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Abstract

Theconstructiorof theBancoPopulamewheadquartersasbeendevelopedn two phasedn the rst phasethenewDataProcessin@entrebuilding
wasdesignedandbuilt nextto A-2 motorwayin Madrid, andcameinto usein January2013.The secondphaseof the building’s structureisnow

nished andit is plannedo befully completedn June2017.This secondphasewith aconstructedireaof 125,000m?, incorporatesigreatvariety
of structuralsolutionsinto a uniquearchitecturaprojectof greatrepresentativealue. Thearticlewill focusmainly onthis secondohase.

© 2017Asociacbn EspdioladeIngeniefa EstructuralACHE). Publishedby ElsevierEspdia,S.L.U. All rightsreserved.
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Resumen

La construccidrdela nuevasededel BancoPopularen Madrid sehadesarrollad@ndosfasesUnaprimeraenla queseproyectdy construydel
nuevoedi cio parael CentrodeProcesaeDatosjuntoalaautopistaA-2 enMadrid,entrandenusoenenerade2013.Lasegunddaseactualmente
tieneejecutadda totalidaddela estructury estaprevistasu nalizaciéon completeenjunio de2017.Estasegunddase conunasuper cieconstruida
de 125.000m?, incorporaunagranvariedadde solucionesestructurales un proyectoarquitecténicesingulary de granvalorrepresentativcel

articulosecentrafundamentalmentenla descripciorde estasegunddase.
© 2017Asociacbn Espdiolade Ingeniefa EstructuralACHE). Publicadopor ElsevierEspdia, S.L.U. Todoslos derechoseservados.
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1. Background

Duringthemonthof October2008 BancoPopulataunched
callfor tendeffor its newheadquarterim Madridto bedeveloped
on two separateplots, both locatedon either side of the A-2
motorwayasit leavesMadrid. The rst plot, locatedat calle
Abelias, on the northernedgeof the motorway,would house,
in a singlebuilding, the new DataProcessingCentre(CPD) of
thebankandof ces. Thesecondtagevouldbedevelopednthe
plotresultingfromjoiningtheplotonwhichBancoPopular'sold
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CPDbuildingwaslocatedpnthesoutherredgeof themotorway,
to the neighbouringplot, recentlyacquiredby the bank,where
the old printing pressworkshopsof the ABC newspapewere
located,at calle Lucade Tena(Fig. 1).

The BancoPopular'sformer CPD building (Fig. 2, 1981),
projectof thearchitectEleuterioPoblacion(designeof, among
others,the “Beatriz” building (1968), headquarteref Banco
Popularsincel976,locatedatcalle Ortegay Gassein Madrid),
was demolishedprior to commencinghe constructionworks,
aswerethe printing presswvorkshopsof theneighbouringnews-
paperABC.

Of the seventeamsbiddingfor thetenderthewinning team
is managedy theMadrid studioArquitectosAyala,whichMC2
Estudiode Ingenieriaforms part of for the developmenbf the
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Figure2. Old DataProcessingentreof BancoPopular,at calle JuanignacioLucade Tena.E. Poblacion(1981).

structuregrojectandthe subsequertechnicalstructuralassis-
tanceto the constructiormanagement.

The executionof the rst stage(Fig. 3) took placebetween
January2010and December2012[1] and continuedsimulta-
neouslyalongsidethe developmenbf the secondstageof the
project.Duringthesummeiof 2013the rst retainingwallswere
built on the stage2 plot, with the main elementsof the struc-
turebeingcompletedn Septembe2015.Thecompletionof the
worksandcommissioningf thebuildingwill takeplacein June
2017.

2. Architectural approach

Animportantcharacteristiof thedevelopmenof theproject,
which determineshe designf thearchitecturabndstructural
solutions,is the smoothteamworkbetweenthe architectural
and structuralteamsfrom the beginningof the project right
up until the nishing touches.On the basisof the architec-
tural conceptselectedoy the owners,the teamscollaborateto

producespeci ¢ designghatintegratearchitecturalfunctional
andstructuralrequirements.

2.1. Architecturalconceptbasisfor the designof the
building

Theplotis rectangulain shapewith its longestsidemeasur-
ingaround315min lengthrunningparallettotheA-2 motorway.
The perpendiculaspreads around96m, which arestaggered
alongthe north-westborderadjacento the currentbuilding of
theeditorialdepartmentandheadquartersf the ABC newspa-
per,to thewestof theplot (Fig. 4).

The layout of the headquarterss thus formed within a
largerectangularof builds, which is dividedinto four units or
blocks(A-D) thathold themainbody of the spacededicatedo
of ces. To thefar westthereis a building with anunusualay-
out wherethe variousservicedfor the developmentindpublic
accesserviceswill be housedshoppingcentre branchesetc.

(Fig. 5).
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Figure4. Generalayoutof theplot.

Betweenthe blocksthereare patiosthat allow naturallight
to fall onalmosttheentire oor surfaceof thelevels,with each
of theblockshavingacommunicationgorewith stairwellsand
lifts.

Block C stretchedowardsthe A-2 motorway,whilst block
A leansoff towardsthe West,increasinghe spacebetweerthe
blocks until a large entrancesquareis formed wherevisitors
andemployeesare received,embracingthemin surroundings
protectedby the transparenfacadesof the blocksto the sides,
a juxtapositionof descendindevelson the oor planandthe

conferencehall areaat the front, also coveredby transparent
glass(Fig. 6).

