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A. ABSTRACT

The research activity of the candidate started avawhber 1997, when he was recruited as
Ph.D. student at the Politehnica University of Hodra under the coordination of Professor Dan
Dubina. In 2001 the candidate was also enrollethatinstitut National des Sciences Appliquées de
Rennes, France in a co-tutoring Ph.D. thesis. Hmelidate passed the Ph.D. defence at the Institut
National des Sciences Appliquées de Rennes, Firamdevember 2003.

The present thesis summarizes the most importahbpthe research activity of the candidate
after defending the PhD Thesis. The selected &gtivas considered to be relevant in terms of
originality and importance, in order to anticipate independent development of the further research
and teaching career.

The post-doctoral activity is addressed in two m#iematic directions developed by the
candidate: (iSeismic Behaviour of Steel and Concrete Composttei@ures presented in Chapter 2
below and respectively (iBustainable Development of Buildingpresented in Chapter 3.

Continuing the main theme of the Ph.D. thesi®ismic behaviour of composite structure¢ke
candidate obtained by competition a research draarhe of the grantNumeric and Experimental
Study on the Connecting Devices between Steel andr&e for Composite Buildings” Located in
Seismic Zongssoon after his Ph.D. defence, offered by the RovamaMinistry of Education and
covering the seismidehaviour of connecting devicebetween steel and concrete in composite
elements. The grant investigated experimentally #meh numerically the cyclic behaviour of
connecting devices, by variation of different pagtens such as type of connectors, loading typel ste
profile flange class and concrete class. Since 2B&0esearch subject was enriched by the study of
the connection between steel Rectangular Tubesandete through the use of shot nails, by the
integration of the candidate in the team of theolaan project type RFCEligh Strength Steel in
Seismic Resistant Building Frames - HSS-SERKthough the main purpose of the research was
focused on the global use of high strength stedbuilding frames subjected to seismic loads, a
particular attention was devoted to the connedbetveen steel column tubes and in-filled concrete.
The research was based on an initial experimemtgram, aiming to evaluate the load introduction
within composite columns realized as CFT of higkregth steel

Following another subject touched in his Ph.D. iethe candidate explored tlaéssipative
zones in steel and steel and concrete compositené® Based on the previous experimental and
analytical work, not entirely developed in the Phtliesis, the candidate published several papers on
the ductility of Column Web Panel Zgnemong which two on ISI indexed journals. Othessghative
zones of steel and composite frames includegbihezones for Moment Resisting Frames (MRF) and
link elements in case of Eccentrically Braced Frar(tEBF) The research was conducted mainly by
integration of the candidate into two Romanian aede grants: grant PNCDI Il “Partnerships”,
contract no. 31.042/2005tructural systems and innovative technologicaltsmhs for the protection
of buildings subjected to extreme actions in thetext of sustainable development PROACT&N
respectively the grant type CEEX-ET, module Il, ttact 1434/27.04.2006'Dual steel structures
with dissipative removable links for structures dted in seismic zonesThe study concerned
experimental and numerical behaviour of dissipaswees in dual MRF+EBF structures. A special
attention was paid to the composite aspect.

Following the investigation of the dissipative zenef frames, theimplications on the
structural responsevere investigated in a series of studies mainthiwithe same research grants as
mentioned before. The structural response in tse cd important seismic motions depends directly
on the elasto-plastic behaviour of elements anddsinThe numerical investigation considered elasto-
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plastic analyses of low and medium height steeh&s, considering the interaction of the steel beam
with the concrete slab.

Lately, the candidate was integrated in the teath@hational grant 55/2012 (PN-II-PT-PCCA-
2011-3.2-1303): Structural conception and design based on contfothe failure mechanism of
multi-storey frames subjected to accidental load®DECY for the behaviour of composite elements.
The project is devoted to the robustness behawbwteel and composite frames in the case of a
column loss. Progressive collapse resistance iseasune of the structural robustness and relies
primarily on resistance of key elements, contindigtween elements and ductility of elements and
their connections. The different nature and intgnef extreme loading events make difficult the
development of explicit design requirements forhsdesign situations. A better strategy is to lithé
extent of damage in case of such events, so tagirtgressive collapse is not initiated.

The second subject of research covered by the datedi is related to th&ustainable
Development of BuildingsThe topic is detailed in Chapter 3 of the predbasis. The subject was
developed by the candidate after his integrationthis team of the international grant COST C25
(2006-2010) type TUD COST C25ustainability of Constructions - Integrated Appebdo Life-time
Structural Engineering There are two main themes addressed by the datedin the topic of
sustainable development of buildings:gpproach for new steel-intensive structuraad respectively
(i) sustainable retrofitting solutions for existing blding stock

The topic ofsustainable development of steel-intensive buildingas achieved through a
series of research grants related to the topic:.ofigan grant type RFSR (CT-2010-00027)
»Sustainable Building Project in Steel — SB_STEELindustry grant (founded by ARCELOR
MITTAL) “ Affordable House and recently RFS2 (CT-2013-00016)Ldfge Valorisation on
Sustainability of Steel Structures — LV.SBhe main purpose of the research was the qigatitn of
environmental impacts, economic and social asgectsteel based structures. The most important
direction in the integrated design of new strudusgo find a good relation between cost and camfo
A supplementary parameter could be in some case®bction time. The environmental impact
analyses were made with two main purposes: inteanalysis for the identification of the main
sources of environmental impact and respectivelieraal analysis for comparison with other
structural solutions and/or other locations in aerdSB Steel Project). The main outcomes of the
research lead to the publication of five papergurnals (one ISI indexed) and seventeen papers at
conferences among which one ISI indexed.

Thesustainable retrofitting solutions for existing bldiing stockrepresents one of the issues of
large interest in Romania: in this moment more thaa third of the Romanian population lives in
about 84000 block of flats (apartment house typsl) between 1960 and 1990 with important issues
to be reviewed. The interior repartitioning of carte residential buildings can improve the comédrt
inhabitants. The apartment coupling on horizontaloa vertical can conduct to new internal
configurations and can offer new interior spacespectives with implications at a larger scale an th
local community, such as the decrease of dengdican the urban areas. Structurally, both types of
interventions are possible but care should be gatdncal interventions: (i) when cuts in the veati
diaphragms are performed, these should be reirddrgeadditional steel frames or concrete jacketing;
(i) if cuts are made on horizontal diaphragms,ithoicial reinforcement near the cut zone is needed.

Another method of improving the overall performanédarge precast concrete panel buildings
is by overcladding. This solution offers additiosglace to inhabitants and also an adequate roofing
system. Several possibilities of overcladding wiakestigated by using steel-intensive solutionse Th
studies were performed within the ERA-NET reseagchnt (3002/2011): INSPIRE - Integrated
strategies and policy instruments for retrofittibgildings to reduce primary energy use and GHG
emissionsand led to the publication of four journal paparsl eight papers presented in conferences.
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Directly connected with the research activity, tleandidate was taking part in the
implementation of Eurocode system in Romania thinognslation of documents and realisation of
National Annexes, process coordinated at the ratievel by ASRO (Romanian Association of
Standardisation) such as Realisation of the ndtimmaexes for EN 1994 1-1 , EN 1993-1-4, EN 1993
1-6, EN 1999 Part 1-3, EN 1999-1- 4 and EN 1999ah® translation into Romanian of EN 1993-1-4,
EN 1993-1-5 and EN 1999-1-5.

In the same direction it could be noticed that damdidate was directly involved in the
realisation of the design guid®ésign of steel structural connections according® EN 1993-1-8.
Recommendations, comments and design exdmiples contract with the Ministry of Regional
Development (2010) for use of civil engineers atdants as well.

Most of the research mentioned above was donedperation with the Ph.D. students within
the Department of Steel Structures and Structurathdnics from The Politehnica University of
Timisoara.

The candidate is member of the European ConvemtioBtructural Steelwork (ECCS), with
activities in two of the Technical Committees (TC):

-  ECCS TC11 — Composite Structures;

- ECCS TC14 - Sustainability & Eco-Efficiency of St@mnstruction.

It could be noticed that they have identical dimtt to the main research topics addressed by
candidate.

The research activity of the candidate was emboitied series of books in the fields of
composite steel and concrete structures and sabitlitiy of buildings as author, author on chaptars
editor. Also, the didactic activity of the candigds also related to the main research themesibdedcr
in chapters 2 (Seismic Behaviour of Steel and GziecComposite Structures) and respectively 3
(Sustainable Development of Buildingsfhe candidate sustained several invited presengiio
workshops for Ph.D. and master level students dsassummer-courses for bachelor students.

The involvement of the candidate in national antkrimational grants as director or team
member provided the relevant skills and competennamanagement of such projects. One important
aspect in the further development of the caregh@fcandidate is to build a research team focused i
the directions of composite structures and sudtééndevelopment of buildings at home university. It
is the intention of the candidate to recruit furtpetential PhD students among the students indolve
in Master Thesis on the topics similar to those tmeed above. It has to be mentioned that the
candidate already guided three doctoral studentsiining their Ph.D. degree and in this moment i
guiding other four Ph.D. students at the Politehtiniversity of Timisoara.
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A. REZUMAT

Activitatea de cercetare a candidatului a incepuhdiembrie 1997, odatcu inscrierea ca
bursier pentru studiile doctorale sub coordonarka Brofesor Dan Dubina. In 2001 candidatul a fost
admis ca doctorangl la Institutul Naional deStiinte Aplicate din Rennes, Fran pentru o tezin
cotuteh. Candidatul a dainut titlul de doctor in noiembrie 2003, la Institl National de Stiinte
Aplicate din Rennes, Fran

Teza de abilitare prezihtcele mai importante aspecte privitoare la actiedade cercetare a
candidatului dup suginerea tezei de doctorat. Activitatea seléctatfost consideratrelevand in
termeni de originalitatssi importana, pentru anticiparea dezvadi independente a cerceilor
ulterioaresi a carierei didactice.

Activitatea post-doctoral este diregonati pe dod subiecte tematice dezvoltate datre
candidat: (i)Comportarea Seismita Structurilor Compuse @l-Beton prezentat in capitolul 2 al
tezei, respectiv (iipezvoltarea Durabii a Construgiilor, prezentdi in capitolul 3.

Continuand principala teira tezei de doctoratcomportarea seismita structurilor compuse
orel-beton candidatul a ainut prin competie un grant de cercetare (nume gra&tudiul numerigi
experimental al sistemelor de conexiune intrel @ beton la constru@ cu alcatuire mixe in zone
seismicg imediat dup suginerea tezei de doctorat, grant oferit de Minidtdfducaiei, care s-a
concentrat pecomportarea seismit a elementelor de conexiundintre gel si beton in elemente
compuse. Grantul a investigat experimegtahpoi numeric comportarea cicli@ conectorilor prin
varierea difetilor parametri, inclusiv a tipului de conectori, cad de Tndrcare, clasa séanii
metalicesi clasa betonului. Din 2010 subiectul de cercetr®st dezvoltat cu studiul conexiunii
dintre tevile rectangulare dintel si beton, prin intermediul conectorilor tip hoimpuscat, prin
integrarea candidatului in proiectul de cercetaeetip RFCS“Utilizarea Oyelurilor de Tnalti
Rezisteni in Cadrele Metalice Rezistente la Seism - Higkriéfih Steel in Seismic Resistant Building
Frames - HSS-SERFCu toate & scopul principal al proiectului s-a concentratutiézarea aelurilor
de Tnalt rezistem in cadrele metalice, o at@n particulaéi a fost consacratconexiunii dintrejevile
metalice rectangulargi betonul care umple aceste elemente. Cercetaedaszat pe un program
experimental, cu scopul evahi introducerii Tnércarilor Tn stalpii cu segune compus realizai din
tevi rectangulare dintel de Tnali rezistega umplute cu beton.

Urmarind un subiect abordat Tn cadrul tezei de doct@atdidatul a exploratonele disipative
ale cadrelor metalicesi compuse gel-beton Pornind de la cerceile anterioare experimentake
analitice nedezvoltate complet in teza de doctoeatdidatul a publicat mai multe ldcrreferitoare la
ductilitatea panoului de inith a stalpuluimetalic dintre care dauindexate ISI. Alte investigi
privitoare la zonele disipative ale cadrelor metdi compuse gel-beton au inclugonele de imbinare
ale cadrelor necontravantuite (MRF) respectiv elatake de tip link Th cazul cadrelor contravantuite
excentric (EBF) Studiile de cercetare au fost conduse n prihgipa integrarea candidatului in dou
granturi de cercetare fianale: grantul PNCDI Il ,Parteneriate”, contraat 81.042/2007'Sisteme
structurale si soltii tehnologice inovative pentru protée cladirilor la actiuni extreme in contextul
cerirgelor pentru dezvoltare durabila PROACTEX respectiv grantul de tip CEEX-ET, modului 1,
contract 1434/27.04.2006'Structuri metalice duale cu elemente disipativendatabile pentru
construgii amplasate in zone seismic&tudiile s-au axat pe comportarea experimgntalumeria a
zonelor disipative din cadrele duale de tip MRF+EBFatemie sporiti a fost dedicat caracterului
compus al seiunilor.

Ca urmare logit a studiilor efectuate la nivelul zonelor disipativau fost investigate
implicayiile la nivel structural printr-o serie de cercat in principal in cadrul acelogaproiecte de
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cercetare meionate mai sus. In cazul geiirilor seismice importanteaspunsul structural depinde
direct de comportarea elasto-pladtia elementelorsi a articulaiilor dezvoltate de acestea.
Investigaiile numerice au fost bazate pe analize ale cadmpletalice cu fEltime mediesi mica,
considerand intergicinea grinzii metalice cu placa din beton armat.

Recent, candidatul a fost integrat in echipa deetare a proiectului gianal 55/2012 (PN-II-
PT-PCCA-2011-3.2-1303):Goncepia structurala si proiectarea pe baza controluluecanismului
de cedare a structurilor multietajate supuse lgiwad accidentale (CODEC)pentru comportarea
elementelor compuseaed-beton. Proiectul este dedicat compoiria robustee a cadrelor dintel si
compuse tel-beton in scenariul pierderii unui stalp. Rezistda cedri progresive este o #aufi a
robusteii structuralesi se bazeazprimordial pe rezistga unor elemente cheie, a contigtiitdintre
elemente, a ductilitii acestorasi a Tmbiririlor dintre elemente. Natura difexitsi intensitatea
evenimentelor de Traccare extrer face dificii dezvoltarea unor ceti@ explicite de proiectare pentru
astfel de situgi de proiectare. O strategie mai lueste limitarea extinderii avarierilor in cazul uno
astfel de evenimente, astfel incatardd progresive nu fie inkiate.

A doua direde de cercetare dezvoliade dtre candidat este referitoare Rezvoltarea
Durabila a Cladirilor. Topica este detaliafin Capitolul 3 al tezei. Subiectul a fost dezvoapi
integrarea candidatului Tn echipa grantului intéomal COST C25 (2006-2010) tip TUD COST C25
"Sustainability of Constructions - Integrated Appbdo Life-time Structural EngineerihigSubiectul
a fost dezvoltat dedtre candidat in daudiregii de cercetare: (ipbordarea pentru constrgide noi
cu utilizare intensiw a grelului, respectiv (ii)solwii de reabilitare sustenahila clidirilor existente

Abordarea primului subiectiézvoltarea durabid a construgiilor noi cu utilizare intensivi a
orelului) a fost realizdt prin intermediul intedirii candidatului Tn echipele de cercetare ale weeii
de granturi: grantul european tip RFSR (CT-20102090,Sustainable Building Project in Steel —
SB_STEEL, grant cu partener industrial (fingmt de ARCELOR MITTAL) ‘Affordable Houseé si
recent grantul RFS2 (CT-2013-00016)afge Valorisation on Sustainability of Steel Stures —
LVS3. Principalul scop al cercailor a fost cuantificarea impactului asupra mediulaspecte
economicesi sociale pentru structurile metalice. Cea mai ingua& direaie Tn proiectarea integtat
structurilor noi este ggpirea unor bune coil cost-confort. Un parametru suplimentar poaténfi
anumite cazuri timpul de construire. Analizele dgact asupra mediului au fost efectuate cuadou
scopuri principale: analize interne efectuate aypstde identificare a surselor majore de impact
respectiv analize externe pentru compacal alte soldi si/sau alte locgi din Europa (proiectul SB
Steel). Principalele rezultate ale studiilor audwmla publicarea a cinci ldgr in jurnale (din care una
indexat ISI) si saptesprezece luani la conferine dintre care una indexatiSI.

Reabilitarea Tn parametri de dezvoltare durabih stocului de qidiri existente reprezifituna
din provodrile domeniului din Romania: in momentul actual mault de o treime din popuia
Romaniei tiieste in aproximativ 84000 de blocuri de apartamentestuite intre 196Qi 1990 cu
probleme importante care trebuie controlate. Rajmararea interiodr a apartamentelor pe ditec
orizontak sau vertical poate imbuiitati substagial confortul locatarilor. Cuplarea apartamentgder
orizontak sau vertical poate oferi noi configuta interioaresi pot conduce la perspective noi ale
spdiului cu implicaii la o scai mai larg asupra comuriitii locale, cum ar fi siderea densifiirii
ariei urbane. Structural, ambele tipuri de intefitesunt posibile dar efectuate cu afensporit in
zonele de intervaie: (i) atunci cand sunt practicate goluri in digimele verticale acestea trebuie
ranforsate cu cadre metalice samasuiri cu beton; (ii) da& golurile sunt practicate in diafragmele
orizontale de plageu, este necesaarmarea suplimentaa golului nou creat.

O alh metodi de Tmbudtatire a performatei globale a ddirilor realizate din panouri mari
prefabricate din beton este prin supraetajare. #tsaluie ofe un spau adkional locatarilorsi un
sistem adecvat de acoperin cadrul studiului au fost investigate mai mus@uii de mansardare
utilizdnd cadre metalice. Ceraate au fost conduse in cadrul proiectului de cenee ERA-NET
(3002/2011): INSPIRE - Integrated strategies and policy instrateefor retrofitting buildings to
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reduce primary energy use and GHG emissiangs condus la publicarea a patru Arciin jurnalesi
opt prezeritri la conferine.

In strang legituri cu activitatea de cercetare, candidatul a coritribu implementarea
sistemului normativ Eurocode in Romania prin tratu@le documentelosi realizarea anexelor
naionale, proces coordonat la niveltioaal de dtre ASRO. Candidatul a fost direct implicat in
realizarea anexelor pentru EN 1994 1-1 , EN 1993-#N 1993 1-6, EN 1999 Part 1-3, EN 1999-1- 4
si EN 1999-1-5i traducerea in roméra EN 1993-1-4, EN 1993-1¢6EN 1999-1-5.

in acees diregie trebuie notdt implicarea candidatului Tn realizarea ghidului gieiectare
“Calculul si proiectarea imbidrilor structurale din gel in conformitate cu SR EN 1993-1-8.
Recomandri, comentarii si exemple de aplicaré.printr-un contract cu Ministerul Dezvadlii
Regionale (2010) pentru uzul inginerilor construicidal studefilor.

Cea mai mare parte a cetzdbr mentionate mai sus au fost efectuate Tmpeecun doctoranzii
Departamentului de Constiiic Metalice si Mecanica Constryglor (CMMC) al Universigtii
Politehnica din Timioara.

Candidatul este membru al ContienEuropene de ConstniicMetalice (ECCS) cu activiti in
douwa din comitele tehnice ale acesteia:

- ECCS TC11 - Structuri compusgebbeton;

- ECCS TC14 - Dezvoltarea Durabgi Eco-Eficienta Construgilor Metalice.

Se poate observa faptul acestea uranesc topice identice cu dingite de cercetare dezvoltate
de atre candidat.

Activitatea de cercetare a candidatului a fost oetimat inclusiv prin publicarea unoragi in
domeniul construglor metalicesi compuse gl-beton respectiv dezvétii durabile a construglor
ca autor, autor de capitole sau editor. De asemeawégitatea didactica candidatului este legadle
principalele teme de cercetare descrise in capiflal tezei (comportarea seismia structurilor
compuse tel-beton) respectiv capitolul 3 (dezvoltarea dusahiconstrugilor). Candidatul a susut
mai multe prezetiiti invitate la seminarii pentru studérdoctoranzisi de master, precugi in cadrul
cursurilor de vat organizate de studginde la ciclul de liceti.

Implicarea candidatului Tn granturi de cercetargonalesi interngionale ca director de grant
sau membru in echipa de proiectare a asigurat ehévetelevante de competen asupra
managementului proiectelor. Un aspect importarmieizvoltarea ulterioéra carierei candidatului este
realizarea unei echipe de cercetare la UniversitAtditehnica axatpe cele douidiregii de cercetare:
construgii compuse ¢el-beton respectiv dezvoltare dur&biCandidatul intefioneaz si recruteze
poteniali doctoranzi din cadrul masteranzilor care aardht subiectele similare de cercetare in cadrul
dizertdiilor. Trebuie megionat faptul & paria in momentul de & candidatul a ghidat trei doctoranzi
in realizarea tezelor de doctorat, iar in momeattiial candidatul este implicat in ghidarea aladryp
studeni doctoranzi in cadrul Univerdiii Politehnica din Timjoara.
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B. SCIENTIFIC, PROFESSIONAL AND ACADEMIC ACHIEVEMENTS
1. INTRODUCTION

The present thesis summarises the most relevasairas activity of the candidate post Ph.D.
defence. The candidate passed the Ph.D. deferthe #istitut National des Sciences Appliquées de
Rennes, France in a co-tutoring thesis with Paliedn University of Timgoara, Romania in
November 2003. The activity presented herein isicamed as significant in terms of originality and
importance for anticipating an independent develapnof the further research activity and teaching
career.

The post-doctoral activity is addressed in two m#iematic directions developed by the
candidate: (iSeismic Behaviour of Steel and Concrete Composttei@ures presented in Chapter 2
below and respectively (iBustainable Development of Buildingpresented in Chapter 3.

Continuing the main theme of the Ph.D. thestgismic behaviour of composite structuréke
candidate obtained by competition a research drarne of the grantNumeric and Experimental
Study on the Connecting Devices between Steel andr&e for Composite Buildings” Located in
Seismic Zongssoon after his Ph.D. defence, offered by the RovamaMinistry of Education and
covering the seismidehaviour of connecting devicebetween steel and concrete in composite
elements. The grant investigated experimentally #meh numerically the cyclic behaviour of
connecting devices, by variation of different pagtens such as type of connectors, loading typel ste
profile flange class and concrete class. The ressiibw that in monotonic response, the global
behaviour of connectors (judged in terms of Forlge-Surve) depends mainly on the type of
connectors chosen. The ductility under monotonedilog could be characterized as satisfactory
(according to EN 1994-1 4). However, cyclic loadingnelastic range drastically diminished the slip
capacities in all the cases considered. The cyoading introduces an important reduction in the
characteristic shear resistancey, Pranging from 10 to 40% as compared to the coomrding
monotonic response. Consequently, the 25% reduatidhe connector’s resistance (as requested by
EN 1991-1 chapter 7) is justified for headed stodnectors, but in other cases this reduction is
insufficient. The subject is largely developed hmapter 2.1. The results of the research have been
disseminated in two journal papers and six paperoinferences among which two ISI indexed and
presented in the presented in the list of publcesti

Since 2010 the research subject was enriched bttlay of the connection between steel
Rectangular Tubes and concrete through the ugeobhsils, by the integration of the candidateha t
team of the European project type RFEjh Strength Steel in Seismic Resistant Builditgmes -
HSS-SERF” Although the main purpose of the research wasided on the global use of high
strength steel in building frames subjected torsigidoads, a particular attention was devoted & th
connection between steel column tubes and in-filedcrete. The research was based on an initial
experimental program, aiming to evaluate the Igdibduction within composite columns realized as
CFT of high strength steel. For this purpose lgatbduction tests were performed on six specimens
varying parameters such as: loading procedure (tnaim cyclic), connection type (steel-concrete
bonding, steel-concrete bonding combined with cotore), and steel grade (S460, S700). The second
step of the research investigated the failure ¢mmdi and proposed, based on a numerical analysis
analytic formulae for ultimate resistance of fifes connectors. The main conclusion of the study
shows that the presence of shear connectors leadigmificant contribution to the load transfesrfr
steel tube to the concrete core, in both monot&nigclic loading. Concerning failure analysis, unde
monotonic loading the concrete was crushed at tmact with the nails which bent. In Under
alternating cycles the nails broke at the interflaeveen concrete core and steel tube. The results
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the research were disseminated in two publicationg journal (international Database) and one
international conference while other publicatiorsia progress.

