maximim ground
accelerations 0.,00g to 0.15g, 0.15g to 0.30g and 0,30g to 0,70g.

The Normalized Rock Spectra are the basis for AASHTO's Response
Coefficient "C" Curves, figure 1.2.20A, page 29 of the AASHTO
Specifications (7). The AASHTO Specifications state that these
Responsg Coefficlent "C" Curves can be used as design response spectra.
In deriving the AASHTO curves, the Normalized Rock Spectra were first
smoothed to remove the abrupt changes in slope at periods of 0,20,
0.41, 0,51 and 0,60 seconds, These "smoother" versions of the
Normalized Rock Spectra were then reduced by factors of 4 for ductil-
ity and 1 to 2 for risk. Thus the AASHTO curves are about 4 to 8
times lower than the Normalized Rock Spectra.

The paper by Imbsen, Nutt and Penzien (11) states that "the
response spectra currently used in the AASHTO Specifications should
be revised so as not to include the reduction for ductility" and that
"ductility reductions should be made on an individual component basis",
In addition, the reductions for risk, which vary with the period of
vibration, are meant for modifying the coefficient "C" in the equiva-
lent static force method of earthquake analysis and are not necessar-
11y meant for application to each mode shape in a response spectrum
analysis, Therefore, the decision was made to use the Normalized Rock
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Spectra with no modifications for ductility or risk and with no
additional smoothing,

Two additional notes should also be mentioned at this time,
First, the final component results in this study were not reduced by
factors for ductility because it was felt that any consideration of
the complex topic of ductility would be beyond the scope of this
study. Second, the abutments, skewbacks and column piers in South
Street Bridge and Cold Springs Canyon Bridge were all assumed to rest
on or within ten feet of bedrock and thus no soil amplification factors
were applied to the Normalized Rock Spectra.

The Normalized Rock Spectra are similar to the NRC's Horizontal
and Vertical Design Response Spectra for 5% damping depicted in
Figure 114 (12)., The NRC spectra were considered for use in this
study, but because they are similar to the Normalized Rock Spectra,
the decision was made to use only the latter, Therefore, all remain-
ing uses of the words "normalized spectra" in this study will refer
to the Normalized Rock Spectra,

Input spectra for maximum ground accelerations of 0,09¢ and 0,30g
were applied to the South Street Bridge model in the x, y and z di-
rections, Input spectra for maximum ground accelerations of 0,30g
and 0,50g were applied to the Cold Springs Canyon Bridge model in the
X, ¥ and z directions, A maximm ground acceleration of 0,09g was
chosen for South Street Bridge because, as discussed earlier, this is
the AASHTO Zone I maximum ground acceleration which is specified for
the bridge site. In order to provide a common acceleration level for
comparisons between the two bridges, a maximum ground acceleration of

0.30g was used for both bridges. A maximum ground acceleration of
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0.50g was chosen for Cold Springs Canyon Bridge because this is the
acceleration specified by AASHTO for the bridge site.

It should be noted that the input spectra for these three dif-
ferent maximum ground accelerations (0.09g, 0,30g and 0,50g) were de-
rived from the three different normalized spectra depicted in Figure
113. The input spectrum for a maximum ground acceleration, A, of
0,092 was derived from the normalized spectrum for A = 0,00g to 0.15g.
The input spectrum for A = 0,30g was derived from the normalized
spectrum for A = 0,15¢ to 0,30g. Finally, the input spectrum for A =
0.50g was derived from the normalized spectrum for A = 0,30g to 0,70g.
Hhile'the input spectrum for A = 0.30g could have been derived from
the normalized spectrum for A = 0.30g to 0.70g, because this spectrum
is less than or equal to the one for A = 0,15 to 0.30g, the latter
was chosen in order to be conservative,

If input spectra for several values of A from 0,00g to 0,70g were
derived and then used to calculate bridge responses versus A, the re-
sults would be discontinuous at A = 0.,15¢ and 0,30g because the nor-
malized spectra change at these points, But since only the input
spectra for A = 0,09g, 0.30g and 0,50g were derived and since the
calculated bridge responses to these spectra are only approximate, it
was felt that the use of straight line interpolation between these
calculated values would provide reasonable estimates of the responses
for intermediate values of A, Thus the curves of maximum stress or
displacement versus A, which are presented in sections 3.3 to 3.6,
were plotted using stralight line segments between the responses at A =
0,00g, 0,09¢ and 0,30g for South Street Bridge, and A = 0,00g, 0.30g

and 0,50g for Cold Springs Canyon Bridge,
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3¢1.3 Definitions

In the course of the following discussions many terms and phrases
are used quite frequently. For the sake of brevity the following
shortened versions of these terms or phrases will be used:

1, "SSB" will refer to South Street Bridge;

2. "CSCB" will refer to Cold Springs Canyon Bridge;

3. "Stress" or "displacement" unless otherwise specified will
refer to representative maximum seismic stress or displace-
ment, respectively, as calculated by response spectrum
analyses;

4, "Acceleration" or "A" unless otherwise specified will refer
to maximum ground acceleration;

5  "Vertical bending" will refer to deck bending arising out of
y axis displacements of the deck;

6, "Lateral bending" will refer to deck bending arising out of
z axis displacements of the deck;

7. "Minor axis bending" will refer to arch rib bending in the
weaker direction;

8, "Major axis bending" will refer to arch rib bending in the
stronger direction;

9, "SRSS" will refer to square root of the sum of the squares;

10, "Reserve strength after dead load" will refer to the
strength remaining in a deck, arch rib or other element
after the estimated dead load stress in the element is sub-
tracted from the yleld stress of 33 ksi;

11. "Reserve strength after dead plus live load" will refer to

the strength remaining in a deck, arch rib or other element
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after the estimated dead and live load stresses in the

element are subtracted from the yileld stress of 33 ksi,

3+2 Arch Rib Stresses

Figures 115 to 120 are plots of arch rib stresses versus accel-
eration for SSB and CSCB. These figures include plots of the follow-
ing arch rib stresses where applicable:

1. Axial stress (f1)=

2. Minor axis bending stress (fz);

3., Major axis bending stress (f3);

4, Combined stress by SRSS (férss)’
5, Combined stress by summation (fsum).

The figures also include the following where applicable:

1. Yield stress (f&);

2. Yield stress minus dead load stress (fy - fa) or reserve

strength after dead load;

3. Yield stress minus dead load stress minus one-half live

load stress (fy - £ - £,/2)s

Lk,  Yield stress minus dead load stress minus live load stress

(fy - £, - fl) or reserve strength after dead plus live
loadss

5  Wind load stress (fw)'

Figures 115, 116 and 117 each contain plots of arch rib stresses
versus acceleration for the SSB arch rib element deemed to be the most
critical under x, y and z axis acceleration, respectively. Similar
plots for CSCB arch rib elements are contained in Figures 118, 119
and 120,

In deriving the figures, all arch rib elements in the SSB mpdel
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were checked and compared, and the following arch rib subpanel elements
were checked and compared for both CSCB models: 6c-7, 7¢-8, 8:-9,
9¢-10, 10c-11, 12c-13, 13c-14, 1kc-15, 150;16 and 16c-17. While
stresses in these arch rib elements were calculated for both CSCB
models, because the values in the model with cables were larger than
the corresponding values in the model without cables, all the results
depicted in Figures 118, 119 and 120 represent arch rib stresses for
the CSCB model with cables,

Note that in Figures 115 to 120 and in the plots of other bridge
responses versus acceleration contained in sections 3.3, 3.4 and 3.5,
any underlined response represents the largest calculated value of
that response for the specified bridge in the specified direction of
acceleration,

2:2.1 Axlal Stresses

In the SSB model the largest arch rib axial stresses occur in
elements CD under z axis acceleratlion, These stresses, under accel-
erations of 0,09g, reach 2,45 ksi which is only 8.8% of the elements'
reserve strength after dead load and only 11% of the elements' re-
serve strength after dead plus live loads (see Figure 117).

The arch rib axial stresses reach their largest values in the
CSCB model with cables in elements 16c-17 under y axis acceleration,
At accelerations of 0,50g, these values reach 10,8 ksi which is 4&&
of the elements' reserve strength after dead load and 4% of the ele~
ments' reserve strength after dead plus live loads.

