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STRUCTURAL FUSES AND CONCRETE-FILLED STEEL
SHAPES FOR SEISMIC AND MULTI -HAZARD
RESISTANT DESIGN

Michel Bruneau®, Samer E}Bahey, Shuichi Fujikura®and
David Keller*

SUMMARY

Bridges are built in a variety of locations, many of which are susceptible tiplawektreme hazards
(earthquakes, vehicle collisions, tsunamis or storm surges, and blasts as a minimum for some locations).
In addition, they must be built to achieve the objectives of both accelerated bridge construction (ABC)
and rapid return to seneé following a disaster. Meeting some or all of these demands/objectives drives
the development of innovative muliazard design concepts. This paper presents recent research on
structural fuses and concrdiked steel shapes strategies developedHa purpose. The structural fuse
concept considered here for seismic resistance was developed and experimentally validated for
implementation in a composite muttblumn pier using double composite rectangular columns -of Bi
Steel panels. Experimental uits from another series of tests on the blast resistance of cofikeete

steeltubes support the blast resistance of the concept.

In parallel, the development and design of a

conceptual multhazard resistant steel plate shear wall box pier concepidssed each of the four
aforementioned hazards by use of simplified analyses for design, and of advanced nonlinear finite
element analyses to confirm that the proposed steel plate shear wall box system provides adequate
ductile performance and strengthr ach of the hazards.

INTRODUCTION

The emergence of new design objectives in bridge engineering
always provides new opportunities teexamine past design
practices and explore the potential benefits of various
alternative design solutions. Three suchw performance
requirements are considered here. First, the need for
Accelerated Bridge Construction (ABC) solutions intended to
minimize construction time and thus the inconvenience to the
users of the road network, given that traffic congestion (due to

seismic resistance was developed and experimentally
validated for implenentation in a composite muttolumn pier
using double composite rectangular columns ofStiel
panels. Although BiSteel panels are already known for their
blast performance xperimental results from another series of
tests on the blast resistance obncretefilled-steettubes
provide additional evidence isupportof the blast resistance

of the concretefilled shapes in bridge pier applications, as
contrasted with other conventional seismically designed piers.
In parallel, the development and desifra conceptual multi

construction delays or other sources) have been conclusively hazard resistant Steel Plate Sheaall(SPSW) box pier

demonstrated to translate into major losses to modern

concept considered eadf the four aforementionetlazard

economies. Second, the need for seismic design solutions thatby use of simplified analysefor design and of advanced

allow rapid repair and neammediate return to service, as
bridges decommissned for long periods of time following
disasters translate into major direct and indirect losses to
society. Third, the need for muliazard solutionsi
recognizing that tidges areoftenbuilt in locationssusceptible

to multiple extreme hazards (earttadtes, vehicle collisions,

tsunamis or storm surges, and blasts as a minimum for some

locations). Meeting some or all of these constraints drives the
development of innovative multiazard design concepts.

This paper presents recent research on structuses and
concretefilled steel shape strategies developed for eh
purposeof meeting the above performance requirements for
bridges The structural fuse conceptonsidered herefor

nonlinear finite element analysesdonfirm that thepropose
SPSW box systerprovidesadequate ductile performance and
strength for each of the hazardSogether, these studies
validate and verify the effectiveness of structural fuses and
concretefilled shapes for multhazard resistant design.

STRUCTURAL FUSE FOR SATISFACTORY SEISMIC
PERFORMANCE

The concept of designing some sacrificial members
dissipating the seismic energy while preserving the integrity of
other main componentds known as the structural fuse

concepf1-4]. However, for a true structural fuse analogy [e.g
3, 4], the sacrificial elements should be easily replaceable,
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allowing the rest of the structure (that remained elastic) to
return to its plumb condin after the fuses are removed.
Here,in that perspectivaa structural fuse concept is proposed
in which structural steel elements are added to the bridge bent
to increase its strength and stiffness, and also designed to
sustain the seismic demand anibsipate all the seismic
energy through hysteretic behaviour of the fuses, while
keeping the bridge piers elastic. Several types of structural
fuses can be used and implemented in bridges; the focus in
this paper will be on using two types of structuralefst

First, an innovative Steel Plate Shear Link (SPSL) is
introduced The proposed SPSL shownkigure 1 consists of

a steel plate restrained from out of plane buckling using a
encasement and an unbonding materie steel plate is
designed to yieldn shearreaching 0.6FyjJor the purpose of
dissipaing seismic energy.

