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SUMMARY:

Within the framework of High-Speed Railway Line (RIS bridges, a common design problem is achieving a
balance between the structural stiffness requinedhke restricting horizontal deformation code lisnand a
ductile response regarding seismic events. Onsthigiect, an experimental campaign was devised atléfade

de Engenharia da Universidade do Porto (FEUP) dagareduced scale models of the RC bent-type frame
structures of the now cancelled Portuguese Poceir@aia HSRL project, consisting of massive veltuiars
connected by tall and short-spanned beams.

On the scope of common response spectrum baseghdesithods and the geometrical conditioning of such
configurations, it is difficult to choose an adetgubehaviour factor due to the uncertainty regaydi® location

of the energy dissipation mechanisms. Therefore,nthin objectives supporting the program were eialg

the cyclic response and ductility exhibited by ssghtems, as well as possible improvements usiagrshall
coupling beams reinforcement layouts.
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1. INTRODUCTION

The development of multiple High Speed Railway L{#SRL) projects throughout the world has
been responsible for the forthcoming of many imgartcontributions to bridge engineering. The
harsh track geometry conditioning combined withespectancy of high-quality travels frequently
leads to a need of achieving those goals with ith@faseveral bridges, viaducts and tunnels. On tha
regard, while for some countries it might not be timost relevant design field for this type of
structures, the development of HSRL on seismic @r@meas such as Spain and Taiwan, and also the
Portuguese venture, brings the subject to mind. évew the applicable horizontal deformability
criteria are severe, to a point where a good bel@etween low displacements for serviceability limi
states and high ductility regarding structural aadle might be difficult to achieve.

In this framework, the Portuguese Poceirdo — CaRH development project (now recently
cancelled) was analysed, wherein a bent-type fretmeture can be found for the smaller spanned
bridges. It consists of robust vertical columnsyreected by a short-spanned beam, as represented in
figure 1, and due to the potential of this solutitime authors focused on analysing its behaviour
regarding transverse seismic motions. Typical l&idgnfigurations with single piers develop a simple
behaviour when subjected to earthquake motionsactexized by an inverted pendulum deformation
pattern. The non-linear incursion of those strueguis mostly dependent upon factors such as the
regularity of the bridge and the stiffness relagtop between the deck and the substructure. Plastic
hinges are usually expected to develop at the baghe columns, serving as energy dissipation
mechanisms in order to provide the structure tlypiired ductility. However, in bent-type frame
structures it is not clear whether the critical gas to be designed in the piers or the beam.
Particularly, with a small shear span-to-depthor&tii=1.0) and the robust column cross sections to
which it is connected to, the beam can be expetdedevelop a deformation pattern where shear



distortions must be duly considered. Thereforethé frame is expected to develop plastic hinge
mechanisms on the column bases irrespective ofbdzan’s influence, still the latter should be

designed to resist high shear demands, since thellaleformation of each column will mobilize a

large differential movement between each of thetbends. Considering that the columns’ non-linear
incursion would only increase such difference, filaene could end up not benefiting of the plastic
deformation capacity of the columns and exhibititile shear failure.
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Figure 1. Geometrical configuration of the studied bent-tjiaene

On another hand, the beam can also be designedgtdkio account more severe ductility
requirements, by adopting special reinforcemenbuéy that can provide both the necessary shear
strength and higher energy dissipation capacitys phoblem is, thus, similar to coupling beams in
shear-walls, although the columns in the presentisa are not so stiff and there is no confinement
provided by each floor slab.

2. SEISMIC DUCTILITY IN SHEAR-WALL SYSTEMS

The problem of the seismic performance of sheal-sgdtems and its coupling beams was first
studied in the 70’s. Experimental studies by Pal®71) showed that coupling beams built with
conventional double-side reinforcement layouts ewigt severe shear vulnerabilities, prone to
diagonal cracking or sliding shear failure nearlitbam/wall interface, which is found more important
for smalleras ratios. Other authors such as Subedi (1991) odiHind Hassan (2004) also focused on
the subject, suggesting improvements to the arsalgsthod. Most noticeably, several proposals, such
as Paulay and Binney (1974), Tegos and PenelisBf19&ssiost al. (1996), Galano and Vignoli
(2000), were supported by thorough experimentaaniesh activities regarding the improvement of the
conventional reinforcement layout. In particuldne tmost widely accepted proposal consisted on
forming a cross-shaped steel reinforcement layaithh both diagonals intertwined, and bearing
individual confinement reinforcement. It is the @igoration that is foreseen in both Eurocode 8 and
ACI318-08, as shown in figure 2.
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Figure 2. Diagonal reinforcement layout for coupling beams

