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1sing a structure’s mass and increasing its flexibility mean better seismic survivability.
veight concrete can help, and a design for the proposed 1.2 mi long Benicia-Martinex

|gn the wake of the

ICalif. earthquake, b
evaluating the pluses ¢
tural designs producec
Prieta earthquake in tt

ast seismic damage to long-span bridges
1 :omes from two phenomena: ground mo-
ions shaking the foundations of elevated
1 leck superstructures and out-of-phase os-
illation of the superstructure. Fortunately,
“oth problems can be addressed with one
naterial: lightweight structural concrete.
With this in mind, lightweight concrete
vas selected for the final design for the
1ew 1.2 mi, $93.1 million Benicia-Martinez
3ridge, which will carry the northbound half
f Interstate Highway 680 across San Pablo
3ay between the cities of Benicia and Mar-
inez, Calif. The new bridge, which is also
Jdkely to carry heavy-rail traffic, is designed
to remain in service after an earthquake on
the nearby Hayward fault measuring 7.3 on
the Richter scale, the area’s maximum credi-
ble earthquake. Construction could begin as
soon as 1996.
:ause it reduces the mass of the su-
icture up to 20% and is more flexible,
eight structural concrete can help

area. One lesson learned is that the great-

2 across San Pablo Bay, Calif. shows how.

e the forces induced by seismic ex-

of the superstructure. Designers

dinarily failed to take advantage of

ause lightweight concrete is usually

red too expensive compared to
viable alternatives, such as steel or normal-
weight concrete.

However, studies for the new bridge
show that lightweight concrete can be both
economical and advantageous for long spans
subject to strong seismic loadings. This is
particularly true if the design takes advan-
tage of the material’s high strength and per-
formance characteristics.

A lightweight-concrete box-girder bridge
was one of four different conceptual plans
developed in the preliminary phase of the
project. The other three were a steel truss
bridge with a concrete deck, a steel box
girder bridge and a cable-stayed bridge.

Most would require about three years to put |
together, except the cable-stayed bri‘~-

which would need four. However, the 1
weight-concrete option cost approxim:;
$8 million-$42 million less than the othe
Structural lightweight concrete,
known as structural lightweight aggre
concrete, is defined as structural conc
that has a minimum compressive stre;

of 2,500 psi at 28 days with a corresponding
air-dry unit weight not exceeding 115 lb/cu
ft, and consists of lightweight aggregates
such as expanded clay, shale, slate or fur-
nace slags, or a combination of lightweight
and normal-weight aggregates.

Structural lightweight concrete used in
bridge applications is characterized by two
requirements:
¢ The material uses natural sand and light-
weight aggregate of rotary-kiln-expanded
shale with a surface sealed by firing.
¢ Coarse aggregate is not crushed after fir-
ing except a small amount of aggregate, 3/4
in. diameter and smaller, which may be
crushed to produce proper grading.

Compared to normal-weight concrete,
lightweight aggregate concrete offers
bridge designers a number of advantages,
including:

e Better protection to reinforcing steel.
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Lin Internati
two prelimite..., woogee oo oo
girder superstructures, one using normal-
weight concrete with a hard rock aggregate,
the other using lightweight concrete with
expanded shale coarse aggregate. The final
design is to be performed by a joint venture
of T.Y. Lin International and cu2m Hill,
Sacramento, Calif.
Both alternative preliminary designs
each,
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MENTAL CONCRETE DESK
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» configuration of the piers and the

olumn behavior of the pier shafts al-

displacement ductility factor of 4,

1g that the structure can move up to

mes beyond its displacement after

yielding. The pier-superstructure connec-

#on, despite the substantial depth of the su-

_erstructure, is a problem area, particularly

*1 light of our decision to carry the pier sec-
**on up, unchanged, as the diaphragm.

Shear stresses in this section, where the
yoment must drop from a maximum at the
offit to zero at the deck slab, are very high
nd considerable transverse reinforcement

1s required. The continuity of moment and
force transfer into the top slab will need to
“ye carefully designed. The structure will
"1ave to resist the column plastic moment
:apacity, and moment redistribution of
lead-load moments should be permitted
‘or this. The superstructure will also be de-
signed to resist the plastic pier moments
clastically so that traffic can continue on
the deck after a major seismic event.

The maximum force from out-of-phase
support motion will be taken by seismic
dampers in the internal movement joints.
Seismic dampers at the expansion joints
will allow slowly occurring displacements,
but for seismic shock, no relative displace-
ment can occur across the joint.

