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Abstract

The paper pesents the salient featuresthe design of the Railway viaduct over
Axios River on the new high-speed double raywine, which is the longest (800m)
railway bridge in Greeceonstructed using the travelling gantry method. Located in

a high seismic hazard area, the viaduct is provided with an isolation system aiming
to reduce the structak response to seismic loading, a solution that presents several
challenges in the case of railway bridgesl cannot be implemented solely on the
basis of existing codes. Lead-rubber begsi are provided at each pier to deck
connection and system damping is furthmreased through fluid viscous dampers

at each abutment. To verify the perforroarof the isolation system, analysis for
seismic actions is conducted in three discrete stages of increasing complexity.
Seismic forces and displacements are found to be within acceptable limits and
serviceability requirements are also met. Conclusions are drawn regarding the
feasibility of using passive systems in railway bridges in seismic areas.

Keywords: Railway bridges, Seismic Isolatiodpnlinear analysis, Eurocode 8-2.

1 Introduction

The design of railway bridges presemtsnunber of challenges when these are
located in high seismic hazard areas. Inipaldr when seismicsolation (reduction

in seismic demand through lengthening the natural periods and increasing the energy
dissipation capacity) is a viable solutionyesel issues have to be addressed, not
least of which is the accommodation oé teeismic displacements that should not
hinder the proper function of the railwayidige. Moreover, when dampers are used

to increase the energy dissipation capasigyification of the isolated structure has

to be carried out using advanced anialytechniques (nonlinear response-history
analysis for properly selected and scatgdund motions). The paper presents the



salient features of the design of a recently constructed railway viaduct, with special
emphasis on seismic aspects, and idestifinstances where the application of
current codes is far from straightfaavd, suggesting specific solutions to the
problems encountered, in a practical design context.

1.1 Project Information

The new High-Speed Railway Line in Mloern Greece, from Thessaloniki to
Edomeni, crosses the Valley of Axios River on an 800 m long viaduct (bridge T12)
at a maximum height of 40 m above grounetleThe horizontal alignment is partly
curved in plan with a 270 m long straigt®ction, followed by a 180 m long clothoid
transition to a curve with a 2200 m radidsngitudinally the gradient is 1.6%,
while at the abutments the slope gradieaties from 30% to 50%. For a design
speed V'200km/h the required total declwidth is 13.90 m. The bridge
superstructure is a continuous 18-spantpessed concrete box girder of constant
depth 3.60 m (see Figure 1) with expangioints only at the abutments. Typical
span length is 45 m while end spane 40 m long (40+16x45+40=800m). Bridge
piers are circular hollow columns withutside diameter 4.50 m, wall thickness 500
mm, and clear heights between 15.0 and 36Tme. interior of the structure (deck,
piers, abutments) is accessible for insjpectConsidering all of the above features
(span, height, sectiomtal length), the bridge deck was erected using the travelling
gantry method (suited for viaducts with spans in the range of 30 to 60 m).
Construction of the project was completidthe end of 2009 with a total cost of
around 12 million Euros.

Figure 1: (a) Longitudinal Section of dact T12, (b) Plan view, (c) Pier Column
Section, (d) Cross Section close ter?{e) Typical Cross Section (span)



Figure 2: Various aspexbdf the T12 viaduct

2 Ground Conditions and Design Seismic Action

An extensive geotechnical investigatigincluding a total of 19 boreholes) was
carried out to identify ground conditions tihe bridge site. Bedrock is found at a
shallow depth and is generally of mediguality, with some extended shear zones
and a weathered layer at the top. Allundalposits with a medium to loose density
are found in the area of the river bed, whio the future may possibly displace
horizontally and therefore broaden. Scour armkion in the river bed is possible up
to a depth of 7 to 8 m. A debris layerféaind in the area of thwest abutment (Pier
P17 and A2, see Fig. 1a). Creep in the emkbeent slope of the east abutment (A1)
which was identified through alinometers at an earliestage, was dealt with an
extended excavation to reduce the slopgl@and the mass of the embankment, and
also by adding another span (A1-P1).