The above represented layout was shown to exhibibést results for the lowastratios. However, it
was also apparent that such a detailed configuratnwolves severe construction difficulties,
particularly due to the large diameters usuallyunesgl in the diagonals and the increased anchorage
lengths that are needed for this type of reinfoeainBecause of that, some authors have also
investigated alternative ways to keep the ductdityl energy dissipation capabilities of the diagjona
layout, while alleviating the construction, e.gnBalatet al. (2005) or Parra-Montesines al. (2010).

Other suggestions were also made, with less consgi features, such as the rhombic truss
reinforcement layout proposed by Tegos and Pe(E888), shown in figure 3, that was developed
both for coupling beams and for short columns, arventionally reinforced beams with embedded
dowels in the beam-column interfaces (Tasstod. (1996)).
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Figure 3. Rhombic truss reinforcement layout (Tegos anceRe(1988))
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Ultimately, experimental evidence showed that dmeajoeinforcement was very effective tarvalues
lower than 3/4, while conventional detailing coblel used for values higher than 4/3. In betweerethos
ratios the diagonal layout was not so effective,laviother, more construction-friendly detailing
schemes could be used to more or less the sanue. effe

3. EXPERIMENTAL CAMPAIGN

The experimental campaign referred in this papecusently developing at the Laboratory of
Earthquake and Structural Engineering (LESE) of PEdd is part of a larger research project, named
SIPAV (Inovative Systems for Precast Systems inhFgpeed Railway Lines). With respect to the
seismic performance research activities, an exmatiah campaign was planned, focused on testing
several bent-type reduced scale frame specimetistive geometry shown in figure 1.

3.1. Test setup

Considering the objective of simulating models espntative of a possible real situation in HSRL
structures, an average target height of around tEsmevas considered for real bridge piers. Sinee th



laboratory height constrainenforcedthe specimens to be designed uméarly 4.0 meterhigh, 1:4
scale models were adoptedditionally, taking advantage of trapproximateanti-simmetry of the
bending moment diagranfier lateral actions, only the top half of the framas considered, and t
setup developed around the constraints neededteriaiaze those conditionTherefor, several key
issues had tbe taken into account while designing experimental setugepresented in Figure:

= Application of constant vertical loads on a struetthatexhibits inernal variation of axie
forces in pierainder lateral loadir;

= The cyclic loadapplicationaccording to how it is actually tnamitted during a seismic eve

= Free rotationn both columns bases.
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Figure4. Test Setup at LESE

3.1.1. Vertical Load

The application of a constant vertidoad is a real problem on such a system, partilgutsecause,
mentioned before, the cyclic behavior of this frastreicture mobilizes high shear forces that inte
with the vertical force provided by the test s, thus alternately increasingdudecrezing the axial
force in both columndn order to be able to monitor and continually atljilhe load transmitted to t
columns, it was decided to apply the load pre-stressing o§26.5mmDywidagrods with both ends
attached to rotatiofree hinges. The top system, located above eadmmc (see Figure 5), is
connected to an uppsteel bear providing reaction to a vertical doubdéfecit ENERPAC500KN
jack, which is forcezontrolled in order tkeep constant tensile forces in the rods.

>

Figure5. Constant axial load control syst (jack, hinges nﬁ)ywidag rod)



The adopted Dywidag bars were also prepared tavationitoring the load actually being transmitted
to the frame structure, which was nominally se3@6 kN.