Following another subject touched in his Ph.D. iethe candidate explored tlaéssipative
zones in steel and steel and concrete compositené® Based on the previous experimental and
analytical work, not entirely developed in the Phtliesis, the candidate published several papers on
theductility of Column Web Panel Zareemong which two on ISI indexed journals.

Other dissipative zones of steel and composite deincluded thgoint zones for Moment
Resisting Frames (MRF) and link elements in cas&adfentrically Braced Frames (EBFYhe
research was conducted mainly by integration ofddwedidate into two Romanian research grants:
grant PNCDI Il “Partnerships”, contract no. 31.GAHJ7 ‘Structural systems and innovative
technological solutions for the protection of binigls subjected to extreme actions in the context of
sustainable development PROACTEXd respectively the grant type CEEX-ET, modujedntract
1434/27.04.2006 Dual steel structures with dissipative removalleks for structures located in
seismic zones'The study concerned experimental and numericahweur of dissipative zones in
dual MRF+EBF structures. A special attention was pathe composite aspect. In case of composite
dual moment resisting and eccentrically braced ésnthe current design practice is to avoid the
disposition of shear connectors in the expectedtiplazones, and consequently to consider a
symmetric moment or shear plastic hinges, whichuooaly in the steel beam or link. Even without
connectors, the real behaviour of the hinge maglitberent from the symmetric assumption, since the
reinforced concrete slab is connected to the sfeahent close to the hinge locations, and alsctaue
contact friction between the concrete slab andstkel element. When using composite beams with
Reduced Beam Section (RBS) or composite link elésneghe European norms in force are poor in
detailing and requirements, practically limitingetbomposite interaction up to the physical bourdari
of the dissipative element according to paragrapB, 7.7.1, 7.7.5 and 7.9.3 of EN 1998-1. Thus,
the plasticization is thought of as for a steelrgdat, ignoring the fact that the beam is compasitéo
the boundaries of the dissipative element. Fomamnyi design, the influence of the adjacent composit
beam on the dissipative capacity of the dissipatlement is very difficult to consider. The
experimental-based study was done considering tvatild sub-structures: short links (through one-
storey EBFs tests) and respectively beam-to-coljopimis of MRF. The research has shown that the
simple disconnection of the steel beam from thecczie slab over the dissipative zone is not
sufficient to ensure a pure steel-like behaviourtleé element. Also, the resulted behaviour is
practically very close to that of a full-composgipecimen. Another conclusion shown that for both
dissipative zones (joints and links) the use of posite sections improves the global resistance and
stiffness characteristics of the dissipative zomdsle maintaining the ductile nature of the saduti
The results of this research have been disseminatedwo journals (among one ISl indexed) and
eight papers sustained at national and interndtemrderences.

Following the investigation of the dissipative zenef frames, theimplications on the
structural responsevere investigated in a series of studies mainthiwithe same research grants as
mentioned before. The structural response in tise ch important seismic motions depends directly
on the elasto-plastic behaviour of elements anddsinThe numerical investigation considered elasto-
plastic analyses of low and medium height steeh&s, considering the interaction of the steel beam
with the concrete slab. Several parameters, sutheamter-story drift, plastic rotation requirenten
and behaviour factors q were monitored. In ordestttmin accurate results, adequate models of plasti
hinges were proposed for both the composite lintka@mposite reduced beam sections. The results of
the research, presented in more detail in chapsebélow, were published as papers into two jogrnal
and eleven conferences (among which four ISI indexehe analysis made at structural level revealed
that the composite aspect of the dissipative zpheg an important role in the overall behaviour of
frames: structures where the interaction betwessl sind concrete was modelled have had a different
behaviour from the bare steel ones. Low-rise stigettures (4 stories, 5 stories) show higher dnfl
rotation requirements than the similar frames medelvith composite beams. For the high-rise
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structures, with a higher vibration period, ther@ase in strength and rigidity induced by the

composite effect also leads to smaller rotationdiriks and RBS. Consequently, in an optimum

design, smaller sections could be considered ircdse of composite elements, leading to an overall
economy in terms of steel.

Lately, the candidate was integrated in the teathehational grant 55/2012 (PN-II-PT-PCCA-
2011-3.2-1303): Structural conception and design based on contfothe failure mechanism of
multi-storey frames subjected to accidental l0ad®DECY for the behaviour of composite elements.
The project is devoted to the robustness behawbwteel and composite frames in the case of a
column loss. Progressive collapse resistance iseasume of the structural robustness and relies
primarily on resistance of key elements, contindigtween elements and ductility of elements and
their connections. The different nature and intgnef extreme loading events make difficult the
development of explicit design requirements forhsdesign situations. A better strategy is to lithé
extent of damage in case of such events, so thapribgressive collapse is not initiated. The plartia
conclusions of the on-going project show that tbatgbution of the concrete slab to the ultimate
resistance of the structure increases when she@s are welded on main and secondary beams. The
catenary forces develop under large displacemerddend to a significant increase of the ultimate
resistance.

The second subject of research covered by the datedi is related to th8ustainable
Development of BuildingsThe topic is detailed in Chapter 3 of the pregbasis. The subject was
developed by the candidate after his integrationthis team of the international grant COST C25
(2006-2010) type TUD COST C25ustainability of Constructions - Integrated Appebdo Life-time
Structural Engineering Following the main objective of the programmegromotion of a science-
based developments in sustainable constructiorisunope through the collection and collaborative
analysis of scientific results concerning life-tisteuctural engineering and especially the integmat
of environmental assessment methods and tooldrfartsral engineering - during the participation
in COST C25 action, the candidate performed firge ICycle Assessments for the evaluation of
environmental impact in buildings.

There could be mentioned two main themes addrebgethe candidate in the topic of
sustainable development of buildings:gpproach for new steel-intensive structuraad respectively
(i) sustainable retrofitting solutions for existing blding stock

The topic ofsustainable development of steel-intensive buildingas achieved through a
series of research grants related to the topic:ofigan grant type RFSR (CT-2010-00027)
»Sustainable Building Project in Steel — SB_STEELindustry grant (founded by ARCELOR
MITTAL) “ Affordable Housk and recently RFS2 (CT-2013-00016)Ldlge Valorisation on
Sustainability of Steel Structures — LVSBhe main purpose of the research was the gizattdn of
environmental impacts, economic and social aspiertsteel based structures. The research was
conducted on real and conceived case-studies ambic there could be mentioned:

- Constantin House (real project in Ploiesti)

- Arghirescu Building (real building in Timisoara)

- Multi-storey office building (real building in Cotanta)

- Affordable steel house (Affordable house project)

Concluding on the mentioned case-studies, it casalibthat the most important direction in the
integrated design of new structures is to find adgaelation between cost and comfort. A
supplementary parameter could be in some casesréution time. In this context, an innovative
structure-envelope should:

- use applications of industrial building technolagie dwelling building systems (residential
application) providing a fast erection and fabiimattime. The basic assumption is that a
sustainable building should rely on standard detaild common technologies, available to
most of the builders, instead of experimenting wigw materials without track record;

11
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- development of modular systems in such a way thang time the client can add new
modules, both by vertical and/or horizontal additiavith high solution diversity for
flooring and envelope;

- the design of for envelope systems (walls, slatafsretc) should be based on performance
based design, including not only structural perfamoe but also should consider aspects
related to internal comfort such as thermal, hutyjdiir flow and so on.

- using structural systems made of lightweight sfesmes, hot-rolled profiles or wood
framing assures the lightness of the building arapgr response to climatic and seismic
loading.

The environmental impact analyses were made withrnb&in purposes: internal analysis for the
identification of the main sources of environmermabact and respectively for comparison with other
structural solutions and/or other locations in PperdSB Steel Project). The main outcomes of the
research lead to the publication of five papergurnals (one ISI indexed) and seventeen papers at
conferences among which one ISI indexed.

Thesustainable retrofitting solutions for existing bldiing stockrepresents one of the issues of
large interest in Romania: in this moment more thaa third of the Romanian population lives in
about 84000 block of flats (apartment house typejt thetween 1960 and 1990. The analyses
performed at structural level revealed the fact fiam the resistance point of view, the block type
buildings satisfy in the large majority the actnarmative requirements (both Eurocode and national
norms). However, minor structural problems are maigg the joints of concrete precast panels, due to
bad execution and/or ageing. Nevertheless, the prablem of these types of buildings is the low
thermal efficiency of their envelopes. Taking ind@count that Romania has predominantly a
continental climate, this issues lead to humanadigort during cold and warm seasons, as well as to
large amount of energy dissipation. Different teghas can be applied for retrofitting such building
but they have to be compliant with existent strrgtand envelope. For an integrated design that
include sustainability, the solutions that may lbesidered have to respect the criteria imposed in
evaluation, as well as a conceptual global metramyolHowever, the final choice in retrofitting dflo
buildings represents a decisional task, based onubli-criterial analysis. Economic, social and
environmental aspects should be considered. Sewethlods could be employed in decisional process
for choosing a final solution.

Also, the study evaluated the interior repartitignof concrete residential buildings which can
improve the comfort of inhabitants. The apartmenipding on horizontal or on vertical can conduct to
new internal configurations and can offer new iimtespace perspectives with implications at a large
scale on the local community, such as the decrefdensification in the urban areas. Structurally,
both types of interventions are possible but choeilsl be given at local interventions: (i) whenscit
the vertical diaphragms are performed, these shbeldeinforced by additional steel frames or
concrete jacketing; (ii) if cuts are made on hantab diaphragms, additional reinforcement near the
cut zone is needed.

Another method of improving the overall performanédarge precast concrete panel buildings
id by overcladding. This solution offers additiorsglace to inhabitants and also an adequate roofing
system. Several possibilities of overcladding weneestigated by using steel-intensive solutions.
These represent ideal systems for overcladdingpeofekisting large precast concrete panel buildings
due to their lightness, reversibility and cleaesitAlso, they can adapt to existing structuratesys
and various structural connection typologies carrdaised between old and new structures. The
results show that the base structures are robdssae even to new generation of norms and loading
conditions. Concerning the environmental impaat,dhalyses have shown that the recyclability of the
steel elements lowers the overall impact of thedadding systems. In this manner, the impact & du
mainly to thermal and hidro insulation materialdjieth for now are with low recyclability and or
reusability.

12
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The studies were performed within the ERA-NET reseagrant (3002/2011):INSPIRE -
Integrated strategies and policy instruments fdarafitting buildings to reduce primary energy use
and GHG emissiorisand led to the publication of four journal paparsd eight papers presented in
conferences.

Directly connected with the research activity, tleandidate was taking part in the
implementation of Eurocode system in Romania thnotrgnslation of documents and realisation of
National Annexes, process coordinated at the ratitevel by ASRO (Romanian Association of
Standardisation):

- Realisation of th@ational annexesfor EN 1994 1-1 Eurocode 4: Design of composigelst
and concrete structures - Part 1-1: General rubgsrales for buildings; Design of steel
structures - Part 1-4: General rules - Supplemgmtdes for stainless steels EN 1993 1-6
Eurocode 3: Design of steel structures - Part 3t@ngth and Stability of Shell Structures;
EN 1999 Eurocode 9: Design of aluminium structur€art 1-3: Structures susceptible to
fatigue, and Eurocode 9: Design of aluminium strces - Part 1- 4: Cold-formed structural
sheeting and EN 1999 Design of aluminium structuiart 1-5: Shell structures.

- Translation of EN 1993 Design of steel structures - Part 1&eneral rules -
Supplementary rules for stainless steels, EN 1988idn of steel structures - Part 1-5:
Plated structural elements and EN 1999 Design whi@ium structures - Part 1-5: Shell
structures

All the documents were realised at the DepartméBteel Structures and Structural Mechanics,
Politehnica University of Timisoara under the swmon of Prof. Dan Dubina.

In the same direction it could be noticed that damdidate was directly involved in the
realisation of the design guid®ésign of steel structural connections according® EN 1993-1-8.
Recommendations, comments and design exdmiples contract with the Ministry of Regional
Development (2010) for use of civil engineers atndants as well.

Most of the research mentioned above was donedpezation with the Ph.D. students within
the Department of Steel Structures and Structurathdnics from The Politehnica University of
Timisoara. For this reason the candidate was amyddved in guiding a number of Ph.D. students in
subjects related to the main of research activities

- Danku Gelu, Ph.D. — research related to composgitaviour of dissipative zones in MRF

and EBF;

- Vulcu Cristian, Ph.D. — composite RHS columns vghot nail connectors; beam-to RHS

column design.

- Nicolae Muntean, Ph.D — seismic behaviour of steahections;

- Alexandru Botici, Ph.D. — sustainable retrofittiofgexisting building stock;

- loan Marginean and Andreea Handabut, Ph.D studemtdbustness performance of steel

and composite MRF;

- Floricel Andra, Ph.D student — Sustainability ofs¢éirg building stock;

- Vataman Oana, Ph.D student — Static and Cyclialdyaif steel and composite dissipative

zones in MRFs and EBFs.

The candidate is member of the European Convemtiostructural Steelwork (ECCS), with
activities in two of the Technical Committees (TC):

-  ECCS TC11 — Composite Structures;

- ECCS TC14 - Sustainability & Eco-Efficiency of St€wonstruction.

It could be noticed that they have identical diats to the main research topics addressed by
candidate.
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The research activity of the candidate was embodigd in a series of books in the fields of
composite steel and concrete structures and sabthitiy of buildings as author / author on chaptars
editor among which:

- Ciutina A. Comportarea structurilor in cadre comgudin ael-betonsi a Tmbirarilor
acestora, Editura Orizonturi Universitare (Behavioluframed composite steel and concrete
structures and their connections), Tdoara, 2007 ISBN 978-973-638-337-3;

- Ciutina A. Design of Steel and Concrete Compositments, Timgoara, Ed. Orizonturi
Universitare, 2014 ISBN 978-973-638-578-0.

- Ungureanu V., Ciutina A., Koukkari H. Sustainablélding projects in steel - case studies
for a new design approach. Editura Orizonturi Ursitare, 2013, 978-973-638-526-1

The didactic activity of the candidate is also tedato the main research themes described in
chapters 2 (Seismic Behaviour of Steel and Conc@xeposite Structures) and respectively 3
(Sustainable Development of Buildings):

- Course on Steel and Concrete Composite Structorebaichelor (Romanian and English

language) and master level (English language);

- Course on Environmental Impact of Buildings (baoch#tvel - Romanian) and applications

on Sustainable Development (master level — English)

The candidate sustained several invited presentatio workshops for Ph.D. and master level
students as well as summer-courses for bacheldestst
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Relevant Publications:

The list of publications presented below is consdeas relevant for the professional achievements
obtained by the candidate, sustaining his actipitysented in the Habilitation Thesis for the post-
doctoral period. The publications are listed indhger of appearance:

1. A. Ciutina, G. Danku, D. Dubina, ,Influence of steel-concretteraction in dissipative zones
of frames: | — Experimental study” Steel and CongoStructures, Vol. 15, No. 3 (2013), ISSN 1229-
9367, pp: 299-322.

2. G. DankuA. Ciutina, D. Dubina, ,Influence of steel-concrete interantin dissipative zones
of frames: Il — Numerical study” Steel and Compa$tructures, Vol. 15, No. 3 (2013), ISSN 1229-
9367, pp: 323-348.

3. Tuca, I., Ungureanu, VCiutina, A., Dubina, D., 2012, Life-cycle assessment of alftamed
family house 2012 Pollack Periodica 7 (1).

4, Vulcu, C., Stratan, ACiutina, A., Dubini , D. Beam-to-column joints for seismic resistant
dual-steel structures, 2011, Pollack Periodica)6 (p. 49-60

5. A. Ciutina, Tuca, lulia, Ugureanu, Viorel, Dubina Dan “Desigi Buildings Including
Environmental Impact”, Environmental Engineeringdadanagement Journal, Vol. 9-2010 ISSN
1582-9596, pp. 1121-1133.

6. Florea Dinu, Dan Dubind. Ciutina "Robustness performance of seismic resistant imgjld
frames under abnormal loads” proceedings of: ,$tines and Architecture”, Guimaraes, Portugal, 21-
23 July 2010, ISBN 978-0-415-49249-2.

7. D. Dubina, V. UngureaniA. Ciutina, I. Tuca, M. Mutiu, 2010 Sustainable detached fami
house — case study, Steel Construction, Volumesaid 3, pages 154-162, September 2010

8. A.L. Ciutina, and D. Dubina “Column Web Stiffening of Steel Bet-Column Joints
Subjected to Seismic Actions” ASCE, Journal of &8inal Engineering, Vol.134, No.3, Mar. 2008,
ISSN 0733 — 9445, pp.505-511.

9. Ciutina, A.L., Dogariu, A., Behaviour of different connectansder monotonic and cyclic
loading, Source: Proceedings of the 3rd Internati@onference on Steel and Composite Structures,
ICSCSO07 - Steel and Composite Structures, p 7792085/ .

10. A. Lachal, J.M. AribertA. Ciutina. “Seismic Performance of End-Plate Moment Resisting
Composite Joints”, Proceedings of Composite Coostmi In Steel And Concrete V: July 18-23,
2004 The Kruger National Park Conference Centregg®@rDal, Mpumalanga, South Africa Ed. by
the American Society of Civil Engineers — ASCE, N6B-7844-0826-2, pp. 631-640.

15



Liviu Adrian CIUTINA Habilitation Thesis

2. SEISMIC BEHAVIOUR OF STEEL AND CONCRETE COMPOSITE
STRUCTURES
2.1.Introduction

The term “composite construction” describes theeission of two or more materials, which
are used in order to form elements that perfornteebéhan the materials used individually. In this
context, the association of steel and concrete lildings and civil engineering structures is jedg
by engineers as a very effective way of enhandingral performance. However, the design should
consider the inherent differences between the ptiegeof the two materials used: steel and concrete
Moreover, careful attention should be paid to tivens of interconnection between the two materials:

- steel structural elements are generally fabricdteth thin elements (welded or rolled
profiles) and have a very good behaviour in tenstmt are prone to local and global
buckling in compression;

- concrete elements are usually massive and presgob@ behaviour in compression. In
exchange, the tensile behaviour of concrete is padris long-term actions such as creep
and shrinkage is likely to occur.

The composite elements can enhance the global ioeinaf structures. However, the design of
composite elements should also consider othercpédati aspects such as the change of resistance of
beams in bending unlike steel beams or concretmbedth similar disposition of reinforcing bars
which offer the same resistance in both sagging leogbing bending. Also, in case of composite
columns, a smaller or larger concrete area can dmpressed in direct function with the
compression/bending forces which act on the element

The most used form of composite construction ism@ringcomposite beamsn which a steel
joist is connected to the concrete slabs usuallynbghanical connectors. Considering its application
and the imagination of the design engineer, diffeshapes could be used for the cross-section. The
concrete slab can be plain or supported on coredgsteel sheeting, as shown in Figure 1. The fibs o
the steel sheeting can be parallel or perpenditoldre steel beam, disposed in function of theteho
distance between main and secondary beams. Ircaaes the ribs could be oriented oblique to the
steel elements. The deck is executed by cold-faymlain galvanised steel sheeting and is desigmed t
resist casting of concrete and could be designedttoompositely with the hardened concrete.

The current design of composite beams consideector formed by the steel with a part of
concrete on a so-called “effective width”. Considgrthat the characteristics of the two materials i
quite different, the design is usually made on qui&lent steel section, by converting concrete int
equivalent steel. Unlike steel elements, the behavof composite beams is different in hogging and
sagging bending, as concrete is in tension reg@dgitompression.

Profiled steel

W % sheeting

—— (a) _Steel beam (b)

Figure 1. Main typology of composite beams: plain slab (& aomposite slab (b).

Composite columnsepresent other form of application of composiastruction. The current
usage on composite columns considers two main aaésg as steel elements encased totally or
partially in concrete and respectively circularrectangular hollow sections filled with concreteds
Figure 2). In first case the columns are made lmasement of one or more steel profiles, usually |
shapes. The final form of the columns can be reggeilan or circular and is completed by
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supplementary longitudinal reinforcement. The steddular sections named also Concrete Filled
Tubes — CFT are made by filling the steel circdarectangular elements with plain or reinforced
concrete. However, for both typologies (rectangalacircular CFT), the loads are shared between the
two materials. The resulting structural elemengspaone to local buckling while the interior cortere

is in tri-axial compression.

Figure 2. Typical cross-sections of composite columns.

Because the section of composite columns contaite bteel and concrete materials, the
behaviour of such elements can be assimilated éob#haviour of steel or concrete columns. In
practical design both approaches are correct assfive composite aspect is considered. The dekign
composite columns is based on the bending momendat force interaction diagram, as shown in
Figure 3. For static ultimate and serviceabilityniti design, it is considered that there is a total
interaction between steel and concrete materidis inplies that the forces are linearly distrilgute
over the cross-section and no relative slip exigsveen two materials. This hypothesis can be
considered rational as the surface of contactrigeland consequently good adherences exist between
steel and concrete. In cases in which the transétween steel and concrete is not sufficient,
additional connectors could be disposed.

AN
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\
\,
\
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Figure 3. N-M interaction curve for composite column crosetsms.

In many cases, the connection between beams anchieslis realised by using the abilities of a
single material to transfer loads, as steel or ac Considering that both materials are emploged
transmitting loads, the connection becomes composiie advantage aomposite connectionss
that additional capacity may be obtained if reinéat concrete is used in the overall design.

The principal purpose of a composite connectiotoiransmit vertical reactions of beams to
columns. For moment-resisting frames, it should d®nsmit bending moments. However, this
function is realised in a smaller or larger extarfunction of the abilities of the connection tarismit
rotation. From the technological point of view, riheare various systems that may ensure the
connection between beams and columns. Figure £msesome classic configurations of composite
beam-to-column joints. In design, account should thken on the asymmetry of behaviour
hogging/sagging. Nevertheless, in order to ach@raposite behaviour, the connection between the
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steel beam and the concrete slab should be enageell as the continuity of reinforcement over th
joint. The usual design of composite connectiortsyisonsidering the so-called “component method”
presented in EN 1993-1-8 and adapted for compasjtects in EN 1994-1 Section 8.
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Figure 4. Usual beam-to-column composite connection configoma.

In modern applications of floor systems the steefiled sheeting can take part in resisting
loads, under the form afomposite floor systemésee Figure 5). However, in order to realise a
composite floor account should be taken on thdtplwf corrugated sheeting to prevent the slip of
concrete on steel sheeting. The main advantagerapasite floor is that the lower reinforcement
could be reduced in some cases even not dispos&ihglinto account that on the market there are
various producers of corrugated sheeting, the dgsigcess should be based on experimental tests. By
manufacturing, the profiled steel sheet shall lEabke of transmitting horizontal shear at the fiates
between the sheet and the concrete; pure bondi¢phgbemical bond) between the steel sheeting

and the concrete is not considered as effectiva fm‘mposite action.
/ .
@

Typical forms of composite slabs (source EN 1994-1)

Figure 5.