For both bridges the largest axlal stresses in the arch ribs
occur near an abutment, The axial stresses in the two arch ribs of

SSB are large under z axis acceleration because they act as a couple



50

and provide moment resistance against lateral displacements of the
bridge. If one assumes that under z axis acceleration the arch as a
whole will att in a manner similar to a uniformly loaded fixed-ended
beam, then one would expect the moment in the arch to be largest near
the abutments and hence the axial stresses to be largest near the abut-
ments, For CSCB, the axial stresses in the arch ribs are large under
y axls acceleratlion because arch bridges are designed to resist verti-
cal loads by converting them into arch rib axial forces,

The deck and arch ribs in SSB and CSCB tend to act as a unit under
y axis acceleration, and under z axls acceleration the deck and the
arch ribs in SSB also tend to act as a unit, In CSCB under 2z axis
acceleration, however, the deck and the arch ribs are more independent
because between panel points 6 and 17 they are connected only by the
lateral cables at panel points 11 and 12, Since there is less trans-
fer of stresses from the deck to the arch ribs under z axis accelera-
tion in CSCB, the axial stresses in the arch ribs due to z axis accel-
eration are less than those due to y axis acceleration., But in SSB
where there is greater transfer of stresses from the deck to the arch
ribs under z axls acceleration, the axial stresses due to z axis
acceleration are larger than those due to y axis acceleration.

3¢2,2 Major Axis Bending Stresses

The largest arch rib major axlis bending stresses in the SSB model
occur in elements DE under x axis acceleration, With accelerations of
0,09¢, these bending stresses reach 2,21 ksi which is only 7.8% of the
elements' reserve strength after dead load and only 11% of the ele-
ments®' reserve strength after dead plus live loads (see Figure 115).

In the CSCB model with cables, the arch rib major axis bending
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stresses reach their largest values in elements 150-16 under x axis
acceleration, These bending stresses, under accelerations of 0, 50g,
reach 14,3 ksi which is 60% of the elements' reserve strength after
dead load and 10% greater than the elements' reserve strength after
dead plus live loads (see Figure 118),

In the SSB model under x axis acceleration, large arch rib major
axis bending stresses occur in elements E'D' as well as elements DE,
One way of explaining this is to assume that the response of the arch
ribs to x axis acceleration is analogous to the static response of the
single SSB arch rib depicted in Figure 121 to its own welight applied
in the positive x rather than the negative y direction. As can be
seen in the figure, the moment in the arch ridb under this loading is
largest at the quarter points much the same as the arch rib major axis
bending stresses in the SSB model under x axis acceleration,

For the CSCB model with cables under x axis acceleration, large
arch rib major axis bending stresses occur in elements 6c-7, 9c-10 and
12c-13 as well as elements 15c-16, For the model without cables, the
distribution of arch rib major axis bending stresses follows very
closely the distribution of moments for the single SSB arch rib de-
picted in Figure 121, Thus, the unusual distribution of arch rib major
axis bending stresses in the CSCB model wlth cables under x axis accel-
eration can be attributed to the influence of the longitudinal cables,

That the largest arch rib major axis bending stresses do not occur
under y axis (vertical) acceleration can best be explained by the uni-
formity of the vertical load which arises from the uniform y axis
acceleration of all bridge supports., Uniform vertical loads can be

‘efficiently resisted by arch rib compression (or tension) with minimal
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bending., Horizontal loads however, such as those due to x axis accel-

eration, can only be resisted by combined compression (or tension) and
bending of the arch ribs,
e2.3 Minor Axis Bend Stresses

In the SSB model the largest arch rib minor axis bending stresses
occur in elements CD under z axis acceleration. These bending
stresses, at accelerations of 0.09g, reach 2.63 ksi which is only
9.4% of the elements' reserve strength after dead load and only 12% of
the elements' reserve strength after dead plus live loads, but is 8,0%
greater than the elements' wind load stress (see Figure 117),

The arch rilb minor axis bending stresses reach theilr largest
values for the CSCB model with cables in elements 6c-7 under z axis
acceleration, With accelerations of 0,50g, these bending stresses
reach 11,7 ksi which is 48% of the elements' reserve strength after
dead load, 87% of the elements' reserve strength after dead plus live
loads and 82% of the elements' wind load stress (see Figure 120),

For both bridges the largest minor axis bending stresses occur
near arch abutments under z axis acceleration. Arch rib minor axis
bending stresses occur only under z axis acceleration. If one assumes
that under z axls acceleration the arch ribs act in a manner similar
to a uniformly loaded fixed-ended beam, then one would expect the
minor axis bending stresses in the arch ribs to be largest at or near
the arch abutments,

3.2.,4 Combined Stresses

The largest arch rib combined stresses by SRSS and by summation
in the SSB model occur in elements CD under 2z axis acceleration. At

accelerations of 0,09g, these combined stresses by summation reach
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6,96 ksi which is 2% of the elements' reserve strength after dead
load and 33% of the elements' reserve strength after dead plus live
loads, but is more than 2.8 times the elements' wind load stress (see
Figure 117).

In the CSCB model with cables, the arch rib combined stresses by
SRSS and by summation reach their largest values in elements 6c-7
under z axls acceleration. These combined stresses by summation, under
accelerations of 0,50g, reach 20.2 ksi which is 83% of the elements'
reserve strength after dead load, 50% greater than the elements'
reserve strength after dead plus live loads and 42% greater than the
elements' wind load stress (see Figure 120),

3.3 Arch Rib Displacements

Figures 122 to 133 are plots of arch rib displacements for the SSB
and CSCB models, These figures include plots of x displacements (Ax),
y displacements (Ay) and z displacements (Az) due to seismic effects,
These figures also include the following where applicables

1. Dead load displacements (Ayd);

2. Wind load displacements (Axw and Az“);

3. Dead load plus wind load displacements (A yd+").

Figures 122, 123 and 124 contain plots of SSB arch rib displace-
ments at panel points C to C' under acceleratlions of 0,09g in the x,

y and z directions, respectively. Similar plots for the CSCB arch
ribs at panel points 6 to 17 under accelerations of 0,50g are depicted
in Figures 125, 126 and 127,

Figures 128, 129 and 130 each contalin plots of arch rib displace-

ments versus acceleratlion for the two SSB arch rib nodal points deemed

to be the most critical under x, y and 2 axis acceleration. Similar
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plots for CSCB arch rib nodes are depicted in Figures 131, 132 and 133.

In deriving Figures 122 to 133, all arch rib panel point nodes
were checked and compared in the SSB model and in the CSCB models, As
in the case of arch rib stresses, arch rib displacements were larger
in the CSCB model with cables rather than in the model without cables.,
Thus the results in Figures 125 to 127 and Figures 131 to 133 repre-
sent the arch rib displacements for the CSCB model with cables.

Je3.1 X Axis Displacements

In the SSB model the largest x axis disp;l.acements of the arch ribs
occur at panel point E under x axis acceleration. With accelerations
of 0,09g, these x axis displacements reach 0,019 feet (see Figures
122 and 128),

The arch rlb x axis displacements reach their ia.rgest value in
the CSCB model with cables at panel point 15 under x axis acceleration.
These x axis displacements, at accelerations of 0,50g, reach 0,27 feet
(see Figures 125 and 131).

For both bridges the largest x axls displacements of the arch ribs
occur near quarter points under x axis acceleration. One way of ex-~
plaining this phenomenon is to assume, as was done in the case of the
SSB arch rib major axis bending stresses, that the responses of the
arch ribs to x axis acceleration are analogous to the static responses
of the SSB arch rib depicted in Figure 121 to its own self weight
applied in the positive x rather than the negative y direction. As
can be seen in Figure 121, the x axis displacements of the arch rib
are largest under this loading at the quarter points much the same as
the x axis displacements of the arch ribs in the SSB and CSCB models

under x axis acceleration,
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3¢.3.2 Y Axis Displacements

The largest arch rib y axis displacements in the SSB model occur
at panel point E under x axis acceleration. At accelerations of 0,09g,
these y axis displacements reach 0,037 feet which is 48% greater than
the arch rib dead load displacements at panel point E (see Figures
122 and 128),

In the CSCB model with cables, the y axis displacements of the
arch ribs reach their largest values at panel point 10 under x axis
acceleration, These y axis displacements, under accelerations of
0.50g, reach 0,45 feet which is more than 3,0 times the arch rib dead
load displacements at panel point 10 (see Figures 125 and 131).