Theblockshave ve levelsabovegroundlevel atcalleLuca
de Tena,the fourth oor housesthe presidentialareawhich,
like the fth oor rooflevel, is extendedy connectinghefour
blocksat their fagcades(Fig. 7). This way largecantileversand
“bridges” arecreatedbetweertheblocksonthefourthand fth
levels, whosestructuralcompositionmustalsoimplementthe
supportstructuredor the machinesaandnoise-reductiorpanels
ontheroof.
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Figure6. “Presidential” oor level(fourth). Westside.Theplottedareascorrespondo the structuralsteelframeof thefourthand fth oor thathangsrom theroof
structure.

Thetypesof unitsdesignedor theroof are:

€ BetweerblocksA andB “bridges”areneededo connecboth
the north and southfacades.The distancebetweensupports

is 46.80m.

€ Thefourthand fth oors protrudeoutwardgowardsthe A-2
motorwaywith a 7.80m spancantilever,with the exception
of block C which, dueto beingsetback,formsits projections
in asoutherlydirection.

€ The remainingblocks are connectedo eachotherthrough
shorterbridgeswith distancedbetweersupportof 9.50m.

The geometryof eachof the blocksis built on the basisof
unitsmeasuring’.80m in a north-southdirection,which deter-

minesthe grid for the columns.In an east-westirection, the

rst spanclosesto thecoremeasure40.40m, whereashesec-
ondspanis 6.50m (Fig. 8). However,this lastline of supports
is locatedoutsidethe facade,sothattheremustbe a structural

connectionelementcrossingthe facade.The exterior columns
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Figure8. Standardayoutof theof ce block.Block C.

structureof the re escape.

Below groundlevel of the calle Lucade Tenatherearefour
basementevelsthat occupythe entireplot. Floor SO1extends
partially towardsthe core of the blocks, whereas oor S02
extenddrom Lucade Tenato the oppositeedgeof the plot, on
the A-2 motorwayborderline which reacheghe groundlevel

7.80

7
/ G-t
’ *®
7 4 4
\ i
/ \ /
7 \ / = =
’ \ / B
/ \ / =
4 \ /
4 \ /
N / (N [
A
Patio
y /\
/ \ ! \
. / \
\ / %
N\ / \
\ / \
\ / \
N / \
/ Y
South N \
. \
bridge EN \
N [} ——
4 /
/i s
/ /
7/
Cantilever Bridge

Eastside. The plottedareascorrespondo the structuralsteelframeof the fourth and fth oor thathangsfrom the roof

of the naturalland. It canbe said,therefore thattherearetwo
(andnotfour, like in Lucade Tena)undergroundevelson the
A-2 motorwayside.

2.2. Summanypf architecturalparameterswith the greatest
in"uenceon thestructure

The architecturalplanning of the ensemblethe geometric
conditionsof the surroundinggindthe functionalrequirements
de ne the parameterghat condition the developmentof the
structureThemainonesare:

€ Retainingwalls thatmustintegratepartof the existingwalls
of theformerbuildings.

€ Soil pressurdoad compensatiorftwo levels) betweencalle
Lucade Tenaandthe A-2 motorway.

€ Totallengthof continuousundergroundrameworkof around
300m.

€ Thearchitecturalnit for the of ces abovegroundlevel must
be adaptedo the requirementsmposedby the squaresand
undergroundparking rows. This requiresto bearthe loads
of the columnsthatdescendrom the of ce areason beams,
which are also conditionedby strict gaugesFor the same
reason parts of the concretewalls of the communications
corearehold upin thesameway.

€ Theconferencdall arearevealssomeuniqueelementssuch
asa cantilevergrandstandvith an exposedat bottomface
anda spanlengthof 9.60m, andthin columnsfor theroof.

€ Importantroof structure with spanlengthsof closeto 50m
anda 7.8m cantileverlengthrestingon columnsthat drive
loadsof upto 37,000kN downto thefoundations.
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€ Exteriorsteelstructureholdingthe re escapandperimetral
columndor theblocks.Columnamustbecoordinatedhrough
thefacade.

As regardgheroof structure the determiningfactorsare:

€ Thefourth oor mustbeasopenplanaspossibleandcloseto
thelayoutof verticalelementdocatedunderneatlit (Fig. 9).
Thatis why the main body of the structuremustbe above
the roof slabs.The fourth oor hangsby way of ties that
follow the geometricunit of the columns,leavingthe oor
asequallytransitableastheremainingof ce oors. It is thus
recommendedo reducethe weight of the oor to optimise
thestructure.

€ Ontheroof, thebuilding’smaininstallationsaarehousedwith
generatosetscoolersetc.aswell astheformationof theroof
itself (weather-proo ng,sound-proo ng,sloping,etc.). The
structuremustthereforeforeseethe loadsand placemenbf
thesemachinesandthelayoutof the conduits.

€ Theintersectiorbetweercantileverand“bridges’meanghe
latterrequireoneof thesupportateachendtheendthattakes
theweightof the cantileverto be more exible thantheone
thatis directly supportedy a column.This meanshavingto
compensatéor relatedmovementdy adjustingthecambers
duringthe manufactureof the structure.

€ The columnsreceivedifferent loadsdependingon whether
they hold cantilevers bridgesor both at the sametime. In
the rst case,the referencedesignload for eachcolumnis
14,000kN, in the secondt is 10,000kN, whereasvhenthe
columnreceivedoadsfrom abig bridgeanda cantileverthis
is 27,000kN (designvalue).

€ By beinglocatedon the roof, the structureis outsidethe
building cladding,andthussubjectto thermalchange®f the
externalenvironment.

To acertainextent theroof structurefollows thegeneraloof
plan designedor the Data ProcessingCentrebuilding (CPD)
(Fig. 10) [1], althoughon a largerscalebothin termsof bridge
spang26m comparedo 50m) andin total length.In this sec-
ondstagetheroof trussesaredesignedo be exposedandthus
exposedo thesun,unlike thestagel of theexecutiondesignof
the CPD,wheretheywerehiddenby the cladding.