3.1.2. Horizontal Load

A seismic event in a real bridge mobilizes the tineof the structure, which is mainly located i th
bridge deck. Thus, the corresponding applicatiorthef seismic action in a testing setup should
reproduce the transmission of that inertia foreeugh the interface of the columns with the beasjng
which means it should be as close to the top serréacpossible. In common sized structures (e.g.
building frame structures), this issue is meanisgleecause the dimensions of the testing appatatus
not conflict with the stress distribution in theusture (the node’s stress state is not influermethe
point of load application). In this case, howevhg beam-column node is of considerable size (when
compared to the beam length) and, therefore, the dpplication point should be as closely simulated
as possible in order to accurately replicate thesststate in a real structure during an earthquake

Thus, the application of the cyclic horizontal lomdmade using a 500 kN horizontal hydraulic
actuator, connected to the structure through arfsestion hinge attached to a steel cap (consigifng
pairs of HEB200 reinforced shapes) which also stppthe vertical jack; therefore, this cap
distributes the vertical load through the wholessrgection of the corresponding pier and transmits
the horizontal forces to the node upper surfacemegns of 8 M20 shear connectors.

Load distribution steel structures:

Figure6. Load distribution system

Additionally, taking into account the possibilitf enobilizing some out-of-plane deformations, a
sliding system was also provided, with sliding lmgs attached to a reaction structure positioned
alongside the frame plane (see Figure 7).




3.1.2. Rotation System in the Column’s Base,

The system specifically designed for these testgliésh the use of a hinged mechanism on the
columns’ base, capable of resisting complex sttesulti-directional loading combined with rotation
freedom. As such, two mechanical hinges were sihetabricated for this effect, taking into account
the combined action of the horizontal and vertload. Both hinges were connected by a rigid steel
beam (which is attached to the reaction frame)wwerk provided with load cells in order to allow
recording of the pier axial load, caused by bothliham shear forces and the vertically applieceforc
This system is represented in Figure 8.
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Fiure8. Column base hinge mechanism

3.2. Test Specimens

As mentioned before, this work (under developméntuses on the cyclic behavior evaluation of
bent-type piers for HSRL bridges. For this purpesduced scale specimens were designed to comply
with target maximum base shear strength around RBOD real full-scale piers up to 15m high and
with moderate energy dissipation (associated teletior factor about 2.5). Therefore, the firstqgha

of the experimental activity includes one specimdesigned according to each layout of the four types
mentioned in section 2 and described in table Bot all specimens the column capacity was kept the
same while different design options were adoptdy fom the beams.

At the moment, only SP_MO01 was tested, while tmeaiaing specimens are in production stage with
testing foreseen for July 2012.

Table 3.1. Test Specimens

Label Reinforcement layout type
SP_MO01 Bi-diagonal reinforcement, following EC8 yigdons for coupling beams of shear-wall$.
SP_MO02 Rhombic truss type reinforcement, desigieedraing to Tegos and Penelis (1988)
SP_MO03 Bent-up bars only in the beam-column interf@djusted rhombic truss detailing)
SP_MO04 Conventional reinforcement with verticalrsips.

3.2.1. SP_MO01 Detailing
The specimen SP_MO01 was designed according to Bdeo8 guidelines for coupling beams of shear
walls. Thus, the main shear resisting mechanisnesrebn the two cross-shape steel diagonals,

designed according to equation (3.1), whgas the total steel bars area per diagofjals the steel
strength and: is the angle between each diagonal and the haakdmection.

Vgg £ 2A,.f 4. sem0 (3.1)

Besides individual confinement stirrups for eackagdinal, additional minimum transverse and



longitudinal reinforcement is also required to cohthe expected intense cracking effects. At the, e
as mentioned in section 2, these provisions leadviery dense layout as shown in figure 9.
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4. PRELIMINARY EXPERIMENTAL RESULTS

The first specimen of this campaign was very rdgdested, using a cyclic imposed displacements
controlled evolution represented in Table 4.1. Tdree — displacements test results are depicted in
Figure 10 (horizontal actuator fores. horizontal drift measured at the beam axis lewathough the
setup was prepared to go further than 3.5% drisides testing the SP_MO01 solution, this first test
served also to check the system efficiency anatead any possible corrections to be implemented.
Since the test was completed little before thisepagubmission, results are not yet processed and
analyzed. However, an overall observation of thecdalrift plot allows pointing out the non-
symmetry of strength between positive and negdtiading senses.