As in the case of x axis arch rib displacements, the y axis arch
rib displacements in both bridges are largest near quarter points
under x axis acceleration. One way of explaining this is to once
again assume, as was done in the case of the SSB arch rib major axis
bending stresses, that the responses of the arch ribs to x axis accel-
eration are analogous to the static responses of the SSB arch rib de-
picted in Figure 121 to its own weight applied in the positive x di-
rection rather than the negative y direction. As can be seen in the
figure, the y axis displacements of the arch rib under this loading
are largest at the quarter points much the same as the y axis dis-
Placements of the SSB and CSCB arch ribs under x axis acceleration.

3.3.3 Z Axis Displacements

In the SSB model the largest arch rib z axis displacements occur
at panel point F under z axis acceleration, These z axis displace-
ments, at accelerations of 0,09g, reach 0,081 feet which is more than

2.3 times the arch rib wind load displacements at panel point F (see
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Figures 124 and 130).

The arch rib z axis displacements reach their largest values in
the CSCB model with cables at panel point 12 under z axis acceleration,
With accelerations of 0,50g, these z axis displacements reach 1.49 feet
which is 53 larger than the arch rib wind load displacements at panel
point 12 (see Figures 127 and 133).

The largest z axis displacements of the arch ribs in both bridges
occur near the middle of the arch ribs under z axis acceleration, If
one assumes that the responses of the arch ribs to z axis acceleration
are comparable to the responsesof a fixed ended beam under uniform
loading, then one would expect the z axis displacements of the arch
ribs under z axis acceleration to be largest near midspan,

3.4 Deck Stresses

Figures 134 to 139 are plots of deck stresses versus acceleration
for SSB and CSCB. These figures include plots of the following deck
stresses where applicables

1. Axial stress (fi);

2, Lateral bending stress in the concrete slab (fcz);

3. Vertical bending stress (f3)3

4, Combined axial and vertical bending stress by SRSS (f

srss);
5. Combined axial and vertical bending stress by summation

(fg )
All of the stresses listed above represent stresses in the stringers
except for lateral bending stress which represents stress in the con-
crete slab, The concrete slab lateral bending stresses were calcu-
lated by taking the lateral bending stresses of the deck beam elements

and dividing by the modular ratio "n". In order to distinguish



57
between steel and concrete stresses, a postscript "c" was added to the
symbol for lateral bending stress.,

Figures 134 to 139 also include the following where applicables

1. Yield stress for steel (fy);

2, Allowable stress for concrete (fca);

3. Yield stress minus dead load stress for steel (fy - d) or
reserve strength after dead load;

4, Yield stress minus dead load stress minus one-half live load
stress for steel (fy -f, - 1/2);

5  Yield stress minus dead load stress minus live load stress
for steel (fy - £ - 1) or reserve strength after dead
plus live loads;

6. Wind load stress for concrete (fcw)'

Figures 134, 135 and 136 each contain plots of deck stresses
versus acceleration for the SSB deck element deemed to be the most
critical under x, y and z axis acceleration, respectively. Similar
plots for the CSCB deck elements are depicted in Figures 137, 138 and
139.

Analysis of the CSCB model with cables showed that at accelera-
tions of 0,333g in the x direction and 0,316g in the z direction, the
longitudinal and lateral cables respectively might reach their minimum
breaking strengths, Because none of the cables reach their minimum
breaking strengths under y axis accelerations of 0.50g or less, the
results depicted in Figure 138 represent deck stresses in element
15-16 for the CSCB model with cables,

Comparisons of the CSCB models with and without cables show that

under x axls acceleration some elements exhibit greater axial stresses
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if the cables are removed but that vertical bending stresses in all
elements decrease if the cables are removed. The net result is that
the combined axial and vertical bending stresses are larger for the
model with cables as opposed to the model without cables, Thus the
results in Figure 137 represent deck stresses in element 15-16 for
the CSCB model with cables.

Comparisons of the CSCB models with and without .cables also show
that under z axis acceleration most deck elements exhibit increases in
lateral bending stresses if the cables are removed. The bending
stresses in element 10-11 for both CSCB models are plotted in Figure
139, The solid curve labelled "fcz" and plotted from 0,00g to 0,50g
represents the stress in the model with cables. The dashed line
labelled "fcz'" and plotted from 0,331g to 0, 50g represents the stress
in the model without cables, In addition, a dashed transition curve
is drawn from the lateral bending stress at 0,316g for the model with
cables to the lateral bending stress at 0.331g for the model without
cables, Note that 0,316g and 0.331g are the z axis accelerations at
which the first and last longitudinal cables, respectively, reach
their minimum breaking strengths.

2.b.1_Axial Stresses

The largest deck axlal stresses in the SSB model occur in element
E'D' under x axis acceleration. At accelerations of 0.09g, these
axial stresses reach 0,10 ksi which is only 0.38% of the element's
reserve strength after dead load and only O.44% of the element's re-
serve strength after dead plus live loads,

In the CSCB model without cables the deck axial stresses reach

thelr largest values in element 19-20 under x axis acceleration.
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These axial stresses, under accelerations of 0,50g, reach 15.8 ksi
which is 57% of the element's reserve strength after dead load and
61% of the element's reserve strength after dead plus live loads,

Because the SSB deck is unrestrained with respect to x axis dis-
placements at the deck abutments and is discontinuous with respect to
x axls displacements at panel points F and F', the north and south
sections of the deck (panel points F' to O' and O to F) tend to act as
rigid bodies with respect to x axis displacements. Thus there is very
little differential displacement within each SSB deck section and
hence very little axial stress,

In CSCB the deck is restrained with respect to x axis displace-
ments at the deck abutment at panel point 20, but is unrestrained with
respect to x axis displacements at the deck abutment at panel point 1,
In addition, the deck is continuous with respect to x axis displace-
ments between panel points 1 and 20. Thus, any x axis displacements
of the deck (relative to panel point 20) require axial deformation of
the deck, Since panel point 20 is the point where x axis displace-
ments of the deck are prevented, one might expect the largest axial
stress under x axis acceleration to occur in element 19-20,

3,4,2 Vertical Bending Stresses

In the SSB model the largest vertical deck bending stresses occur
in element DE under x axis acceleration. These bending stresses, at
accelerations of 0,09g, reach 4,00 ksi which is only 1% of the ele-

ment's reserve strength after dead load and only 18% of the element'

/]

reserve strength after dead plus live loads (see Figure 134).
The vertical bending stresses in the deck reach their largest

values for the CSCB model with cables in element 15-16 under x axis
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acceleration, With accelerations of 0,50g, these bending stresses
reach 12,7 ksi which is 52% of the element's reserve strength after
dead load and 60% of the element's reserve strength aftéer dead plus
live loads (see Figure 137).

For both bridges the largest vertical bending stress in the deck
occurs above an arch rib quarter point under x axis acceleration. In
SSB and CSCB, as discussed in section 3.2.1, the deck and the arch ribs
tend to act as a unit with respect to vertical motion. Thus, since the
largest arch rib major axls bending stresses occur between panel points
D and E in SSB and between subpanel point 15¢ and panel point 16 in
CSCB, one might expect the largest vertical bending stresses in the
decks to occur at the corresponding locations,

3.4,3 Lateral Bending Stresses

The largest lateral bending stresses in the deck concrete slab of
the SSB model occur in element CD under z axis acceleration. At accel-
erations of 0,09z, these bending stresses reach 98 psi which is only
7.% of the allowable concrete stress of 1350 psi (assuming an ultimate
concrete stress of 3000 psi), btut is over 2.3 times the element's wind
load stress (see Figure 136).

In the CSCB model without cables the lateral bending stresses of
the deck concrete slab reach their largest values in element 10-11
under z axis acceleration., These bending stresses, under accelera-
tions of 0,50g, reach 1089 psi which is 91% of the allowable concrete
stress of 1200 psi (as specified in the design drawings), but is over
3.1 times the element's wind load stress (see Figure 139).