Somearchitecturakeferenceghat could be cited regarding
uniquebuildingswith a similar structuraldesign(largespansor
bridgesto resolvewith steelor compositetrusses)ncludethe
Gas Natural headquartersuilding in Barcelona(Fig. 10),
the Teatrosdel Canalin Madrid [2], etc.

3. Structural solutions
3.1. Retainingwalls

3.1.1. Generaloverview

The retainingwall measure810m in length, with excava-
tions of betweenl5.20m (calle Lucade Tenaside)and7.90m
in depth(A-2 side).

The plot showsstablewater levels at very different depths
accordingotheboreholesThus,in theeastareeaof theperimeter
oncalleLucade Tenatherewerelevelsof 4.00m belowground
level,whereago theextremewestof theplot thephreatidevels
werealwayslocatedunderthe foundationlevel of the building.
The signi cant technicaland nancial repercussionshat the
hydrostaticpressurénason the designleadto additionalworks
beingstudied:

€ Stabilisationof the levels, to study possiblevariationsdue
to rechargein the rainy seasonTo that end measurements
weretakenin borehole®verthecourseof alittle overthefull
previousyear,andthroughouthe executionphase.

€ Studyof the ltration volumesunderthe retainingwalls to
dimensionthedrainagenetwork(Fig. 11).

€ Theboreholenetworkwasincreasedo obtainadditionaimea-
surementsat intermediatepoints along the perimeter,the
control of which was maintainedduring the executionand
auscultatiophaseof theretainingwalls,andcontroldrainage
tubeswere placedin foundationtrenchesalongthe border
with calle Lucade Tenaandthe A-2 motorway,with atleast
two tubegpertrenchatdifferentheightsto controlthephreatic
level.

Basedon the previousresults,the technicaland nancial
comparativestudybetweersecanpiles andcontinuousetain-
ing walls, which comparedthe different distributionsof the
anchorsand thicknesse®f the wall, concludedthat the most
favourablesolutionwascontinuousreinforcedconcreteretain-
ing walls measuring0.45 and 0.60m in thickness,executed
throughtrenchesof up to 3.00m. Thewall wassupportedvith
temporanyinjectedanchorsin theareawith greatesheightand
hydrostaticpressurethreelevelswere createdwith anchorsof
up to 600kN, reducedo asingle le of anchorsof 300kN for
thesectionof thewall thatleastneededhem,atalowerheight
andwithout hydrostatigpressure.

3.1.2. Interactionwith existingwalls

OnthecalleLucade Tenaborder.eachof thesectionf the
wall thatsupportedhe roadduring the demolitionof the ABC
printing presswarehousewvere protectedby a vergeof provi-
sional back ll, measuringan averageof 7.50m from ground
levelto the upperpartof thefoundations.

The pre-existingon-sitestudythatwascarriedout, asthere
was no documentatiorfor thoseretainingwalls, de ned the
structureas:

€ A 94mlongsectionof reinforcedconcretavall, with athick-
nesghatdecreasewith heightfrom 1.00mto 0.30m, which,
dueto its size andthat of its foundationscould havebeen
designedasa cantileverto supportthe street.The extracted
concretepass-throughest cylindersshowedhow, in effect,
thewall hadshutteringon bothsides Also aminimumavail-
able amountof reinforcementwas establishedor analysis
andthe depthof thefoundationfootingswascharacterised.

€ A secondsectionof the brickwork wall, measuringlOm in
length,built asacontinuatiorof theconcretewall, butslightly
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Figure9. Bird's eyeview of theroof (May 2016).

Figure10. Building androof of the DataProcessingentrein the executionstage(above) GasNaturalheadquarterbuilding in Barcelonabelow).
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Figurel1. Finite elementanalysisof (ANSYS®) of the Itration volumebeneatttheretainingwalls. Dimensioningstudyof the depthof embeddingheretaining
walls,dimensioningf thedrainagenetworkandsubsequenip-lift loadson neighbouringoundationelementgdrainagewells, septictanks footings,etc.).Pressure
contours(aboveleft [m]), ltration volume(belowleft [m3/s]) streamlines (right) of aretainingwall cross-sectiorgalle Lucade Tena.

setbacktowardstheinsideof theplot. Thebrickwork section
of thewall wasthe sameheightasthe concretewall (around
7.50m).

Takinginto accounthattheyshouldnotaffectthecalleLuca
de Tena,thefollowing solutionswereproposed:

€ Existing reinforced concretewall. As the excavationpro-
gressedanchorswould be placedin the body of the wall
which would compensatdor the removalof the back lled
verge, and also designedto provide supportin the nal
phaseof the excavationUponreachingthe foundationfoot-
ings, at a depth of 1.20m, thesewould be demolished
through trenches.For the continuousreinforced concrete
retainingwall that goesdown to the depthsof the project,
thetrenchesvould be built in parallel,aheadof the demoli-
tion. The cappingbeamof the newleadingretainingwall is

subsequentljoinedto the previouswall with reinforcement
barsto the edgeof the demolishedfooting, thus achieving
enoughpenetratiorof the wall in the land to performexca-
vation works (Fig. 12). Therefore,the existing reinforced
concretewvall wasusedasatemporaryretainingelemendur-
ing the executionphaseandoncereinforced,its sectionwas
integratedwith forti ed structuresadaptingit for permanent
use.