Taking into account the above data, and theotto safely transfer the high loads
of the supporting members to the ground asdeep foundation was selected. Piers
rest on pile-supported cap footings wgire lengths between 11.0 and 25.0 m and a
pile diameter of 120 cm. The pile caps df fhiers in the broad river bed (P4 + P15)
are oblong octagonal (Figure 3ajth 13 piles, a shape wlids considered to be
beneficial with respect to hydraulics consaterns. Pile caps gfiers P8 to P15 that
may possibly be found in the future in theer bed, are skew with respect to the
bridge axis with their shosdide perpendicular to the rivBow. The rest of the pile
caps are orthogonal (Figure 3hith 9 piles arranged at rectangular 3x3 array.



Figure 3: Pile-supported cap footings} @blong Octagonal; (b) Rectangular

In the river bed area the high water taleleel, in conjunction with the permeable
layers in the bedrock and the continugiver flow, practicdly prohibit extended
and deep excavations due to difficultiesshreet piling, water pumping and the risk
of failure due to hydraulic heave. To redube necessary excavations and retaining
structures, temporary eartli filbove the existing ground igilized as working floor
to construct pile caps as high as possibiith respect to the ground level. The
foundation of all piers that may be foundtire river bed is designed so that it can
safely carry all bridge loads, service as®ismic, even in the case of complete loss
of lateral support up to a specified demlue to local erosion/scour, river bed
displacement or liquefactioriThe above arrangementeal effectively with the
problems encountered during the desand construction of the bridge.

Abutment Al (see Figure 43 of the seat-type, solidith a height of 7.0m, a
backwall with suspended wing walls, andtszon a pile-suppodecap footing with
8 @100 cm piles. At abutment A2, the stdaferal inclination of the embankment
slope (8:3) results to an abutment with adte of 16.2 m which is configured as a
box-type structure (Fig. 4b) with an intermedialab at the beaug support level. It
rests on a pile-supported capofing with 16 @120 cmifes. A reinforced earth
retaining structure is cotrsicted for a length of abo®0.0 m behind the abutment
up to the portal of the adjacent cut-and-cover structure T13.

The ground is classified as Type B according to the Greek Seismic Code on
which Seismic Design of Bridges is bds] (similar to ground B in Eurocode 8
[2]), which is associated with a designesppum flat in the range of the corner
periods T=Tz=0.15 s and ETc=0.60 s (see Figures 11 ah8 in 84). The viaduct
is located in an area of high seism@&zhrd (Zone Il of the Code), with a design
ground acceleration of 0.24g, whikhe importance factor, is equal to 1.30
(importance class Ill according to Eurocdi, i.e. bridges of critical importance
for maintaining communications). Aimingpr an elastic design of the seismic
isolation system, a behaviour factprl1.00 is selected.



Figure 4: Longitudinal sections af) @butment A1 and (b) Abutment A2

3 Seismic Isolation Design

As mentioned earlier, the design seisraiction for the bridge is high (design
acceleration| 3,=0.31g). Moreover, railway bridgeseaof particulaimportance, as
there is no temporary diversion possibility case of extensive or even medium
damages to the bridge that require closure for repairs; the bridge must be fully
functional after the design seismic actiogtaining its structural integrity and
resistance. Furthermore, the high values of dead quasi-permanent and live loads in
railway bridges, in conjunction with the raleely tall piers in this viaduct, result in
case of an earthquake, in particularly high forces and displacements that have to be
kept within acceptable limits. Hence, teduce the structural response to seismic
loading, the bridge is provided with aroligtion system. The seismic design of the
bridge is based on the Greé&®&uidelines for the Desigof Seismically Isolated
Bridges” [3] and Circular 39/99 “Seismlgesign of Bridges” [1]; both documents
are largely based on Eurocode 8-Part 2 [2].