For both bridges the only direction of acceleration which gives

rise to lateral deck bending stresses is the z direction, If one
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assumes that the responses of the bridge decks to z axis acceleration
are analogous to the responses of the decks to wind loads, then
because the wind load stresses in the SSB deck are largest at panel
point C, one would expect the lateral deck bending stresses in SSB
under z axis acceleration to be largest in elements BC or CD.

For the CSCB model without cables this wind load analysis com-
parison is not applicable because the CSCB model with cables was used
to calculate the wind load responses. If one assumes, however, that
the responses of the CSCB deck to z axis acceleration are analogous
to the responses of a simply supported beam to uniform loading, then
one would expect the lateral deck bending stresses to be largest in
element 10-11,

2.4.4 Combined Stresses

In the SSB model the largest combined deck stresses by SRSS or by
summation occur in element DE under x axis acceleration, These com-
bined stresses by summation, at accelerations of 0,09¢, reach 4,09 ksi
which is only 1%% of the element's reserve strength after dead load
and only 18% of the element's reserve strength after dead plus live
loads (see Figure 134),

The combined deck stresses by SRSS and by summation reach their
largest values for the CSCB model with cables in element 15-16 under
x axis acceleration., With accelerations of 0.50g, these combined
stresses by summation reach 24,8 ksi which is 1,4% greater than the
element's reserve strength after dead load and 16#% greater than the

element's reserve strength after dead plus live loads (see Figure

137).
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3.5 Deck Displacements

Figures 140 to 151 are plots of deck centroidal axis displace-
ments for the SSB aﬂd CSCB models, These figures include plots of x
displacements (Ax), y displacements (Ay) and z displacements (Az)
due to seismic effects, They also include dead load displacements
(Ay;) and wind load displacements (L&zw) where applicable.

Figures 140, 141 and 142 contain plots of SSB deck centroidal
axis displacements at all panel points under accelerations of 0.09g
in the x, y and 2z directlions, respectively, Similar plots for the
CSCB deck under accelerations of 0,50g are contained in Figures 143,
144 and 145,

Figures 146, 147 and 148 each contain plots of deck centroidal
axis displacements versus acceleration for the two SSB deck nodes
deemed to be the most critical under x, y and z axis acceleration,
respectively., Similar plots for CSCB deck nodes are depicted in
Figures 149, 150 and 151.

As discussed with respect to deck stresses,'none of the cables
in CSCB reach thelr minimum breaking strengths under y axis accelera-
tions of 0,50g or less., Thus the results depicted in Figures 144 and
150 represent deck centroidal axis displacements for the CSCB model
with cables,

Comparisons of the CSCB models with and without cables show that
under x axis acceleration the x axis displacements of the deck will
increase if the cables are removed but that the y axis displacements
will decrease, The results in Figures 143 and 149 depict two curves
for x axis displacement but only orie curve for y axis displacement.,

The solid curves labelled Ax and & y which are plotted from 0,00g to
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0.50g in Figure 149 represent the x and y displacements, respectively,
of the model with cables., The dashed curves labelled Ax' which are
plotted from 0.333g to 0.50g in Figure 149 represent the x axis dis-
placements of the model without cables, As was stated in the dis-
cussion of deck stresses, 0,333g 1s the x axis acceleration at which
the longitudinal cables in the model with cables may reach their
minimum breaking strengths,

Comparisons of the CSCB models with and without cables also show
that under z axlis acceleration the deck z axis displacements increase
if the cables are removed. The z axis deck centroldal axis displace-
ments are plotted for both models in Figures 145 and 151, The solid
curves labelled Az which are plotted from 0,00g to 0,.50g in Figure
151 represent the z axis displacements of the model with cables. The
dashed curves labelled Az' which are plotted from 0,331g to 0,50g in
Figure 151 represent the z axis displacements of the model without
cables, A dashed transition curve is also depicted in Figure 151
between 0,316g and 0,331g, the previously mentioned critical accelera-
tion levels for the lateral cables,

3.5.1 X Axis Displacements

The largest x axls deck displacements in the SSB model occur in
the segment from panel points 0 to F under x axis acceleration, At
accelerations of 0,09g, these x axis displacements reach 0,205 feet
(see Figures 140 and 146),

In the CSCB model without cables the x axlis deck displacements
reach their largest values at panel point 1 under x axis acceleration.
These x axis displacements, under accelerations of 0,50g, reach 0.40

feet (see Figures 143 and 149).
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As discussed earlier with respect to deck axial stress, the north
and south sectlons of the SSB deck tend to act as rigid bodies with
respect to x axis displacements., Thus, at any given time there are
basically only two values for x axis displacement of the decks one
for the south section and one for the north section. Since the columms
at panel points B, C and D which resist x axis displacements of the
south section of the deck are longer and thus more flexible than the
columns at panel points D', C' and B' which resist x axis displace-
ments of the north section of the deck, the larger x axis displace-
ment of the deck under x axis acceleration occurs in the south section.

Also as discussed earlier with respect to axial stress, in CSCB
the x axis displacements of the deck depend on axial elastic deforma-
tion between the free end at panel point 1 and the pinned end at panel
point 20, Thus, under x axis acceleration, the largest x axis deck
displacement occurs at panel point 1,

3.5.2 Y Axis Displacements

In the SSB model the largest y axis deck displacements occur at
panel point E under x axis acceleration, These y axis displacements,
at accelerations of 0,09g, reach 0,037 feet which is 48% greater than
the dead load displacements at panel point E (see Figures 140 and 146),

The y axis deck displacements reach their largest values in the
CSCB model with cables at panel point 10 under x axils acceleration.
With accelerations of 0,50g, these y axis displacements reach 0,45
feet which is more than 3.0 times the dead load displacement at panel
point 10 (see Figures 143 and 149),

For both bridges the largest y axis deck displacement occurs

above an arch rib quarter point under x axis acceleration. As
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discussed earlier with respect to vertical deck bending stress, the
deck and the arch ribs in SSB and CSCB tend to act as a unit with
respect to vertlcal displacements, Thus, since the y axis displace-
ments of the arch ribs are largest at panel point E in SSB and panel
point 10 in CSCB both under x axis acceleration, so too are the y
axls displacements of the decks largest at these points under x axis
acceleration,

3:5:3 7 Axis Displacements

The largest z axis displacements of the deck in the SSB model
occur at panel point F under z axis acceleration. At accelerations
of 0,09g, these z axis displacements reach 0,095 feet which is more
than 2,5 times the wind load displacement of the deck at panel point
F (see Figures 142 and 148),

In the CSCB model without cables the z axls deck displacements
reach their largest values at panel points 11 and 12 under z a.id.s
acceleration, These z axlis displacements, under accelerations of
0.50g, reach 2,20 feet which is 91% greater than the deck wind load
displacements at panel points 11 and 12 (see Figures 145 and 151).

The largest z axis deck displacements for both bridges occur
above the middle of the arch ribs under z axls acceleration., Utilizing
the simply supported beam analogy which was discussed under the topic
of lateral deck bending stresses, one would expect the z axis deck
displacements under z axis acceleration to be largest near the middle
of each bridge.

3,6 Other Member or Connection Responses
Figures 152 to 157 are plots depicting the levels and directions

of acceleration at which various SSB and CSCB member and connection
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modeling assumptions may no longer be valid,

Figures 152 and 153 depict the x and z axis acceleration levels,
respectivély, at which the following SSB modeling assumptions may no
longer be valids

1. The calculated x axis deck displacements at the deck abut-
ments will not exceed the t3/4 inch clearance for such dis-
placements at these points;

24 The calculated x axis deck displacements at the column to
floorbeam expansion connections will not exceed the %3/4
inch clearance for differential column to floorbeam x axis
displacement at these points;

3. The calculated column combined stresses by SRSS will not
exceed the reserve strength after dead load for the columns;

L4, The calculated arch rib combined stresses by SRSS will not
exceed the arch rib dead load prestresses at the arch
abutments,

A similar figure for y axis acceleration is not presented for SSB
because none of the assumptions made in the modeling of SSB became
invalid until y axis accelerations well above 0,09g were reached.