2.2.Behaviour of connecting devices

In the case of steel and concrete composite elamirg connection is essential for transmitting
loads between the two materials. When the conttuiden steel and concrete is made on a very small
surface, as in the case of steel and concrete hehensonnection is made by mechanical anchoring
systems. Figure 6 schematically presents some dgarapconnectors working in shear. This type of
connectors is mainly used for steel beams actingpositely with the concrete slab.

Concrete

| .y ] W channel orofile reinforcement W welded flying
ead  REKKEERIRERRRR BRI p! claw grRRRRRssks _reinforcement

— = |

\ sud bolt =\

o [ neign |

p lang | weld collar welds /

T — P |

E | A A

a) headed stud c¢) channel e) rigid connector _

b) bolt d) claw f) angle profile

Figure 6. Examples of beam-to-column composite connection.

A relatively new system of connectors is comb-sdap#rip connectors and perfobond
connectors. For both cases, the connectors aeebsstip cut in such a way as to allow the acoéss
the lower reinforcement of the concrete slab. T of connectors is continuously welded on the
steel flange and allow for the development of Itudjnal forces on the entire length of the comp@osit
beam.
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For concrete encasing a steel element, such amgs|uthe two elements are connected by
shear forces induced by the geometry of profilegvals as by chemical bond which forms naturally
between steel and concrete. For this type of elesnéme longitudinal shear is naturally achieved du
to the relatively large contact area between siadl concrete elements. However, when the natural
bond is not enough for the load introduction, galtgrwithin the connection zone, additional
mechanical shear devices should be installed. pen sections, such as H or | profiles, usual headed
stud connectors may be disposed, as presentedjuneFr a). For box profiles (Figure 7 b), shot fire
nails have proven to be adequate to provide additishear.

] a) b)

Figure 7. Additional shear connectors in the case of colurahs: shear connectors for open
profiles; b) — shear connectors for box sections.

In the practical application of composite desigheré is a large variety of mechanical
connectors which vary in terms of form, size anel thethod of anchoring, but all systems present
some important similarities:

- they refer to steel elements encased in concrete;

- the connectors have components able to transngttiahnal shear;

- the connectors have components able to resistdq@egendicular to the contact surface in

order to prevent concrete from being separated &ieel;

- the connectors transmit concentrated loads totéd®s slement.

The headed stud connectors, are perhaps the mmsttyges of connectors and are formed by a
steel headed stud electrically welded on the $l@efje. The stud and the welded collar are designed
as to resist longitudinal shear, while the headhefconnector takes over the up-lifting forces. The
most usual diameter for civil engineering compositements is 19 mm. The headed stud connectors
are anchored to the steel flange before the castingncrete on the steel shop or on site.

2.2.1. Behaviour of connecting devices for composite beams

The behaviour of composite beams is governed byshiear connection between the concrete
slab and the steel section. For this reason, mgmstof devices have been conceived and tested by
researchers in order to realize an optimum sheamesziion. The economic considerations continue to
motivate the development of new products, whileother cases the researchers try to use new
techniques for an economic use of traditional cotore. The new generation of connectors, such as
the perfobond connectors seems to be a good dlterita the standard headed-stud connectors.

Standard push-out procedure given in the Annex HEENf1994-1 provides a good tool for
investigation of the shear connectors. The promdbowever, gives information only about the
monotonic loading. In case of reversal loading rm@pal beams of composite moment resisting
frames under seismic loading, the shearing of tinmectors could change from one sense to the other
as the bending moments on the beam changes fromingogo sagging. In literature, there are
relatively few reports on the behaviour of connestinder cyclic loading, and most of them deal with
the dowel behaviour of standard headed-studs ctonsec

Feldmann & Gesella (2004) make a very detailedyaismbn the fatigue analysis on the headed
studs under non-static loading of headed studswrcycle fatigue, Bursi & Ballerini (1997) analyke
the low-cycle fatigue behaviour of welded stud aaotors under variable and constant non-sequential
phase displacement histories. A comparison betweeeyclic and monotonic results led the authors
to the conclusion that the strength predicted leyEN 1994-1 appears unsafe when directly applied to
seismic design.
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Aribert & Lachal (2000), on a research conductedwa different types of connectors, have
also proved that the cyclic response lead to a mdgorease in the global resistance and ductility,
stressing out that in the case of cyclic loading,isathe seismic action, the use of partial-shear
connection should be avoided.

The present synthesis reports the results of elpush-out shear specimens under monotonic
loading and five push-pull specimens under cydaxding. The dimensions of specimens for the push-
out standard tests (including the metallic sectind the reinforcing plan) were initially derivearn
the paragraph B 2.2 from the Annex B of EN 19944ie concrete and steel profile global dimensions
were kept constant for all the tests, as well actinfiguration and diameter of the reinforcingso@r
10mm) according to Figure B.1 of EN 1994-1.
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Figure 8. Test specimen for standard push test accordindNt@394-1, Annex B.

The description of push-out specimens it is showthe Table 1. Four parameters have been

considered for the study:

- type of connectorsi{l6 KO&CO headed studs on two rows}2 KO&CO headed studs on
one row, LL120x80x8 angle profile, UNP 120 chanpmdfile, perforated steel plate and
reinforcement anchor hooks @ 10mm,). Figure 1 shows a 3D view of the steel speas
(connectors included);

- concrete strength class (C25/30; C30/37);

- steel profile class (class 1 corresponding to stehdHEB 260 profile, class 2 by

considering a 10mm steel flange and class 3, bynaé thickness of 8mm respectively);
- monotonic (11 specimens) and cyclic loading (apll®5 specimens).

Table 1. Description of push-out and push-pull specimens
Specimen Type of connectors No. of Concrete Steel
connectors class profile
PT-16/I-M 8016 (2 rows) 8 C25/30 HEB 260
PT-16/II-M 8016 (2 rows) 8 C25/30 Class$ 2
PT-16/11I-M 81016 (2 rows) 8 C25/30 Clas§ 3
PT-16/S-M &16 (2 rows) 8 C30/37 HEB 260
PT-16/I-C &16 (2 rows) 8 C30/37 HEB 260
PT-22-M 4022 (1 row) 4 C25/30 HEB 260
PT-22-C 4p22 (1 row) 4 C25/30 HEB 260
PT-A-M Reinf. hooks® 10mm) 4 C25/30 HEB 260
PT-A-C Reinf. hooks® 10mm) 4 C25/30 HEB 260
PT-A/S-M Reinf. hooks® 10mm) 4 C30/37 HEB 260
PT-1I-M Perforated steel platé 2 C25/30 HEB 260
PT-II-C Perforated steel platé 2 C25/30 HEB 260
PT-LS/II-M L120x80x8 4 C25/30 Class 2
PT-LS/III-M L120x80x8 4 C25/30 Class'3
PT-LS/I-C L120x80x8 4 C25/30 HEB 260
PT-US-M UNP 120 4 C25/30 HEB 260

" 260X260 profile =10mm;™ 260X260 profile =8mm;™ longitudinal steel plate (t=8mm) on each side of
steel profile, perforated for the passage of regdment
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Figure 9. Disposition of connectors on steel profiles.

The testing set-up is presented in Figure 10. Tael lwas applied in displacement control
through a traction and compression actuator. le cdsnonotonic loading, the load was first applied
in increments up to 40% of the expected failure laad then cycled 25 times between 5% and 40% of
the expected failure load, in accordance to thet®9-1 4 stipulations. Subsequent load increments
have been imposed up to failure. In case of cyobaling was applied the ECCS (1986) procedure,
with the yielding displacement computed on the ltssabtained from the monotonic test.

According to the normative requirements, the cotoreshear capacity &2 represents the
maximum load capacity reduced by 10% and dividethetonumber of shear connectors. Also, the
connector’s slip capacity, is taken from the load-slip deformation curve,casresponding to the
shear capacity & (see Figure 10). Th&, value was resulting from the relative slip measwets
made by displacement transducers disposed on spegim

actuator

(load introduction) b

-

Do

traction support
(symmetrical)

specimen

reaction table

/

Db

Figure 10. Testing set-up and determination of the slip cdpacgi

Table 2 summarizes the interpretation of experialergsults derived from the monotonic
curves (given in Figure 11) and the envelopes efcftlic tests, in which:

- R represents the yielding force, in the sense of E@@ding procedure (1986);

- 9y the corresponding yielding displacement;

- S,ni the initial stiffness of the B-curve;

- Fmaxis the maximum recorded force during testing;

- dyis the slip capacity of the connectors;

- Prikis the connector’s shear capacity.
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Table 2. Main test results derived from the interpretatibexperimental data
Specimen I dy Siini Frnax du  Pri/conn.
[KN] [mm] [kN/mm] [kN]  [mm]  [kN]

PT-16/1-M 396.0 0.20 1983.4 801.1 491 99.7

PT-16/11-M 514.6 0.37 1349.8 862.6 7.52 100.1
PT-16/11I-M 501.2 0.34 1399.6 831.8 6.42 103.1
PT-16/S-M 436.2 0.17 2359.8 844.0 7.18 102.9
PT-16/I-C 430.0 0.29 1454.0 579.0 2.33 60.66
PT-22-M 405.8 0.35 1093.5 737.6 14.43 177.2
PT-22-C 407.0 0.44 871.0 474.0 2.11 95.6
PT-A-M 396.0 0.20 1813.0 590.6 7.84 132.8
PT-A-C 339.0 0.08 4361 544.3 1.98 117.9
PT-A/S-M 356.9 0.08 43311 649.6 6.51 146.6
PT-II-M 557.5 0.13 3701.4 1033.0 21.46 465.6
PT-1I-C 403.0 0.09 3939 586 0.60 272.5
PT-LS/II-M 586.8 0.21 2677.1 794.4 2.36 179.1
PT-LS/III-M 494.6 0.10 4726.9 790.4 3.09 177.8
PT-LS/I-C 650.0 0.27 2274.0 774.3 0.98 165.9
PT-US-M 804.9 0.41 2052.9 1256.0 9.65 314.0

The results of the monotonic curves are quite dggzk The maximum applied load ranges
from 590kN (PT-A-M specimen) to 1256kN (PT-US-M sjpeen) while the slip capacity ranges from
2.36mm (PT-LS/1I-M) to almost 22 mm (PT-1I-M spe@mn). For a better understanding of results, an
insight analysis is made below in function of asaly parameters.
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Figure 11. Testing set-up and determination of the slip capagi
- Influence of type of connectors

Figure 12 presents the behaviour curves for the tgpes of connectors considered in
experimental study. In terms of resistance, theispe having channel connectors (PT-US-M) have
shown the greater resisting force, while the spenimith anchoring bars (PT-A-M) had the resistance
less than half from the first specimen. In termsdogtility, the PT-1I-M specimen have the larger
ductility, but it has to be noted the fact thatapresents the ductility of reinforcing bars - cete
system (the failure in this case was by splittimgl arushing of concrete nearby the perforated steel
plate, and bending of reinforcement).

The specimen having LL120 (PT-LS/II-M) connectoehaved rather badly, the failure being in
this case very early by puling-out of the angle remtors from the concrete. This is in fact
demonstrated by the fast descending of the strengtionotonic curve characteristic of the specimen.
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The headed stud connectors proved an expectedibahaby a rather good ductility and a
resistance according to their classic design. Heweahere are quite important differences between
the two specimens (PT-16/1 and PT-22) althouglr thleear area are almost the same, both in terms of
resistance and ductility.
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Figure 12. Force-slip curves on different types of connectors.

- Influence of concrete class

The differences between the characteristics ofisgats with different concrete classes can be
seen numerically in Table 2 and are shown gragiicalFigure 13 (for specimens PT-16/1 and PT-A
for which have been designed similar specimens avilifferent concrete class). Because the observed
failure mode of specimens was by shear of the sta@hectors and not by concrete crushing, there is
no clear evidence in the increase of the specimamear resistance, neither of the ductility with th
increase of the concrete class. However, the lirstifiness of the curves specific to the specimens
with C30/37 concrete class is significantly gredkem the usual concrete specimens and seems to be
the only influence of the concrete class in theadanonotonic loading.
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Figure 13. Force-slip curves showing concrete class influence.

- Influence of steel flange class

The 16mm headed stud (PT-16) and the L (PT-L) spewiseries have been chose to have
different thicknesses of steel flange (17.5mm f&BR260 profile representing the class |, 10 mm for
class Il and 8mm for class Il respectively). Tkeuits given in Table 2 and also graphically shawn
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Figure 14, shows the fact that there is no majfferdince among the series specimen’s behaviour.
This is valid for both resistance and ductility. whver, the initial stiffness is rather differenttin

the specimens of each series, but this does Howfal certain rule with the change of the thicknafss
the steel flange. Concluding, the reduction in theel profile flange thickness should be more
important (to about 6 or even 4mm) in order gedgadal increase of the ductility due to local bewdi

of the flange in the vicinity of the connector.
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Figure 14. Force-slip curves showing concrete class influence.
- Influence of loading type

Figure 15 left displays the cyclic behaviour of fhee cyclic tests, while the right side shows
the comparison of the positive cyclic envelopeth®omonotonic corresponding curves. Generally, all
the monotonic tests have proved a reduction botheamesistance and ductility capacity. For example
for the specimen PT-16 with 16 mm headed studsPtheesistance reduction is about 40%, while the
slip capacity is reduced by more than 50%, as comtp# the monotonic tests. The same conclusion
could be stated also for the PT-22 specimens, libtaxhigher degree of reduction in ductility.

The PT-II specimens with perfobond connectors igme as proved by the tests the most
dangerous situation. Although the monotonic teselrshown a very good behaviour, with a very good
resistance and the highest ductility among the nwomo tests, the cyclic test have proved a very bad
cyclic behaviour, with about 40% reduction in remm€e and an ultimate slip displaceméntof
0.6mm. In fact, the problem in this case appeaestduhe fact that the shear connection between the
steel connector and the concrete is lost in thg West cycles due to the “knife” effect of the
perfobond connector. In this way, practically thexeno energy dissipation during the cycles and a
rapid decrease of its resistance. In the case affl-L) and anchor hook (PT-A) specimens, despite
the important reduction in ductilityp{ < 2mm in both cases), the shear capacity reducdorains
under 10% for the cyclic tests.

It has to be stressed out that in all the cyclgesathe slip capacities do not pass the ductility
criterion of 6 mm stipulated in EN 1994-1, 6.6.1Although a limited study, the cyclic tests show
very clear that the monotonic results do not nerdgsconduct to the same cyclic results and in
consequence the use of shear connectors in sgsome areas should be reconsidered.

- Analysis of failure modes

Figure 16 shows the typical failure modes for défg types of connectors. In case of shear
studs (Figure 16 a), although the global behavamuid be characterized as ductile, the failure was
brittle in nature, by the shearing of the headedssituated on one side of the specimen. Thare is
evidence of concrete crushing, with the exceptioith® base of the shear stud.

24



Habilitation Thesis

Liviu Adrian CIUTINA

=) =] =) [=]
- N | | | 7 « | | 7 «
£ £ | | |
£ £ | | Wm | E | | Wm E
2 = A 2 I g g
7 a | | ool | %) | | o af n
| | ' | | | '
\\\\\\\\ © | | ' | | | '
| | ______} wol| L L+ __ 4+ ______}L T]
\\\\\ | — -
|
|
|
\\\\\ F----+ © ”
|
[ [ | I I e o
| — —
|
|
\\\\\ Lo}« |
|
|
|
[ D off b - b oo oL 0
\\\\\ |
~ |
|
|
|
I
|
° } 4 o } o
o o o o o o o o o o o o o o
o =] =] =] =] o o =] =) =) o o
I S @ © < 2 I S @ © < Q
— — — —
T
s |
£ ! 0
o | =
" | .nﬂ
|
D D
D D
o 3
[N»1] @210
1
|
|

slip curves for cyclic specimens and diffeemnin monotonic curves and cyclic

Force-

Figure 15.

envelopes.

25



Liviu Adrian CIUTINA Habilitation Thesis

a) " b)

Figure 16. Failure modes by shear connectors: headed studgifaprcement hooks (b), LL
connectors (c) and channel profiles (d).

Failure mode of specimens having hook anchors (Eigl6 b) was by shear of the
reinforcement hooks. No crushing of concrete wasenled. In nature, this type of failure was
considered to be ductile, due to the fact thatafidihe shear fractures were in the same time.LIEor
and UPN specimens, the failure occurred by bendfripe shear profiles (Figure 11), but without a
real fracture of the steel material. In the casklobpecimens, the flange embedded in concrete was
pulled out very rapidly from the concrete aftera@ag the maximum load. Probably the use of
reinforcing bars through the embedded flange coetigrd the failure. Besides, the channel connector
was very well embedded in concrete, and in thiec#se failure mode was combined, by local
crushing of the concrete, and bending of the cHamelke near the welding to the steel flange.

- Behaviour of shear connectors for composite beaoosielusions

The change in the connector typology introduceddibpersion of results in terms of Force-Slip
curves for the monotonic tests. A very good monictgrerformance in terms of resistance was
obtained for the channel connectors and for théopend specimen. The worse performance in terms
of ductility was obtained for LL specimens, whichosld be avoided without using additional
reinforcing bars (flying reinforcement) passingoimgh the LL flange. The headed stud specimens
provided a good response both in terms of resistand ductility, in accordance to their well-known
design characteristics and expected failure. Tleh@nhook specimens provided a good monotonic
ductility but a rather small resistance;

The influence of the concrete class is not eviderie studied cases, with the exception of the
initial stiffness of the Force-Slip curve. The atlparameters seem not to be affected by the chainge
concrete class, unless the failure mode of theimess is changed (by crushing of concrete for
example). Also, for the studied specimens, the ghaim the steel flange class do not affect
significantly the monotonic response in terms ofcEeSlip deformation curve.

The cyclic loading introduces for all the specimarsgnificant reduction in the slip capacity of
the connectors, reduction that leads to non-ductifenectors in accordance to EN 1994-1. Also, there
is an important reduction in the characteristigstasce Ry, ranging from 10 to 40 %. In consequence
the reduction in the resistance of the designtasie of shear connectors in seismic loaded beams o
25% as required by may not be appropriate for iertgpes of typologies, such as perfobond
connectors.

2.2.2. Connecting devices for RHS composite columns

The square columns realized as Concrete Filled S(BET) combine the good resistance and
ductility of steel elements with the improved rigydand resistance of concrete. In addition, thedgo
properties are preserved on principal loading timas. The combination the two materials (steel and
concrete) may lead also to a reduced steel sedfiowever, a particular attention should be given to
distribution of stresses between the steel tubetlmdoncrete core. According to EN 1994-1, section
6.7, the load introduction in critical zones shobkl shared between steel and concrete elements. In
case in which the natural bond between materia®issufficient, supplementary connectors should
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be provided. Unlike open-type sections (e.g. | gorffiles), the RHS do not allow the use of regular
connectors as is the case of welded head-studgesbarch was focused on the use of shot fired,nail
also termed as powder-actuated fasteners in igegst for an improved composite action of CFT.

The nailed shear connection was developed at tlolnlaal University of Innsbruck, (Fink,
1997; Larcher, 1997), and the use of powder—aaluatteners represents a relatively new method for
assuring shear connection in areas where loadsndueed to composite tubular columns (Beck,
2005). The powder-actuated fasteners are drivavugifir the tube walls from the outside and then
protrude inside the tube. The connection betweenstirrounding tubular section and the concrete
inside is then provided by direct pressure of theceete against the shanks of the nails. The main
advantage of this solution is that it is quick agaky to apply, especially for columns that are
continuous over several storeys. Initial experirakirivestigations were performed by Beck (1999)
covering a number of 30 push-out tests with pipecepens. Influences of pipe geometry, concrete
strength and type of fastener on the load-deflactbaracteristics were investigated. The load
deflection behaviour exhibited excellent ductilicpmbined with high load-bearing capacity per
fastener. Based on these findings the nailed stwamection was introduced into practice with the
Millennium Tower in Vienna, a fifty storey high eduilding completed in 1999, where it has proven
to be a reliable and cost effective connection omeths no welding work was required (Huber, 2001).
Additional experimental investigations were perfednby Hanswille et al. (2001) with the aim to
investigate the behaviour of the shear connectidgrjested to a serviceability limit state loading
sequence, and the long term behaviour and influesfceoncrete creep on the nailed shear
connections.

The evaluation of the load introduction within cavsfie columns was realised by considering
short column studs of concrete filled tubes of haglength steel (see Figure 17). The objective of
research was to assess the efficiency of the giedt ails in providing the shear connection betwee
the steel tube and the concrete core under momotmd cyclic loading. For this purpose load
introduction tests were performed on 6 specimenging parameters such as: loading procedure
(monotonic and cyclic), connection type (steel-gete bonding, and steel-concrete bonding
combined with connectors), and steel grade (S460S300). As connectors, 24 Hilti X-DSH32 P10
shot fired nails were used per column stub. Taldartmarizes the experimental program.

2 i

7/////////%//////////4 =

Figure 17. Failure modes by shear connectors: headed studgifaprcement hooks (b), LL
connectors (c) and channel profiles (d).

The column stub specimens were manufactured usiltgfarmed steel hollow section tubes of
800 mm length. The concrete core was considerdd avitepth of 600 mm inside the steel tubes. For
the load application, plates were welded in thegpsela a double T beam on two opposite tube walls.
For the positioning of the connectors, installatiostructions were prepared at Hilti AG (2010), dzhs
on the particularities of the current experimemedgram (steel grade and thickness of the tubes).
Consequently, it was recommended to use the X-DSHBQ nails, and to apply them before
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concreting in order to drive them consistentlyigtitethrough the tube walls. Furthermore, due ® th
use of high-strength steel, pre-drilling of theestebe was recommended.

Table 3. Experimental program - load introduction tests olumn stubs
Nr.  Specimen Tube Bond Load
1 S700-F-M RHS 250x10 S700 Friction Monotonic
2 S700-F-C RHS 250x10 S700 Friction Cyclic
3 S700-F-H-M RHS 250x10 S700 Friction & Nails*  Mdaoic
4 S700-F-H-C RHS 250x10 S700 Friction & Nails*  Qgcl
5 S460-F-H-M RHS 300x12.5 S460 Friction & Nails*  Nuatonic
6 S460-F-H-C RHS 300x12.5 S460 Friction & Nails* dly

The experimental test set-up considered both moimtnd cyclic loading conditions, top and
bottom supports (see Figure 18) in contact withcoete core only. The load was applied on the steel
tube. The instrumentation of the specimens (seer&iy)8 - right) consisted in the measurement of the
force applied by the testing machine and the radadlisplacement between steel tube and concrete
core, using two displacement transducers at thesittgo and two at the bottom side. The parameters
used to control the tests on column stub were lihebstween the steel tube and the concrete core d
and the force F (see Figure 4). The load was apjidorce control within the elastic range and in
displacement control for the plastic range.

L2

Figure 18. Experimental testing set-up and instrumentatiospaicimens.

The loading of specimens contained a pre-loadingeét alternating cycles with a peak load of
up to 25% of the expected yield load for the stsdiion of the system), followed by the monotonic o
cyclic loading protocol:

- monotonic loading: by progressively increasingdisplacement;

- cyclic loading: by ECCS (1986) procedure with aalgidisplacementydobtained as the
deformation corresponding to intersection of th&ahstiffness (K.) line and a tangent to
the moment-rotation curve with a stiffness equaKi@10. Four elastic cycles and three
plastic cycles for each even multiplier gfwdere applied in displacement control.

The monotonic and cyclic response of the frictidayeloped between the steel tube and the
concrete core, is shown in Figure 19 a) and b).oBdya relative displacement of 2 mm, the
monotonic force was about 200 kN. which was alneststant even for high levels of relative
displacements. However, under cyclic loading thecdodeveloped through friction was lower
(approximately 160 kN corresponding to the maximamplitude of each cycle, and 20 kN
corresponding to the initial position, i.e. 0 mriative displacement).