FRP Encasement

,/' f’

Yielding
Portion of
plate

Figure 1: Proposed link sketch.

Three types of plastic mechanisms can develop in links
regardless of the shape of the cross section. The type of the
plastic mechanism developed depends mainly on the link
length in which links can be categorized into:

1 Flexural links (pure flexural yielding) developing full
plastic moment hingesM,, at the ends of the links and
developing ashear force less than the full plasshear
force V,, wherebyenergyis dissipaed by flexural plastic

rotation.

Shear links (pure shear yielding) developitige full
plastic shear forgeVv,, over the entire length of the link
with moments at the ends less that the plastic moment
reduced taccount for the presence of shddgr, whereby
energy idissipaedby shear plastic distortion.

Intermediate links which are links yielding in both flexure
and shear using the Von Mises yield criteria assuming that
one yielding mode develops after thther mode strain
hardens.

Various experimental studies Wvebeen done on links by
previous researchers and it was found that shear links exhibit
the most stable and ductile cyclieehaviour[5-7]. The
ultimate failure mode for shear links is inelasteb shear
buckling, which can bedelayed by adding vertical stiffeners
[5]. For the proposed link, the web shear buckling is
overcomeby wrappingthe steel plate with unbondingaterial

and surrounding it by aencasement.

An assumed stress distribution for a shear link is shown in
Figure 2 from which the plastic shear and plastic moment can
be calculated as:

— Fy
Vv, = %tyO 1)
M, =Fyit(y, ) )

whereV, is the plastic shear force for section®\M,, is the
reducedplastic momentlue to thepresence of shear force for
section BB, andF, is theyield stress of the plate.

The balanced Iengthe*, from which the transition of
behaviouroccurs from flexural to shear can be calculated
using simple free body diagram equilibrias:
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Assumed stress distribution in mid and end
plate.

Figure 2:

Second,Buckling Restrained BraceBRBs) are utilized as
structural fuses. The BRB consists of a steel core encased in a
steel tube filled with concrete. The steel core carries the axial
load while the outer tube, via the concrete provides lateral
support to thecore and prevents global buckling. Typically a
thin layer of material along the steel core/concrete interface
eliminates shear transfer during the elongation and contraction
of the steel core and also accommodates its lateral expansion
when in compressiofother strategies also exist to achieve the
same effect). This gives the steel core the ability to contract
and elongate freely within the confining steel/conctate
assembly. A variety of these braces having various materials
and geometries have beemposed and studied extensively
over the last 145 years[8-15]. A summary of much of the
early development of BRBs which use a steel core inside a
concrete filledsteel tube is provided ifil6], and since the
1995 Kobe Earthcpke, these elements have been used in
numerous major structures in Jagaid]. The first tests in the
United States were conducted in 1998]. Figure 3 shows a
schematic mechanism of the BRB.
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Figure 3: Schemationechanism of the BRE19].

EXPERIMENTAL SETUP, INSTRUMENTATIONS AND
LOADING PROTOCOL

A series of quasstatic cyclic tests has been performed using
the recommended Applied Technology Council (ATC)
loading protocol of ATC 2420] on a proposed twin column
segmental bridge bent, utilizing the SPSLs and BRBs as a
series ofstructural fuses between the columns. The columns
used for the experiment consisted of segments ebt&el
sectiong21] which is a system of double skin stemncreté

steel high performance rapid erect panels. These panels are
composd of steel plates connected by an array of transverse
friction welded shear connectors and filled with concrete. This
system could be beneficial when strength or speed of
construction is of vital importance. Column sections were
stacked over each other acmhnected by welding. A 1.5 scale



for the geometric properties of the specimen was chosen based

on the limitations of the Structural and Earthquake
Engineering Simulation LaboratorEESL) at the University

at Buffalo and other considerations regardihg availability

of the Bisteel sections in particular, the maximum height of
the SEESL strong wall is 30 ft, so the maximum height of the
specimen was set to be 25 ft. Two static actuators available at
SEESL each with a capacity of 400 kips were usedyappl

the horizontal force to a transfer beam from which the load is
then transferred to the specimen. Figures 4, 5, and 6 show
general views of the tests utilizing SPSLs, BRBs and the bare
frame respectivelywhile figure 7 shows a plan view cross
sectiondetail of the BiSteel columns utilizing the SPSLs as
structural fuses.
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Figure 4: Experimentsetup (a) Generaliew of the

experiment, (b) Bridgepier with SPSLs
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Experiment setup (a) general view of the
experiment, (b) bridge pier with BRBs.
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Figure 6: Experiment setup (a) General view of the

experiment, (b) Bare bridgpier.
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Figure 7: Columns cross section details (Plan view

cross section).