For both lightweight- and normal-weight—
soncrete designs, the foundations are 10 ft
{iameter drilled caissons of composite steel-
ind-concrete construction, supporting cast-
‘n-place footings. The bottoms of the cais-
sons are socketed 10 ft into the rock for the
lightweight-concrete design and 12 ft for the
normal-weight alternative. For the light-
weight design, the caissons are arranged
hree across on the width of the footing,
spaced 20 ft apart to provide maximum over-
‘urning resistance in the required direction,
and two over on the length of the footing, 25
it apart. The normal-weight—concrete design
{ used a similar arrangement with stronger
footings, due to the greater mass of the
structure and induced seismic forces.

Each pier consists of four circularly tied
-einforced concrete columns, 6.5 ft in diam-
ster, located on a 21.5 ft by 9.5 ft rectangu-

“ar plan, connected by reinforced concrete
_walls to form a hybrid cellular element. The
1 design provides most of the advantages of
the traditional box pier, along with the sig-

seismic resistance of the circularly tis
columns.
All piers are fixed to the girder and t

nificantly improved ductility capacity ar * 3
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footings with monolithic, moment-resi
connections. However, under transv
seismic excitation, the piers behave as
tilevers, developing significant moments
only at the bottom. For resisting longitudi-
nal seismic excitation, the piers behave as
members in a rigid frame with moments
developed at both top and bottom.

The pier footing connection requires a
three-dimensional strut and tie distribution
to account for joint shear and transverse re-
inforcement requirements. It is important
to fully develop the plastic capacity of the
composite caisson steel case into the foun-
dation. This is accomplished by extending
the steel bars of the casing into the con-
crete footings.

SEISMIC ANALYSIS

The Carquinez Strait, site of the Benicia-
Martinez Bridge at San Pablo Bay, has rock
at comparatively shallow depths. As such,
site amplification of ground-motion effects
should be minor, and nonsynchronous exci-
tation at different piers should not be signifi-
cant. However, out-of-phase displacements
will be recommended for final design of the
bridge.

The soil profile of the site indicates that
at the north and south ends of the bridge,
bedrock is at or near the ground surface.
However, in most of the Carquines Strait,
bedrock lies beneath soil cover of up to 95
ft. In the north and south parts of the strait,
the cover usually consists of the soft, silty
clays and clayey silts known locally as San
Francisco Bay mud. Toward the middle of
the strait, the soils are mostly loose, liquefi-
able sands. A layer of denser sands with
gravels separates the superficial soils and
the bedrock.

To assess the modifying influence of the
soil deposits on ground motions, we made
a nonlinear site response analysis of four
soil columns representing the range of soil
conditions along the bridge. Smooth re-
sponse spectra of soil motions were devel-
oped from the analysis, indicating that the
spectra content of ground motions at the
bridge site may be expected to vary signifi-
cantly at different locations. Accounting for
the different inputs entering the structure
and the induced seismic forces complicat-
ed the design.

From the site response analysis, acceler-
-+-~ «—1 histories of soil motions were ob-

rresponding to the input rocl
| time histories for each maxir
~ earthquake. The time historic

————————

ions were modified to «

y time-lagged incohert

1g the length of the L.iwqe. < ov
sets of rock motions were generated; they
can be used as multiple support excitations
to the bridge foundations in varying types
of rock.

Additional special seismic design crite-
ria will be implemented during the final de-
sign phase, including:
® Seismic loads for staged construction.

e Stand-alone analysis for individual frames.
« Displacement ductility assessment of the
frames.

« Joint shear design.

e Use of A706 reinforcing steel to control
the upper limit of plastic moments and pro-
vide for a steel more ductile than A615 rein-
forcing steel.

Using lightweight structural concrete on
the design for the bridge affected all of these
factors by decreasing the mass of the super-
structure. Special consideration was also
given to the effect of reversal cyclic seismic
loads at high ductility demands with regard
to the development length of the large-diam-
eter bars proposed for the main column rein-
forcement of the pier shafts. The 25 ft depth
of the superstructure seems more than suffi-
cient to develop the column bars; however,
this will need to be studied and probably
supported by experimental research.

Our intent is to extend the pier walls as
a solid diaphragm that is wide enough to al-
low the pier column reinforcement to pro-
ject into the superstructure where it is con-
fined by hoops. We found this was the best
way to achieve bar anchorage, ductile be-
havior and shear transfer in a region that is
critical to the structure’s longitudinal seis-
mic response.

Lightweight concrete can be used to op-
timize seismic design in regions of high
seismicity. By reducing the mass and stiff-
ness of the superstructure, lightweight con-
crete reduces the seismic effect. By combin-
ing ductile strength and structure tuning,
the new Benicia-Martinez Bridge can com:
ply with the desired seismic performance
for San Francisco Bay-area bridges, whict
calls for the structures to survive the maxi
mum credible earthquake without structura’
damage impairing their function. LY
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