Due to the tall and relatively flexible g, the fundamentaleriod of the bridge
was already long and the corresponding ealfithe design spectral acceleration was
consequently low. Therefore, in selegtia proper isolation scheme, the principal
aim was to increase the energy dissipdgdhe structure, and secondly the further
lengthening of the fundamental period (periodtsffect). Further data that have to
be considered when selecting an isolation system (most of them particularly
important in the case of railway bridgesg dhe capability of the isolator units to
safely carry all vertical loads, their laterastoring capability, thir elastic stiffness
that has to be adequate for service meismic horizontal lads (wind, breaking,
centrifugal forces) and finally the leagbssible dependence of their mechanical
properties on ageing and temperature factors.

Taking into account all thebave aspects, and selecti(as usual) an isolation
surface located between the deck and tpedf the piers/abutments, the isolation
units are arranged as follows (see Figure 5):



X The box girder of the deck rests on egoér by means of two lead-rubber
bearings (LRBs) with a vertical 4ol capacity of 22500 kN each. Bearing
dimensions are generally 120200/231-200 (mm), where 1200200 are the
plan dimensions, 231 mm is the total elastomer thicknggsand 200 mm is
the diameter (@ of the lead core, except for P3 and P16 (wher&in286,

@ =250). At the outermost, relatively shem, piers P1, P2 and P17, where the
longitudinal displacements due to queshrinkage and temperature are high,
the bearings are configured as sliding in the longitudinal direction. Plan
dimensions are mainly determined by tegtical design load, which is high in
railway bridges. Diameter @s selected so that thereois able to (i) resist
service horizontal loads with low displacements and without core yielding, and
(i) present adequate damping chateristics for every load cycle.te is
determined by the verification of the maximum permissible shear strain
criterion and the avoidance aieslip of the lead plug [4].

x At the abutments the superstructursupported by means of two pot bearings,
movable in both horizontal directionsjth a vertical l@ad capacity of 11000
kN. Furthermore, movable shear keysSK) with a lateral load capacity of
4000 kN, restrain the transverse diffdrahdisplacement of the bridge at the
expansion joint in order to prevent derailment; it is noted that this important
design requirement is generally ragplicable in road bridges.

x System damping is further increaskey providing two single-acting (in the
longitudinal direction) fliid viscous dampers with a load capacity of 4500 kN
at each abutment. The selected damping coefficenf the force-velocity
relationship F=Cv) is 5440 kNs/m and the velocity exponer0.15.

Figure 5: Plan view of Seismic Isolation arrangement

Seismic links (stoppers) icombination with simple elastomeric buffers are
provided at the pier heads with an adequate slack for them to remain inactive during
the design earthquake inder to ensure structural integrity, while avoiding
unseating under extreme seismic displacements (see Figure 6). Seismic links are also
arranged as a ‘second line of defencetrs abutments in combination with the
MSK bearings. The minimum overlap lengthprovided wheresr necessary. The
expansion joints are of special, non-staddzed, design; they are adjustable and
accommodate the total seismic design dispinent. Rails are interrupted at both
abutments.



Figure 6: Pier Head and Stopper Details

It is worth mentioning that at the prelmary design phase two more alternatives
were investigated prior to selecting the aforementioned solution: (i) an isolated
bridge with use of high damping rubber begs (it was not selected mainly due to
concerns regarding the durability of thesarggs), and (i) a semi-integral bridge
with 6 of the central piers monolithicallpenected to the deck (it resulted in a less
economical design, particularly withspect to prestressing requirements).