Existing brickwork wall. The small set back areabetween
this wall andthe edgeof the plot allowed a sectionof wall
to be incorporatedwith tangentmicropiles of 200mm in
diameter,as a provisional supportwhilst excavationsand
the demolition of the wall itself progressedProvisionally
supportedvith thegenerabnchoragsystemthepenetration
wasdonein parallel,like with the reinforcedconcretewall.
The brickwork wall, therefore wasnot usedat all, not even
provisionallyduringexecution.
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Figure12. Breastwall of calle Lucade Tena,connectedo the lower retainingwall and nal lining connectedy keysanchoredwith an epoxy-typeresin (left).
Figureof the executionof theleadingretainingwall thatpenetrateshe supportto the project'sdepths(right).

3.2. Undergroundstructure

3.2.1. Horizontal structure

The undergroundevels, the majority of which would be
destinedto car parks, are solved using reinforced concrete
slabsmeasuring.30m and0.35m in thicknessdependingon
whethertheyareusedfor spansof 7.80m or 10.50m.

LevelsS02andloweroccupytheentireplot. Thelonglength
of thegreatestlirection(314m) requiredsolutionsto beconsid-
eredin orderto reducethe occurrenceof deformationsaused
by shrinkageandtemperaturegr to analyseandreinforcethem.
Giventhefunctionalpartitionbetweertheblocks,eachof which
hasa very rigid corein its centre,the dispositionof the two
expansiorjoints wasdesignedn the middle (Fig. 13).

The rst of theseseparateghe areaof the servicebuild-
ing from thefour blocks.Therewereno coordinationproblems
asthe structuraljoint coincideswith the functional separation
betweerthe buildings.

The secondjoint mustbe movedfrom the naturallocation
betweerblocksB andC to theeastandplacedbetweerblocks
C andD. The reasonfor this is to avoid the expansionjoint
interferingwith thelargetechnicaroomfor IT facilitieswith its
demandingvatertightnessequirements.

Undertheseconditions the designednaximumlengthwith-
outjointsis 179.60m.

Level SO1is exclusivelyfor useasa carpark,however,it is
on a higherlevel thangroundlevel on the A-2 motorwayside.
SO01slabis interruptedat the approacHine of the block cores.
This is solvedusing slabsof the sametype asthe lower level
slabs.

Level NOO (access)embraceghe blocks,andis limited to
the north by the edgeof the slabsof the blocksaboveground
level. Theloadsareimportantin this casegardensHGV roads,
etc.)andso, in orderto not useexcessivehthick slabs,which

would preventheuseof high performancdéormwork tables or

to useprestressedoncretewhich, giventhe continuousature
of the level would requirestressingvindows, splicesand cuts
in the concrete droppedbeamsare locally usedin areasthat
requirethem.Thusanexclusivelyreinforcedsolutionisretained.
Whenbeamssupportcolumns,compositesolutionshavebeen
usedwith steelpro les thatfacilitateexecutionwhilst thecon-
ventionalreinforcedbeamshavebeendesignedor de ection

controlwhenthereareno columns,in local areasof slabswith

large spans,or wherethereis the presenceof holes,due to

constructiorsimplicity.

3.2.2. Soil pressurdoad compensatioetweerretaining
walls

Thegreateiheightof calle Lucade Tenaimpliestheappear-
ance in the design of soil pressureloads that cannot nd
compensatioron the A-2 motorwayside. In this case(above
level S02),the loadsaredriven downto the core of the blocks
throughthe slabs,incorporatingorecise‘'membrane’typerein-
forcementThismechanisnalsomeanghereis needfor special
featuresfor loadsto enterin the core walls to be designed
(Fig. 14).

3.2.3. Loadingand unloadingareaof the of‘ce complex

To the extremeeastof the developmentis the delivery
entranceandloadingand unloadingcentre.The dock, located
on level S02, is accessedvia the road parallel to the A-2
motorwayNationalHighway II, which is on the samelevel.
Manoeuvrabilityof thedeliverytrucksrequiresanumberof the
columnsof thelastblock (block D) to be hold up to level NOO,
thusfreeingup the spacean front of thedock.

In orderto hold columnsup, compositedroppedbeamsare
used,connectedo the slabof NOO thusachievingrigidity and
amplecapacityfor the support3].
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3.2.4. Conferencéall

The surroundingof the conferencehall betweenblocks A
andB is a uniqguegeometricenvironmentwith level changes
in the oor structureand movementf columnson all oors
betweer502andN01,whichmeanghecolumnshaveto behold
upthe oor beams.

Once again the construction conditions, together with
the strict height restrictions,meanthat a compositesolution
is the most suitable,wherebya smoothand naturalconstruc-
tive transitioncanbe donewith droppedsteelbeamsconnected
to theslabs.

Steelpro les areembeddedhto thecolumnssothatcoupling
of the steelbeamscanbe donevia provisionalbolts, allowing
for the quick-releaseof hoistingequipmentthusavoidingthe
needfor speci ¢ shoredor thebeamsThe combinedsolutions
arealwaysof the “shoring” type,in otherwords,the whole of
theloadtransferof the beamis donedirectly on the composite
section.

Finally, theroof of the hall is supportedn steelbeamscon-
nectedo theslab.Thepresencef heavyloadsfrom thegarden
makeit necessaryo increasethe rigidity of the bordersand
cantileverswith reinforcedweb oor beamswhich arehidden
undertheearth.