Figures 154, 155 and 156 depict the x, y and z axis accelerations,
respectively, at which the following modeling assumptions for the CSCB
model with cables may no longer be valid:

1. The sum of the absolute values of the calculated axial
stresses in each pair of cable elements will not exceed the
minimum breaking strength for one of these cables;

2. The calculated column axial stresses will not exceed the

dead load compressive stresses in the columns;
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The calculated arch rib axial stresses will not exceed the
arch rib dead load prestresses at the arch abutment at
panel point 17;
The calculated arch rib combined stresses by SRSS will not
exceed the arch rib dead load prestresses at the arch
abutment at panel point 17;
The calculated z axis displacements at the tops of the
towers will not exceed the z axis displacement required to
cause the strgsses in the tower columns to exceed the yield

stress of 33 ksi,

Figure 157 depicts the z axis acceleration levels at which the

following modeling assumptions for the CSCB model without cables may

no longer be valids

1.

2,

The calculated arch rib combined stresses by SRSS will not
exceed the arch rib dead load prestresses at the arch
abutment at panel point 17;

The calculated z axis displacements at the tops of the -
towers will not exceed the z axis displacement required to
cause the stresses in the tower columns to exceed the yield

stress of 33 ksi.

Similar figures for x and y axis acceleration were not presented

for the CSCB model without cables because none of the assumptions made

in the modeling process became invalid until x axis accelerations well

above 0,50g were reached and because the model without cables is not

valid under y axis accelerations of 0,50g or less.

The discussion which follows is divided into the following five

parts:

deck expansion joint responses, arch ribd hinge responses,
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column to floorbeam connection responses, column base connection
responses and CSCB responses with cables versus without cables, Each
one of these sections deals with one or more of the SSB and CSCB
modeling assumptions listed above,

3.6,1 Deck Expansion Joint Responses

The response spectrum analysis results depicted in Figures 115,
122, 128, 134, 140 and 146 are based on the SSB model which assumes
unlimited x axis deck displacements at the abutments and independent
x axis displacements of the deck and the columns at panel points A, E,
F, F', E* and A', Thus the results are not totally correct for x axis
accelerations of 0,027g or more as indicated in Figure 152, The true
results would depend on the system responses to the cyclical impact
loads which may occur at x axis accelerations of 0,027g or more for
the south deck section and 0,047g or more for the north deck section,
Determination of such responses would, however, require nonlinear
analysis which was beyond the scope of this study.

In the CSCB model without cables the response spectrum analyses
showed that the +8% and -6% inch clearances for x axis displacements
of the deck at the abutment at panel point 1 would not be exceeded
until an x axis acceleration of approximately 0,82g was reached.

Thus the modeling assumption specifying unlimited x axis deck dis-
placements at panel point 1 is valid for both models under x axis
accelerations up to 0,50g.

3.6,2 Arch Rib Hinge Responses

At z axis accelerations of 0.076g the response spectrum analyses
of SSB showed that the dead load compressive stresses transferred

through the arch rib hinges are exceeded by the SRSS of the calculated
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axial and minor axis bending stresses (see Figure 153), Thus, partial
separation of the pin and one of the arch rib hinge shoes in each arch
rib to abutment connection might occur at accelerations of 0,09 in
the z direction., Such a separation, even if it were complete, would
probably not cause bridge failure because only one of the two shoes in
each connection would be separated from the connecting pin at any
given time thus leaving the other shoe to maintain arch rib to pin
alignment,

Response spectrum analyses for CSCB with cables showed that at a
y axis acceleration of 0,416g the dead load compressive stresses
transferred through the arch rib hinges at panel point 17 are exceeded
by calculated axial stresses (see Figure 155). At a z axis accelera-
tion of 0.276g these same dead load stresses are exceeded by the SRSS
of the calculated axial and minor axis bending stresses (see Figure
156), At an acceleration of 0,531g in the z direction these dead load
stresses are exceeded by calculated axial stresses alone (see Figure
156). Thus the retaining caps in the arch rib to abutment connections
may begin to act at a y axis acceleration of 0.,416g and at a z axis
acceleration of 0,276g.

Calculations concerning when the CSCB retaining caps might yleld
under y and z axis accelerations were performed., These calculations
were based on the response spectrum analysis results and on the
assumption that all tensile forces between the arch ribs and the
abutments would be transmitted through the pin caps. The calculations
showed that ylelding due to axial stresses alone might occur in the
caps under y axis accelerations of 0.,59¢ and z axis accelerations of

0.84g., Calculations concerning the SRSS of the axial and minor axis
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bending stresses due to z axis accelerations were not attempted
because of the complexity involved. Therefore, the possibility
remains that ylelding could occur in the caps at panel point 17 under
accelerations of 0,50g in the z direction and possibly in the y direc-
tion, Note that the responses of the arch hinges at panel point 6
were not determined by this study but they should be similar to those
at panel point 17,

3.6.3 Column to Floorbeam Connection Responses

The response spectrum analyses for the CSCB model with cables
showed that computed axial stresses in the columns might exceed dead
load compressive stresses at panel point 10 under an x axis accelera-
tion of 0,525¢ (see Figure 154) and at panel points 9, 14, 8, 15, 10,
13, 12, 11, 7 and 16 at y axis accelerations of 0,249g, 0,254g, 0.321g,
0,349, 0.356g, 0.399g, 0.401g, 0,403g, 0.417g and 0.453g, respective-
ly (see Figure 155). Any higher acceleration levels would require the
two bolts in the respective column to floorbeam connections to resist
tensile forces, Calculations showed that the stresses in the connect-
ing bolts at panel point 9 could reach 109.,2 ksi at y axis accelera-
tions of 0.50g.

In the case of SSB the response spectrum analyses showed that the
dead load compressive stresses transferred through the column to
floorbeam expansion Jjoints would not be exceeded until x and y axis
accelerations well above 0,09¢ are reached. Thus, x and y axis
accelerations pose no threat to these expansion connections. The
responses of these joints to z axis acceleration were not precisely
determined by the response spectrum analyses because, as discussed in

section 2,2,6, these joints were modeled as hinges with respect to
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rotation about the x axis, As stated in section 2.2.6, however, pre-
liminary response spectrum analyses did indicate that partial separa-
tions of the floorbeam and the columns at these expansion joints could
occur at low levels of z axis acceleration,

3,6.,4 Column Base Connections

Calculations of SSB column to pedestal joint capacities were
performed based on the geometry of the joints as depicted in Figure 6
and also based on the following six assumptionss

1. A linear stress distribution as depicted in Figure 158;

2, Full dead load;

3. An ultimate concrete stress of 3000 psi;

4, No anchor bolt prestresses;

5. No column buckling;

6. A column base plate yleld stress of 46 ksi,

These calculations showed that the column base plates at panel
points B and B' might yield at 24% of the column yield moments under
x axis acceleration. Utilizing this result and the calculated columm
moments by response spectrum analysis, it was estimated that ylelding .
might occur in these base plates at x axis accelerations of 0,025¢g.
This 0,025g acceleration level is slightly below the 0,027g level at
which the t3/4 inch clearance for x axis displacements of the deck at
the south abutment (panel point 0) might be exceeded. This 0.025g
acceleration level, however, is well below the 0,047g level at which
the *3/4 inch clearance for x axis displacements of the deck at the
north abutment (panel point 0') might be exceeded., Thus, while it is
possi_ble that ylelding could occur in the column base plates at panel

point B prior to the south abutment x axis restraints coming into play,
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it seems more likely to be reached in the column base plates at panel
point B' prior to the north abutment x axis restraints coming into
play. ‘

In CSCB the columns are truss members and thus there is very
little if any transfer of moments from the columns to the concrete
pedestals at panel points 2, 3, 4, 18 and 19, Moments are, however,
transferred from the tower columns to the concrete skewbacks at panel
points 6 and 17, The response spectrum analyses of the CSCB model
without cables indicated that z axis accelerations of 0,526g and
0.585g could cause the z axis displacements at the tops of the towers
at panel points 17 and 6, respectively, to exceed the value required
for yielding in the tower columms, Thus, at the prescribed maximum
acceleration of 0,50g in the z direction, it is possible, but not
likely, that yielding could occur in the tower columns, Because of
the complexity of the CSCB tower to column skewback connections, cal-
culations aimed at determining when the ultimate concrete stress might
be reached at these connections were not attempted. However, consider-
ing the relationship which exists for SSB between the stresses in the
columns and the corresponding stresses in the concrete pedestals, it
appears that there is a distinct possibility that in the tower column
to skewback connections at panel points 6 and 17 of CSCB the ultimate
concrete stress could be reached at z axis accelerations of 0,50g or
less,