4  Analysis for seismic actions

To verify the performance of the seledtpassive system, analysis for seismic
actions was conducted in three discreteedagf increasing congxity; this is the
recommended approach for important deggojects, particularly those involving
passive systems with dampers. At thelipninary design phase, analysis of the
seismic response was carried out utilizengplified computational models based on
the Fundamental Mode (Response) Spectiunmalysis (FMSA). The influence of a
number of parameters on the seismichéx@our of the isolated system was
investigated. At the next stage a refirgdd finite element model was developed to
conduct Multi-mode (Response) Spectrum Anigly®MSA) of thebridge in three
orthogonal directions. System nonlingas in both FMSA and MMSA are
accounted for by means of an iterative gaadure. At the final design stage, non-
linear response-history analyses (NRHA)revearried out with a view to verifying
the results of previous analysis methasd evaluating the performance of the
selected isolation system.

4.1 Fundamental mode spectrum analysis

Due to its simplicity the FMSA is a very useful tool for determining the required
dynamic characteristics of the system. Godasng the superstructure (deck) as a



single-degree-of-freedom sem and using its effeee properties (stiffness,
damping, period) one can easily conduct a Inemof parametric studies to estimate
the influence of assumed soil stiffnessxiiel cracking of piers, and variability of
isolator properties, on the seismic behaviolurthe isolated bridge. The rigid deck
model was used in the longitudinal etition, while a modified method was used
here in the transverse direction where tlegibility of the deck and the substructure
has to be taken into account throughrapified multi-degree-of-freedom system.

With regard to the soil stiffness influence, an upper (“stiff’) and lower
(“flexible™) bound is used to take intaccount the inherent uncertainties when
determining the stiffness of the pile-supieor cap footing at eh pier location,
which include variability of lateral and veral spring stiffness of the piles, shear
zone extent in the bedrodkyer, and loss of lateral support due to local scour
erosion, river bed displacement or liqueiact The previous “stiff” or “flexible”
foundation is combined respectively with &ffs or “flexible” value of the effective
pier column stiffness which depends inta on the method and the assumptions
used to calculate the moment of inersubsequent to ekural cracking. 65%
(“stiff”) and 40% (“flexible”) of the momenbf inertia of the gross section of the
uncracked pier were used in the analyBisally the influene of Upper and Lower
Bound Design Properties (UBDP and LBD#)the LRBs calculated according to
Annex A of [3] (or Annex J of EC8-2 [Rwas also examined (See Figure 7).

The dampers at the abutments act omlythe longitudinaldirection. Their
stiffness is omitted when calculating the effective stiffness of the system. Their
contribution is taken into aoant through the viscous ener@y,q dissipated per
cycle at the design displacemely, which is further addetb the hysteretic energy
dissipated by the bearin@§sy, and the viscous energy dizsted by thesubstructure
Eopp to determine the total dissipated energy per ciggleThe effective dampinges
of the system can then be calculatedorder to estimate a reduced value of the
spectral acceleratiof (Ter, Ne) cOrresponding to th effective periodTes, with
Net=N( ). The force-displacement behavioof a single-acting fluid viscous
damper is shown in Figure 8.

Figure 7: Bounding Design Propertiesf Lead-Rubber Barings (a) LRB
1200uL200/231-200 (b) LRB 120a.200/286-250



Figure 8: Force-displacement behaviobtia single-acting viscous damper

Results of FMS analysis are presentedables 1 and 2. As the results of the
values calculated with UBDPs and LB®®Eo not differ more than £15%, multi-
mode spectrum and responsstbiy analysis of the nextages may be performed
with the LBDPs [2, 3]. The “stiff” subaticture assumption, wsagenerally found to

be more conservative in relation to tHlexible” one. Spectral acceleration values
(S/g) and corresponding shear forces were higher by 20 to 25% in the longitudinal

and 15 to 25% in the transverse diren. Maximum bearing displacemeirkg were
also higher by 30+40% in the longitudireald 25+30% in the dnsverse direction,

despite the fact thal.y values were practically equal (difference <2%). As a result

the “stiff” substructure assumption in comation with LBDP values for the LRBs
was subsequently usedthé next analysis stages.