The monotonic and cyclic response of the identsgacimen combining friction and 24 shot
fired nails is shown in Figure 19 c¢) and d) for tedumn stub with S700 steel tube and respectively
Figure 19 e) and f) for the column stub with S4&fektube. The shear capacity heavily increased as
compared to monotonic response. For these casdsy mmonotonic loading the transferred forces
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were approximately 1100 kN corresponding to a indadisplacement of 5 mm. Under cyclic loading
the maximum forces were slightly lower. In additioie force-displacement curve decreased
significantly corresponding to a relative displaegns of 5 mm.
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Monotonic and cyclic response of: a), b) steel-cetecadhesion (S700-F), c), d)

friction and connectors (S700-F-H), e), f) frictiand connectors (S460-F-H)
Influence of connection

Figure 20 shows a graphical comparison in termsafotonic response corresponding to the
column stubs without nails (S700-F) and with né8200-F-H). The contribution of the 24 connectors
is significant as it conducts to a maximum resictaat least five times higher in both cases. The
connectors show a significant contribution alsoarng/clic loading conditions. However, in case of
cyclic specimen, for relative displacements exaagdd mm, the capacity of the steel-concrete
connection decreased due to failure of the conret¢hwough fracture at the interface between steel
tube and concrete core.
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Figure 20. Contribution of connectors under monotonic andicyiolading respectively.
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Also in terms of comparison, Figure 21 presentsrédsponse under cyclic loading of the two
specimens with both connectors and steel-concretadibg. The difference between the two
configurations is given by the steel tube geomatry material: RHS 250x10 S700 and RHS 300x12.5
S460 respectively. It is to be noted that the cetecdepth in both cases was 600 mm. The lateral
surface of the concrete core in the two cases WakrAss5660000 mm2 and respectively
Aint,rHs,s705552000 mr In consequence, a slightly higher friction fonwas developed within the
column stub with larger steel tube (S460).
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Figure 21. Comparison of cyclic responses of column stubgl-stencrete bonding and

connectors.

- Analysis of failure modes

b)

c)
Figure 22. Analysis of failure modes of specimens: a) cuttfgRHS walls; b) Detail of concrete
and connector after monotonic loading; c) Detataficrete and connector after cyclic loading.

30



Liviu Adrian CIUTINA Habilitation Thesis

In order to have a full explanation of the globahbhviour of specimens under both cyclic and
monotonic loading, a detailed analysis of the failmodes. This was by flame-cutting removal of two
side walls of the column stubs S460-F-H-M and SB&8-C and detailed inspection (Figure 22 a).

A detail of concrete and connector after monotdoéaling is shown in Figure 22 b). It can be
observed that the concrete was crushed in a smalliat at the contact with nails which were bent. A
detail of concrete and connector after cyclic lagds shown in Figure 22 c). It can be observetl tha
under alternating cycles the connectors were brakehe interface between concrete core and steel
tube. The protruding part of the steel tube, wiiah be observed in Figure 20, rubbed on the cancret
surface and lead inward marks on the concretecirfa

- Behaviour of shear connectors for composite RH8neos - conclusions

The main conclusions of the study revealed thevahg:

- the shear strength that developed through frictias obtained in amount of 0.4 N/mm2,
which is equal to the value recommended by EN 1P®a-rectangular hollow sections;

- the push-out tests have proven that connectorsat@nthe major shear contribution to the
load transfer from steel tube to the concrete dorboth monotonic and cyclic loading;

- the investigation of the behaviour and failure mol#ad to the observation that under
monotonic loading the concrete was crushed in dl smeunt at the contact with the nails
which bent. Under alternating cycles the nails éwally fractured at the interface between
concrete and steel tube. In addition it was obsktirat from the cyclic loading the capacity
of the connectors slightly decreased comparedaarthnotonic loading;

- as previously confirmed by Beck, the X-DSH 32 Ph6tdired nails proved a significant
contribution to the steel-concrete connection ateréing the monotonic loading. In
addition, the current study proved a significanbtdbution of the connectors also for the
case of cyclic loading conditions and for the uséigh strength steel rectangular hollow
sections (S460 and S700);

- the effect of creep and shrinkage was not takenantount within the current study. Future
research activities shall be devoted to the stidii@steel-concrete connection through the
use of shot fired nails under the long term eftéatreep and shrinkage.

2.3. Dissipative zones in steel and steel and concret@posite frames

In case of steel structures the Moment Resistirgnes (MRF) and Eccentrically Braced
Frames (EBF) are recognized as very effective &tres in dissipating seismic input energy. Both
typologies could take advantage of large valuesetgmic load reduction factors, in the range ab 6 t
8. The dual MRF+EBF systems (see Figure 22) comtiiaearchitectural freedom allowed by MRF
with the reduction in the lateral displacements thu@resence of braces, while keeping the seismic
dissipative performances. The use composite elensith as steel and concrete composite beams or
columns can improve the structural resistance @idity (Elghazouli et al., 2008; da Silva et al.,
2001).

~ MRF EBF ~  DUAL
) ) Link ) )
— —— — =" I — —
~ b — s N
Figure 23. Possible dissipative zones in case of Moment RegiSrames, Eccentrically Braced

Frames and respectively dual MRF+EBF configurations
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For composite steel-concrete systems, the modésmisenorms advise to disconnect the steel
and concrete elements in the zones where the @laistje is expected to develop and to consider a
symmetric plastic behaviour for the beam, as ufarathe steel section alone. In reality, due to the
presence of the reinforced concrete slab (althaughbonnectors are installed) and due to the frictio
between the steel profile and slab, the plastigéiion beams will not have a symmetric behaviour
under hogging and sagging moments. This could lanpdications in the specific seismic design
criteria, including the values that should be usedhe behaviour and overstrength factors.

Composite action between steel beams and condediegenerally improves the rigidity and
resistance of the member, needing careful designdaitailing according to specific sections of EN
1994-1 and EN 1998-1 (2003). A special attentiopdgl to the detailing of the shear connection
between the two materials: steel and concrete (whave a very different elastic and post-elastic
behaviour). However, when lateral loads such ashgaakes are acting on a structure having
composite beams, the bending moment may sufferreigrsals leading to cracks in the concrete slab
due to tension stresses. Special detailing andrezgents are given in the actual seismic desigresod
for composite beams subjected to seismic loaddy ssc (i) special requirements for connecting
devices (EN 1998-1, 87.6.2), (ii) special requirateefor the detailing and positioning of the
reinforcement of the beams adjacent to beam-toawolints (given in EN1998-1, §7.6.2 and Annex
C.3.1.2) and (iii) special requirements for desagrdissipative or non-dissipative elements.

When using composite beams with Reduced Beam $e@@BS) or composite link elements,
the in-use European norms are very poor in detpiind requirements, practically limiting the
composite interaction up to the physical boundaoéghe dissipative element according to the
paragraphs 7.6.2, 7.7.1, 7.7.5 and 7.9.3 of EN 19981 consequence, the plasticization and
dissipation of energy is thought of as for a stdeinent, ignoring the fact that the beam is contposi
up to the boundaries of the dissipative element. #sual design, the influence of the adjacent
composite beam on the dissipative capacity of ibgifghtive element is very hard to consider.

Generally, the behaviour of composite beams undgrotonic loads is very well covered by the
world-wide researches (Johnson et al., 1972; Piyrdi@01, 2001, 1998). However, the oligocyclic
behaviour of composite beams of EBF and compostarbto-column joints in MRF subjected to
cyclic loads may need special attention in desigs.proven by Liang et al. (2005), in case of
composite beams the contribution of concrete stalshear is not negligible and influences the
behaviour of the element. Also, a bad detailingxgcution in these cases may lead to modifications
of the dissipative element components and consélguera possible global alteration of the struedur
seismic capacity (Clifton et al., 2011).

On the other hand, the columns realised from stekbw sections can be filled with concrete
with the aim to combine the properties of the twatenials, the final element being characterised by
higher stiffness, capacity and ductility, as wedl enhanced fire resistance in comparison with bare
steel configurations. A particular advantage ohgsh composite column is the reduction in column
cross-sectional area, and by using steel tubesrasapent formwork, construction speed is increased.
The framing system with concrete filled columns aredded joints has been investigated and applied
on a large scale in Asia, Australia and Americacdntrast, this solution was used at a lower sicale
Europe.

As shown by Morino & Tsuda (2003), the typical centions between a concrete filled tube
(CFT) and I-beams often used in Japan are bas#tktarse of stiffeners which can be either a through
diaphragm, internal diaphragm or external diaphragomsidering recent research activities, Chen &
Lin (2004) investigated the cyclic behaviour ofniig plate connections between steel beam and
rectangular CFT column, in which the flange platese penetrated through the CFT column. The
study of Shin et al. [6] was focused on the expental and analytical behaviour of CFT column to H-
beam welded moment connections with external Tesidrs. Fukumoto & Morita (2005) conducted
tests on the panel zone within beam-to-CFT colunement connections made from high-strength
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material to investigate their elasto-plastic bebawi Park et al. (2005) investigated the force dfan
mechanism and the cyclic performance of wide flangems to square CFT column joints reinforced
with stiffening plates around the column. Chengle{2007) investigated the seismic performance of
steel beams-to-CFT column connections with floabs) and Yuan et al. (2014) investigated the
behaviour and design modification of RBS momentneations with composite beams. Wang et al.
(2010) investigated the seismic behaviour of H-béarircular tubular column connections stiffened
by an outer ring diaphragm, employing a three-dsi@mal connection subassembly testing system.

The ductile behaviour of steel link elements hagnberoved by several researchers,
investigating different solutions for best perfomoa. Okazaki el al. (2005) have performed a large
experimental study investigating the dispositionl #ime geometrical form of the web stiffeners and
critically analysed the results in regard to AlSfysions. Yurisman et al. (1978) show through
experimental and numerical simulations the goodacities of link elements working in shear by
using diagonal web stiffeners. Chao et al. (206@gstigated the fissure initiation and propagaiion
stiffened links through experimental and numerstadulations, proposing stiffener configurationsttha
eliminate the presence of welds near k-areas. Slfeyat al. (2011) have shown the influence of
concrete encasement of link web through experinh@ntastigation.

2.3.1. Behaviour of composite beam-to-steel column joints

The beam ends of MRF represent an important saifrdactility. As shown by Chen and Chao
(2001), the presence of concrete slab influenaeddam-to-column joint plastic deformation and can
lead to premature failure. In consequence, seyasdibilities can be applied in order to enhanee th
beam-to-column joint ductility, such as use of R@%choumis et al., 2010) or use of dissipative
devices such as fuses (Castiglioni et al., 2018g @&xperimental study on composite beam-to-steel
column joints is focused on the use of Reduced B8antion (RBS) for concentrated plasticity and
different interaction with the concrete slab.

Figure 24 shows the testing set-up: the columrpadied horizontally was pinned at both ends
(at half-story distances) while the beam was valrtend loaded in bending by the actuator at beam
top. A lateral-restraining frame was consideredkeeping the in-plane post-elastic behaviour of the
beam. The following cross-section and material attaristics were considered for beam-to-column
specimens:

- column: HEB260 (S355) and HEB300 (S460);

- beam: HEA260 (S235);

- typology of the connection: direct welding of theam on the column flange through full
penetration weld (see Figure 25 a for welding dletaith reduced beam section (RBS) near
the connection. The design of the RBS was perforatedrding to EN1998-3:2005, Annex
B, section 5.3.4 resulting the geometric propediesiled in Figure 25 b).
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Figure 25. Detail of beam-to-column weld and geometry of thduced beam section.

The connection was loaded in bending through theagar located at top of the beam. The load
cell attached to actuator was measuring the fowregl testing. The general instrumentation of the
joint specimens is shown in Figure 26. Additionaltisplacement transducers were placed for
measuring the following data:

- beam top displacement — by means of DTF and DTiisthacers;

- local rotations, deformations and distortions ie thissipative elements: RBS, web panel of

the column, welds (through DBLL, DBLR, DDT1, DDTRWL, DWR transducers);
- local slip in pins through DHBL, DVBL, DHBR, DVBRansducers;
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Figure 26. Instrumentation of RBS specimens

The displacement transducers are used for compdififegent rotations:

- RBS distortion;

- rotation of welded connections;

- column web panel distortion in shear through.

Table 4 presents the identification and charadterisf RBS joint specimens. The main
parameters focus on influence of concrete slaltyrelof loading (monotonic or cyclic).

Table 4. Description of RBS specimens
Specimen | Beam type RBS Loading type | Connectors over RBS zone | specimen name
1 steel Yes monotonic No DB-M
2 steel Yes cyclic No DB-C
3 composite Yes cyclic No DB-Compl
4 composite Yes cyclic Yes DB-Comp2
5 steel Yes cyclic No DB-C RLD
6 composite Yes cyclic Yes DB-Comp RLD
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The concrete slab for composite specimens was rkbifpr a full connection (headed stud
connectorsd 19*100mm disposed longitudinally at 95 mm) andhwdisposition of longitudinal and
transversal re-bars as shown in Figure 27: longialdbars® 12mm spaced at 15 cm tied by
transversal stirrup® 12mm spaced at 15 cm. The reinforcing of beanstaran composite joint was
verified to SR EN1998-1: Annex C prescriptions.
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Figure 27. Detailing of reinforcing of concrete slab over beemcolumn joint

- Results for steel specimens

The DB-M test was carried out until important plastieformations were recorded. The
termination of the test was practically due to htag of the actuator displacement limit. Basedtan t
force-top displacement curve the yield displacendgnyield force  and the initial rigidity were
determined and used for piloting the cyclic speaisaé\lthough in this case the dissipative element i
the beam, due to a smaller resistance of the catumaterial, the plasticization is divided into two
components:

- - RBS zone;

- - Column Web Panel (CWP) in shear.
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Figure 28. Load-displacement curve of DB-M specimen

Figure 29 shows a graphical comparison betweetothkjoint rotation (recorded through DTF,
DTB transducers) and the local RBS rotation. Iulssvery clear that a large amount of final raiati
is assigned to other components than RBS, priflgipal CWP in shear. However, the total RBS
rotation could be judged as high, exceeding 80rfon&BS solely.
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For Figure 29 a force representation was chosetedadsof moment (usually met in such
representations) for a unitary representation: ltheel arms which will multiply the force are
significantly different in RBS centre (1.96m) antiV@ centre (2.28m) respectively. The image in the
Figure 29 right shows the behaviour of the plaatidizones in the specimen during the test and the
failure pattern, by local buckling of the beam'ariye in the RBS.
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Figure 29. Force-rotation curve of the steel node with reduzeaim section and failure mode in
case of DB-M specimen

This leads to a very important conclusion in casBBS DB-M specimen: due to the fact that
the steel quality of the column was lower than ¢ine ordered (S275 — received instead of S355 —
ordered, according to Table 5), the column web p&eeame the component with the smallest
resistance. In consequence it highly influenceddibgibution of plastic deformations within theno
among RBS and CWP.

The DB-C specimen represents a cyclically loadeédelstspecimen, having identical
configuration with the base specimen DB-M. The itydbading pattern according to the ECCS
protocol was set after determining the yield disptaent. The value @& of 20 mm, was considered,
as determined from DB-M specimen test results &l tinterpretation. The global joint rotation
shown in Figure 30 could be considered as sat@facteaching 80 mrad, with the major observation
that this is due primarily to CWP plastification iascase of DB-M specimen. The specimen failure
mode was by fracture of the beam-to column flang&dsv(recorded at an increment of &x- third
cycle), coincident practically with the maximum @ator stroke limit.

Rotation of the node

Force [kN]

Rotation [rad]

Figure 30. Force — total rotation curve of the DB-C specimen
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- Results for composite specimen

The composite DB-Compl and DB-Comp2 specimens weaésed by using similar joint
typology as in the case of steel (DB-M and DB-G3a@mens. However for the composite specimens
the steel beam is connected to a 12 cm slab adedetbove. The main difference between DB-
Compl and DB-Comp 2 specimens is represented bgtded-concrete interaction above the RBS
zone. In case of DB-Compl specimen no connectors wsposed over RBS zone while for DB-
Comp2 specimen the shear connection is continueerstbe top flange of the beam.

The loading of the specimens was satisfactory ugheothird cycle for an increment of &x
(see Figure 31), when, as in the case of cycliel specimen, the welds between the flange of the
beam and the flange of the column have cracked. fétee-rotation hysteretic curves for the two
composite joints are shown in Figure 31 and Fi@amespectively.

Rotation of the node

Force [kN]
1)

Rotation [rad]

Figure 31. Total force-rotation curve for the DB-Comp1l speaime

The total rotation of the joint (Figure 31) repnetsepractically the sum of CWP and RBS zone
rotations. The asymmetry of the global curve is tu&kBS zone (Figure 32 left) which developed
plastic rotation only for positive bending (conereh tension) while the plasticization in negative
bending was prevented by the higher resistanceoofposite section. Contrary to this, the CWP
rotation is symmetrical (Figure 32-right) withoutyainfluence from the concrete slab. The total
plastic positive rotation was practically equallyased between the two components (40 mrad) on
positive range.
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Figure 32. Deduction of RBS and CWP rotations for DB-Compl

The DB-Comp2 specimen behaved similarly and comditrthe above remarks. However, the
cycles are more stable in this case, although #ilaré was recorded at the same displacement
amplitude and by similar weld failure (see FiguB3.3n both cases the concrete slab was crushed at
the interface with the column flange in compressiohile in tension fissures formed starting from
column flange corners (see Figure 34). Howeverctrerete slab was much more affected in case of
DB-Compl specimen, as shown in Figure 34 a) fadthvidemonstrates that the steel-to-concrete
connection remains effective although shear cowngetre not provided near the column.
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Force-rotg:gi{?n DB-Comp2

200

Force [kN]

Rotation [rad]

Figure 33. Force-rotation curves for the DB-Comp2 specimen

Figure 34. Failure of the specimens DB-Comp1l — a) and DB-C@mwb)

Figure 35 presents as comparison the moment-rotatiovelopes for DB cyclic loaded
specimens. It becomes obvious that as in case & tBts, the global behaviour of composite
specimens is very similar, regardless the presehtte connectors over the dissipative zone (RBS).

—DB-C steel |

—DB-Compl
|—DB-Comp2|
F U DN ORRPRN
Rotation [mrad]
Figure 35. Comparisons of the moment-rotation envelope cuimethe tested nodes

In comparison with the steel specimen, the compasies show higher stiffness, especially on
positive behaviour (42.95 kNm/mrad for DB-Comp1 &6d72 kNm/mrad for DB-Comp2 in regard to
25.38 kNm/mrad for DB-M). The maximum resistanceaiso significantly higher for composite
specimens:

- 321.98 kNm for composite and 268.69 kNm for stpekémens in positive bending;

- 392.90 kNm for composite and 321.67 kNm for stpelémens in negative bending.

For all specimens the ductility was limited by pegare failure of the welds.
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- Results for specimen with adjusted properties denads

Due to the fact that the final purpose of the &hitRBS specimens was not fully achieved
(dissipation only in the RBS zone), the joint testies was completed by two new specimens, namely
DB-C_RLD (steel specimen) and DB-Comp_RLD (commosipecimen), both tested cyclically. In
this configuration, the beam section was kept (HEH2 while the column was replaced with a
HE300B profile in S460 steel grade. As consequeftcehis new series of tests the expected failure
type was reached in both cases, through ductikifitation of the RBS and gradual reduction ohjoi
resistance. No important plastification of the C\idPshear was recorded. In case of the composite
specimen, the upper flange was hindered to buakdeta the presence of the concrete slab. However,
its resistance gradually degraded during the plasicles by concrete degradation due to fissures
recorded parallel to column flange when slab watension and respectively by crushing along the
fissures already formed in tension when slab inp@ssion.

The charts plotted in Figure 36 show the hysteratives in terms of applied force and total
joint rotation. The total rotation — greater thah mrad in both cases — is due almost exclusively to
RBS plasticization. However, high degradation wesorded in the concrete slab around the column
zone, in which the concrete was crushed in revesgadés and has fallen off massively.

Force-rotation Force-rotation
200 300

: Sl 4/ b //;// £/ 6/)I/ ///s%/s/o >
Léf:g/{/g/—/" = = —
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Figure 36. Force-rotation curve of steel specimen DB-C_RLD aral respectively composite
DB-Comp_RLD — b)) specimens under cyclic loading.

Figure 37. Failure of DB-C RLD specimen through plastic hinsge RBS

Fil X " i
gl ; e/

Figure 38. Crushing of concrete and buckling of the compreé$isedje and for the DB-
Comp_RLD specimen.
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Comparing the envelope force-rotation curves (sigiré 39) it could be noticed similar
rotation capacities (up to 70 mrad) and higherstasces and rigidities for the composite specimen
especially in negative bending (slab under comprassas compared to steel bare connection.
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Figure 39. Comparison of the force-displacement envelope auiweDB-C_RLD and DB-
Comp_RLD specimens.

- Conclusions on composite beam-to-steel columngoint

The simple disconnection of the steel beam fromctircrete slab over the dissipative zone is
not sufficient to ensure a pure steel-like behaviadithe element. The resulted behaviour is pratijic
very close to that of a full-composite specimen,;

The composite aspect improves the global resistandestiffness characteristics of the joint,
while maintaining the ductile nature of the solaticHowever, the composite behaviour should be
considered in the design of elements without cotaneover the dissipative zone;

A very careful detailing and execution should bpliggl to beam-to-column joints and links in
order to reach the desired levels of ductility assistance. On the contrary, the steel grade midgmat
could change the plasticization order, while théeckive execution of welds may lead to the brittle
failure of the element;

The reduced beam section solution remains effedtivine composite configuration, but the
presence of the concrete slab changes the failoadenthe top flange is restrained in buckling, @hil
the concrete slab is degraded by cyclic tensionpeession alternating forces.

2.3.2. Behaviour of steel beam-to-composite RHS colunmtsjoi

The composite RHS column solutions are regarde@seffective in overtaking high loadings
in case of MRF or Braced systems. The advantagieea$ystem is also represented by the fact that it
develops important resistances on both principasand rectangular connections can be easily made.
Furthermore, the introduction of high strength Isteean lead to diminishes of the geometrical
dimensions of columns. However, smaller sectiosl [eo higher inter-storey drifts due to lateral
loads. This lack in lateral stiffness can be imgawy filling the steel tube with plain or reinfext
concrete by obtaining the s-called Column-Filled&s (CFT). The critical zones in this case appear
in the joining area (beam-to-column joints). Withist purpose, the behaviour of steel beam-to-
composite RHS column joints was investigated bymees experimental specimens, while the study
was further extended by FEM simulations.

The design of the beam-to-column joint specimenas werformed considering the joint
dissipation in beams by means of Reduced Beamddsc{RBS specimens) and respectively with
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Cover Plates (CP specimens). As basis for defmitibthe experimental program on beam-column
joints, cross-sections from the D-CBF frame degigwehin HSS-SERF research project were used
(see Figure 40), considering two combinations ocSHBCS:

- CF-RHS 300x12,5 S460 column and IPE 400 S355 beam;

- CF-RHS 250x10 S700 column and IPE 400 S355 beam

D-CBF r--Test Specimen D-EBF
- ( | 3
Beam: IPE 400 (S355 Beam: IPE 400 (S355)
Column: < 3 > Column:
RHS 300x12,5 (S460 v ; RHS 250x10 (S460)
RHS 250x10 (S700k B ) RHS 220x8  (S700)
e 3\
Beam: IPE 400 (S355 Beam: IPE 400 (S355)
Column: < > Column:
RHS 400x20 (S460 RHS 350x12,5 (S4¢€
RHS 350x16 (S?OO\ A / x ) RHS 300x0  (S70C
kA k.4 ZA4 7 4 . 7. wz

Figure 40. Designed frames with CFT columns.

