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ABSTRACT

In national codes and provisions duration of most bridges is supposed to be 50 years. Desigrebaded on
functionality criteria as well as safety. Some bridges which were built before 1970s which are still in use in
either Europe or Japan or the Ulsave been designed with little or with no any consideration for seismic
demand. Majority of these bridges lack the ductility and strength to resist earthquakes. Meanwhile strong
earthquakes have revealed all vulnerable places and wrong detailing om alntwilges built in seismically

active regions more than fifty years ago. After the 1971 San Fernando earthquake the U.S. for the first time in
the world started seismic retrofit programs for bridges. Japan also started similar programs, especidléy afte
1995 Kobe earthquake. European Union may not be out of this global problem and must have own retrofit
programs for bridges. Thousands of existing bridges built more than fifty years ago in earthquake zones of EU
are still in operation waiting to betrofitted in order to withstand loading of strong intensity earthquakes.

In this sense the first part of this paper is devoted to the latest knowledge of earthquake loading on bridges. Some
solutions, recommendations and comments for retrofitting arid rapovery of steel bridgeafter earthquake

using the latest concepts for structural upgradémaresented in this paper as the main goal to contribute to the
knowledge for earthquake resilient society.
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1. INTRODUCTION

It is hopeful that he European Union in the HORIZORO020 infrastructure call MG-1-2017
recognized the need for research in resilience to extreme (natural andadepevents. Emergency
functionality and rapid recovery of road networks after a strong intensity earthquakashaggered
additionalhazard such as postarthquake fires, landslides, tsunamis, bridge collapses and a series of
large aftershocks is a vital requirement for the sustainability of any modern society, which, in the light

of recent earthquake events in Europe and elsewhere, hgstrimeen properly addressed. It is the

main task of our community to avoid zero functionality of bridges immediately after strong earthquake
and a speedy recovery of old bridges even for extreme events. Society needs bridges in assessing the
transportatn needs after an extreme seismic event and during the time of recovery, and how this may
lead to the identification of the most critical components and the definition of bridges performance
beyond their design limit (robustness). Innovative structuraceyts in designing for new and
rehabilitation of existing bridges as well as introduction of structural control systems that are capable
of providing the required robustness has to be a main goal of a modern society.

Due to the infrastructure increasingedg, frequently combined with the need for structural upgrading

to meet more stringent requirements against seismic loads, structural retrofitting is becoming more and
more important and is given today considerable emphasis throughout the world. In egspthis

need, permanent theoretical and experimental research in seismic design of bridges as well as studies
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on the consequences on bridges after strong earthquakes in order to understand better retrofitting of
bridges is more like a process. The impaottevent on this issue in the US was the Annual Meeting in
February 2004 in Los Angeles (theme: ten years after Northridge earthquake) organized by the US
Earthquake Engineering Research Institute.

After the 1971 San Fernando earthquake the U.S. statenlas seismic retrofit programs. Retrofit
programs in the 1980s included the first use of isolators on bridges and a program to retrofit single
column bents. These programs were greatly accelerated after the 1989 Santa Cruz (Loma Prieta) and
1994 Northridie earthquakesAfter the 1994 Northridge earthquake it was observed that no

serious damage would have occurred if the previous retrofit program had already been
implemented (Housner and Thiel 1995; Astandlsl and Kanada 1993\ASHTO, 1999. Japan also

started similar programs, especially after the 1995 Kobe earthquake. Europe may not be out of this
global problem and must have own retrofit programs not only for buildings (partly given in Eurocode

8, Part 3: Assessment and retrofitting of buildings, EN81®2005) but for bridges as well. Design

codes must be based on functionality criteria rather than safety.

2.LOADING ON STRUCTURE S CAUSED BY EARTHQUAKE (SEISMIC DEMAND)

Bridge engineering uses nowadays scientifically based codes for design andctionsof bridges in
compaison with the situation aboub%r more years ago. The main novelty is knowledge in the field
of earthquake loading on bridges. After extensive research in the last slle@atieg on structures
caused by earthquake has beefindd as seismic demand. This seismic demand is uss@ihe real

or artificial timehistory accelerations or the earthquake response specaoma fromtime-history
accelerationgFigure 1, Figure 2) or Uniform Hazard Spectrum (Figure 3). The earthgasgense
spectra in Figure 1 belongs the Ston(Croatia) earthquakeThe earthquake responspectra in
national regulationdEurocode 8 2004)Xo not represent actual earthqualesd are result of
compromiseFigure 4