Bound System Design| Max. Bearing | Effective
Design Displacement Displ. Period (%) | /0
Properties Oeg (MM) Oyg (MmM) Tett (S)

“Flexible” LBDP 136 68 3.72 42.0 0.03p
Substructure] UBDP 152 63 3.55 33.0 0.049
“Stiff” LBDP 140 89 3.45 40.0 | 0.047
Substructurel UBDP 158 89 3.20 30.0 0.061

Table 1: Fundamental Mode Spectrum Amséd Results (Longitudinal Direction)

Bound System Design| Max. Bearing | Effective
Design Displacement Displ. Period (%) | S/0
Properties Oeq (MmM) Oyg (MmM) Tett (S)

“Flexible” LBDP 354 161 3.67 7.8 0.077
Substructure] UBDP 370 131 3.39 6.7 0.094
“Stiff” LBDP 348 202 3.36 8.2 0.090
Substructurel UBDP 367 170 3.14 6.9 0.116

Table 2: Fundamental Mode Spectrum Asséd Results (Transverse Direction)



4.2 Multi-mode spectrum analysis

A 3D finite element ‘stick’ model @am-column elements) was set up in the
commercial program SOFiSTiK [5]. Besidiég® dynamic analysis of the system, the
model was also used for all static laaglicases. Construction stage loading, as well
as service and seismic loads were ligopand further combined to design the
structure. The model accounted also fonditudinal slope, horizontal alignment,
Cross section variation, constructigaints, prestressing tendon geometry, and
effective deck width. Gross (uncrackesliffness was used for the prestressed
concrete deck, while its torsional fetess was reduced by 50% assuming minor
cracking. Separate models comprising &l beam elements were constructed for
the pile-supported cap footings of evergrpiwhich were further used to calculate
the upper and lower bound values of the spsitiifness matrix at the bottom of the
piers. The stiffness of the bearings in Hugizontal direction depends on the rate of
loading due to creep phenomena anduly calculated for service loads.

As mentioned previously, 65% of the mamef inertia of the gross section of
the uncracked pier (“stiff” assumption) svased for the equivalent modal analysis.
System nonlinearities were axmted for by means of anriégive procedure, similar
to that of the FMSA, where secant stéfs of isolators, effective damping, and
ordinates of the design spectrum are ladated at each iteration based on the
displacements of the previous step uatihvergence criteria arsatisfied. The first
two significant modes calculated accaglito the above approach are shown in

Figures 9 and 10. The results are in very good agreement with the FMSA. The
modified elastic response spectrum used in the analysis for the two horizontal

directions (X and Y) is shown ifigure 11. The damping correction factmg
(=[0.10/(0.05+¢1)]>) is applied to modes tmg periods higher than Org:. The
vertical component of theeismic action is 70% of the horizontal one [2, 3].

Figure 9: Longitudinal Modeél ¢1=3.458S, £=39.5%,d:¢=0.14m

Figure 10: Transverse Modg;¢i=3.47s, ¢i=8.1%,d:.=0.28m
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Figure 11: Horizontal components of$p@nse Spectra used in the analysis

4.3 Non-linear response-history analysis

At a final design stage, non-linear respohsgery analyses (RHA) were carried

out using SAP2000 v.10 [6] to verify thestats of previous analysis methods and
evaluate the performance of the seledsadation system. Elastic modal analysis
results were compared with those from SOFISTIK for verification. For the inelastic
analyses, nonlinear properties are onlyigrged to isolators vére the input energy

is dissipated (LRBs, Dampers), while the rethe structure is assumed to remain
elastic ¢=1.0, =5%). LRBs exhibit hysteretic baviour (see Figure 12) and the
Nonlinear link “Rubber Isolator” is use®ouble-action viscous Dampers (Maxwell
model) are combined with a Nonlinear Gagneént in series iorder to account for

the single-acting behaviour (see Figure 8).