Instrumentation for this experimental project has been
designed to measure global response of the frame, and local
performance of the links and braces. Global response of the
strudure in terms of displacements was obtained from string
pots installed at different levels from the base to the top of the
frame. Optical coordinate tracking probes (Krypton sensors)
were also distributed on the columns up to their mid heights
(due to camea range constrains) to measure displacement
response at specific points. Seismic response of the columns
was obtained from strain gages installed at critical points (top
and bottom of each column), to determine whether these
columns remain elastic durirtige test, recalling that one of the
objectives of this experiment is to assess the effectiveness of
the structural fuse concept to prevent damage in columns.
Axial deformations of the BRBs were measured with String
Pots installed in parallel with the bracand connected to the
gussetplates. To measure strains in the SPSLs,680degree
rosettes were installed at the midpoint of a few critical links.
To ensure that no slippage or uplift occurs in the base,
horizontal and vertical transducers were insthlée its four
corners.

EXPERIMENTAL RESULTS

For the first specimen with the SPSLs, loading was performed
up to a drift level corresponding to the onset of column
yielding to ensure that energy dissipation was through the
SPSLs, then testing continued urfticture occurred at the
base of both columns. This specimen reached a ductility ratio
of 4 and100 mm top displacemenl.6% drift) without any
sign of plastic deformation in the colummiégure 8 shows the
hysteretic behaviour at that level of drift.g86 of local
buckling started to occur at the west columri25 mm top
displacement (1% drift) as shown irFigure 9, and the same
column fractured at60 mm top displacemeri.8% drift) and

the load dropped almost 33% as showRigure 10.

For the seand specimen with BRBs, loading was performed
up to a drift level corresponding to the onset of column
yielding (1.5%); also a ductility of 4 was reached, and no signs
of plastic deformation were observed for both columns. The
BRBs exhibited stable hystéie behaviour. Figure 1L shows

the hysteretic behaviour for one of the BRBs installed (3rd
from top) plotted against the total system force. A small
amount of slippage occurred due to the pin connection of the
BRBs. Hysteretic behaviour for the specimenhwBRBs is
shown inFigure 12.
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OBSERVATIONS

All specimens tested in this expmental program exhibited
stable forcedisplacement behaviour, with little pinching of
hysteresis loops until the significant accumulation of damage
at large drifts. All specimens performed well, behaving
elastically at small displacements and exhibitistable
hysteretic behaviour as the seismic energy was dissipated
through the structural fuses. Adding the fuses increased both
the stiffness and strength of the bare frame about 40% and
increased the amount of energy dissipated by the frame.
Further analgis is underway to investigate the results of this
experimental program

BLAST RESISTANCE OF CONCRETE-FILLED STEEL
SHAPES

There are some similarities between seismic and blast effects
on bridge structures: both major earthquakes and terrorist
attacks/accidntal explosions are rare events that can induce
large inelastic deformations in the key structural components
of bridges. However, a design to resist one hazard does not
automatically provide resistance against the other hakard
which can easily be demsimated by case studies beyond the
scope of this paper.

A review of several different structural configurations of
bridge piers and potential bridge bent systems was conducted
to identify systems deemed most appropriate in meeting the
objectives of multhazard design. It was found that concrete
filled steel tubes (CFSTs) can be used as rmalgiard bridge
piers capable of providing an adequate level of protection
against collapse under both seismic and blast loading, and
with  member dimensions not very figrent from those
currently found in typical highway bridges. These CFST
columns are smaller than the typical 914 mm (3i@meter
reinforced concrete pier column, but expected to perform
significantly better under blast loads. This type of structural
member was deemed likely to be accepted in practice (and
incidentally is helpful in fulfilling the objective of accelerated
construction).  This structural configuration was therefore
selected for experimental verification of its blast resistance
(seismic erformance of such columns had already been
demonstrated by researchers, such as Bruneau and Marson

[22)).