The closure of the perimeterof the conferencehall is
with doubleglazing,with anintermediatechamberof 0.80m.
This partition materialisesn the form of glasssectionswith-
out horizontaljoints, supportedon framing in the oor slab,
and nished againstthe roof slab. The compatibility of ver-
tical deformationof the slab and the glasswall require an
adjustedassessmemnf the long-time de ection for the size
of the structuralsiliconejoint. Furthermorethe roof slabwas
preloadedwith stockpilesto semi-permanentoad levels, in
order to obtain the exact measurementor cutting the glass
at the point closestto the maximum expectedde ection of
the roof. The continuouscontrol of de ection has shown a
slightly conservativeinstantaneousand long-time behaviour
as comparedto the calculation values in accordancewith
the simpli ed checkingmethodof long-timede ectionsof the
EHE-08[4].

For the grandstandf the conferencehall an inclined slab
with a cantilever9.40m long is designedwhich is resolvedby
way of a slab,with pre-stressedibs 0.15m in width, spaced
every 3.90m. The live load de ection, and thus the response
to vibrations,de nes the minimum rib web heightas0.75m,
accordingto the de ection limit of L/800 undercharacteristic
live loads,which is a suitableand commonindirect vibration
checkingprocedure.

Crackingis controlledby theuseof prestressetdonded-ein-
forcementwhichin theform of a cableof 12 chordsperbeam
andwith anactiveanchorattheendof thecantileveralsoallows
the permanentle ection of the slabto be corrected maintain-
ing the necessaryupright” exposecresencef theendof the
cantilever.

Functionally, air-conditioning conduits run betweenthe
beamsandthe uppersideof the slab,ascendingrom the main
branch of the conduit through planned holes made in the
slab.

ell

Architecturally, the lower side of the slab is de ned as
“exposed” asaretheshortsupportonwhichit restswhichare
coveredin “Corten” style steelsheetsdirectly connectedvith
bolts.Like thecompositeilesonthebridgesthesteelcladding
is usedasformwork, a load-bearingelementandarchitectural

nish. The nish in termsof tone,durability andfunctionality,
is the subjectof specialattentionfrom the teamof architects,
asis theformwork joint compositiononthe exposedideof the
slab(seeFig. 15).

3.3. Abovegroundstructure

Thegeometryofthe oor slabsabovegroundevelisrepeated
on the four blocks, which allows a systematicsolutionto be
consideredor all of them.The oor slabsreston the central
coreof theblockandprogressowardsthefacade resting rstly
and continuouslyon the rst line of columnswith a spanof
10.40m. Thesecondine of columnsrecovertheunit of 7.80m,
but now outsidethe facade(Fig. 16).

Undertheseconditionsalightly prestresselhyoutis chosen
(at sheathawith three-chordcableseverymetre,on average),
betweenthe supporton the coreandthe facade(Fig. 17). The
edgeof the slabis maintainedat 0.30m, andthe chordshave
beendesignedisadhesiveinjectedwith grout,whichallowsfor
thefull useof theactivereinforcemenat ULS beyondtheload
compensateby theshapeof thecable. Theactiveendis placed
onthefagade,andthepassiveendonthecore.lt is executedy
way of a climbing formwork sothatthe anchorscanbe placed
onthethicknesof thewall andcastwith theslab.

Ontheexternaledgeof the slabthefollowing mustbe coor-
dinated(seeFig. 18):

€ Active prestressednchors.

€ Steelcoverplateandconnectiorof theslabto thesteelfacade
support. The plate must go throughthe facade, so that its
layoutcoordinatesvith the facadeunit.

€ Fa@de support,which includespotential platesembedded
into the edgeof theslab

€ Architectural nish of theslabborder.

As aresultof thejoint efforts of the structuralandarchitec-
tural teams,a solutionarisesthat coversall requirementsThe
ideais afold in theslab,by way of anedgegirderthesamewidth
asthethicknessof the slab(0.30m), whichincorporates steel
connectiorpieceon the lower edge thusavoidinginterference
with theprestressednchorandthesupporplatesonthefacade.
Thelayoutof thecableds donetakinginto accountheposition
andsizeof theplatesonthefagcade.Finally, thelower sideof the
girderdescendso the level of the lower side of the suspended
ceiling of the level, allowing itself to be exposedframing the
contour.

This edgegirder also bringsimprovementdo de ection in
the edgeof the oor slabsand uniformity to the distribution
of reactionsacrossthe steelsupportson the facade,dueto its
stiffness.
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Figurel5. Grandstanaf the conferenceénall androof on compositebeamsFrontandbackviews.

Figure16. Executionof the structureabovethe groundlevel slab.

3.4. Vertical structureof coreandcolumns

3.4.1. Cores

Thecoresof theblocksareformedout of walls 0.25m thick
acrosgheirfull height,which containstairwellsandlifts. Their
sizeis conditionedby the structuralfunctionsassignedo them
(seeFig. 19):

€ Theyreceivevertical loads,accordingto CTE [5], from the
slabstheysupport.

€ Theyreceivehorizontalactionsof the wind [5] andthe sta-
bilisation of the building columns.

€ Theyreceivehorizontalactionsdueto the compensatiorof
loadsof retainingwalls.

€ They receive horizontal axial forces that the underground
oors transmitthroughthe oor slabsand which are due
to deformationscausedby shrinkageand temperatureThe
cores,duetheir rigidity, representxed pointscomparedo
thesedisplacements.

The presencef holesat thetop of thewalls suggestshata
studyby mean®f modelf elastic nite element®fthestresses
onthewalls shouldbecarriedout. Suchstudyis completedwvith
reinforcemenanalysispusingtiesandstrutsmodels of themost
uniquegeometricareas.