The design was performed considering the developwfetihe plastic hinge in the beams (see
Figure 41a). Further with the bending moment anghstiorce from the plastic hinge, the welded
connections and the components of the joint, b@ec plates, external diaphragm (see Figure 41 b)
and column web panel (see Figure 41 c) were desgignd/or checked so as to comprise an equal or
higher capacity in comparison to the fully yieldadd strain hardened plastic hinge. Due to the
flexibility of the tube walls under transverse fescthe connection solution of the beams and cadumn
within the current research was based on the uegtefnal diaphragms.

Yield
1 lines
Fv,Rd
Yield
Vs lines
\ FV,Rd

Figure 41. Designed frames with CFT columns.

The experimental program on beam-to-column joirith W&F-RHS columns is summarized in
Table 5. The variations in the configuration of {bimts are given by the two joint typologies (RBS
and CP), two steel grades for the rectangular twodlection tubes (S460 and S700) and two intended
failure modes (beam and connection zone). In additiwo loading conditions were considered for
each beam-to-column joint configuration, i.e. mami¢t and cyclic loading procedure.

Considering the two joint typologies (RBS and C&ee Figure 42 a and b) and two steel grades
for the tubes (S460 and S700), a number of foumbgacolumn joint configurations were designed
(see Figure 42 c). Additionally, in order to ass#ss over-strength of the connection zone and to
observe the base components of the joint configurat tests were considered on the corresponding
joints for which the beam was strengthened (Figired) with the aim to avoid the formation of the
plastic hinge in the beam and to force the platgformations in the connection zone.
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Table 5. Experimental program on beam-to-column joints V@#RHS columns
Nr. Specimen name Column Beam Joint Loading !ntended
type failure mode
1 S460-RBS-M RHS 300x12.5 IPE400 RBS Monotonic Beam
2 S460-RBS-C S460 S355 Cyclic
3 S700-RBS-M RHS 250x10 IPE400 RBS Monotonic Beam
4 S700-RBS-C S700 S355 Cyclic
5 S460-CP-M RHS 300x12.5 IPE400 CP Monotonic Beam
6 S460-CP-C S460 S355 Cyclic
7 S700-CP-M RHS 250x10 IPE400 CP Monotonic Beam
8 S700-CP-C S700 S355 Cyclic
9 S460-RBS-R-M RHS 300x12.5 IPE400 RBS Monotonic Connection
10 S460-RBS-R-C S460 S355 Cyclic
11 S700-RBS-R-M RHS 250x10 IPE400 RBS Monotonic Connection
12 S700-RBS-R-C S700 S355 Cyclic
13 S460-CP-R-M RHS 300x12.5 IPE400 cp Monotonic Connection
14 S460-CP-R-C S460 S355 Cyclic
15 S700-CP-R-M RHS 250x10 IPE400 cp Monotonic Connection
16 S700-CP-R-C S700 S355 Cyclic
Q%::::::::::::H% D}—i— ————— F————FEH
S460-RBS ] S460-RBS-R
I e [ = F-———= 8
S700-RBS S700-RBS-R
| HE———————FF H J——F%
S460-CP 1 S460-CP-R
———————————% . 4——=EH
S700-CP  (c) $700-CP-R  (d)

‘ (b)
Figure 42. Welded external diaphragm beam-to-column jointh MBS (a), and cover plates (b),
designed joint specimens (c), and correspondimg ggecimens with reinforced beam (d).

The conceptual scheme and an illustration of theeemental test set-up is shown in Figure 43.
A hydraulic actuator connected at the tip of tharbeserved as loading device. The column was
supported at both ends considering a pinned coionecthe horizontal and vertical displacements
were blocked by the right support, and only thetival displacements were restrained by the left
support. A lateral support system was used to bibelout of plane deformations of the beam. Global
and local instrumentation was considered for méaguhe force in the actuator, the displacement at
the tip of the beam, the horizontal and verticapticement at supports and respectively the
deformations within the dissipative zone and theneation zone, as well as in the column web panel.

Hydraulic actuator

\\_Lateral support
system

Pinned
connections

I 11
T T

\\\\H\\\\\ .
Static disposition and testing set-up.

Figure 43.
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Experimental results

Figure 44 shows the cyclic and monotonic behavimuspecimens as well as their failure
modes. For all specimens the first picture repregen failure of monotonic test while the second
(right) corresponds to cyclic degradation. Thedwihg failure modes were recorded:
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1000
800 —
. 8

-0.09 -0,06/-0.030 %0.36 0.09

- — S460-CP-C |
PP — S460-CP-M
Rotation [rad]

RBS specimens: The vyielding was initiated in tharbdlanges within the RBS zone and
was followed by large plastic deformations — lobakkling of flanges and web under
compression;

joints with strengthened beam flanges RBS-R spawimegielding was initiated in beam
flanges (between the reinforcing plate and extedigbhragm) under compression/tension
and was followed by yielding of web and externalpiiragm. Eventually, the beam flanges
fractured in the heat affected zone (HAZ) due tsien forces;

cover plate (CP-R) specimens: yielding was initlate the external diaphragm and was
followed by local deformations of cover plates undempression/tension and yielding of
the column web panel. For the S700-CP-R joints, yheding was initiated in the
compressed cover plate and was followed by faibfrehe welded connection between
plates
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- Evaluation of experimental results — overstrendtthe connection zone

In order to assess the overstrength of the joidt @nnection zone, a comparison was made
between the four designed joints and the corredpgnpbints with reinforced beam. Figure 45
illustrates as example the overstrength of the RiF#s. The moment-rotation curves were computed
at the connection to the external diaphragm, ardtlerstrength was evaluated corresponding to the
yield point and to the maximum capacity. Consedyettie overstrength of the connection zone for
the RBS joints (S460 & S700) was evaluated in thewnt of 34% and 35% at yield, and respectively
53% and 60% at maximum capacity. The overstrenfjtheoconnection zone for the CP joints (S460
& S700) was computed in amount of 55% and 43% eldyiand respectively 101% and 86% at
maximum capacity.

A== i
1 S460-RBS-R S$700-RBS-R
== EESS
| S460-RBS ) S700-RBS
1000 1000
— 800
— 800 -
: ~ £
=, 600 % 600 .
5 400 T —— é 400 - —~——
S o
O [—
= 200 — S460-RBS-R-M = 200 / —S700RBS R-M
0 / — S460-RBS-M 0 ‘ 1 —— ‘
0 004 008 012 0.16 0 004 008 012 0.16
Rotation [rad] Rotation [rad]
Figure 45. Monotonic and cyclic response of CFT specimensticoead).

- Evaluation of experimental results eontribution of components to the joint
rotation

The measurements performed during the tests allomssibssing the contribution of the
following regions: plastic hinge (dissipative zon&pnnection (welded connection + external
diaphragm), and column web panel. Figure 46 shbvwscontributions of the connection and column
web panel to the overall joint rotation. For theeaf RBS and CP specimens these can be appreciated
as small in comparison with the rotations due & tf beam plastic hinge.

The deformations within the reinforced beam zoneew®oved to be low also in cases of CP
and RBS reinforced specimens. The main contributbothe overall joint rotation was given by the
connection zone (for reinforced RBS joints), ansbextively connection and column web panel (for
reinforced CP joint). It is to be noted that theasiwrements from the connection zone included also
the deformations of the external diaphragm.

The rotation capacity of the RBS and CP designéitgovas evaluated considering the EN
1998-1 criterion for which the reduction of stifsseand capacity is not greater than 20%. Figure 47
show the contribution of components to the joirtation in case of RBS and CP joint assemblies
subjected to the cyclic loading. The main defororai developed in the plastic hinge. The total
assembly rotation for which the reduction of s§s and capacity was not greater than 20% was
corresponding to the 50 mrad cycle for RBS joimd & the 40 mrad cycle for the CP joints. The
contribution of different components, including tle&astic rotation, to the total joint rotation is
summarized in Table 6.
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Figure 47. Contribution of components to joint rotation.

Table 6. Contribution of components to the rotation capaoftthe joints [mrad]
S460-RBS S700-RBS S460-CP S700-CP
Total assembly rotation 50 50 40 40
Column web panel 1.1 3.8 1.6 2.1
Connection 6.7 7.6 1.9 3.7
Plastic hinge 43.1 38.2 34.1 29.1
Elastic rotation 3.7 4.5 5.7 6.7

- Finite element simulations — influence of spatigding on joints

In a first step the material model was calibrateddal on material sample tests. The pre-test
numerical simulations, containing the calibratedtanal model, allowed assessing for each joint
configuration, the stress distribution and pladdicain, as well as the moment-rotation curve,
confirming a good design of the joints and the ndied failure mechanism. The pre-test numerical
simulations are not the subject of the current pagech focuses on the calibration of material mpde
calibration of the numerical model of the jointgtemsion of the experimental program showing the
influence of a set of parameters, and in a lowegréxthe validation of joint components.

The numerical investigations were performed witle tinite element modelling software
Abaqus (2007). All the components of the beam-towoa joints were modelled using solid elements.
Due to the large amount of contact surfaces betile=igoncrete core and surrounding steel tube, the
Dynamic Explicit type of analysis was consideredr the interaction between the steel tube and the
concrete core, a contact law, characterised by alcasiwell as tangential properties, was definad th
allowed the two parts to separate. The load wakeapghrough a displacement control at the tiphef t
beam and the boundary conditions considered aetias of the column were consistent with the
experimental test set-up, i.e. pinned and simplgped. The discretisation of the elements was
performed using linear hexahedral elements of GRP8R.
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The comparison between test results and pre-testiaions was observed to be relative close.
Consequently, the calibration and refinement of tloenerical models was performed using the
measured geometry of the specimens. In additiorause the beam was not completely restrained by
the out of plane lateral system, a lateral contaat defined (see Figure 48) considering a small gap
between flanges and the contact elements. Ithe tooted that within the numerical simulations dsw
not accounted for material fracture or crack prepiag, phenomena that were observed at some of the
joint specimens. Because in the numerical modetsede joints, no fracture developed, the capacity
did not suffer as in the experimental tests.

e e
Figure 48. lllustration of the joint model accounting for that of plane lateral system.

From the calibration, a set of numerical modelsenadstained which were capable to reproduce
with a good accuracy the response of the jointsoith moment-rotation curve and failure mechanism,
i.e. formation of the plastic hinge in the beam @RBnd CP designed joints) and yielding of
components (joints with strengthened beam). Coresgtyy for each joint configuration, a comparison
is shown between test and simulation in terms omem-rotation curve computed at column
centreline. The plastic strain is shown in commarit the failure mode observed during the teseé Th
result from the calibration of the monotonic testisbeam-to-column joints is shown in Figure 49 for
the joints with reduced beam section. The same gmpdements were found for the rest of the
specimens.
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Figure 49. Comparison between test and simulation (exampl&B$ joints).

The numerical models calibrated based on the jaotgected to monotonic loading were
further used for the numerical calibration of tlyelic tests. One of the differences was relatethéo
loading procedure. Consequently, a smooth cychdilny pattern was used, which was characterized
by one cycle for each of the following amplitudd$, 15, 20, 30, 40, 50, and 60 mrad. Another

Moment [kNm]
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difference between cyclic and monotonic analyses wedated to the material model. A combined
isotropic/kinematic cyclic hardening model was #fere adopted. The input for the material model
was represented by the yield strength of the st@&) and in addition the cyclic hardening paramsete

as given by Dutta et al. (2010), i.e=@2096,y:=594.45, Q=60, b=9.71.

The results from the cyclic analysis are shownefach beam-to-column joint configuration in
terms of moment-rotation curve (computed at colwentreline), von Misses stress distribution and
equivalent plastic strain. An illustration of thailire mode, as obtained from the experimental
investigations, is shown as well. The comparisomveen test and numerical simulation is shown in
Figure 50-a-b for the RBS joints, in Figure 50-tad the CP joints, as example of cyclic calibration
The stress distribution and plastic strain are shéaw each joint configuration corresponding to the
end of the last cycle. However, based on thesbra#did models it is possible to acquire also tresst
distribution and the plastic deformations in thimfjaorresponding to the amplitude of 10, 15, 20, 3
40, 50 or 60 mrad.
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Figure 50. Comparison between test and simulation for cyodaing (example for RBS and CP
specimens).

The results from the numerical investigations @& @yclic tests show a good correlation with
the experimental results considering the momeratiaot hysteretic loops as well as the failure
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mechanism (plastic hinge — buckling of flanges amth of beam in the dissipative zone, yielding of
components — failure in the heat affected zondeftinforced RBS joints, plastic deformationshie t
external diaphragm and column panel zone).

In order to extend the results of the experimeptabram, a set of complementary numerical
testing cases were considered for the investigaticough simulations in order to assess the infteen
of different parameters on the joint behaviour hsas:

- influence of the concrete core — i.e. the respasfsehe joint without concrete core in

comparison to the reference joint with CFT column;

- influence of the axial force — i.e. the responséhef joint with axial force in the column

(N=0.5*Np) in comparison to the reference model;

- response of the joints with two and respectivelyrfoeams welded around the concrete

filled tube;

- influence of the external diaphragm.

Influence of the concrete core
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Figure 51. Influence of concrete core — RBS joints.

In order to evaluate the influence of the concosige — i.e. the response of the joint without
concrete core in comparison to the reference jowita composite column (CF-RHS) — a set of
additional numerical simulations were performedtioa calibrated numerical models from which the
concrete part was eliminated (N& no concrete). The results are shown in terms ohem-rotation
curve computed at column centreline. Figure 51 stimaresults of simulations in case of RBS joints,
and Figure 52 the results for CP joints: in theases, the absence of concrete core did not affect
significantly the response. A minor reduction of ttapacity was observed.
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Figure 52. Influence of concrete core — CP joints.

In contrast, for the reinforced joints (extended) @Rsignificant reduction of capacity can be
observed in Figure 53. In these cases, the bemdimgent and implicitly the shear force in the column
web panel were much higher than in the cases slatwme. In other words, the shear force in the
column web panel exceeded the capacity of the &tbelin shear, and therefore a higher capacity was
corresponding to the joints with concrete core.
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Figure 53. Influence of concrete core — reinforced CP joints.

- Influence of the axial force

For assessing the influence of the axial forcdhendolumn with respect to the behaviour of the
beam-to-column joint, numerical simulations wererf@@ned on one of the joints (S460-CP)
considering the following cases:

- joint with concrete core and an axial force levelthie column corresponding to 50% of

Npl,Rd,composité
- joint without concrete core and with an axial fotegel in the column corresponding to
50% of Nyi,rd,stesl

For each of the two cases, in a first step, tharoolwas axially loaded up to the considered
level (see Figure 54a and Figure 55a), and in @mskstep the beam was loaded. The stress
distribution and implicitly the failure mechanisrhthe joint with concrete core are shown in Figure
54b. The corresponding moment rotation curve ispamed in Figure 54c with the reference model.
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Figure 54. Influence of 0.5: N rd,compositcaXial force: S460-CP joint.
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Figure 55. Influence of 0.5 N raseei@axial force: S460-CP joint.
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It can be observed that the axial force in the mwiudid not affect the response of the joint
compared to the reference model, and that theiplaisige formed in the beam. In addition, the stres
distribution and implicitly the failure mechanisnf the joint without concrete core are shown in
Figure 55b. The moment-rotation curve is compare#igure 55c¢ with the reference model. In this
case it could be concluded too, that the axialdancthe column did not affect the response ofdive
without concrete core compared to the referenceefhrantt] that the plastic hinge formed in the beam.

- Influence of the axial load on beams

The original experimental tests were performed iogle sided beam-to-column joints. It was
therefore necessary to assess the behaviour @fitite (including column web panel) in the situatio
of loading from two or even four sides which cop@sds to a more demanding scenario. Figure 56
and Figure 57 show the stress distribution andiplatrain corresponding to the S700-CP joints with
and respectively without concrete core. Consequeful the case with composite column and two
beams (FEM 2G), a reduction of the stiffness carolbgerved in Figure 58a compared to the test
curve, but the failure mode was not affected (se€igure 56 plastic hinges in the beams). The
absence of the concrete core (NEno concrete) lead to reduction of capacity (Figb8e) and to
yielding of the column panel (Figure 57) — plasticges did not form in the beam as for the joirthwi
concrete core.
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Figure 56. Behaviour of S700-CP joint with beams welded on srees (CFT).
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Figure 57. Behaviour of S700-CP joint with beams on two si@f@sconcrete in tube).

A similar conclusion can be drawn for the joint igaration with reduced beam section: a
reduction of the stiffness can be observed aldbisncase compared to the test curve. The absdnce o
the concrete core did not affect the capacity erfélure mode. Consequently, the plastic hinges ar
developing in the beams.
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The weak-beam/strong-column design concept wasfthrer confirmed for both the CP and
RBS joints, considering the case with beams weltledwo sides, and in addition the study showed
the contribution of the concrete core to joint babar.
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Figure 58.
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Behaviour of S700-CP joint with beams on two si@fesconcrete in tube).

The response of the joints was also investigatedidering the case with four beams welded
around the concrete filled tube. As reference 3#80-RBS and S460-CP joint models were used. The
loading was applied in displacement control attip@f the beams.
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Figure 59.
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Joints with four beams — Moment-rotation curves.

The load ratio was considered in amount of 100%rmndirection and respectively 30% on the
other direction. As a result the moment rotatiornves are shown in Figure 59 compared to the test
results. As it can be observed, on the main loadingction the moment-rotation curve suffered a
small reduction of the stiffness but the capacityhe failure mode was not affected. Figure 60 show
the von Misses stress distribution and the plasttiain in the two joint configurations. Therefore,
considering the loading of the joints from two diiens it can be observed that the joint components
(external diaphragm, column web panel) did notesyffastic deformations.

Figure 60.

Joints with four beams — von Misses stress didiobwand plastic strain.
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- Influence of external diaphragm

Another parameter studied was the influence of @kternal diaphragm. Compared to the
reference model, i.e. S460-RBS joint characterisedn external diaphragm of 150 mm width, three
additional cases were considered in which the wigth reduced to 100, 50 and respectively 0 mm.

Figure 61 shows, for each of the three case, theMigses stress distribution, the plastic strain
and the moment-rotation curve which is compareth& reference model. The components of the
joint, and therefore also the external diaphragmeveesigned based on the plastic bending moment
and shear force developed in the plastic hinge & wahich were affected (increased) by the
overstrength factor and the strain hardening fagt@rys—1.25-1.1=1.375), in other words the joint
components were designed to possess a certain awiooverstrength with regard to the dissipative
zone. It is therefore natural that in the situationwhich the steel grade of the beam has a yield
strength relative close to the nominal one, anavmch the external diaphragm is reduced with an
amount covered by the overstrength assumed indbigml the response of the beam-to-column joint
is not significantly affected. In the original sition the failure mode was by small plastic
deformations in the external diaphragm and at takled connection to the beam. In contrast, for the
joint with external diaphragm of 50 mm width andpectively joint without diaphragm, the moment-
rotation curve suffered a significant reductionstffness and capacity. Also the stress concentrati
and the plastic strain moved away from the reduseam section to the welded connection and
particularly in the heat affected zone (HAZ) cldsethe extremities of the flanges. Thus the load
transfer mechanism, according to EN1993-1-8 (20f04jn a transverse plate to the side walls of a
rectangular hollow section tube by the means oéféective width (smaller than the actual width of
the plate) is confirmed.
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Figure 61. Response of the S460-RBS joint considering theatestuof the external diaphragm
from 150 mm to 100, 50 and respectively 0 mm.
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Conclusions on the behaviour of steel beam-to-caitgg®HS column joints

The experimental investigations performed on beawretumn joints under both monotonic and
cyclic loading evidenced a good conception andgiesf the joints (RBS and CP) justified by the
following observations:

elastic response of the connection zone;

formation of the plastic hinge in the beam;

good response of joint detailing and welded conaestwith one exception (S700-CP-R-M
/ C) which evidenced weld failure, however corregpng to a force level higher than the
design capacity computed using the real materaqaties.

a significant overstrength of the welded connedjoaspectively of the external diaphragm
and column web panel was observed. Therefore teeswength requirements from EN
1998-1 were satisfied.

for the joints with reduced beam section and wittver plates, the main plastic
deformations occurred in the beam (plastic hingleg contribution of the connection and
column panel to the overall joint rotation was dnfadr the joints with reinforced beam, the
main contribution to the overall joint rotation wgiven by the connection zone including
external diaphragm (for strengthened RBS joints)l mespectively external diaphragm and
column panel (for strengthened CP joint).

corresponding to cyclic tests performed accordimghie ANSI/AISC 341 [28] loading
protocol, the RBS and CP designed joints evidemogation capacities of 50 mrad (RBS
joints) and respectively 40 mrad (CP joints) foriasththe degradation of strength and
stiffness were not greater than the 20% limit dediim EN 1998-1.

The extension of the experimental programme by migaesimulations has led to the following
conclusions:

the influence of concrete core was proved to beftmvihe single sided RBS/CP joints (i.e.
reduced load level), but significant correspondig joints with strengthened beam,
respectively to joints with multiple beams (i.egtmér load level);

the axial force in the column did not affect thepense of the joint;

for the joints with beams welded on two, respetyiven four sides, a reduction of the
stiffness was observed, but the capacity was riettald, nor the failure mode;

in relation to the external diaphragm it was shdhat a stiff diaphragm is necessary to
assure a full strength joint with the developmenthe plastic deformations in the beam;
with a flexible diaphragm or in its absence, a dase of capacity and development of
plastic deformations in the welded connection wadenced;

2.3.3. Behaviour of composite link elements in eccentiydalaces frames

In case of EBF, the seismic input energy is digsegbdahrough of link elements. On the other
hand, the use of composite beams (connection oftted beam with the concrete slab) can improve
the overall behaviour of the frame by a higher fastiffness and higher resistance. However, the
current design norms are not very explicit in ekptay the influence of composite action. The
investigation on link elements was based on expmriai tests.

The EBF which was set as the base frame for thestaes was adapted specifically for the
CEMSIG laboratory conditions. The figure below slsotne main structural dimensions and layout.
Table 7 describes the EBF specimens which weredestd their configurations, depending on the
parameters listed above.
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Figure 62. Dimensions and sections of the base EBF framdqstetieme and testing set-up).

Table 7. Description of the tested EBF specimens
Type of Connectors on  Name of the
loading the link specimen

Specimen Beam type

1 steel monotonic No EBF M LF-M
2 steel cyclic No EBF M LF-C
3 composite cyclic No EBF_Comp LF1
4 composite cyclic Yes EBF Comp_ LF2

The lateral load was applied at one end of the bgam through a 100 kN
traction/compression actuator. In order to reduee top force needed for completing the
development of the plastic hinge, the tested spmtimwere pinned at the column base by
mechanical hinges. However, as proven by numeggallations (Goel and Foutch, 1984,
Ricles and Popov, 1987, Stratan and Dubina, 20@8behaviour of the link is not affected by
the column-base connection type. Table 8 showstthm mechanical characteristics of the
materials.

Table 8. Description of the tested EBF specimens

Design |Yield strength |Ultimate strength [Elongation at
Class |[N/mmZ] [N/mm?] failure [%]
web 323 475 32.24
Beam HE200A (qange 5230 304 434 35.01
web 326 511 29.46
Brace HE180A ffange [S52° 398 533 36.81
Column HE260B | flange | S355 283 440 48.06

Concrete Slaj12 cm - C20/25 - 23 -

In order to determine the maximum force needech@ dxperimental tests, the experimental
frame was initially modelled through a push-over RBalysis using nominal elastic-plastic
characteristics of materials. For this it was cdesgd the most force-demanding situation in whigh t
beam was composite over its full length (Danku,1301n this initial modelling stage, the composite
beam was modelled using the equivalent cross-seckiaracteristics.