A series of blast experiments on 1/4 saaldti-hazard bridge
piers was performed by Fujikumet al. [23, 24]. Piers were
CFST columns with different diameters [D = 102 mm (4 inch),
127 mm (5 in) and 152 mm (6)], connected to a steel beams
embedded in the capeam and a foundation bearithe bent
frame was braced in what would correspond to the bridge
longitudinal direction at the level of the chpams. A
reaction frame was built for this purpose. Blastts showed
that CFST columns of bridge pier specimens exhibited a
satisfactory ductile behaviour under blast loadisghown in
Figure B-a. The foundation connection concept applied in
this experiment allowed to develop the composite strength of
CFST olumn under blast loading.

Note that for comparison, another blast test series was
conducted to examine the blast resistance of ductile reinforced
concrete (RC) bridge piers [D = 203 mm (8 in)] and -non
ductile RC bridge piers retrofitted with steel jacki@s= 213

mm (8 3/8 in)] that are designed according to current seismic
knowledge and that are currently applied in typical highway
bridge designs. Out of that test series, standard RC and steel
jacketed RC columns were not found to exhibit a ductile
betaviour under blast loading, failing in direct shear at their
base rather than by flexural yielding as was the case with
CFST columnssee a test result of a RC column in Figuge 1

b). Furthermore, this neductile failure occurred for a much
smaller blastpressure than used for the comparable CFST
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[25]. Reinforced concrete details by current seismic codes and never been incorporated into bridges, which posed an
steel jacketing, known to be effective to provide satisfactory additional challenge.
seismic performance, were thus shown to be ineffective for the

blast loading ases considered. In considering the seismic hazard, adequate eggistin each

of a b r i dagdirécsons pvasi desiréd pivhilat the
same time being capable of sustaining gravity loads and
maintairing its integrity after occurrence of any of the other
hazards. Additionally, a design that had aesthetic appeal was
sought.  Various conceptswere explored [29 before
eventually converging on thiaur-column box piersolution
shown in Figure M. The continuous lreespan steel plate
girder prototypesuperstructuravas adpted from a seismic
design example developed for the Federal Highway
Administration[30]. For this researchhé pier capwhich was
= made integral with the superstructuis, integral with the
SPSW pier system, which was found to be advantageous.
> Also note that the pier assembly was made reasonably narrow
4 in the longitudinal direction to reduce the plate surface area
Rt subject to wave loads arising from surging water transverse to
the bridgeds deck

< Original
Position

®) s
Figure 13:  (a) CFSTcolumn (D = 127 mm) after the At anm o
test; (b) RCcolumn after thetest —
L | 9.55m (31.3 ft)

MULTI -HAZARD SPSW BOX-PIER CONCEPT

The concept formally referred to as muitizard engineering
has recetly emerged as a new interest in the field of civil
engineering. It addresses the anticipated cost implications of
growingly complex structures required to resist the sometimes
conflicting demands of multiple hazarfi@6]. A true multi
hazard engineering solution is a concept that simultaneously
has he desirable characteristics to protect and satisfy the
multiple (contradicting) constraints inherent to multiple
hazards[27]. It calls for holistic designs that encompass all
hazards in an integrated framework, and that provide

optimized, single cost/single concept salns rather than a The pier 6s [centerinetd-cemerlinesoivestinas
collection of multiple design schemes. boundary elements (VBBs) are 3,708nm (146 in)
transversely (i.e. perpendicular to the bridge spang)
1,880mm (74 in) longiudinally (i.e. parallel to the bridge
spans) and its total height is 9,376m (369.08 in) with three
intermediate horizontal boundary elements (HBEspaced
equally at 2,344nm (92.27 in).

Figure 14: Final multi-hazard resistant bridge pier
concept

Favorable features for design against one hazard may
inevitably be unfavorable for other hazards, thus lending
mismatched design solutions to the mbkizard dilemma.
Such conflicting design aspscare well illustrated elsewhere
[28]. To make a design that is beneficial for one hazard while
at the same time avoiding the possibility of making the
structure vulnerable to other adsgIENTSEPIERTOMYSIIPENABARGSP P 0ach
design must be undertaken. Such an approach necessitates

designers to be knowledgeable of multiple hazards, and to

consider the numerous @rsometimes contradicting demands  Earthquakes

from the multiple hazards at the onset of the design process
such as to avoid foreseeable mismatched design solutions.
Ettouneyet al.[26] provide a list of benefits for considering a
multi-hazard approach, some of which include: potential for
economic designs and mstructions, a more accurate
estimation of inherent resiliency of systems, a more accurate
treatment/estimation of life cycle cost of systems, and a more
accurate analysis of systems.