In the caseof block C, which is offset towardsthe north
comparedo theotherblocks,partof the coreinvadeshetraf ¢
lanein the garageat level S02 andlower. This fact motivates
the needto partially prop the end of the core up on eachof
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Figure17. Placemenbf reinforcementindpre-stressedondedat shafts(3 chords/sheathBlock oors.
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Figure18. Edgegirderfor oor slabsandcouplingto exteriorsteelcolumns.



el4 A.Vidal Vacas A. SerranoCorral / Hormigony Acero2018;69(284):e1...e25

Core
support

Wind loads through
floor slabs

Entry of not
compensated loads

Figure19. Elevationof thesidewall.

the columns.This meansplacing heavy compression®n the
supportsandtheappearancef considerablshearingorceson
the compositebeams.

3.4.2. Columns

The columnsfor the blocksandthe undergroundevelsare
conventionalreinforced concrete,so in generalall exposed
columnshavebeenuni ed asbeingcircular,measuring).60m
or 0.80m in diameter(Fig. 20).

Thegreatediametercorresponds thosecolumnghatwith-
standtheweightof thesteelroof of thebuilding. Therearelarge
steeltrusse®ontheroofthatholdthesigni cant cantileversThis
meanghatthe columnshaveto drive loadsthataresigni cantly
greaterthanthe loadsfor therestof the columnsfor the build-
ing, downto thefoundationsin orderto keeptheloadsof those
columnsheavilyonthe0.80m diametersteelpro les havebeen
embeddednto the columnsin orderto distributethe loads,by
bondingthemby injectionto therestof the concretestructure.

This way, someof the columnshold the tensileforces,due
to the roof, which are likewise transmittedthroughthe steel
pro les embeddedn the concretecolumns.The transferis by
adherencdgengtheninghe compositeoro les in this caseonly
down to level NOO, wherethe tensileforcesare comfortably
coveredby theweightof the slabs.

Theembeddedteelpro les collaboratefrom a construction
perspectiven the assemblyof the roof by allowing the trusses

to be supportedndependentlyof the concretepouringin the
columns.

3.5. Externalstructureof thefacades

From the externalcolumnsof the blocks a very opensteel
gantryframeextendswhich allowsthe re escapestairwellto
besupportedaswell assupportinghesunshadeandothersec-
ondaryelementgseeFig. 21). The main characteristiof the
systemis its lightnessand exibility, which aretranslatednto
theplacementf strictbracesandstiffeners.

Given that one of the prime conditionsof the designis its
slenderness nonlinearsecond-ordeanalysishasbeencarried
out of the structurein accordancevith 22.3.5EAE (structural
concretestandards|6], onthebasisof adeformatiorakinto the

rst overall modeof buckling. With this, reactionshavebeen
obtainedfor the sizing of the joints andthe assuranc¢hat the
bracingandstabilisingelementsaresuf cient.

3.6. Descriptionof theroof structure

Takinginto accounthe determiningfactorsof the project,a
systemof steelself-supportingrussesaredesignedmeasuring
3.60m in width, which areplacedin a grid-like patternto allow
for themto beexecutedvith minimumauxiliarymeangFig. 22).



A.Vidal VacasA. SerranoCorral / Hormigony Acero2018;69(284):el...e25 el5

Figure20. Typeof columns.

Figure21. Externalsteelstructureand re escape.

The height at which they are required to be placed, are designedto be bolted, as this will allow for quick
and the size of the building, means that truck-mounted and safe provisional pre-assemblyto free up the hoisting
cranes are neededto lift them, and so the couplings apparatus.
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Figure22. Southbridge(closeup) andnorthbridge(in the distancepetweerblocksA andB, with suspendeéburth oor.

The piecesmanufacturedn the warehousearewelded,dis-
tributing the joints in sucha way that the piecescanbe lifted
optimally.

Themaincharacteristicef the structureare:

€ Thesteeltrussesaredistributedin suchawaythatthebottom
chordis belowthe lower faceof the roof slab,connectingo
theroof slabthrougha exible “bolt™-type connection(see
Fig. 23).

€ Thediagonabnduprighttrussesparthe at of theroof. They
arepartiallyexposedo theoutdoorenvironmentasis thetop
chord.

€ Forall “cantilevered”areasjn otherwords,outsidethefoot-
print of the blocks, the type of slabchosenis a composite
steelsheetmeasuringl80mm in total thickness(120+ 60),
in orderto reduceweight.

€ The partsof the slab on the fourth oor suspendedrom
theroof trussesaredesignedvith the samecompositeslabs
for the samereason.The compositeslab areason the roof
level are not connectedo the bottomchordof the trussdue
to its reducedhicknesg180mm) which signi cantly limits
the connectioncapacitydueto concretefailure. The dimen-
sioningof thetrussess thereforeeminentlymetallic,except
locally insidetheblocksthatareconnectedo eachother,tak-
ing advantagef the capacityandrigidity of the solid slabs
measuring.35m in thickness.

€ The secondarysteelstructurefor the “suspended’slabson
the fourth androof levelsis madeup of joists connectedo
theslab,with standardspansof 7.80m.

€ Thetrussesareplacedin continuityin suchaway thatthere
areareasn whichthetop chordis tensionedndotherswhere
it iscompresseig. 24). Thislatterrequiresastrongbracing
actionon thetop chordto avoid buckling. However,all the

machineryor theinstallationsof thebuildingareto belocated
betweerthetrussessothatit is notpossibleptherthanin rare
sections for bracingbetweentop chords.This leadsto the
recommendatioto incorporatea substructuref supporting
framesfor machineryto theroof structure Thereforeaload-
bearingsystemin the form of aninvertedK is designedhat
repeatdike a diaphragmevery3.45m or 3.90m, connecting
the trussestogetherlongitudinally. The machineryrestson
the upperpartof the K andthe conduitsrun alongthe lower
part,betweerthediagonallines (seeFig. 25).