Figure 12: Simplified bilinear hysteressops of LRBs at the design displacement
(a) LRB 1200.200/231-200 (b) LRB 120a.200/286-250

The suite of accelerograms required for response-history analysis was compiled
using the basic critex adopted by modern codes likairocode 8; for minimising
the uncertainty associatedtiwthe choice of seismic inpuboth artificial and natural
records were included, as follows: Thre&paf natural recorsl (shown unscaled in
Figure 13), were selected from the Ewrap Strong Motion Database [7] taking into
account the seismogenetic features ofsitigrces and the soil conditions appropriate
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to the site of the bridge; more spéwdly, the ground motions from which the
records originated fell within the narrow range Ms36.6, R=525 km resulting

from de-aggregation of seismic hazard in the area of the bridge. All records were
scaled to the design seismic intensitydascribed in the follwing paragraph. In
addition, seven synthetic accelerograms compatible with the design spectrum,
generated using the progral$ING [8] were included in the suite. The average of
the individual responses may be usedhesdesign value of the action effects, as
non-linear dynamic analysis is performed witlore than seven independent pairs of
horizontal ground motions [2, 3]. Bothrédct time integration (Hilber—Hughes—
Taylor, HHT) and mode superposition alglems (Fast Nonlinear Analysis, FNA)
were used, and results were cross-checked.

Figure 13: Spectra of (a) natthand (b) synthetic records

Appropriate assumptions had to be madadsues still not fully covered by code
provisions, such as combination rulesdifferent directions in which records are
applied, and scaling of natural record@]. Response-history analyses were
conducted with 100% of one horizontal dyetic record acting simultaneously with
30% of the other one (and 30% vertically). derive a realistic value for the scaling
factor to be applied to the natural rerthe pertinent procedure of [3] was used
(SRSS spectra used to derive an aveeteEmble spectrum), which is similar to
that of EC8-2, assuming however that thet‘lower than 1.3 ties the 5%-damped
elastic response spectrum of the desigansie action, in the period range between
0.2T; and 1.5T" requirement is not applied to tleedinates of the spectra, but rather
to the area under them. A scaling factor5a is thus obtained, instead of values
close to 10.0 which are deemed to be uisa Of course, in the last few years
even more sophisticated procedures forcdele and scaling of natural records have
been suggested by various researchers (E04), [based on similarity of the spectra
rather than on the (M, R) range, but attih@ee of the design of the bridge they were
still at a relatively earlystage of development (this ®ill an issue of current
research) and in any case they require use of specific software that was not available
at the time.

Indicative results of displacements, ferdisplacement diagrams of non-linear
elements, and comparisons between NRHA and results obtained by MMSA are
presented in Figures 14 to 17. As riiemed above, average maximum (absolute)
values were used fFANRHA verifications.

12



Figure 14: Indicative results from NRHf&ar (a) Longitudinal displacemeantq, (b)
LRB F-d diagram and (c) Damper F-d diagram

Figure 15: (a) Transverse Displacenserfior NRHA and (b) Comparison with
MMSA results, (c) Longitudinal Displacement for NRHA-MMSA

Figure 16: LRB force comparison beten NRHA and MMSA: (a) Longitudinal
direction and (b) Tansverse direction.

As can be seen in Figures 15 to 17, ib&ults are generally found to be in good
agreement between equivalent elastic amalastic analyses. In the longitudinal
direction deck displacements are ab@4t cm, similar for both methods. In the
transverse direction results of NRHA tetmdbe more uniformly distributed among
the piers, with the maximum average displacemd®b (cm) not differing much
from that of the MMSA &8 cm). There is a rather noticeable difference, though, in
the shape of the el@s displacement pro# of the deck between the two methods,
i.e. the NRHA predicts a smoother prefithan that resulting from the mode
superposition carried out in the MMSA. i§hssue however isot considered as
major, as the equivalentasitic method givesightly larger maxinum displacement
than the more refined NRHA.