2.1 Elastic and Design [g&ctrum
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Figure 1.Time-history accelerations of Stone (Croatia) earthquake and the corresponding spectrum

Seismic demand represents the effects of loading on structure which is given with the spectrum for
particular eahquake (Imperial VallyUlcinj, Mexico City, etc) or with the spectrum given imational
code,such afurocodeB (2004, 2005)for common structures, Figure 2.
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Figure 2.Acceleration response spectrum of the selected real earthquakes together with the required response
spectrunpbtained from Eurocode and its 90% value

2.2 Uniform Hazard Spectrum

Of all elastic spectrum ordinatemly the 'anchor"Y “Y Tmi for soil type A is obtained by
probabilistic (Figure 2, Figure 4). Other ordinates are obtained deterministithiyge ordinates
could also be obtained hyrobabilistic becausellathe preconditions for it exist. The solution is
Uniform Hazard Spectrum (UHS).

UHS do not lve deterministic basehey are the result of consistent application of probabilistic
principlesof assessment of hazardalb spectral ordinates, and not just 6 “Y i . UHS were
defined in 197{Anderson and Trifunac 197@nd nowadays are in use in the USA and Canada. The
coefficients of all modern attenuation relationships were derfee periods of 0.6 (PGA) to the
periods relevant to the application43), Figure 3. Their form is not predetermined and depends on
all relevant parameterssite specific! This means that sites with the sag@®GA) and the same type

of soil can have different UHS! There are several attenuation relations (GMPE) used in the world, one
of them is ASB_14 named #kkar et al.(2014) Figure 3.

Uneform hazard spectrum, site: 45200 N, |“ 540E Retumn penod = 475 years 07 :
- i UHS | ﬁ UHs
) - Gl lHE | GMPE: ASB_14 GMPE: ASB_14

Uniform hazard spectrum, site: 45200 N, 14.540 E,  Retum period = 475 years
T T T

07

o
o

°
&
o e

S amplitude,
°
=

) —— % i i 02f

Figure 3.Uniform Hazard Spectrum using the attenuatidatien ASB_14(Akkar et al. 2014)

Elastic spectra of type 1 and type 2 in Euroc8d@004, 2005) Figure 4, are therefore only very
simplified approximations of UHS spectra aar@ applied as if they were UHS.
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Figure 4. Recommended type 1 elastic respospedra for ground types A to E (Eurocode2®04)

It seems that the UHS spectra in Croatia is much more similar to type 2 than type 1, Figure 5.
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Figure 5.Comparison between UHS and elastic spectra of type 1 and type 2 for Zagreb, Croatia

The ongoingesearch (Majstoroviet al.2017) shows that overall attenuation in Croatia is comparable
to the attenuation of P andv&aves.

2.3Seismic Design Combinations forriglges

In accordance to the basic condition of structural Eurocodes that the effeatioigléc, must be

lower than resistance of the structig, it is:



4o, C (Seismic demané LC' (Capacity (1)
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There are linear and ndimear methods for seismic analysis of bridges and buildings defined in
Eurocode8 (2004, 2005)One simple static nelimear (pushover) methodajfar 2000; Causevic and
Mitrovic 2011)is also itroduced in Eurocod8. Loading on bridges is defined through combinations

of the seismic action with other actions. The design value of the effects of actions shall be determined
in the seismic design combiation:

Ed :Gk "+" I:)k "+" AEd I'-*-"J/Z,l dDk,l "+" Q2 (2)
where

"+" implies "to be combined with",
E, is design value of the effects of actions,

G, are the permanent actions with their characteristic values,
P, is the characteristic value of prestressiftgr all losses,
A, is the design seismic action,

Q. Iisthe characteristic value of the traffic load,
Y ,, s the combination factor for traffic loads,

Q, is the quaspermanent value of actions of long duration (e. g. earth pressure, buoyancy, currents
etc).

One example of the behavior of viaduct subjected to seismic action accordance to Eurocode is given in
(Causevic et al., 2003). The presented viaduct covers most (itiesibih practice: slendepiers
moderately stiff ad stiff piers, piers founded on piles, slender piers with shallow foundations, steep and
moderately inclined slopes of the inundation. The analysis of seismic load on piers include both the
longitudinaland transverse direction and dimensiorohghe viaduct

3. SOME RETROFITTING OF CONNECTIONS AND BEARINGS OF STEEL BRIDGES

Some solutions, recommendations and comments for retrofitting the abutment, bent andafolumn
concrete bridges was recgnfiresented b ausevic and Buli€2015. Additionally, the retrofitting of
connectionsaand bearings of steel bridgedivioe herepresented. In this pap#dre Eurocodes for steel
buildings and steel bridges are appl{Edrocode 3 2005a, 2005b, 2006).