€ The previously describedsystemdoesnot connectto the
chordsdirectly, however,it doesreducethe length of the
lateral bendingstresse®f the uprightsand diagonals.The
remainingrigidity neededo controlthelateralmovementss
achievedthroughthe stabilisationof the upright postof the
trusswith anadditionalT sectionplacedinside,to notinter-
ferewith thefagade thusincreasinghebucklingload of the
whole (seeFig. 26).

€ Theroofisdesignedvithoutexpansiorjoints, it is continuous
in suchaway thatthethermalactionis takeninto accountin
the analysis.evenin the nonlineargeometricanalysisof the
roof.

4. Peculiarities of the roof design

Thereare severalinterestingphenomendhat are presentn
theanalysisof theroof. Thesearebrie y coveredbelow.

4.1. Structuralanalysisof theroof. Impactof temperature

The placemenbf the trussedollows a typology frequently
usedon railway bridges for example(seerFig. 27), with thetop
chordsupportectlasticallyin atransversatlirection.It therefore
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Figure23. Bottomchordundertheroof slab.

Figure24. View of thetrusseonthenorthfacade.

depend®ntherigidity thattheuprightanddiagonalpostsbring
to the bucklingload of theentirechord(Fig. 28).

Asthebottomchordis connectedo theslab,andsubjectedo
smallerthermalchangeghanthe top chord(exterior),external
thermalincreasesmposesigni cant increase®n axial forces,
primarily dueto therestrictedongitudinaldisplacementf the
top chordthattheinclined diagonalpostsrestrainastheywere
xed points.Theaxialforcethusimposedy temperaturenthe
top chordsis almostconstantalongthe entirelength,indepen-
dently of thelongitudinalsize.

Theconsequences this are:

€ Theimpactof temperatur@nthetop chordgeneratesigher
buckling lengthsthan the equivalentaxial forces produced

by the bendingof the trussitself, becausetheseare vari-

able dependingon the distancebetweencolumns,whereas
temperaturexial forcesarenominally constant.

Given that restriction points of the longitudinal movement
of the top chordin eachdiagonalpostare created,n other

words, every 3.45-3.90n, the transversamovementof the

chord initiated by buckling doesnot allow axial forcesto

be dispersedasoccurswhenthe xed pointsof movement
are further separatedOnly one form of buckling that has
longitudinalrestrictionpoint nodesjn otherwordsthe node

with the diagonals,allows for secondorder ef cient dissi-

pation, of temperatureaxial forces. Thus the temperature
axial forcesmustbe consideredn the overallveri cation of

buckling.
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Figure25. Supportingiramesintegratednto theroof structure.

€ Giventhe high imposedrestraintby the bottomslabon the
longitudinalmovemenbfthetopchord theimpactof temper-
atureonthedesignis veryimportant.Thermalactionmustbe
studiedandappliedin anadaptednanneto avoidoversizing,
which canbe importantand affect extensiveareas Aspects
suchassunexposureandorientationof the piece,its colour
andthetemperatureluringassemblyshouldbeconsideredn
detail.

In general,the design principle has beento try to bring
suf cient transversatigidity to the upright poststhroughrein-
forcementandmakeeasierthe structuresupport,to reducethe
overallbucklinglength,adaptingt to thedistancéetweerdiag-
onalposts.

For the designof the roof, variouscalculationmodelswere
usedin orderto calibratetheimpactof loadson the stability of
thetop chordandits size.Two groupsof modelswereused:

€ First-ordellinearelasticmodelsfor sizingandcalibratingthe
bucklinglengths.

€ Second-orddinearelasticnodelswith geometricmonlinear-
ity, for analysisandveri cation onthebasisof adeformation
akintothe rst overallmodeof buckling,in accordancevith
22.3.5EAE [6] (Fig. 29).

4.2. ColumnsundercompressionEmbeddedocker
bearings

The columnsthatreceivethe highestcompressiomeactions
from the trussespbviouslythe lastonesbeforethe cantilevers,

are also at the level of the roof slab andthus havetheir hor-
izontal displacemenimpeded.This requiresthe top node of
the upright bar to displaceon a horizontalplane,bringing the
uprightbarwith it. In casesvherereactionsaregreater(up to
27,000kN, designload), theloadlocatedon the columnsneeds
to be transferredto a steelpro le embeddedn the concrete.
Its size,imposedby the value of reactionandthe geometryof
the elementsmakest bring signi cant rigidity to thecolumns,
which, hadit maintaineda continuousbendwith thetop upright
postof thetruss,would leadto unbearabléendingstressedn
theuprightpost.lt is thereforenecessaryo releasaherigidity
in sucha way thatthe reactionis ascentredaspossibleon the
columns.

Tothatend,sphericalockerbearingg7] havebeendesigned
on those points through the manufactureof structural steel
pieces,which allow signi cant xed bendingforces of the
embeddegro le to bereleasedThecladdingof thereinforced
concretecolumnis extendedup to its connectionusing mini-
mumreinforcementto the slabin orderto receivethe constant
horizontalforcestransmittedy thetruss.Thisallowsthespher-
ical bearinggo be protectedastheyareembeddedFig. 30).

5. Erection process
5.1. Roofconstructionprocess
5.1.1. Generalassemblyrocedure
Given the size of the roof, any conditionthat the structure

mustful | for its executiormustbede ned ataprojectlevelin
orderto beincludedin theplanningandforecastdgor theproject.
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Figure26. Supportingframefor machinesandelasticbracingfor thetop chord.