In general, thaystem was designed for a given seismic hazard
and then analyzed for the other hazards. This was only
possible because of the mtlithzard approach taken in
conceiving a concept at the onset. The seismic hazard was
also used as the starting point of thetailed design because
proven methods for the design and analysis of SPSW for
seismic hazards are available in codes and design guides.

For the purpose of desigim accordancevith AASHTO [31],
the seismic acceleration coefficient was chosen to be 0.20
placing this bridge in seismic performance zone lll, the bridge

developing a pier system that incorporated concepts from was classified as fregularo, an

SPSW design. Hazards considered here included earthquakes,‘_’l_vhal s chos (?'f'n t't (f) tb % I n h th (te bASA S E'T o
vehicle collisions, tsunamis, and blaatsystem incorporating € response modilication tactor, ik, was chosen 1o be 5, an

SPSWs was sought because of their ductile nature, because Ofbased on recommendations from AASHTO (Article 3.10.5.1)

the redundancy they offer, and because they are easy to repair.When the soil profile is unknown, the site coefficient was

Such qualities of SPSWs make them a resilient structural _chosen to _be .1'2' In analysis, movement of the supettsteuc
system that suggested at the onset of this rdsdhet they in the longitidinal and transverse direction was assumed to be

should be capable of resisting multiple hazards. However, resisted by the two piers acting in parallel, the superstructure

SPSW concepts, while already implemented in buildings, have was as_sgmed to be rigid, and it was assumed that there would
be sufficient space for movement at the abutments so that the

Given that the objective of this research, designing a bridge
pier from a multthazard perspective, is a wideaching
proposition, the scope was narrowed by focusing on
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piers could develp their ultimate strength (the abutments
were assumed to offer no resistance). In both directions, the
top and bottom of the pier was assumed rigidly attached to the
pier cap and foundation, respectively.

Design relied on use of nonlinear pushover anafysiformed

with SAP2000[32]. Beamcolumn elements presenting the
boundary framenl yaon ds tfirtiepnss i oa
plates, were used @ascommonly done for SPS\Wesign[33)].
Plastic hinging was allowednly at the ends of the boundary
frame members. Hinging was modeled usingscdite
nonlinear-M2#MBiobehi nBes
perfectly plastic behaviour placed at the ends of the boundary
frame el ement s, and using di
stri ps#é alsc eerhibiéing -elastiperfectly plastic
behaviour. The skl assumed for the tubular sections was
A500 Gr. B Fy = 290MPa (42ksi)) and the material assumed
for the plates was A3Gy = 248MPa (36ksi)) steel

Critical loadingwas assumed axccuring if the pierwere to

be pushed simultaneously (or -Hirectionally) in the
transverse and longitudinal directions, wéall strips inthe
perpendiculdy oriented platesyield. The design was then
checked to ensure that hinges had formed only in the intended
locations, that the members were not shear critical, that

the assumed stiffness in the transverse and longitudinal
direction (used, with the reactive mass, to compute the seismic
demand on the pier required for sizing the plates) matched that
of the design. This approach was iterated until a satisfactory
design was converged upon.

The final boundary frame design consisted of VBEs having an
outer diameter of 609.6hm (24 in) with a wall thickness of
46.0 mm (1.812 in), longitudinal HBEs having an outer
diameter of 323.9nm (12.75 in) with a wall thicknessf o
12.7mm (0.5 in), and transverse HBEs having an outer
diameter of 406.4nm (16 in) with a wall thickness of
21.4mm (0.843 in). The transverse plates were each
1.588mm (0.0625 in) thick, and the longitudinal plates were
each 3.17%nm (0.125 in) thick.

This design was further assessed with -hioear finite
element modeling using the grapdl interface program
ABAQUS/CAE [34]. Figure B showsthe model of thepier

both prior to and following a pushovanalysisbeing carried

out. Notice that the platesuckle in compression ardevelop
tension field action, as isharacteristicof SPSW systems.
However, the steel plates in this case would not act as true
fuses; while their replacement is possible and relatively easy,
the frame would not necessarily bounce back plumb as the
boundary frame is expected to experieptastic hinging, per
design intent. Small residual drifts may nonetheless be not so
conspicuous and thus acceptable to some Departments of
Transportation.