Element Profile Part

The load cell integrated in the actuator was usedrecord the applied force. LVDT
displacement transducers were used to monitor rdiffeabsolute and relative deformations or
displacements between different components (sedslen Figure 63). They have been located in key
positions according to the type of specimen:

- global displacements of the frame, measured by DHPHTRF, DHTRB transducers,

located at top left and right columns;

- web panel distortion of the link: through DDT1 dpBT2 transducers;

- slip and displacements of the non-dissipative etgme
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- absolute displacement of the pin connections: DHBYBL, DHBR, DVBR,;

- slip and elongation of the braces and their conmest through DBLL, DBLR, DBrTL,
DBrBL, DBITR, DBrBR transducers;

- deformation and rotation of joints: DBCTL, DBCBLBCTR, DBCBR transducers.
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Figure 63. Global instrumentation of the EBF frame

The total link distortion was accounted for by #mgley as follows (see Figure 64):

Figure 64. Deformation of the link element and definition bétdistortion angle

Ja® + b* .(DD2 - DD1)
v =

’ 2.a-b

where DD1 and DD2 are the recordings given by the diagonals transducers measuring the link
distortion. The standard ECCS procedure was apfiieldading the monotonic and cyclic tests.

- Experimental behaviour of steel link element

As global behaviour, the base steel specimen (EBRRYM) is characterised as very ductile
(see Figure 65), the plastic energy dissipating onthe steel link. It was loaded monotonicallp, to
failure. The next chart shows the force - top dispment curve of the specimen, where force
represents the load induced by the actuator whietop displacement is the average displacement
given by top transducers.

The chart from Figure 65 right shows the link distm — computed according to (1) — versus
the shear force of the link. The maximum rotatidnalmost 280 mrad can be considered as very
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ductile, this being largely greater than the regglivalues from actual seismic norms, such as P100-
1/2006 (2006) and EN 1998-1 (80 mrad) respectit#&A356 (2000) of 110 mrad corresponding to
Collapse Prevention Limit State (CPLS). Other framembers and components such as beam-to-
column connections and braces exhibited only elabghaviour. Their elastic behaviour was
demonstrated by recorded deformations. Among ladl,iraces proved the largest deformation of 5
mm (see Figure 66), from which 4 mm remained peenariThis fact is explained by the slip in the
braces splice-connection clearances (2 mm cleafanezach connection).

The loading was stopped at very large inelastic dieformations on the descending branch, at a
drop of more than 20% of the maximum load, coincideith stroke limitation of the actuator. Figure
67 presents the deformed shape of the link atrideoétest.

Link's rotation

Force-displacement 500
600
I
500 // \\\ 400 " ~
z /
=3
400 / T 5300
2 / ‘\ e
—_ o
@ 300 e
o © 200
S 2
200 7]
/ l 100
100
/ 0
0

0 25 50 75 10Q 125 150 175 0 005 01 RotaflorPraq) °2 0-25 03
Top displacement [mm]
Figure 65. Load-top displacement and shear force-rotationesifer EBF_M_LF-M specimen
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Figure 66. Total elongation of braces — 4mm remanent (speciEih M_LF-M)

Figure 67. Dissipative link behaviour in shear for specimerEBI_LF-M.
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The response curves obtained in monotonic load#®F( M_LF-M specimen) served for the
determination of yielding characteristics used yrlic loading (according to the ECCS procedure).
The following values were determined;=$48.20117 kN/mm, =343 kN, ¢=7.9 mm.

The cyclic loading lead to a very small drop in thaximum load (about 20 kN), to a great
diminution in the distortion capacity (from 280160 mrad). However, the hysteretic curves present
stable cycles, as shown in Figure 68, confirmirggrécognised good dissipation capacity of EBF link
elements.
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Figure 68. Global load — top displacement and shear forcak-distortion response of
EBF_M_LF-C specimen

The failure of the specimen (see Figure 69) ocdubyecomplete shear of the web panel of the
link, which reached 150 mrad for 20% load loss.goizal sinusoidal waves formed alternately during
the plastic cycles in the web panel.

Figure 69. Shear failure of EBF_M_LF-C specimen

- Experimental behaviour of composite link elements

The EN 1994-1 4 conditions to achieve full-inteiact of concrete slab over the brace
triangulation, lead to the headed stud disposiioown in Figure 12 b) — 40 19*100mm over each
triangulation, characteristic to composite beanhwibn-composite link specimen (EBF_Comp_LF1).
In case of composite link specimen (EBF_Comp_LE®,same distance increment (95mm) was kept
over the link — see Figure 70 c). The reinforcifighe@ concrete slab (shown in Figure 70) consisted
top and bottom longitudinal bads 12mm spaced at 15 cm tied by transversal stiup@mm spaced
at 15 cm.
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Figure 70. Shear failure of EBF_M_LF-C specimen

The global behaviour of two specimens is presemtedrigure 71 and Figure 72 through
hysteretic response curves (lateral force — stafyid Figure 71 and shear force — link distortion
Figure 72). It is to be noted that shear forcestadiion for LF-Comp 2 specimen is truncated dwe th
deterioration of the displacement transducer’sireg] affected by the highly-damaged concrete slab
above the link. However, both specimens show singiteracteristics in the global behaviour. Only
small differences could be found for the main resjgoparameters: resistance, rigidity and ductiity
see Table 9 for numerical values. The values afmate link distortions arise to 150 mrad in both
situations and are considered sufficient to withdteanportant values if inter-storey-drift defornzats
of 2 to 3%.

EBF_LF_Comp1 EBF_LF_Comp2
800 ; 800
600 = - dog -
Y o -
- A ; _ //7/ NI
4 =z LUV
s S0 ) ) ) g o \yyyssh
L:_gao f9/ -/46 /23 | Wﬂ/l /0 40/30 80 ug_.go r.m -EEL_; i 10/0}(J0//70 90
(D~ [ |\ =
— _ 2
pnA L : - ﬁg WV
-800- -800--
Top Displacement [mm] Top Displacement [mm]

Figure 71. Top load — lateral displacement response hysteratiges for specimens LF-Comp 1
and LF-Comp 2

Figure 73 presents the failure conditions for linkad concrete slab. Both specimens
experienced high damages in the link panel zoregtigally reeling the web plate. Generally, the
damage of the slab was concentrated above thelemkent developing crack patterns at angles of 45
degrees starting above the link flange cornersrdltive deformations (horizontal or vertical) were
recorded between the concrete slab and the stegjefl However, the presence of connectors on the
link (specimen LF-Comp 2) led to a more importaegréddation of the concrete slab.
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W

Damage of the fixed link and concrete slab for EBF Comp1 (left) and Comp2
(right) specimens.

Figure 73.

- Appreciation of EBF specimen results - conclusions

The synthetic results arouse form the EBF specinaasgiven in Table 9. The following
notations were used:

- Sink — initial rigidity of the positive branch of theeelope curve;
- Vmax— maximum shear force during testing
- v at Vimax— link rotation corresponding to maximum sheacéor
- Ymax— Maximum link distortion

Table 9. Description of the tested EBF specimens
Specimen Initial rigidity Maximum shear | shear distortion I\/(Ij?gtlg:g(r)r;shear
P S.ink [KN] | resistance Max[KN] | y at Vinax [mrad] [mra d]y max
EBF M _LF-M 130460 429 187 286
EBF M _LF-C 74644 495 87 171
EBF_Comp_LF1 123414 598 105 156
EBF_Comp_LF2 152488 587 74 150*

* Estimated value

Note: all values were computed on the maximum epeeaturve (cycle 1)
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Figure 74 and Figure 75 present graphically thenndéfferences between specimen results, in
the form of envelope curves: lateral force — topptiicement respectively shear force — panel
distortions on. The charts follow the declared peaters:

- influence of composite slab (Figure 74)

- influence of loading type cyclic/monotonic (Figuf®)
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Figure 74. Influence of link typology — monotonic curves orcley1.
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Figure 75. Influence of cyclic loading — monotonic curves gele 1 (steel specimens).

The main difference in results regards the restgtasf specimens: both composite tests show
greater resistances (up to 20%) as compared tbsgieeimens. Also, the maximum resistances are
similar for full and partial composite specimensoip_LF2 and Comp_LF1 respectively), which
means that the presence of connecters over thepliys only a secondary role in the global
behaviour. This is in contradiction to the normatiapproach (EN 1998), which suggests that a
disconnected dissipative zone lead to a behawvitmuntical to the pure steel behaviour.

Another immediate notice is that all specimens leiidl high levels of link distortions, reaching
practically the requirements of modern seismic reo(B0-140 mrad) for high ductility structures. In
what concerns the initial stiffness, the computellies show that the rigidity of the cyclic envelope
about 30% higher in case of composite specimensrmparison to corresponding steel element.

In case of steel link specimens, the cyclic loadiftyenced the global behaviour, with respect
to the following parameters:

- up to 40% decrease in rigidity;

- 15% increase in ultimate resistance;

- the cyclic specimen reached smaller ultimate roati up to 171 mrad, compared to 286

mrad recorded in case of monotonic loading.

However, the most important conclusion of the lexdperimental study is that the presence of
the slab over the link element will influence neably the behaviour of the frame, independently of
the link connection with the concrete slab.
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2.4. Seismic behaviour of composite structures

Since the steel was largely employed in buildimgdtres, the use of frames became one of the
most used structural typologies in civil enginegriim a first stage as steel framing system aret lat
composite solutions. In the same time, the effdremngineers and researchers to develop design
methods and new technologies was important, leadiragivanced solutions as meet in case of steel
and concrete composite systems. The European staE##h1998-1 as well as the Romanian in-use
standard for seismic design - P100/2013, indicatdas framed systems for steel and composite steel
and concrete solutions.

The Ultimate Limit State checks for design of cosip®framed structures are quite similar to
those used for steel frames located in seismiczdistinguish two different concepts:

- ductile structures;

- structures isolated from seismic loads (base isdlatructures).

In the second alternative the structure is conckineorder to avoid the plastic behaviour by
using special devices that absorb the seismic iepergy and change the fundamental vibration
period to values favourable to the structural syste

The first alternative, which represents the uswedigh way, leads to the use of dissipative
systems. Unlike non-dissipative structures whicthsiand seismic motions by elastic behaviour, the
dissipative structures are conceived and designeich a way that the seismic input energy to be
dissipated by plastifications of certain zonesJechldissipative zones. These zones dissipate the
kinetic energy induced by the seismic motion by yatéretic behaviour in plastic domain. The
development of dissipation mechanisms depends @rsttiuctural configuration. On the other hand,
the structural non-dissipative elements must begded in such a way that they will remain in elasti
domain. In consequence, they should possess astir@th in order to resist the maximum efforts
transmitted by dissipative elements.

The main types of dissipative frames can be classih function of the type and nature of
dissipative zones. Three main typologies can besdam

- centric braced frames, as shown in Figure 76 aj)b)

- eccentrically braced frames, example Figure 76 c);

- moment resisting frames, as shown in Figure 76 e).

The dissipative zones of centric braced frames guréi 76 a), b), d) — is through tensile
diagonals, while the compressed diagonals are pitonduckling. However, the dissipative
performances of the braces are limited due to thefreated buckling which lead to a certain
degradation of cyclic behaviour with the numbepilafstic cycles. On the other hand, the contribution
of compressed braces is diminished with the inereéshe slenderness of the element.

SN VNI R e)

Figure 76. Usual configurations of braced (a-d) and momeristiag frames (e).

The steel and composite steel and concrete stasctwiith eccentric braces represent an
interesting alternative to the structural systerthwientric braces. They are stiffened by the ecicent
braces. In this system, each beam is divided indwmore parts, which work differently in case of
seismic action. The short part, also called “link€presents the dissipative element of the beam. In
function of the length of this element, the seisinigut energy is dissipated through shear elasto-
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plastic cycles for short links, in bending for lotigks and respectively shear and bending for
intermediate-length links.

The usual steel and composite frame systems witikngiéc braces present different dispositions
of braces. There can exist “D” type dispositionectentric braces with a single brace on storey and
the link located in one extremity of the beam, ‘tipe disposition with the link disposed in the caht
part of the beam as shown in Figure 76 c) and $yfetbracings with links in each extremity of the
beam. According to modern seismic norms, the dasisip capabilities of eccentrically braced frames
are similar to those of MRFs: both can be emplayedesign with large values of g-factors, of the
order of 6 or even higher.

Figure 77. Global MRF failure mechanism by plastic hinges.

The MRF steel and composite systems are used anga kcale for low and moderate-rise
buildings. They are able to offer a sufficient eyyedissipation capacity due to the large number of
dissipative zones. However, in case of higher MR&tesns it is hard to make the ULS criteria
consistent with the serviceability conditions exysed generally by the limitations within the inter-
storey drifts. This is due to the reduction of tatestiffness with height, although the number of
dissipative zones is higher.

The dissipative zones of MRF are characterisedhieyplastic hinges formation in member
elements, first in beam ends and in limiting caselumns. The most important demands for plastic
hinges are in bending and for this reason the ghsisin of energy implies a good cyclic hysteretic
behaviour with high rotations. In order to globathaximize the capacity of energy dissipation, the
design of the structure should conceive a globiadrta mechanism which allows a maximisation of
the plastic energy dissipated as shown in Figure 77

2.4.1. Seismic behaviour of MRF considering actual respasfgoints

Usually, the FE modelling of steel Moment Resistirgmes includes the beam and column
modelling, the joints being traditionally modelled pinned or full-strength and rigid. The recent
strong earthquakes revealed a series of undesii@hlee modes of beam-to-column welded joints of
Moment Resisting Frames (MRF). These zones représekey-points for a ductile seismic response.
That is why the joint behaviour needs a partical&ention in the usual design of MRF. The extended
end-plate bolted connections are traditionally papin Europe for steel constructions and may be
easily adapted to composite systems. However, imymases of composite MRF, the joints proved to
be in fact partial-strength and/or semi-rigid, doi¢he increased beam resistance. The recent &olut
of steel and composite seismic codes relies omathe@ratory tests to be sure of suitable behavidur o
beam-to-column joints (Eurocode 8). Unless theyrigiid and full strength, their behaviour should be
integrated by means of appropriate elements (fetaice rotational springs or short length finite
elements) into the structural design analysis.
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The study is concentrated on the results of dynaimialations performed on two regular 2D of
two and four storey frames. In case of beams ahdruts, refined bar finite elements with fibres are
used. The beam-to column joint behaviour is integidanto the structural modelling by means of a
sophisticated finite element which models with g@aturacy the experimental behaviour of joints.
The frames were analysed under severe Romanianc&aaaccelerogram and also two artificial
accelerograms by non-elastic dynamic analysesguanDRAIN 2DX (Prakash et al.) computer code
where the above mentioned finite elements are dedu

The four-bay composite Moment Resisting Frameswandtorey and four-storey respectively,
are shown in Figure 78. The cross-sectional dinogmssof the steel columns and composite beams
were deduced from an equivalent push-over statalysis, in accordance with EN 1994-1 and
P100/2004. The following assumptions were consitiésethe design:

- as=0.35¢g — the design ground acceleration;

- ks=1.15 — the soil parameter (soil type C);

- G=31.4 kN/m — the characteristic value of the peremt load;

- Q= 12.0 KN/m — the characteristic value of the liead (reduced by a combination

coefficiente = 0.3);

- full shear connection between the steel profile thiedconcrete slab;

- full-strength and rigid beam-to column joints;

- behaviour factor g=6 (for MRF);

- limit value of the elasto-plastic inter-storey dfifr Ultimate Limit State: d< 0.02 h, (h is

the storey height).
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Figure 78. Composite frames layout: Frame 1 (left); Framadh(j.

The dimensions of the cross-sections (given in f€igi8) resulted from the elastic static

equivalent analysis, as follows:

- inthe case of Frame 1, the cross-sectional dirnaasivere governed generally by the static
design under the gravitational loads, the comlomatf actions for the seismic design
situation being not prevailing;

- in the case of Frame 2, the static design undegtheitational loads limited the beams
cross-sections, whereas the column cross-secti@ns governed by the combination of
actions for the seismic situation because of tiife lanitations (the resistance criterion was
largely fulfilled).

- FE Modelling of Structural Elements

The above structures were modelled by the helpRAID 2DX computer code and subjected
to elasto-plastic dynamic analyses with input am@grams. The fibre finite element (called “element
15” in DRAIN 2DX) may provide a rather refined bef@ur in comparison with traditional bilinear
elastic-perfectly plastic elements. Obviously, thecuracy of the response depends on the
discretisation adopted for the bar length and emitlimber of fibres considered. Also, the inputsstre
strain curve for each fibre may affect the resporsethe consequence of step-by-step calculation,
plastic zones may develop within the element leagtt cross-section depth.
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Figure 79. Distribution of fibres for bar elements (column armmposite beams) and stress-strain

curves for steel and concrete.

Eight and eleven fibres have been used in the alaselumn and beam elements respectively,
as shown in Figure 79. The fibre stress-strain adtaristics have been deduced from tensile tests
performed on steel samples (beam and column flaageswebs, plus reinforcement) and from
compressive tests on concrete cylinders. A gestads-strain diagram may be adopted for both steel
and concrete, as shown in Figure 79, provided #pgitropriate values of elastic limit stress
associated straignand coefficientsd, w) given in Table 1 are used. In fact these valessilt from
direct measures on actual materials, in particiarstructural steel grades S235 and S355 for beams
and columns respectively, and the steel grade $60Qeinforcing bars. The structural steel is
assumed to have the same properties in tensiomatmmpression whereas the tensile resistance of
concrete is neglected.

Table 10. Mechanical characteristics of materials for beants@lumns
Parameter Column Beam Reinforcement  Concrete
Flange Web Flange Web (compression)

€ [M strain] 2380 1943 1252 1390 3148 1390
o [N/mm2] 500 408 263 292 661 26

1 1.14 1.17 1.39 1.34 1.15 1.28
o1 33.6 41.2 63.9 57.6 12.71 1.98
L2 1.16 1.23 154 1.46 1.22 0.896
o2 46.9 73.6 1535 121 30.13 2.88

The elasto-plastic behaviour of the beams and awduim terms of moment-rotation curves is
illustrated in Figure 80, in comparison with thelinear elastic-perfectly plastic behaviour compgute
according to Eurocode analytical models, considetfire characteristic strength of materials. It $thou
be underlined that the rotation set in horizonsa @orresponds to the integration of the elasts{at
curvature within the actual extended plastic zone.
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Figure 80. Resulting moment-rotation curves of beams and cotum
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- Beam-to-Column Joints Model

Generally the modelling of the behaviour of therbga-column joints into the structural analysisis
difficult task, because it depends on both thetjyipology and material properties. For the presant
simulations, a complex “zero-length” finite-elemenbdel (Skuber, 1998) is calibrated starting from
the actual behaviour of an existing laboratory {specimen G15). The calibration model of the joint
could be found elsewhere (Ciutina, 2003). The arpamtal test was performed in Laboratory of
Structures, at INSA-Rennes, under unsymmetricalicyoading, in a series of a testing program
(Lachal et al., 2004). The joint consisted in ateeged bolted end-plate for the steel part, andtihad
following characteristics:

- column: HEB 300 (S355);

- steel beam: IPE 360 (S235);

- concrete of class C 25/30;

- composite slab with steel sheeting COFRASTRA 40;

- reinforcement: 1@ 10 (S500);

- end-plate: t=15 mm (S235) with 6 high-strength $olt grade 10.9 and of 22mm diameter

used with controlled tightening.

Due to welding deficiency, the failure occurred dnacking of the butt weld between beam
flange and end-plate under hogging moment, leatiin@ clear unsymmetrical moment-rotation
diagram of the joint.

—G15
— FE Model

Moment [kNm]

0.04| |08 -0.06 -0.04 -0.02 0.02 0.04

.
o

Figure 81. F.E.M. calibration for G15 test and envelope betawfor different values of m.

The comparison of the modelled curve for the stmadtanalysis to the actual joint behaviour is
shown in Figure 81. The model represents a quamat envelope behaviour including a discharging
branch. Special factors for cyclic evolution areetainto account, such as: (i) the pinching eff@at;
the stiffness degradation of unloading branchy, {lie loss of resistance of repeated cycles havieg
same rotation range. In addition, the model charetics are different under sagging and hogging
bending moments, being able to simulate the unsynuak behaviour. The comparison of the
envelope curve of Figure 81 (left) with the bearspanse curve of Figure 80 shows clearly that the
actual joint is partial-strength, with resistanaéias of about 0.6 and 0.8 under sagging and hgggin
bending moments respectively.

A parameter used in the analyses was the resistiegree of the joints, taken into account by
the m parameter (see Figure 81 — right). This patammultiplies the ordinate of the initial curve
(m=1). The values of m considered in the analysa® .0, 1.2, 1.4 and 1.6.

- Accelerograms and response parameters

Dynamic time-history analyses were performed u#iiregVrancea 1977 accelerogram (recorded
at INCERC Bucharest N-S). The accelerogram anex#gt response spectra are shown in Figure 82.
For the dynamic analyses, a multiplierwill be applied in order to scale the accelerationthe
required levels of seismic intensity. The accelesiogwas scaled by Effective Peak Acceleration
(EPA) as this factor was considered as the noringlifactor. As example, in order to scale the
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accelerogram at a seismic intensity of 0.32g, aofaof 1.33 was applied (EPA for Vrancea
accelerogram is 0.24q).

2
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Figure 82. Vrancea accelerogram (left) and its elastic respepgctra (right).

As a comparison to above long-period accelerogmmatrtificial accelerograms determined in
such a way that they correspond approximately talB8B-1 — soil C spectrum were used. The exact
response spectra for these accelerograms are shdvigure 7. The Romanian territory was divided
from the seismic point of view into seven seismumes for a return period of 100 years. For the
analyses, the two structures were hypotheticalycegd in three seismic zones, denoted by zone A
(seismic intensity 0.32g), zone D (seismic intgnBiR0g) and zone F (seismic intensity 0.129).
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Figure 83. Response spectra for the artificial acceleroga®sdamping).

A first parameter which was varied was the resistadegree of beam-to-column joints as
explained in the previous section. An ideal casehiich the beam-to-column joints are infinitelyidg
and totally resistant was also considered. Fothalthree seismic zones, the following parameters
have been monitored:

- the required elasto-plastic rotations for all threictural elements. These values have been
integrated for several segments in the case of bements, respectively monitored in the
case of beam-to column joints as a direct reshies€ values were compared to the values
requested by the EN 1998-1, chapter 7, i.e. 35 rfoadhe case of Ductility Class High
(DCH) and 25 mrad for Ductility Class Medium (DCMWalues adopted also in the
Romanian seismic norm P100/2004.

- the Inter-storey Drift (ID) values, monitored atthdevel. They have been computed as a
ratio of the relative lateral displacement of th@ey and the storey height (expressed in %):
(di — di-1)/nstorey. The ID values could also giwdormation about the structural
degradation after an earthquake. The valued ointiee-storey drifts were compared to the
limiting value of 0.02h (60mm), required by the BEDO04 norm in the case of the ultimate
limit state.

- the output behaviour factor (called also the qdigcand the performance factay) (of the
structures, as described in the correspondingosecti
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- Numerical Results

Figure 84 gives information about the structuragrdeation state in case of the Vrancea
accelerogram scaled in order to correspond to eéfmmic zone AX=1.33). There are illustrated the
maximum transitory values of (positive and negatielasto-plastic rotations and inter-storey drifts.
The response values (elasto-plastic rotations Bhdfithe lower structure — Frame 1 show that ewven
strong earthquake does not affect much the stricitine joints rotation values of 5 mrad. and ID
values under 0.9% could be considered at the bimibe Immediate Occupancy performance criteria
according to American Standard FEMA356 (FEMA, 2000}he Serviceability Limit State according
to P100/2004. On the other hand, the higher strectuFrame 2 presents high values of elasto-plastic
rotations (of order of 47 mrad — in the joints) didvalues greater than 5%. This means that the
frame is far beyond the limit of use, and accordimgabove-mentioned standard it even passes the
Collapse Prevention performance criteria.