Thecriteriaestablishedn the projectfor theassemblywere
thefollowing:

€ ThetrusspieceqFig.31) canbegroupedy: (A) thosehatcan
be assembledisingthe bottomslabasa platform, (B) those

that do not havea bottom slab due to being on cantilevers

or bridges,but their size and placementallows themto be
positionedusing a truck-mountedcrane,(C) thosethat do
not havea bottomslab,dueto forming part of bridges,but
due to their size the optimum assemblysolution could be
hoisting with a systemof cablesand hydraulicsor using a
truck-mountedtraneand(D) thosethatdo nothaveabottom
slab,dueto forming part of bridges,but dueto their sizethe
mostsuitableassemblysolutionis hoistingusinga systemof
cablesandhydraulics.

€ Type A trussesare practicallyall transversatrussegparal-

lel to the north-southaxis). Type D arespeci c to the large
bridgesbetweerblocksA andB, which dueto their sizeand
positionallowedthefull assemblof thebridgeontheaccess
level,includingthesecondarypeamnstructureandthedecking
plateof the slabsandthe beamsandlower fourth oor.
TypeC trussesvereidenti ed in theprojectasbeingsuscep-
tible to hoisting,howevergeometricconditionsandlocation
impededthatpre-assemblat oor levelincludedcomposite
slabs. In this casethe constructor(Dragadosand Horta-
Coslada)proposedthat assemblybe carried out using a
truck-mountedtrane.

€ All couplingsin theprojectweredesignedvith pre-tensioned

bolts,noslip in SLS.

€ Type A trussesrest on columns. In order to separate

the works of placemenbf the steeltrussstructurefrom the



e20

A.Vidal Vacas A. SerranoCorral / Hormigony Acero2018;69(284):e1...e25

Figure27. Webtrussviaduct.Railway connectiorovercalle ComercioMC2 Ingenieria(2010).

Figure28. Analysisof theroof trussesNorth facade.Vertical displacementfm].

reinforcementaindconcretingivorkson the columnsandroof
slab,theprojectde nestheplacemenbf theembeddedteel
pro les within the columnsthatareto receivetheload. This
way it is possibleto correct,if necessanpossibletolerances
transferredn the executionof the concretestructure py pla-
cing the steelpro les in the correctposition.In thosecases
wherethe columnsreceiveheavy vertical loads, or tensile
stressesthe embeddedsteelpro les are not only assembly
piecesthey alsoperformthe dual task of transferringloads
to therestof the concretestructure(Fig. 32).

5.1.2. Assembhandhoistingof bridges(assemblyypeD)
As regardsthe “bridges”, the assemblyprocessis de ned
underthefollowing generakerms:

€ With thetype A supportedn the blockstrussesn position,
the hoisting and assemblyis carried out by way of bolted
jointsin thesectiondoundontheverticalplaneof theframe-
work for the re escapeandthustheycannotbe hoisted.On
thosesectionglacedon a cantilever hoistingunitswould be
available.
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Figure29. Figureof theroof structureandareabetweerblocks.

Figure30. SphericakockerbearinggdR=4000mm) on compositecolumns[6].

Type C Type C Type B
T A T A T B
ype Type D ype ype
Type A Type A Type A Type A
Type D Type B
Type A Type A
Type C Type C Type B

Figure31. Typesof trussfor assemblyBlocksA andB.
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Figure32. Assemblyof trusseson compositecolumns.

€ The two trussesof each bridge, the bottom beams of
the slab and the decking plate are assembledon provi-
sional frames.The suspendedeamsof the N04 level, its
secondarybeamsand decking plate are also assembled
(Fig. 33). Thetotalweightof each‘bridge” is approximately
2500kN.

€ The whole, as assembledjs lifted into position by way
of hoists with four pullers. The couplings are done
(Figs.34-39.

6. Conclusions

The new Banco PopularHeadquarterss consistentwith a
corporatearchitecturghatrequiresthe designto haveanarchi-
tecturalexpressiorthat is recognisabldo employeesclients,
visitors andthe generalpublic. In this building, the structural
designreinforcesandpromoteghisimagebringingarepresen-
tative value of the highestorder,aswell asbringing technical
and building solutionsthat allow constructionprocesses$o be
improved.

Thus,thisis abuilding thatdoesnotrenouncets uniqueness
oneiota, andyet, it is extremelyef cient in its useof resources
(Figs.37-39.

A fundamentalcharacteristicin the developmentof the
projectis the smoothand ef cient work of the architectural
and structuralteamsfrom the rst analysisphaseright up
to the nishing touches.This way of working has allowed
structuralsolutionsto be implementedthat have alwayscon-
tributedto the comprehensiveevelopmenbf the architectural
expressionrequired by its designers,contributing to opti-
mum technical solutions from a technical and construction
perspective.

Figure33. North bridgepre-assemble@waitinghoisting.
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Figure34. Hoistingthe southbridge.

Figure35. Couplingto bedonewith buttjoint andsolderedcoverplate.

7. Participants StructuralDesignandTechnicalAssistanceo the Construc-
tion ManagementMC2 Estudiode Ingenieria(GrupoTypsa)
Owner:BancoPopular ProjectmanagemenBovis
ArchitecturaldesignandConstructionManagementArqui- Construction:ConstructoraSan José (retaining walls and

tectosAyala (GerardoAyala, MateoAyalaandMarcosAyala) excavations) Dragados(generalstructure),Horta (metal roof
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Figure36. Figureof thestructureof the nished “north bridge”.

Figure37. Figureof theprojectwith thecompletedstructure.
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Figure38. Night perspectivef the project.

Figure39. Stateof the projectwith thecompletedstructure.

structure) Tauxmegexteriormetalstructure)Ale Heawvylift (roof
hoists),Freyssine{prestressing).
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