Below it will be presented some of the most common cases of damage to steel bridges in the
earthquake and relatively simple measures to be taken to make the damageddpidgesoveryor

their basic function in the shortest possible time.

3.1 Connections

In a norcomposite deck, the concrete slab is not connected to the girders, and it can form a sliding
surface during a strong earthquake, particularly when steel girders are used. The relatmennove
dissipates seismic energy (Astan®tl and Kanada 1¥b). When a connection is not in compression

and deemed necessary to transhertial forces, anchor bolts sholeé attached on each side of the
flange to stich the girder to the slab, Figure 6.



"y

1/2"to 1" Q@
Threaded Rods

Figure 6.Beamslab connection

Steel diaphragms amailnerable to transverse seismic forces near the supports. Where the transverse
diaphragm over a support does not extend to the full depth of the girder, the girder web will be
subjected to owbf-plane bending during an earthquake. Figure 7 shows albkaee strengthening

detail that may be used to prevent-ofiplane bending of web platéastanahAs| 1996)
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Figure 7.Steel tgirder retrofit over the support

In the 1994 Northridge earthquakes well as in the 1995 Kobe earthquakeras observedeaious
damage in connecting steel girders at a transverse joint over @kisand Okinava 1998Kashima
1998 Yashinsky and Karshenas 2003he retrofit should be designed to support a girder in case the
span falls off its support, Figure 8. To accondai® thermal movement at the expansion support,
slotted holes may be provided in the connecting plates.
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Figure 8. Web plate retrofit

The designeffective areaof crosssectionof the connectedveb plate when subjected tainiform
compressionA, ., as well as the design net area of ciesstion subjected to tensiof, .can be

denoted ash, andmay be determinefilom the equation (1)
2ny O
9mo

, Eq @uo
A nar, 3

where

E, isthe design value of the seisni@xcein thelongitudinal directiorof the bridge
R, Iis the plastic resistance of web plate cross section,

n is number of steel girders in cross section of the bridge

2n is number of web plates,

f, isyield strength,

Ouo is partial factor for resistance of cressctions.

EqCRy =

3.2 Bearings

During past earthquakes, excessive transverse movement of bridge superstructure caused loss of
support on a number of bridges. To transfer lateral seismic forces and prevent excessive
displacements, transverse restrairsisuld baeused at the bearing®{ki and Okinaval998 Kashima

1998; Yashinsky and Karshenas 200F)igure 9presents steel angles as restrainers used with an
elastomeric bearing that has sliding surface (a) and with a regular elastomeric bearing (b).
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Figure9. Transverse restrainangles

Figure 10presents an anchor betestrainer for an elastomeric bearing that has a sliding surface. The
sliding surface and the bearing both accommodate longitudinal thermal movement over a rigid
support. The slotted holes in the top plate allow longitudinal movement of the superstouttasist
transverse movement to the flexural deformation of the bolts. Transverse restraints should be designed
to remain elastic and resist the lateral forces corresponding to plastic hinges of the columns.

Slotted Holes
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Figure 10 Restrainer anchor bolts

A type of bearing commonly used on existing bridges is-pigtiile rocking or fixed bearing that is
vulnerable to toppling during earthquakes. This toppling may be prevented by weldingshegge
steel plates to bearingManderet al. 1997 as shown irFigure 11 The increase in the longitudinal

resisting forceF, developed by the wedge plates can be estimated from the equation
F, =Gtana (4)
where

G is dead load reaction of the bearing;
a is slope angle of the added wedge plate.
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Figure 11 Tackwelded retrofit

Another deficiency is the bolted or welded connections between the bearing and the substructure or
superstructure. Replacing the bolts with larg&ignger, or additional anchor bolts may be considered

to strengthen a bolted connection. A welded connection can also be strengthened by addorg bolt
additional welds. Figure 1@resents additional keeper plates at the top of the bearing and base plate
extensions and additional plates and anchor bolts at the bottom to restrain the transverse movement
(Yashinsky and Karshenas 2003)

Figure 12 Transverse restrainer and connection retrofit

It is observed after the past strong earthqudkessaki 1996) that hollow steel piers were seriously
damaged. Strengthening of the hollow steel pier is recommendedilbggrwith concrete, Figure
13(left). A more popular retrofit measure for concrete columns is to provide a metal shell around the
column. The spce between the shell and t@dumn may be grouted, Figure(fight).