3.6.5 CSCB Responses With and Without Cables

As discussed in section 3.4, the longitudinal and lateral cables
between and at panel points 11 and 12 of CSCB may reach thelr minimum

breaking strengths well below accelerations of 0,50g in the x and g
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directions, respectively, The breaking of these cables would (as dis-
cussed in sections 3.2 to 3.5) cause increases in some deck stresses
and displacements but decreases in all arch rib stresses and displace-
ments,

In addition to reductions in arch rib stresses and displacements,
the removal of the cables from CSCB would result in other beneficilal
effects as well. One example is that the x axls acceleration required
to cause the dead load prestresses in the columns at panel point 10 to
be fully relieved would change from 0,525¢ (see Figure 154) to over 1g
if the longitudinal cables were removed, Another example is that (as
indicated in Figures 156 and 157) if the lateral cables were removed
the z axls accelerations required to cause the arch rib dead load pre-
stresses at panel point 17 to be exceeded by SRSS combined stresses
and by axial stresses alone would change from 0,276g to 0,343g and
from 0.531g to over 0,.71g, respectively.,

The removal of the cables from CSCB would result in the bridge
being less safe because of the increases in some deck stresses and
displacements and because of other changes as well, For example,
Figures 156 and 157 illustrate that the z axis acceleration required
to cause yielding in the tower columns at panel points 6 and 17 might
change from over 0,63g to 0.585g and from 0, 531g to 0,526g, respec-
tively, if the lateral cables were removed,

3.7 Deck Lumped Masses

The deck masses, as discussed in sections 2,2.8 and 2,3.,11, were
lumped at the panel points with no masses lumped between these points,
As a way of determining the effects of this mass distribution,

response spectrum analyses were conducted on the SSB model utilizing
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deck masses lumped at panel and midpanel points, The largest responseé
from the original response spectrum analyses and the corresponding
responses with deck masses lumped at panel and midpanel points are
listed in Tables 7, 8 and 9 for x, y and z axis accelerations, respec-
tively. The changes in the responses are also listed in the tables as
percentages,

The only major changes in bridge responses occurred under y axis
acceleration with decreases of about 29% in the y axis displacements
at panel points F and F' and with increases in vertical deck bending
stresses of 150% for segment D'C', Vertical deck bending stresses in
other segments increased to as mich as 1,86 ksi under y axis accelera-
tions of 0.,09g. For segments EF, FF' and F'E' the vertical deck
bending stresses became largest under y axis acceleratlon as opposed
to x axis acceleration., But for the deck as a whole the largest
vertical bending stress under x axis acceleration was more than twice
the largest value under y axis acceleratlion, as 1is the case in the
original model,

For SSB, midpanel deck mass points were utilized between panel
points C and C* only. Storage limitations in the SAPV2 program pre-
vented the use of additional midpanel points, These same limitations
prevented any redistribution of deck masses in the CSCB models, Such
a redistribution for CSCB would probably have resulted in bridge
response changes similar to those for SSB, because the greater panel
lengths in CSCB tend to be balanced by the greater deck stiffnesses.,

3.8 Deck Torsion Constants

As discussed in sections 2,2.7 and 2,3.10, the bending resistance

of the stringers was neglected in the calculations of deck torsion
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constants, In order to determine the effects of this decision,
response spectrum analyses were conducted utilizing the higher torsion
constants derived by including the stringer bending resistance, Tables
10 and 11 contaln the largest responses calculated by the original
response spectrum analyses and the corresponding responses with the
higher torslion constants for z axis accelerations of the SSB model and
the CSCB model without cables, respectively. Also listed in the tables
are the changes in the responses as percentages,

Both bridges exhiblted substantial decreases in their largest
arch rib major axis bending stresses, but thelr largest arch rib com=-
bined stresses, which are of more interest, were little changed.

While the largest y axis displacements for both bridges did decrease
marginally, the more important z axis displacements were virtually un-
changed. Overall therefore, the changes for both bridges are negli-
gible.

3,9 Deck Concrete Effectiveness

The concrete deck slabs, as discussed in sections 2.2.7 and 2.3.10,
were assumed to be 50% effective, i,e. the modular ratio was assumed to
be 20, As a means of determining the effects of this assumption,
response spectrum analyses assuming 100% concrete effectiveness were
conducted., Tables 12, 13 and 14 contain the largest responses calcu-
lated by the original response spectrum analyses and the corresponding
responses assuming 100% concrete effectiveness for the SSB model under
X, ¥ and z axis accelerations, respectively. Similar lists for the
CSCB model with cables are contained in Tables 15, 16 and 17. The
changes in the responses as percentages are also listed in the tables,

For SSB the changes in the largest bridge responses were
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negligible under all directions of acceleration. The changes in the
largest CSCB responses under y and z axis accelerations are also neg-
ligibles Under x axis acceleration, however, all of the largest CSCB
responses decreased markedly.

Note that lateral deck bending moments rather than stresses are
presented in Tables 14 and 17. This is because the calculation of
stresses in the deck concrete slab is directly dependent upon the
modular ratio (as well as the moment of inertia). Thus, while the
moments in the deck change by less than 20% when the modular ratio is
changed from 20 to 10, the procedures used in this study to approximate
the stresses in the slab yield values of stress which differ by as mch
as 6U4%.

The greater influence of concrete effectiveness on the CSCB
responses to x axis acceleration as opposed to the SSB responses to x
axis acceleration is due to three major reasons. First, the longitu-
dinal cables are the only means by which longitudinal forces can be
transferred from the deck to the arch ribs in CSCB., The deck in SSB,
on the other hand, is connected to the arch ribs longitudinally by
moment resisting columns at panel points D and D°.

The second major reason is the greater continuity of the CSCB
deck., With respect to vertical deck bending, the CSCB deck is dis-
continuous at panel points 6 and 17 while the SSB deck is discontin-
uous at panel points C, F, F' and C', With respect to axial forces,
the CSCB deck is continuous and is pinned at one abutment while the
SSB deck is discontinuous at panel points F and F' and is free at both
abutments,

Finally, the third reason is that the CSCB deck has a composite
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cross-section while the SSB deck does not. Thus, increasing the
concrete effectiveness from 50 to 100% caused about a 16% increase in
the vertical deck moments of inertia in CSCB, but only a 6% increase

in SSB.



CHAPTER IV
SUMMARY AND CONCLUSION

4,1 Summary

In order to assess the potentially damaging effects of earth-
quakes on arch bridges, South Street Bridge (SSB) in Connecticut and
Cold Springs Canyon Bridge (CSCB) in California were chosen for study.
Both bridges are steel deck arches with solid ribs (see Figures 1, 2,
9 and 10), Their major geometric and design features are summarized
in Table 18,

The study was based on computer modeling utilizing the response
spectrum method., For each bridge the two arch ribs were modeled in-
dividually, as were the tower members (for CSCB), the colums over the
ribs, the columns in the approach spans and the arch bracing members,
However, the deck system - which includes the floorbeams, stringers
and reinforced concrete slab- was modeled as a series of beam elements
connected laterally on each side to the columns by rigid or virtually
rigid elements,

The bridge masses were essentially lumped at the panel points,
Certain parametric and comparative studies were made on the procedure
for lumping the masses and on the computation of the torsion constants
for the deck and the choice of the value of the steel to concrete
modular ratio for the deck. The results of these studles generally

supported the validity of the models which were used.
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The support and connection details were carefully considered and
modeled within the limits of linear elasticity. The only exceptions
were the cables in CSCB, the low minimum breaking strengths of which
necessitated the use of two bridge models - one with cables and one
without cables,

The first 36 natural frequencies and mode shapes of SSB and the
first 26 natural frequencies and mode shapes for each CSCB model were
computed, The fundamental frequencies which were calculated are 0,64
cps for SSB, 0.37 cps for CSCB with cables and 0.28 cps for CSCB with-
out cables, The fundamental mode of SSB consists mainly of a longitu-
dinal translation of the south half of the deck (Figure 25). For CSCB
with cables the fundamental mode represents an out-of-plane half wave
translation of the deck and the arch in the z direction (Figure 61).
The fundamental mode of CSCB without cables consists of an out-of-
plane half wave z axis translation of the deck only (Figure 87).