With regard to shear forces in the LRBp to 15% higher longitudinal forces are
predicted by NLRH for piers P3 tolP (for the other piers MMSA is more
conservative than NRHA), and up to 29%ler transverse forces are predicted for
piers P11 to P15. Moreover, slightly highending moments apredicted for piers

13



P12 to P14. Overall, theris no distinct tendency daither method (equivalent
elastic and inelastic) to over- or undergiot a certain response quantity; the most
notable discrepancy is in the distrilmrti of forces and displacements along the
length of the bridge, attribed mainly to the low frequeey content of the synthetic
records (resulting from the requirement to match the design spectrum), which
enhances the participati of lower pier colummodes to the response.

Figure 17: Pier Base bending momenmparison between NRHA and MMSA
(a) Longitudinal direction and (b) Transverse direction

As a rule, synthetic records wereuhd to produce fatter and more symmetric
hysteresis loops in the LRBs, attributiedthe larger number of acceleration peaks
(values close to the PGA), in comparison to the natural records.

4.4 Final evaluation of the passive system

The proposed passive system of isoltand dampers made it possible to keep
seismic forces and displacements of the bridge within acceptable limits. The
seismic energy dissipation capacity of the proposed system, as well as the
verification of all members designed, werenfirmed with the use of inelastic
analyses; more specifically:

x In the longitudinal direction, wher viscous (velocity dependent) and
hysteretic (displacement dependentplasors cooperate, and wherein the
fundamental mode dominates the response, displacements and accelerations
are substantially reduced. A particulahigh effective damping close to 40%
was attained and the calculated setsdisplacement of the deck was 140 mm.

x Available reserves in the shear deformation capacity of the bearings were
sufficient to accommodate some locatreases (with respect to the elastic
design) in LRB forces.

X The minimum reinforcement ratio of 1.25%, provided at the base of the piers
according to Priestley’s recommendatifiril] for hollow circular sections,
resulted in sufficient reserve capacity of the pier columns to safely
accommodate the slightly higher forces predicted by the NRHA for some
piers.
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Furthermore, the selected system bihi adequate vertical load carrying
capacity, self-restoring capability, and sciiint elastic stiffness under non-seismic
service horizontal actions such as brgkatceleration, wind and centrifugal loads.

5 Conclusions

The design of the major railway bridge presented herein can be deemed as a
paradigm of the challenges the designer faces whenever such a bridge has to be built
in a high seismic hazard area. Notably, displaent control, whicls an issue in all
cases, is even more difficult to achieve ia tase of railway hiliges wherein stricter
requirements apply. In the longitudinal ditien of the bridgea particularly high
supplemental damping (around 40%) hadbeéoprovided (through a combination of
LRBs and viscous fluid dampers), whilethme transverse direction, the detailing of
the isolation system had to be such asestrain displacenms at the abutments
where the only expansion joints were l@mxh Moreover, théhigh vertical loads
typical in this type of bridge render iecessary to provide isolators (bearings) that
are not only dissipativdyut also strong enough tosist high axial loads.

Due to the rather complex, and certainly nonlinear under the design seismic
action, behaviour of the passive systemshsas that presented herein, advanced
analysis tools (NRHA) have to be usedverifying the design, which, inevitably (in
a practical context), is based on equivaldastic analysis. Besides difficulties in the
modelling of the structure, the selectiohthe input accelerograms to be used in
dynamic response-history analysis, including igsue of scaling maral records that
are the preferred choice (&idial records are characised by unrealistic frequency
content) is a critical issue, as inapprof@iahoices might lead to over-conservatism
in the design of the structure (this m®t uncommon, in # experience of the
authors). Furthermore, the substantial varighih the response to different records,
seems to justify the choice made herprimvide enough reserve dility to the piers
through careful detailing of the reinforcent, despite the use of elastic design

(g=1.0).
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