6.5 6.5 6.7 63 [6s +63 6.8 +84
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Figure 84. Structural response of frame 1 and 2 for zone 32@). — Vrancea accelerogram.

Nevertheless the higher structures are more affdngean earthquake than the lower ones, but
for the studied cases another parameter seemfiuerioe their response, namely the vibration period
(st mode) in regard to the elastic spectra ofabeelerogram. The ratio of the elastic spectrum
corresponding to the vibration period of the fra2n@=0.92s) and the one corresponding to the frame
1 (T=0.47s) is about 1.5 (see Figure 82) fact thadlain in part the differences between the two
responses in case of Vrancea accelerogram.
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Figure 85. Structural response of Frame 1 (A09 accelerogram)Faame 2 (A1l accelerogram)
for zone A (0.329).

On the other hand, in the case of the two artifiazcelerograms (A09 and All) the plastic
dissipation is more uniformly distributed for battructures in comparison to the case of Vrancea
accelerogram — see Figure 85. Although the rotagguirements are moderate under the most severe
accelerogram, (here Al1l), their values indicatedwaw that the joints are plastified:

- 12.8 mrad for frame 1,

- 15.5 mrad for frame 2.

Figure 86 presents globally the maximum valueslas$te-plastic rotation and of Inter-storey
Drifts for the two structures, separately for zoAe® and F (Vrancea accelerogram). The P100/2004
Ultimate Limit State (ULS) limitation criteria (sgm@ragraph 3.2) have been also figured on theshart

For Frame 1 the required elasto-plastic rotati@mains far under the limits requested by the
actual seismic norm, fact that indicate that aajdianot grater than 4 and members of class 2 and 3
corresponding to Ductility Class Medium could bedisn design. In the case of the frame 2, the joint
required rotations show that Ductility Class High mandatory at least for zones A to D. The
maximum values of the transitory Inter-Storey drifiresented in Figure 86, show also that ULS
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limitation of 2% criterion is exceeded for the zeneto D for Frame 2, meaning that the deflections
given by an equivalent elastic design using perfgal and full-strength joints is not safe in regjao
the use of partial-resistant and semi-rigid joints.

Zone Zone
BFrame 2 Rot. -
= 2 . .
Zone F E e 2o Zone F Frame 2
OFrame 1 Rot. + B Frame 1
Zone D Zone D
‘ |
Zone A Zone A
ULS Limit .
| Elasto-plastic rotation [mrad] P100/2004 Int?r-storey Drift [%]
0 25 35 0 2 4 6

Figure 86. Variation of required elasto-plastic rotation (Jeihd maximum inter-storey drift
(right) in respect to the seismic zone (Vrancealkecogram).

Figure 87 shows the influence of the response petexs in function of the joint type
(accounted by the m factor) in the case of thengeigone A — Vrancea accelerogram. Generally the
increase of m factor has a beneficial influencahmrequired rotation (joints or elements) as \asl
on the maximum inter-storey drift, and in this ttethe structure having Ideal Rigid (IR) joints
presents the lower values of response parametspecilly in the case of2Frame the values of the
elasto-plastic rotation decrease by important ansresenting in the ideal case of structure with
rigid joints a maximum required rotation of 31 mradlue that can be easily attained by a usuadl st
beam of class 1 or 2. However, this is an idead cabile the case closest to this situation, hawirng
1.6 (with the maximum rotation shared between gomd beams) presents also values of required
rotations under 35 mrad.
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Figure 87. Variation of required elasto-plastic rotation (Jeihd maximum inter-storey drift
(right) in respect to the seismic zone (Vranceakerogram)

Figure 87 also shows that for the Frame 2 the atinlimit state requirement for Inter-storey
Drift is not satisfied even in the ideal case withd joints. However, this case reduces by hadf b
requirement of the same structure with m = 1. Thedees confirm however the fact that equivalent
elastic design of a structure does not necess#stlyre a safer response in the post-elastic domain.

The behaviour factor g characterises the plasssigition capacity of a structure globally,
allowing a design of the structure by reduced statiismic forces. More exactly, this factor is an
approximation of the ratio of the seismic forceatttne structure would experience if its responas w
completely elastic, to the minimum seismic forceattmay be used in design with a conventional
elastic analysis. When using non-linear dynamidyeses, the g factor may be determined as the ratio:

_(EPA, _A,
" (EPA, A

e
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where: - EPArepresents the effective peak acceleration casreipg to multipliefiu for which the
ultimate state of the structure is considered {fisgtance when the local ductility is reached into a
structural element or joint);

- EPA: represents the effective peak acceleration casrefipg to multiplierie for which the
first yielding occurs into the structure.

Value g = 1.00 was considered for the scaling of the &rogftams corresponding to a seismic
intensity g=0.35g.

On the other hand, the seismic performance fagjorefpresents the ability of the structure to
resist a certain type of soil motion, as the ratio:

_(EPA, _A,
(EPA, A,

Where: - EPArepresents the effective peak acceleration casrelipg to design (in this case equal to
the design ground acceleratiag);a

- Ad the accelerogram multiplier corresponding to ERAthis case equal to 1.00).

Table 11 gives for both frames and for all the bevograms considered in the dynamic analyses
the values oke, Ay and g considering three different criteria for strsctural limit state:

- first, the maximum ground acceleration adoptedHerinitial design of frames;

- secondly, the attainment of the rotation capacitydér either sagging or hogging bending)
in a particular joint of the frame;

- and thirdly, the attainment of the joint rotatioapecity equal to 35 mrad (in accordance
with EN 1998-1 criterion for structures of high tility classes) assuming a hypothetical
discharging branch under sagging bending up tovedise of rotation.

Table 11. Values ofie, Ay (n) and q for different limit criteria.

Joint rotation Theoretical joint

Structure and seismit ag = 0.359 capacity rotation capacity
action Ae A () q M) q M) q

A09 0.35 1.00 2.9 2.71 7.7 3.53 10.1

F;?Te ALl 0.30 100 | 33 1.70 5.7 2.10 7.0

Vrancea 0.50 1.00 2.0 1.83 3.7 2.40 4.8

A09 0.26 1.00 3.9 1.66 6.4 1.94 7.5

Fr:";‘r;e A1l 0.22 1.00 45 1.46 6.6 1.80 8.2

Vrancea 0.13 1.00 7.7 0.59 4.5 0.72 55

Concerning the first criterion, results confirmttiganerally, the g factor is smaller than 6 due to
the fact already mentioned that the seismic aggamot significant enough with regard to the frame
resistances. A special case is represented byetund frame under Vrancea accelerogram, for which
the first plastic rotation forms very earl & 0.13), theoretically earlier than expected bgigie

Using the second criterion, the joint rotation aafyais systematically reached under sagging
bending (for value of 24 mrad). It should be nothdt the g factor exceeds 6 for the artificial
accelerograms. This demonstrates the good disspptirformances of the composite frames which
may be classified in high ductility despite the udepartial-strength joints with unsymmetrical
behaviour. Nevertheless, these deformations immpdyacceptance of inter-storey drifts greater than
0.02h. The limit 0.03h appears more appropriateetaconsistent with a g-factor equal to 6. Here,also

the long-control period accelerogram of Vrancedsdeaa values of g which are under the design value
of 6.

Finally, if the hypothetical third criterion is ceidered, the g-factor would range from 7 to 10,
provided that the inter-storey drift limitation veeincreased practically up to 0.05h, as resultech fr
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the results of the analyses. Generally, experinhantilence demonstrates that this latter value of
transient inter-storey drift cannot be exceededhavit a high risk of structural collapse (FEMA 356
2000).

The values ofy shows generally good abilities of structures teohstand considered ground
motions, with values ranging between 1.46 and h'the case of second limit state criterion, argl 1.
to 3.5 in case of third limit state criterion. Qfwse, an value greater than 2 may indicate a non-
economic design of the structure, but this hapmeg for the first frame, for which the design was
done mainly due to gravitational loads and not ttuseismic combination. As for the q factor, the
only exception to above mentions is representetthéyirst frame under Vrancea accelerogram. In this
casen takes values smaller than 1, meaning that thetsiielis not able to overtake the seismic load to
which it was designed. Under the circumstancessafgupartial-resistant and semi-rigid joints, this
fact illustrates, very clear that a design maderigans of equivalent push-over static analysis is no
necessarily safe with regard to the response ddttieture under dynamic time-history analyses.

- Behaviour of MRF considering actual response aitpi conclusions

As shown by the previous results, the analysed dsaproved a good behaviour under the
artificial accelerograms, complying with the EN 89D — soil C spectrum, although the joints were
semi-rigid and partial-strength. Despite this gdmhaviour, the same frames behaved differently
under the Vrancea accelerogram, characterisechihar control period.

Table 12. Performance criteria of analysed frames (Vrancealamgram).
Limitation criterion Joints Frame 1 Frame 2
Ldzone= F D A F D A
P100/200 Ideal Rigd v v v v vV Y
(EN 1998-1) m=1,6 A A A A 4
uLS HDC m=14 v v v v v X
Rotation P oax < 35Mrad m=1,2 v v v v v X
criterion m=1,0 v v v v v X
P100/200 Ideal Rigid v v v v v X
(EN 1998-1) m=1,6 v v v v v X
MDC m=1,4 v v v v v X
@ax < 25mrad m=1,2 v v v v v X
m=1,0 v o v vovX X
uLsS Ideal Rigd v v v v v X
Deformation m=1,6 v v v v X X
criterion P100/200 m=14 v v v v X X
(Inter-storey |D <2.0% m=1,2 v v v v X X
Drift ID) m=1,0 v v v v X X

Notation:v” - criterion satisfied; X — criterion not satisfied

Table 12 gathers the performance criteria for thedysed frames function of the seismic zone
and joints resistance in regard to lateral defoiomaand rotational requirements of the P100/2004
norm in case of Vrancea accelerogram. The followdogclusions could be drawn, limited at the
element conditions used in this study:

- the degradations in terms of both required elakistis rotation and inter-storey drift,
recorded for lower structure (frame 1) are low,reue the case of high seismicity zones,
such as the Romanian Zone A. For this case, theesaif inter-storey drift remains at the
level of serviceability limit state, even using ti@rresistant beam-to column joints.

- in case of medium height structures, as is the ch$mme 2, the use of partial-resistance
joints should be limited to low seismic zones (zkeF). High values of g-factor (between
4 and 6 according to P100/2004 and EN 1998-1) shbel used, in order to have a
guaranteed value of the elasto-plastic rotatioinefplastic zone of more than 35 mrad.
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- in regard to the inter-storey drift criterion, thesults show that an equivalent elastic design
of a structure does not necessarily assure a sggponse in the post-elastic domain. As
demonstrated also in above, the partial-resistanty could influence by large amounts the
lateral displacement of a structure, especialthatultimate state.

The investigation on the g factor shows that thghhialues of q specified for the composite
frames in EN 1998-1 cannot be adopted without clamgig the inter-storey drift limitation in the
sense of larger tolerance. In fact, the use ofiglatrength joints does not seem to constitute a
handicap, contrary to the unfavourable feelingsafal designers in seismic zones.

In addition, the use of actual joints may lead tmare uniform distribution of the dissipated
energy, without requiring a large rotation capadiy classify the structure in high ductility. In
conclusion, the treated examples have proved thatasion capacity of about 25 mrad under sagging
bending may be sufficient for moderate seismic gdnaeach a g-factor of about 6 while accepting an
inter-storey drift of about 0.03h.

2.4.2. Seismic behaviour of dual Moment Resisting + Eccelly Braced Frames

The modern seismic design codes such as EN199§04a3) and P100/1 (2006) allow the
Incremental Dynamic Analysis (IDA) as alternative the method of equivalent lateral forces.
However, the IDA methodology applied to steel ammposite steel - concrete frame typology
assumes the development of plastic hinges in diss@zones. Various researchers have investigated
the response of steel EBFs and dual MRF+EBF frapugsn most of the cases disregarding the
influence of concrete slab over the overall strradtperformance. Chao et Goel (2006) propose a
method of designing the EBF steel elements basethrget displacement using the Performance-
Based Seismic Design. The numerical investigatmrdacted by Ozhendekci and Ozhendekci (2008)
show the difference in elastic and inelastic ldteyace distribution in EBFs. The study shows adl we
the fact that in many cases the plasticization BF Hinks is concentrated on a limited number of
storeys. Bosco and Rossi (2009) present an iniegestimerical work by considering the steel link
modelled by three resorts. The authors define a penameter, called damage distribution capacity
factor and use it to characterise the seismic respof EBF structures. Degee et al. (2010) present
parametrical numerical study concentrated on EBHs wertical short steel links working in shear and
composite beams by using nominal material charatte. Although the main aim of the study is
concentrated on the influence of material varigbilbn seismic response of structures, partial
conclusions show the good behaviour of the verstegl links conducting to behaviour factors close
to 6 while for design a smaller value was used.

Preliminary tests performed on steel dual MR+EBIEIR 1987, Danku 2011) having the steel
beams connected to concrete slab (composite bedrog) that the composite effect has a favourable
influence on the resistance of the plastic hingdemmaintaining the high ductility of the systems.
Also, the disconnection of steel element from tbrccete slab does not assure a similar behaviour to
that of steel element alone, but is more closeltacbnnection situation.

The plastic hinges act as fuses in dissipatingrseigiput energy through elastic-plastic cycles
in bending (for MRF) and shear (for EBF). In cutrg@mactice, the model defining plastic hinges
involves only the use of the steel section to defiihe plastic behaviour. When considering steel
beams composite with the concrete slab, the gemendiency is to avoid the connection over the
dissipative zone, thus allowing the plastic hingéully develop in the steel profile.

A common solution for concentrating the plasticgginn a desired position is by using Reduced
Beam Section (RBS), usually on the beam, in then¥yc of the beam-to-column joint (Plumier,
1990). It implies the reduction of beam sectionflayge cutting. The procedure is also applied to
prevent premature failure of the joint or columnngia The experimental results obtained on
dissipative zones of MRF and EBF and describecatian 2.3 is used as basis for the calibration of
plastic hinge behaviour in such a way to consilerdomposite effect on the plastic behaviour of the
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element. These will be further used in nonlineaalgses of time-history and pushover types on
frames.

The computer code SAP2000 (CSI 2012) was considesead rational design tool for required
analysis. A parameter in the choice of the analysfavare was the large distribution among thel stee
design engineering community. The hinge definittoadule developed in version 14 in SAP2000
computer code allows for the definition of variqulastic hinge properties, such as:

- M3 bending hinge usually assigned to elements feams) - user specifications allowed,;

- V2 shear hinge — assigns a hinge to an elementingpik shear (e.g. short links), - user

specifications allowed;

- P axial hinge type can be applied to axially-loadknents, such as braces. Different hinge

properties may be defined in tension and compressio

- P-M2-M3 - axial and biaxial bending moment hingsedito model the plastic behaviour of

columns.

These models are mostly used for steel sectionsasmcdymmetric in behaviour by implicit
definition (see Figure 88). The model for the pakinge includes only the definition of the plasti
curve through rigid-plastic behaviour, while thastic behaviour is integrated in the element model.
Different key-points can define plastic deformatioelated to Immediate Occupancy (lO), Life Safety
(LS) and Collapse Prevention (CP) limit states. Ewsv, the implementation and use of a plastic
hinge model for composite cross-sections, requjoesl knowledge on the elasto-plastic behaviour of
the structural elements and joints including thience of alternate loads.

[

. Immediate Docupancy
ot [ Life Safety

I Collapze Prevention

Figure 88. Example of default plastic hinge definition in SAD (SAP 2000, 2012).

A realistic plastic behaviour of a hinge is obtaintérough definition of the key points that
follow the behaviour resulted from experimental elope curves. Thus the three-linear curves with
descending branch shown in Figure 90 were derivethe basis of the experimental envelope curves
obtained for bending and shear elements. The expatal tests were concentrated on the behaviour
of dissipative zones of dual MRF+EBF (see Figure-96ft). Testing set-up of beam-to-column and
respectively EBF specimens is shown in Figure @fiddle and right respectively.
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|~ N — — o % 1 r
~— | ~— ~—]
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Figure 89. Dissipative zones for MRF+EBF dual configuratiogft)l and testing set-up for DB
and EBF specimens (right).

The experimental results show a significant diffiees between steel and composite specimens
(connected or not over the hinge) for all the muneitl parameters: resistance, initial rigidity and
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ductility. In consequence, the plastic-hinges dafirfor the composite cross-sections should be
asymmetrical with distinct behaviours for positased negative branches. Figure 90 shows graphically
the definition of the key points chosen for thesfitahinges characteristic curves for RBS (moment —
rotation) and short EBF links (shear force — disdo) plastic hinges respectively with respect to
FEMA recommendations for IO, LS and CP limit stgfeSMA 2000). In both link and RBS cases the
full-interaction of composite behaviour of the besawas modelled. The quadric-linear numerical
models shown in Figure 90 were chosen to followy wosely the experimental results.

Moment [KNm]

V [KN]

I | I
' . !
Rolall‘o n [rad]

. |
L]
.04 0.065

|

01 0.15
Rotation [rad]
|

|
——steel
—-— c%mposne

—-CP

Figure 90. Plastic hinges developed in the RBS (left) and (nidht) for steel and composite

specimens.

Considering the characteristics for the steel ardposite beam and link hinges, the key-points
definitions could be made in a normalized mannee (Figure 91), taking as unity the plastic
resistance of steel elements: in bending for RBBeains and respectively in shear for short links.

l'Y f!rliad/mm]
35/e 100/e 160/é

1 10/‘e 60/e20/e

T i

Wl Composite hinge ‘ I ! Il Composite hinge
Steel hinge | TR Steel hinge

1.46 | | I A1.2

D | |

- 1.82

2.45 i
3.05 c 1.63

Figure 91. Normalized definition of moment and shear hinges.

The validation of hinge behaviour was performediriggration of hinge definitions on steel
subassemblies simulating the tested specimens efgezb in Figure 89): experimental EBF
(EBF_M_LF-M) and beam-to-column joint (DB-C_RLD gjiraen) respectively. In order to obtain
accurate models, the real stress-strain materfatitiens were used for elements, as they resulted
from traction tests on samples. Multi-linear elagtiastic material models were used having the
nominal characteristics given in 0.
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Figure 92. Material definition for steel grades S235 (beanm) 8355 (columns and braces).

The lateral force versus top displacement resultech numerical simulations show good
agreement with the experimental response for bmtitg (DB specimens) and link (EBF specimens)
as shown in Figure 93. However, in case of EBF Kitians it was necessary to replicate the slip in
the brace connections through elastic link elemfmtebtaining a good accuracy in the initial riidyd
of the frame. This considered a linear relationshgiween force and displacement, 5mm slip
corresponding to an axial load of 800kN.
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Figure 93. Experimental versus numerical lateral force — tigpldcement relationships for DB
and EBF specimens respectively.

- Calibration of composite response for beams

The numerical response of composite steel and etnbeams represents a delicate matter due
to the difficulty of assessing differences in mateproperties, both in elastic and plastic range —
rigidity, resistance and deformation to failurerdghing etc. The frame modeling of such elements is
even more complicated due to the concentratiorci@al properties on longitudinal elements (Zona
2000). Elghazouli (2008) shows that a fiber modael domposite beam section with discrete links
simulating the connection between steel and comced¢ment can simulate a good composite
behaviour . However, the behaviour of joints sbdag foreknown.

On the other hand, the research-dedicated softaiach as Open SEES (2012) or DRAIN
2/3DX (2012) used for modeling composite crossisestin frames analysis are using fiber models
with different material characteristics for struetusteel, concrete and reinforcement. Yet these
programs are difficult to use in current designcess.

The SAP 2000 computer software, version 12.0 allsggeral models for composite elements.
The model chosen to simulate the composite bearbders adapted according to the one proposed at
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CSI Berkeley in April 2010, and implemented firstty SAP2000, version 12.0. This has proven to
work adequately by comparing the numerical andyaigal results, for simple cases of a simply-
supported and a double-encased beam. The modeausmselement for the steel profile and a shell
element simulating the concrete layer, while a diXenk is used for simulating the composite
connection between steel and concrete. The semlkefelement and shell are drawn at the elevations
of their centroids while the connection is realizédixed intervals (see Figure 94).

P e

Aivec Link for

Composite Behavior

Figure 94. Numerical model used for simulation of compositarhe (SAP 2000).

The calibration of composite beams behaviour watopaed through push-over analysis on
joint (DB_Comp_RLD) and EBF (EBF_LF2_Comp_C1l) sugmmblies, by comparing the
experimental and numerical results. The subassemfare in fact part of a DUAL MRF+EBF
structure (see Figure 93) with spans of 4.5 m 8FE&nd 6 m for MRF. The concrete slab considered
a thickness of 12 cm and two reinforcement laydr&2fnm distanced at 15 cm), according to the
characteristics of the experimental tests. Theidensd slab width for both MRF and EBF of 120 mm
was greater than the one required by EN 1998-1.{2%(and En 1994-1 (2xL0/8) in case of MRF.
However, this value is close to L/4 which is coesatl by Huang (2012) as appropriate for accurate
response of composite frames.

The concrete material was defined based on thétseshtained on standard compressive tests
on cube samples, using the Mander model (CSI 284@) further adapted for the actual resistances,
the model being shown in Figure 96.

The model has been adapted for satisfying the reapeints needed for modelling a complete
interaction in longitudinal shear between steel aodcrete. For this purpose, the links have been
placed at a maximum distance of 30 cm one fromotiher. This distance resulted as adequate in
modelling the complete interaction. The shell eletngection was considering multi-layered non-
linear elements in which the concrete is represehtiethe shell layer while the reinforcements are
represented by two membrane layers with elastistigpl@dehaviour.
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Figure 95. Numerical model used for simulation of compositarhe (SAP 2000).

The concrete slab was modeled by considering twehrsizes: a larger mesh of 15x15 cm was
used for the spans, where no plasticization wasaggd, while in the potentially plastic region raefi
mesh (2.5x6 cm) was considered (see Figure 95).shbkar hinge behaviour of link was defined as
shown in Figure 90 and Figure 91 to follow the ekpental response. The comparison of numerical
and experimental results is given under the forrfoafe — top displacement curves in Figure 97 and
proves an accurate response of numerical modeloforEBF and DB specimens.
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Figure 96. Numerical model used for simulation of concretearat in composite beams.
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Figure 97. Experimental and numerical push-over curves obteiaeEBF and DB

subassemblies.

- Case-studies, design and monitored parameters

The numerical investigation consisted in monitoritige nonlinear response of eight 2D
structures, designed according to current Europeamic regulations. The structures were considered
with steel columns while the beams were designetivn distinct conditions: steel and composite
resulting in this way a total number of 16 strueturThe systems considered for analyses were three
EBF, two MRF and three dual EBF+MRF structures. $haly was considering a wide variety of
structures, from low-rise 4 story structures, up tnd 12 story configurations.
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Figure 98. Lay-out and notations for frames.

The structural elements were designed accordifgNtd993-1-1, EN 1994-1-1 and EN 1998-1.
The gravitational loads considered, were unifordibtributed on floors: dead load: 4 kN/and live
load: 3.5 kN/m (including partition walls). The masses were coteduaccording to the seismic
combination 1.35G+1.5Q and concentrated in stratjoints. For the seismic design, an equivalent
elastic spectral analysis was considered. The mpectonsidered is characteristic to the city of
Bucharest, and has the control periedIl6s and the peak ground acceleratigid@4g. The value of
the g factor was taken equal to 6 (table 6.2 fra 1998-1) corresponding to high ductility class
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structures. The non-ductile elements were desigoedidering the values of ,Q as 2.5 for EBF
and dual frame and 3.0 for MRF.

The structural configurations are given in FiguB 8l the frames represent facade frames
isolated from hypothetical square structures. Naatfor different elements are given, in functimin
structural typology. The description of spans aledent sections are given in Table 13.