The "Normalized Rock Spectra" were used as input for the response
spectrum analyses, with maximm ground accelerations of 0,09g for SSB
and 0,50g for CSCB. The large difference in the input levels is due
to the differences (as recognized by AASHTO) in the seismicity of the
structure sites, The input spectra were applied in each of three or-
thogonal directions with no reductions for ductility,

The resulting seismic responses of the bridges to the input
motions are summarized in Tables 19, 20 and 21. Table 19 gives the
maximim responses of the arch ribs., In general, these maximum
responses occurred at the same relative locations in both bridges and
in the same directions of ground acceleration. As expected, however,

due mainly to the difference in the intensities of ground motion, the
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maximum responses of SSB are relatively mild while those of CSCB are
quite substantial, For the latter, if the absolute values of the axial
and bending stresses are added, the arch ribs would be stressed some-
what beyond their yield points (assuming full dead and live loads),

It appears that the most injurious direction of ground motion is
the z directlion which is the horizontal direction normal to the bridge
axis. The next most injurious direction of ground motion appears to
be the x direction which is the horizontal direction parallel to the
axis of the bridge. Finally, the y direction, which is the vertical
direction, appears least damaging.

Responses of the decks, summarized in Table 20, are qualitatively
similar to those of the arch ribs, However, the maximum deck displace-
ments under z axis acceleration were appreciably larger than those for
the arch ribs (26.4 inches versus 17.9 inches for CSCB).

In modeling the bridges as linearly elastic systems, a number of
assumptions were necessary, such as the clearance of the expansion
joints would not be exceeded by the relative movements of the deck.

The effects of this assumption and certain other assumptions involving
the arch rib hinges, the column to floorbeam connections and the column
base connections were investigated. These investigations involved
determining the ground accelerations required to cause these assump-
tions to become invalid, The results are summarized in Table 21 and
also include the responses of the CSCB cables, These results would
seem to indicate that the structures might experience distress at some
of these connections (and in the CSCB cables) at ground accelerations
considerably below the specified maximum levels (i.e. 0.09g for SSB

and 0,50g for CSCB).
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4,2 Concluding Remarks

Based on the response spectrum curves used, it seems that at 0,09g
the overall responses of SSB should be quite acceptable., The overall
responses of CSCB at 0,50g are much larger and, as pointed out earlier,
in several instances fhe maximum stresses (dead plus live plus seismic
stresses) exceed the yield stresses of the deck and/or the arch ribs,
However, it must be borne in mind that:

1, No attenuation of the response spectrum values was allowed
for ductility although such allowances seem warranted by
experience;

2. The probability of simultaneous occurence of full live loads
and maximum seismic loads is low;

3 The exceedence of the deck or arch rib stresses over nominal
yield stress is limited in magnitude and duration.

Therefore, the results presented here probably should not be viewed
with undue concern,

On the other hand, the possibility that some connections might
experience distress at levels of ground motion substantially lower than
0.09g for SSB or 0,50g for CSCB may well justify closer examinations of
these connections. This is probably not surprising, as experience with
earthquake effects seems to indicate that it is often the structural
detalls that require more attention,

The most serious limitation of the work reported here is perhaps
the assumption of linear elasticity., A maximum displacement of 26.4
inches may well result in appreciable geometric nonlinear effects, Of
course, exceedence of yleld stress would call for an analysis that

would take material nonlinearity into account. Future research should
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consider these nonlinear effects,

Another limitation of the work presented here is the use of the
response spectrum method which assumes that the motions of all bridge
supports are the same., The validity of this assumption decreases with
longer spans., Thus, the effects of non-uniform motion of the supports
also appears to be a significant topic for future studies.

Finally, it would be a worthwhile and interesting project to con-
duct field testing of deck arch bridges and/or to install recording
systems on a bridge such as CSCB so that nature can supply the input

excitation,
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Table 7 SSB Responses as a Function of Deck Mass Distribution Under X

Arch Rib

Major Axis Bending Stress
X Axis Displacement

Y Axis Displacement

Deck

Vertical Bending Stress
X Axis Displacement
Y Axis Displacement

Response

Axis Accelerations of 0,09g

Maximum
Value With
Mass Lumped
at Panel
Points Only

2,21 ksi
0,019 ft

0.037 ft

4,00 ksi
0.205 ft

0.037 ft

Corresponding
Value With
Mass Lumped at
Panel and Mid-
panel Points

2,33 ksi
0.019 ft
0,038 ft

L,25 ksi
0.219 ft
0,038 ft

Percent

Change
in
Response

+5.4%
No c.

+2.7%

+6.2%
+6.5%
+2.7%



Table 8

SSB Responses as a Function of Deck Mass Distribution Under Y

Axis Accelerations of 0,09g

Response Maximm
Value With
Mass Lumped
at Panel
Points
Arch Rib
Axial Stress 0,79 ksi
Major Axis Bending Stress 0,70 ksi
Combined Stress (by 1.47 ksi
summation)
X Axis Displacement 0.003 ft
Y Axis Displacement 0,008 ft
Deck
Vertical Bending Stress 0,48 ksi
Y Axis Displacement 0.008 ft

Corresponding
Value With
Mass Lumped at
Panel and Mid-
panel Points

0.82 ksi
0.70 ksi

1.49 ksi
0,003 ft

0,006 ft

1.19 ksi

0,006 ft

Percent
Change
in

Response

+3.8%
N. C.

+1.4%

N. C.
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Table 9 SSB Responses as a Function of Deck Mass Distribution Under 2Z

Arch Rib

Response

Axlal Stress

Major Axis Bending Stress
Minor Axis Bending stress

Combined Stress (by
summation)

X Axis Displacement
Y Axis Displacement

Z Axis Displacement

Deck

Lateral Bending Stress

Z Axis Displacement

Axis Accelerations of 0,09g

Maximim

Value With
Mass Lumped

at Panel
Points

2.45 ksi
1.88 ksi
2.63 ksi
6.96 ksi

0,007 ft
0,029 ft

0,081 ft

98 psi

0.095 ft

Corresponding
Value With
Mass Lumped at
Panel and Mid-
panel Points

2.39 ksi
1.70 ksi
2,68 ksi

6.76 ksi

0,006 ft
0,026 ft
0,081 ft

99 psi
0.0% ft

Percent

Change
in
Response

-2.4%
-9.6%
+1. 9%
-2. %

+1.,0%
-1,1%
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Table 10 SSB Responses as a Function of Deck Torsion Constant Under Z
Axis Accelerations of 0,09g

Arch Rib

Response

Axial Stress

Major Axis Bending Stress
Minor Axis Bending Stress

Combined Stress (by
summation)

X Axis Displacement
Y Axis Displacement

Z Axis Displacement

Deck

Lateral Bending Stress
Z Axis Displacement

Maximm

Value With
Low Torsion

Constant

2.45 ksl
1.88 ksi
2,63 ksi
6.96 ksi

0,007 ft
0,029 ft
0,081 ft

98 psi
0,095 ft

Corresponding
Value With
High Torsion

Constant

2,45 ksi
1.52 ksi
2.67 ksi
6,64 ksi

0,006 ft
0,027 ft
0,081 ft

101 psi

0.09%% ft

Percent
Change
in

Response

N. C.

+1, 5%
-4, 6%

-6.%
NI CC

+3,1%
-1,1%
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Table 11 CSCB Responses as a Function of Deck Torsion Constant Under Z

Arch Rib

Axis Accelerations of 0,50g (Model Without Cables)

Response

Axial Stress

Major Axis Bending Stress
Minor Axis Bending Stress

Combined Stress (by
summation)

X Axis Displacement
Y Axis Displacement

Z Axis Displacement

Deck

Lateral Bending Stress

Z Axis Displacement

Maximum

Value With
Low Torsion

Constant

7.0 ksi
2.4 ksi
9.6 ksi
16.1 ksi

0.05 ft
0.16 ft
1.15 ft

1090 psi
2.20 ft

Corresponding
Value With
High Torsion

Constant

7.1 ksi
1.8 ksi
9.8 ksi
16.1 ksi

0.05 ft
0.14 ft
1.13 ft

1090 psi
2,20 ft

Percent

Change
in
Response

+1,4%

+2,1%
N. C.