Before

Finite element model before and after the
pushover analysis

Figure 15

Vehicle Collisionand Tsunami

Although detailedresults are not presented here due to space
constraints,the pierd sdesign also considered the vehicle

collision hazardby way of statically applying a 1,780 (400

kip) concentrated load at 1,200m (4 ft) above the ground

per AASHTO requirementsto one of the VBESn a linear
elastic analysisNot being captured in simplified analyses,
advanced, finite element analysis was used to assess the
impact the plates have on the global behaviour of the system
to this hazard, .and it was Uod that the platesided in
rBsﬁstﬁ“@ 1624 En'at\;é)gsimi'iapt(? how they resist the seismic
hazardi through the development of tension field action
(Figure 16).

di-s pl dsunamigrelindnarg sdésigre consideredbads that were
CoastrmManugl[@5hand r uct i o
he

obtained fromF EMA 6 s
tlee Cityeatl €ounty AdfkHorsolulu BriifdinghCodeOfCE)$36],a t
and assumedn event corresponding to arBdesign stillwater
depth with water flow having a computed design velocity of
10.8m/s (35.4 ft/s)in the direction perpendicular to the

br i dge 6 Besigheconkidered the following twimad
cases (1) surge forces and debris impact forces, and (2)
hydrostatic, hydrodynamic and debris impact forc&ghile

the plates were expected to yield in response to being loaded,
the boundary frame was expected to remain undamaged.

Further analysis with a finite element model similar to that
used in analysis of the seismic and vehicle collision hazards,
considered only hydrostatic and hydrodynamic forces, but for
four different waer depths; the fourth depth very
conservatively considered the pier to be fully submerged
(Figure16). It was found that (even for the fourth load case)
while the plates did yield and act as sacrificial elemémts
this hazard, the boundary frames olserved taemain stable
and not develop any plastic hingésllowing each finite
element analysjperconceptual intent at the onset of design

Blast

In initial design, the plates and VBEs were assessed separately
in a decoupled analysis being subjecatblast load having a
peak reflective pressure of 29IPa (4,228 psi) and a
reflected impulse of 9.MPamsec (1,407 psinsec). Design
considered this load to act uniformly over the bottom plates
and the bottom(up to the first HBEs)f the VBES; these
elements would have the least standoff to an explosion
occurring at the base of the pier and would therefore be the
most severely loaded.

Simplified analysis revealed that the plates would likely offer
little resistance against the threat considered anddwibuis

be sacrificial assuming the boundary frame remained stable.
Accordingly, the VBEs of the system were assessed to
validate this assumption. It was found that the VBEs would be
sufficiently strong to resist the loads imposed by simultaneous
yielding of attached plates. Likewise, it was found throagh
separateSDOF flexural analysis that the VBEs would also
likely reman elastic if subject to the degi blast loads acting
over their own surface.

Nonlinear static analyses were also conducted in famt &b
uncover unanticipated behaviours when the pier is locally
subject to larger pressures loads, and in a manner that
simulated the likely failure sequence of pier elements, the
plates being assumed to fail firsOf primary concern was
how the VBEs wuld behave under large compressive forces,
so the finite element analysis applied uniform pressure loading
over the bottom quarter of one of the VBHSigure 16).
Ultimately, this study uncovered tipotentialneed to locally
reinforce the crossectionsof any hollow structural shape,
and that the VBEs could undergo significant flexural
deformations withoutapparentc onsequence t o
global behaviour. As such, a revised and final mditazard
concept suggests the use of conefitled steel tules instead

of hollow ones. The design concept remains identical
otherwise.

t
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CONCLUSION

This paperinvestigatedthe ultimate behaviour oftructural
fuses and concrefidled steel shapes strategies developed
meet a number of emerging performance desain bridge
engineering. In particular, astructural fuse concept
implemened in a composite mukcolumn pier using double
composite rectangular columns of-8ieel panelsvas shown

to provide satisfactory seismic performance while facilitating
posteathquake repair and being compatible with the goals of
accelerated bridge construction. Testing showed the enhanced
blast resistance that concrdilted shapes can provide over
conventional seismionly ductile design of piers having
comparable strengthsAdvanced nonlinear finite element
analysesvalidated a SPSVBox pier concepas one possible
approach to achieve multi-hazard resistarttridge pier, and
suggested that concrefiled steel shapes may be necessary in
such applications.

(2]

(3]

(5]

(6]

The fsults obtmmed demonstrate the effectiveness of
implemening structural fusesind concretdilled steetshapes
in a bridge applicatioto provide multihazard resistance

[7]
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