Although not yet fully explained, this effect is stdikely due to loading control system which rslie
on the internal displacement transducer of theatotuSince the control displacement is applie¢ onl
at South side of the structure, once strong danmgeparted to the beam, a given displacement
imposed by actuator, equal in the positive (SoutittN S-N) and negative (North-South, N-S) senses,
does not correspond to the same drift at the beasrievel in the two opposite senses. Therefore, fo
S-N motion, both columns are similarly mobilizedhile for the N-S sense, the North column is less
pushed than the South one, which is also relatéd tive larger residual drift observed in the pusiti
sense than in the negative one. In fact, whenyhtis displaces in the negative sense, because this
residual drift has to be first recovered (whichn® “seen” by the internal actuator transducer), it
follows that the N-S actuator displacement induess negative drift in the structure than it doas f
S-N displacement and, therefore, the whole berg-fyier is not equally strained for the two motion
senses.



Anyhow, still it can be observed that, until thesehof yielding (i.e. in the post-cracking phase ta
approximately 0.75% drift, when yielding can be sidered to have started), the response is
essentially symmetric, with reduced energy disgipatwhich is consistent with the cracking pattern
shown in Figure 11-a); further pictures in the Feglil show the main issues of damage evolution.

Table4.1. Load evolution
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Drift level (%) Number of Load Rate
Cycles (mm/s)
0.05 1 0.2
0.1 3 0.2
0.2 1 0.5
0.3 3 0.5
0.4 1 0.5
0.5 3 0.5
0.75 3 1.0
1.0 3 1.0
15 3 1.0
2.0 3 1.0
2.5 3 1.0
3.0 3 2.0
3.5 3 2.0
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c) Development into failure mode

Figure 10. Force — drift curve for SP_MO1 test.

Figure11l. SP_MOL1 test photographs

The first crack occurred in the beam at about 0dz#, further developing to largely pronounced
shear cracking that started appearing in the bed%o drift and evolved as illustrated in Figude 1



a) for 0.75% drift, until which no visible crackseve found in the columns. By 1.5% drift, one of the
beam cracks developed into a heavy crack near dnth eam/node interface shown in Figure 11-b),
in accordance with the finally obtained yieldingtpan.

The large crack illustrated in Figure 11-c) hightig the failure mode exhibited by this specimen,
corresponding to sliding shear rupture at 2.5%.d#i€tually, although the global behavior seemed to
sustain a ductile response, conveyed by low pimgckififect and some energy dissipation (Figure 10),
as soon as that shear mechanism was activatesirtimture quickly evolved into a failure-like state
which is clearly an issue to be corrected in otdexchieve a good behavior under cyclic loading.

The remaining specimens, already in productionehaken this effect into account and, therefore, ar
expected to provide improved behavior and to hetfening the scope of this study. Since phgect

is still developing, no additional information clae provided herein.

As for the testing system, it performed well, aliph some issues still need to be improved, namely
the loading control system to allow exploring samildeflections in both loading senses and the
reacting system at the column base that raised @debts about real flow of the reaction force.

5. CONCLUSIONS

An under development experimental campaign wasepted regarding bent-type frames useable in
HSRL bridges. Bent-type frames are one of the ptessivays to provide lateral stiffness to high-
demanding HSRL structures and have been choseahifostudy in order to assess its suitability for
pre-cast construction. However, since the naturéhobe structures is very dependent upon the
geometry of the railway track, sometimes the redafyositioning of the frame relative to the bridge
deck is very conditioned and enforces the use aftspan frames.

Concerning the seismic performance of such streasiucommon design methods require the
conception of adequate energy dissipation mechanigmich, in the context of bridges, are commonly
located in the columns base. However, the latessthé deformation can be the cause of large shear
deformations and, possibly, of brittle failure. Téfere, special attention must be given to thegtesi
of these short-span beams by providing suitablmg$arf energy dissipation and ductile response.

Therefore, several specimens were designed takitgy @ccount other authors’ proposals for the
similar problem of coupling beams in shear wallse Tirst test was carried out, showing possibditie
of energy dissipation but finally exhibiting an wsited sliding shear failure. Other specimens are
already in production, in order to provide moreadfdr this still ongoing project. Therefore, more
thorough conclusions should be provided after tbet nests. Nevertheless, the specially designed
testing system performed well but slight improvemsestill might be required.
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