N. C.

"‘1.%

N. C.

N. C.



Table 12 SSB Responses as a Function of Concrete Effectiveness Under X
Axis Accelerations of 0,09g

Arch Rib

Major Axis Bending Stress
X Axis Displacement

Y Axis Displacement

Deck

Vertical Bending Stress
X Axis Displacement

Y Axis Displacement

Response

Maximm

Value With
50% Effec-

tiveness

2,21 ksi
0,019 ft

0,037 ft

4,00 ksi
0.205 ft

0,037 ft

Corresponding
Value With
100% Effec-

tiveness

2,20 ksi
0,018 ft

0.036 ft

3.80 ksi
0.204 ft
0.036 ft

Percent
Change
in

Response

—Oo 5%
'503%
-2.7%

‘5- 0%
-0. 5%
-20 %
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Table 13 SSB Responses as a Function of Concrete Effectiveness Under Y
Axis Accelerations of 0,09

Arch Rib

Response

Axial Stress

Major Axlis Bending Stress

Combined Stress (by

X Axis Displacement

Y Axis Displacement

Deck

Vertical Bending Stress

Y Axis Displacement

summation

Maximm

Value With
50% Effec-

tiveness

0.79 ksi
0.70 ksi

1.47 ksi
0,003 ft

0,008 ft

0.48 ksi

0.008 ft

Corresponding
Value With
100% Effec-
tiveness

0.79 ksi
0.69 ksi
1.46 ksi

0,003 ft

0,008 ft

0.47 ksi

0.008 ft

Percent

Change
in
Response

N. C.
-1.%
=0.7%

N. C.

N. C.

-2. 1%
N. C,



Table 14 SSB Responses as a Function of Concrete Effectiveness Under Z
Axis Accelerations of 0,09g

Arch

Deck

Response

Rib

Axial Stress

Major Axis Bending Stress
Minor Axis Bending Stress

Combined Stress (by
summation)

X Axis Displacement
Y Axis Displacement

Z Axis Displacement

Z Axis Displacement

Lateral Bending Moment

Maximm

Value With
50% Effec-

tiveness

2,45 ksi
1.88 ksi
2,63 ksi
6.96 ksi

0.007 ft
0.029 ft
0.081 ft

0,095 ft

1608 k-ft

Corresponding
Value With
100% Effec-
tiveness

2,42 ksi
1.89 ksi
2,60 ksi
6.91 ksi

0,006 ft
0,029 ft
0,081 ft

0,095 ft

1836 k-ft

Percent

Change
in
Response

-1.2%
+0. 5%
-1.1%
-0.7%

-14%
N. C.

N. C.

N. C.
+14%



Table 15 CSCB Responses as a Function of Concrete Effectiveness Under

Arch Rib

Major Axis Bending Stress
X Axis Displacement
Y Axis Displacement

Deck

X Axis Accelerations of 0.50g (Model With Cables)

Response

Axial Stress

Vertical Bending Stress

Combined Stress (by
summation)

X Axis Displacement
Y Axis Displacement

Maximm

Value With
50% Effec-

tiveness

14,3 ksi
0.27 ft
0.45 ft

14,0 ksi
12,7 ksi
24,8 ksi

0,38 ft
0.45 £t

Corresponding
Value With
100% Effec-
tiveness

be?7 ksi
0,22 ft
0.29 ft

11.1 ksi
4,2 kst

14,1 ksi

0.30 ft
0.29 ft

Percent

Change
in
Response

-21%



98

Table 16 CSCB Responses as a Function of Concrete Effectiveness Under
Y Axis Accelerations of 0.50g (Model With Cables)

Response Maximm Corresponding Percent
Value With Value With Change
50% Effec- 100% Effec- in
tiveness tiveness Response
Arch Rib
Axial Stress 10.8 ksi 10.8 ksi N. C.
Major Axis Bending Stress 11.5 ksi 11.0 ksi -4,3%
Combined Stress (by 18,2 ksi 17,6 ksi =3. %
summation)
X Axis Displacement 0,09 ft 0,09 ft N. C.
Y Axis Displacement 0,30 ft 0.30 ft N. C.
Deck
Vertical Bending Stress 9.7 ksi 9.9 ksi +2,1%
X Axis Displacement 0,02 ft 0,02 ft N. C.

Y Axis Displacement 0.32 ft 0.32 ft N. C.
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Table 17 CSCB Responses as a Function of Concrete Effectiveness Under
Z Axis Accelerations of 0,50g (Model With Cables)

Response Maximum Corresponding Percent
Value With Value With Change
50% Effec- 100% Effec- in
tiveness tiveness Response
Arch Rib
Axial Stress 8.7 ksi 8.4 ksi -3.4%
Major Axis Bending Stress L.l ksi 4,7 ksi +6.8%
Minor Axis Bending Stress 11,7 ksi 13.5 ksi +15%
Combined Stress (by 20,2 ksi 21.8 ksi +7.9%
summation)
X Axis Displacement 0. 07 ft 0.0? ft N. C.
Y Axis Displacement 0.24 ft 0.24 ft N. C.
Z Axis Displacement 1.49 ft 1.44 ft -3.4%
Deck
Z Axis Displacement 1.8’4’ ft 1077 ft -30%

Lateral Bending Moment 29070 k-ft 34420 k-ft +18%
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Table 18 SSB and CSCB Geometric and Design Characteristics

Item

Fundamental
Frequency

Overall Length
Arch Span

Arch Rib Panel
Lengths

Arch Configuration
Arch Rise to Span
Ratilo

Rib Spacing to
Span Ratilo

Rib Depth to Span
Ratilo

Rib to Total Dead
Load Ratilo

Expansion Joints
in Deck

Deck Hinges

Wind Load Transfer

South Street Bridge
0.64 cps

377 £t
193 ft

2@ 24' (ends)
5@ 29' (middle)

Circular with 175
Radius

1' 6. 66
1:8.77

13 58,6

1! 6. 01

L @ Panel Points A,
F, F' and A'

6 @ Panel Points A,
Cy F, F', C' and A'

Deck to Arch via
Columns

Cold Springs Canyon Bridge
0.37 cps

1218 ft

700 ft
11 @ 63.635"

Séventh Order Polynomial

114,84 for South Hinge
1:7.14 for North Hinge

13 26- 9
1:73.0 to 1375.7
13 2-79

1 @ Panel Point 1

4 @ Panel Points 1, 6, 17
and 20

Deck to Arch via Cables
and/or Deck to Foundation
via Towers
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APPENDIX
GLOSSARY OF SYMBOLS

A = maximum ground acceleration

Ax = x axis displacement

Ax*' = x axis deck displacement of CSCB without cables
Axw = x axis wind load displacement

Ay = y axis displacement

Ayd = y axis dead load displacement

Ayd_!_" = y axlis dead load plus wind load displacement
Az = z axis displacement

Az' = z axis deck displacement of CSCB without cables
Azw = z axis wind load displacement

e = east arch rib

F = modal frequency of vibration

f, = axlal stress

1
f2 = arch rib minor axis bending stress or deck lateral bending stress
f3 = arch rib major axis bending stress or deck vertical bending stress
fc2 = deck concrete slab lateral bending stress

fcz' = deck concrete slab lateral bending stress in CSCB without cables
f ca = allowable stress in deck concrete slab

f ow wind load stress in deck concrete slab

fd = dead load stress

fl = ]live load stress
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GLOSSARY OF SYMBOLS (Continued)

fsrss = combined stress by SRSS

fs — combined stress by summation

fw = wind load stress

fy = yield stress of steel (33 ksi)

N = total number of modes

n = modular ratio of elasticity

R = representative maximum value of a particular response

R, = peak value of a particular response due to the kth mode only

k

w = west arch rib

x = global and local joint coordinate axes which are horizontal and are
parallel with the bridge centerlines

y = global and local joint coordinate axes which are vertical

z = global and local joint coordinate axes which are horizontal and are

perpendicular to the bridge centerlines