Table 13. Main data for analysed frames
Frame Frame Nr. of Level MRF Composite
number| name levels| height [m] Spans [m] Beams EBF Beams beams Columns Braces

LO-L1: HEZOOB
F15 DUAL - 45 5 4, 4x3.5 8,658 IPE450 IPE360 no HE400B Lz-L4: HE1G0E
LO-L1: HEZOOB
Fic DUAL - 4C 5 4, 4x3.5 5,65, 8 IPE450 IPE3E0 yes HE400B Lz-L4: HE1G0E

LO: HEZ404

L1: HEZAOA
FZs EBF - 45 5 4,4x3.5 | 8,658 |IPE400 | LZ: HE2404 na ?:tt,':gfgg: LDL;L.SHET:DDBDB

L3: HEZZ0A ' :

L4: HEZO0A

LO: HEZ404

L1: HEZ&0A
Fzc | EBF-4cC 5 4,4x3.5 | 8,658 |IPE400 | LZ: HE2404 yes ?:tt,':gfgg: LDL;L.SHET:DDBDB

L3: HEZZ04 ' :
L4: HEZO0A
LO-L2: HEZ00A

L3-L4: HEZE0A ext'HE400B | LO-LS: HE240B
Fss | DuAL-gs) o 35 7o8 7 | HEZBOA L T o Esena ne int:HESOOM | L&-L&: HEZ0OB

L6-L8: HE2204
L0-L2: HE3004
L3-L4: HEZ304 ext:HE400B | LO-LS: HE240B
F3C |DUAL-80 3 35 TiB 7 \HEZEDAL T o Esena yes int:HESOOM | L&-L&: HEZOOB
L6-LB: HE2204
L0-L2: HE300A
L3-L4: HE2304 ext:HE400B | LO-LS: HE240B
Fas BBF - 8% ? 35 TaB 7 \HEZEDAL T o Esena no int:HESOOM | L6-L&: HEZOOB
L6-L8: HEZ204
L0-L2: HE300A
L3-L4: HE2804 ext:HE400B | LO-LS: HE240B
F4C | EBF-BC ? 35 7a6, 7 JHEZBOA | T o e e ves int:HESOOM | L6-L8: HEZODB
L6-L8: HEZ204

LO-L2: HE300A

L3-L4: HE2804 ext:HE36OB
FSS | EBF-5S 7 35 7,6,7 |HEZB0A | L oS no A EASOM HEZOOB
L&: HE2204
L0-LZ: HE3004
L3-L4: HE2304 ext'HE3E0B
FSC | EBF- 6C 7 3.5 7,6,7 |HEZBOA | T oS ves S HEASOM HEZOOB
L6: HE2204
L0-Lz: IPE400 L0-Lz: HE30O0A
L3-L5: IPE360 L3-L5: HEZEO0A
L6-L8: IPE330 HE450M / | L6: HEZ40A
Fes  |DUAL - 125\ 13 35 8.6, 8 | IPRAOD | ) 0 pEagn no HE450B | L7-L3: HE2Z0A
L10: IPEZ70 L10-L11:
L11-L1z: HEZO0A
L0-Lz: IPE400 L0-Lz: HE300A
L3-L5: IPE360 L3-L5: HEZEO0A
L6-L&: IPE330 HE450M / | L&: HEZ40A
Fec  |DUAL-12C| 13 35 8.6, 8 | IPR4OD | ) 0 pEgng ves HE450B | L7-L9: HE2Z0A
L10: IPE270 L10-L11:
L11-L1z: HEZO0A
] 75,75, ] HEG00B /
F7S | MRF-55 | & 3.5 i IPES00 no HEG0OM
] 7.5, 7.5, ] HEG00B /
F7C | MRF-5C | & 35 i IPES00 yes HEanOM
HESO0B /
FBS | MRF5-55 | & 3.5 6,6,6 | IPE400 - no Hoenon
HES00B /
FEC |MRFE-5C| & 35 6,6, 6 | IPE400 - ves HEs00M

* Note: The design was considering the dissipagieenents (beams and links) of the steel grade S235,
while the non-ductile elements (EBF braces androak) of S355. The only exception to that are the
frames F4S/C of 8 stories for which the EBF beaer®wnade of S355.

The non-linear response of the structures was wm@uitthrough push-over and incremental
dynamic analyses with accelerograms. The push-awalysis gives valuable information concerning
the non-linear response of the structures. Fomtireerical study the non-linear push-over analyses
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were used for the confirmation of the plastic fadlmechanism considered in design and also toyverif
it the structures can reach the target displacesrfenserviceability and ultimate limit conditioriBhe
N2 method (Fajfar 2000) was used for this verifat

The Incremental Dynamic Analyses (IDA) were used docomplete characterization of the
non-linear structural response. Seven earthquakes eonsidered, all of them recorded from Vrancea
source. Details on these recordings could be felselvhere (Danku 2011):

- One recording from Vrancea 1977 earthquake (INCERE);

- Three recordings from Vrancea 1986 earthquake (IRCHE-S, EREN 10W and Magurele

N-S);
- Three recordings from Vrancea 1986 earthquake (RICEN-S, Magurele N-S and
Armeneasca S3E).

The recordings were scaled initially on the degigak ground acceleration corresponding to
Bucharest seismic conditiongd&ig=0.24g). The intensities were then increased updaeaching of
a failure point by an acceleration multiplicatioacfor §). The failure (ultimate) criteria for the
analysed frames were considered at the attainnfiemeoof the following points:

- Development of a structural mechanism;

- Reaching the maximum rotation capacity in a hiragedrding to FEMA356 document);

- Reaching the maximum allowable inter-story driftili (3% was considered as the limiting

criterion).

The IDA results show the realistic behaviour oustures indicating the structural response
under severe ground motions and the dissipatioadigpof the structure. Several parameters were
monitored:

- the inter-storey drift values for different limitage conditions such as serviceability (0,129)
and ultimate (0,24g). The inter-storey drifts wergpressed as percentages of storey
heights;

- the plastic rotations developed in dissipative eBts for different levels of ground
acceleration (ultimate and serviceability). Theatues were compared to norm conditions
and experimental results;

- the behaviour factor, expressed as the ratio betwde ground motion intensity
corresponding to failurer() and the multiplier corresponding to the developtmaf first
plastic hinge X1): q=Au/As.

- the efficiency of the building) defining the ability of the structure to withstaaccertain
earthquake was computed Ry &J/ay (ultimate to design ground accelerations). In the
conditions in which the accelerograms were scatedyt the efficiency is equal to the
multiplier of the accelerograms in ultimate cormhi$:n= A..

The elements were modelled considering elastidipldsehaviour of materials, and plastic

hinges definitions described in second section.

- Response of the 9 storey DUAL structure

The 9 storey DUAL frame is considered a typicalictinre that combines the advantages of
MRF and EBF for a convenient height. The convengbnotations shown in Figure 99 was used for
representing the damages in the structural elem&hts values are related to the maximum rotation
reached in experimental investigations for linkneéats in EBF and in RBS in MRF. The red colour
will indicate the results obtained by structureshwdéomposite beams, while blue will depict results
obtained with steel beams.

Figure 100 presents the development of the plastiges resulted from the push-over analysis
for different levels of top lateral displacemen® 8im (situation corresponding to the serviceability
seismic intensity); 180 mm and 230mm as displacénoemresponding to ultimate limit state
conditions. As it could be noted, first plasticipat occurs in the lower-level links while the MRF
beam ends (RBS) are plastifying for higher displeeets in RBS zones (hogging bending only).
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Figure 99. Levels of response rotation for links and RBS.
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Figure 100. Push-over response of nine-storey structure.

In both cases (steel and composite), the SLS diglteconditions are reached by plastic hinges
formed only in link elements. The ultimate limitatd corresponds to the exhaustion of rotation
capacity of links, recorded in the mid-storiesisito be noted that at the ULS stage, the RBS have
only initial plasticization under bending. In thesenditions, a replacement of the EBF link element
may restore the building in a recovery state atastrong seismic motion. In case of the composite
beams the plastic hinges tend to develop laterheve smaller rotation values. Consequently, the
composite solution leads obviously to a stiffeusture. Due to this fact the structure with comf@osi
beams does not reach its target displacement at. Hv@&n in these conditions, the overall
performance of the structure with composite beanappreciated as satisfactory, no damage occurring
in the non-dissipative elements.

Figure 101 presents the results of dynamic analysdgsrmed on the DUAL-8 M(C) structures
for the design condition in case of Vrancea 77 IIRCEN-S accelerogram. Among the seven
accelerograms considered Vrancea 77 ground motaepresents the most destructive. The
accelerogram was scaled for corresponding to th& geound acceleration of 0.24=(.0) used in
design. The charts given in Figure 101 presennthagimum values (envelopes) recorded during the
guake action for RBS rotation, link distortion aslMas the inter-story drift (expressed as pergmta
of storey height) for each storey.
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Figure 101. Maximum values recorded for Vrancea 77 accelerogram

The largest inter-story drift is recorded at tiél2vel, but the maximum value (roughly 2%)
does not exceed the limit given by P100/2006 and&ade 8. The stiffer character of the composite
frame leads in this case to a maximum drift of abtkPo of that of steel. The link exhibits high
ductility, reaching rotation values in excess oD hirad for steel and 80 mrad for composite strctur
respectively. The plastic hinge formation in RBSswecorded after the formation of the plastic henge
in link elements. The development of hinges in R&& up to the Bfloor in the steel configuration
and ¥ floor in case of composite frames. However, irs thase the values are noticeably higher for
the steel beams in comparison to the composite ones

Figure 102 illustrates the difference between thé& Sind ULS conditions for the same
parameters: envelope inter-storey drift and plastiations in link elements and RBS zones. The SLS
condition is defined by a half design ground agegien (.=0.5). The results at SLS show very
smaller differences between the steel and compfraitees in what concerns the drift values and RBS
zone rotation. However, for lower levels in theusture, there are significant differences in link
rotations: 20 mrad for composite, up to 40 mradsteel frame, respectively. The stiffer character o
the composite frame is preserved.
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Figure 102. Differences in SLS and ULD conditions for Vranc&aatcelerogram.

Figure 103 and Figure 104 present the same recopdegmeters in ultimate limit state
conditions for all seven accelerograms. The vabfestations recorded in plastic hinges of links fo
the composite structure appear to be more eveslyilalited along the building height. Considering
the norm limitations for drift and plastic rotatiah ULS, the composite structure could be consilere
safe, with all the required values for drift andatmns under the norm limiting values. This isoals
valid in case of steel frame with only two excep$inthe link distortion for Vr77 and 86 exceeds the
required experimental value of 110 mrad. As a gdrenclusion it could be noticed that the plastic
rotations demands in case of composite framegimsfsiantly smaller than in the case of steel frame
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Figure 103. Results recorded at ULS for steel DUAL 8S frame.
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Figure 104. Results recorded at ULS for composite DUAL 8C frame

- Incremental dynamic analysis results
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Figure 105. IDA response representations for the DUAL 8 stdegkand composite structure,
respectively.

The results of IDA are presented under the forrahafrts plotting the accelerograms multiplier
(M) against the top inter-story drift (envelope valuégure 105 shows the comparison between the
global responses of the 8 story structure in thelsthd composite beams solution under 7 earthquake
recordings from Vrancea source. The IDA were pentd by step-by-step incrementing of the
acceleration level while monitoring the top disglaent value up to the point when a failure criterio
was reached. The apparition and development ofiplisges was also monitored.
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The results show very clearly that in case of framth steel beams the first plastic hinges are
formed at smaller values afmultipliers than in the case of frames with conitgobeams, while the
failure increment (either by attainment of failunechanism or reaching the maximum rotation in one
of the hinges) has similar values. On the otherdhtme steel structure exhibits higher seismic
overstrength factors presenting a safety reservatofeast 20% A=1.2). From this point the
deformations for both structures are amplified.

- Differences in response: EBF and DUAL structures

The difference in seismic design of EBF and DUALAEBIRF is made by the presence of
moment-resisting structure, which must withstandtaral seismic force proportional to its stiffness
(clause 6.10.2 of EN 1998-1). Consequently it ibda@xpected that a dual configuration will befestif
that the equivalent EBF. Table 14 presents in coisga the drift and rotation requirements for the
two types of structures, in the design situationl(0) for each earthquake recording. Also, in Fégur
106 are presented the IDA top-drift versumultiplier curves for three selected accelerografe
results show that not in all the cases the DUALdtires are stiffer than EBF frames and in a génera
manner other parameters, such as the shape ofigpegbverns the particular behaviour of the frame.
Also, it can be noticed that in both cases, th#, dink distortion and RBS rotation are smaller the
composite configuration, confirming the conclusianawn up to this point.

Table 14. Comparison in monitored parameters for EBF and D@Adtructures
Results at ULS for EBF - 8 structure Results at ULS for DUAL - 8 structure
ouake Drift requirement [%ink rotation [mradRBS rotation [mra ]Quake Drift requirement [%4Link rotation [mradRBS rotation [mrad]
Steel | Composite Steel| Composite| Stegl Composite Steel] Composite | Stegl Composite| Stegl Composite

IVr77inc 1.52 1.27 146 110 - Vr77inc | 1.59 1.56 129 86 29 9
\Vr86inc 1.47 0.92 134 96 -~ - Vr86inc | 2.41 1.89 143 128 21 7
\Vr86ere 1.36 0.85 125 61 - - Vr86ere| 1.11 1.04 110 92 8 7
IVr86mag 1.21 0.72 10 64 - - Vr86mag 0.70 0.62 116 98 9 7
IVro0inc 1.03 0.93 92 53 - IVro0inc | 1.17 0.93 117 110 8 4
IVr90arm 0.97 0.93 85 58 IVr90arm| 1.00 0.81 101 91 8 3

Vr90mag 0.83 0.53 72 59 - - IVr90mag 0.88 0.66 86 79 6 5

Note: all steel beams in DUAL configuration wersidaed using steel quality S235, while all beams
in EBF configuration are steel quality S355.
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Figure 106. IDA response representations for DUAL and EBF 8yssteel and composite
structures.
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- Investigation on behaviour factor and seismic adfficy

Table 15 shows the values of q (behaviour factog @ (seismic efficiency) computed as
described above. The results are given for sixessprtative frames. Due to the fact that the
accelerograms used in analyses were initially pedesl to the design seismic intensity, thiactor is
equal in this case to the ultimate value of acoglerms multiplier -A,. The values listed in Table 15
represent the average values computed for all égliensaccelerograms considered for analyses. The
exact values of the g factors for each structui ascelerogram could be found elsewhere (Danku
2011). The g values resulted show a good agreewinthe value used in design (g=6) for EBF and
DUAL type frames but for pure steel structures oilligese are in coherence with the values found by
other researchers (Rossi 2007, Degee, 2010). Howewealler values are found for composite
structures. This fact could be explained by théndigigidity offered by composite beams. Although
the ultimate accelerograms multipliers are aboatdame for steel and composite frames, higher
values are required for first plastic hinge in casie beams. In consequence, the overall g vahges a
smaller than in case of steel structures.

The values of the seismic efficiency proves a dlohiaimum reserve for all structures (steel
and composite) greater than 20% which could begddts safe for the current design. The final value
of n does not depend on structural typology (steeliaiac DUAL/MRF/EBF), but only on the real
response under different accelerograms.

Table 15. Accelerogram multipliers, q factor and structurdiceency.
Structure Configuration s Navg
F1 DUAL -4 Steel 55 1.4
Composite 3.9 1.2
F6 DUAL - 12 | Steel 5.8 1.4
Composite 4.9 1.2
F7 MRF -5 Steel 5.8 1.5
Composite 5.8 1.5
F5 EBF - 6 Steel 5.9 1.2
Composite 3.6 1.2
F4 EBF - 8 Steel 6.5 1.3
Composite 5.8 1.2
F3 DUAL - 8 Steel 5.8 1.4
Composite 4 1.3

Note: qvg andznagrepresent the average values of all earthquakerdings

- Investigation on the overstrength factor

The overstrength) factors are used in the design of non-ductile elgm (columns for
example) and represent the minimum ratio betweeadihy level of ductile elements under seismic
combination condition to the plastic capacity o #tdement section (clauses 6.6.3 and 6.8.3 of EN
1998-1). TheQ factor should be unique on the structure. The luglaes of the 144,Q product for
design range between 2 and 4. For the structurdesr wonsideration a value of 2.5 was used for EBF
and 3 for MRF. The seismic analyses performed @elamgrams for the equivalent elastic analysis
show that theQ values are increasing from bottom elements tootogs, which means that the top
dissipation elements are usually not very stregsedismic conditions, leading to high values eqoal
7 or 9. However, this conclusion is coherent witie torder of formation of plastic hinges. In
conseguence, the minimal values of the overstrefagtorQ are always taken from the lower storeys.

Table 16 gives the overstrength factor values Far s$tructures under analysis, computed
separately where the case for MRF, EBF and ovBtaAL values. The smallest values were resulting
for MRF with values close to 1.0 both for steel amwmposite structures. This fact proves the
efficiency of RBS solution. The final values of estength product 1.3%*Q (between 1.5 and 2) is
smaller than the values used in design.
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Table 16. Overstrength factor values.

Structure Q - EBF Q - MRF Q - structure 1.19,* Q

steel | composite steel composite  steel compossiteel sfecomposite
F1 DUAL -4 2.16 2.22 2.83 2.94 2.16 2.22 2.97 3.06
F3 DUAL - 8 1.52 1.55 1.39 1.72 1.39 1.55 1.91 2.13
F6 DUAL - 12 1.57 1.58 1.32 1.39 1.32 1.39 1.81 11.9
F2 EBF -4 1.52 1.62 1.52 1.62 2.09 2.23
F5 EBF - 6 1.83 2.07 1.83 2.07 2.591 2.84
F4 EBF - 8 1.53 1.67 1.53 1.67 2.11 2.30
F8 MRF - 5 1.08 1.18 1.08 1.18 1.49 1.62
F8 MRF - 5 1.04 1.30 1.04 1.30 1.4{3 1.78

However, in case of simple EBF structures the dramgth factors are greater, the maximum
values being 1.8 for steel and 2.1 for composae@s. This leads to average ¥.*Q values of 2.5
for steel structures (identical to the ones présctj and 2.8 for composite.

For DUAL frames, there have been compuiethctors for both MR and EBFs. In this situation
the MRF beams are less stressed as compared tie smoment resisting frames, this being proved by
higherQ values. On the other hand, smaller values arermutdor EBF of dual frames in comparison
to pure EBF. This leads to the conclusion thatssismic-induced efforts are redistributed compared
to the case of pure MRF and EBF frames, namely iR to EBF. In order to be coherent with the
modern seismic norms, a sindglefactor should be used for the entire structurecdnsequence the
lowestQ value should be considered from all the valuesprded for MR and EB elements. For our
applications the values found could be dividedna tases:

- for low-rise buildings (e.g. 4 storey structures® t1.1%,*Q products given in norms are
smaller than the obtained values. This could leadumder-dimensioned non-ductile
elements (columns and braces in this case);

- for medium-rise buildings (8 to 12 storeys) the*3.¥Q product is in the limits of the
values used in design.

The composite frames have greater values for bbo#nd total 1.1%,*Q products. This is
however against the existing prescriptions, whighrgntees the same values for steel and composite
frames.

- Seismic behaviour of dual MRF + EBF - Conclusions

The Incremental Dynamic Analyses (IDA) has provée fact that structures where the
interaction between steel and concrete was mode#ed had a different behaviour from the bare steel
ones. The low-rise steel structures (4 storiestdies) have shown higher drift and rotation
requirements than the similar frames modelled witmposite beams. For the high-rise structures,
with a higher vibration period, the increase iresgith and rigidity induced by the composite effect
leads also to smaller rotations in links and RBS.

The numerical results indicate that the main plagéiformation requirements in case of DUAL
(MRF+EBF) structures are to be found mainly in lin& elements (with values around 100 mrad for
the design situation) and with some contributi@nfrthe RBS (values around 20 mrad for the ULS).
From this point of view, the value proposed by E398-1, § 6.8.2. of 80 mrad for the short links in
EBF becomes insufficient for the DUAL frames.

The values for the behaviour factor g, obtainedlieranalysed steel structures, are close to the
prescribed design values (e.g. g=6 for DUAL frameshfirming the good dissipation capacity of
these systems. It is to be noted that, followirgy niamerical analyses, for the composite structiires
resulted behaviour factors with smaller values tfmrthe same structures with steel beams (e.g. for
the DUAL frames, between 4 and 5, with respecf)to 6

By analysing the seismic efficiencyn-it resulted that the analysed structures haemgth and
ductility reserves of about 20-40% compared todbsign requirements.
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2.4.3. Robustness of steel frames with composite steat@mtiete beams

The term structural robustness is used to idetiigyquality of a structure of being indifferent to
local failure, in which small damage causes ongnailarly small change in the structural behaviour.
A robust structure has the ability to redistribldad when a load carrying member experience a loss
of strength or stiffness and exhibits ductile ratien brittle global failure modes. A robust stuure
does not mean one which is over-sized. The alibityesist damage is attained through consideration
of the global structural behaviour and failure nede that the effects of a localised structuralifai
can be decreased by the ability of the structurestlistribute the load elsewhere, and so that the
effects of the initial failure are limited.

Significant area of research in structural engimegein the last years has been structural
robustness. The need for robustness rest in théhaicstructural design codes are based mainthen
design of structural members or the consideratiothhe® member failure modes. Furthermore, design
codes and engineers may not always include alaatedesign situations or relevance for the intggri
of the overall structural performance. Robustness property which is not only associated with the
structure itself, but needs to be considered a®dupt of several factors: risk, redundancy, ditgtil
consequences of structural component and systeurefsi variability of loads and resistances,
dependency of failure modes, performance of stratjaints, occurrence frequency of extraordinary
loads and environmental exposures, strategies fonitoring and maintenance, emergency
preparedness and evacuation plans.

In order to minimize the possibility of failuress those mentioned above, many building codes
consider the need for robustness in buildings aodigee methods to obtain robustness. In fact, lin al
modern building codes, it is possible to recogtime statement (in this or a slightly different fgrm
»otal damage resulting from an action should netdisproportional to the initial damage caused by
this action”.

Progressive collapse resistance is a measure aftrilgtural robustness and relies primarily on
resistance of key elements, continuity between ehsn and ductility of elements and their
connections. The different nature and intensity esireme loading events make difficult the
development of explicit design requirements fornsdesign situations. A better strategy is to lithé
extent of damage in case of such events, so teapribgressive collapse is not initiated. However,
there are concerns that primary load carrying mesis®uld not be able to develop the required tie
forces because of the significant deformation deteaBome structural features may improve the load
redistribution capacity and thus, may reduce thimrdeation demands. One example is the floor
system that considers the interaction between etmatab and steel beams. In the experimental study
(Astaneh et al., 2001), the ability of a typicadedtstructure to resist progressive collapse irethent
of the loss of a column due to a blast was invagtid. The findings suggested that a retrofit scheme
which cables are added to the side of beams cauldsbd to develop larger catenary action with a
higher factor of safety. The increase in capadtyi@/ed by this scheme was confirmed by a different
test in which horizontal cables were placed inftbers and on the top flange of the girders aldmgy t
exterior column line (Tan and Astaneh, 2003). Ottadies were conducted to Stevens et al., 2009),
(Alashker et al., 2010), (Dubina and Dinu, 2012)eTesults showed that the effect of this inteoacti
is favourable especially for less redundant stmattslystems.

- Robustness analysis — reference building

The case study building has a four-bay, four-sgatl six-story steel structure with moment
frames in both directions as shown in Figure 107e Bays and spans each measure 8.0 m and the
stories are 4.0 m high each. The structure wagydedi with non-composite and composite steel
beams. For the first structure, no interaction leetvthe steel beams and the concrete slab was
considered (denoted as steel model). For the sestadture, secondary beams were designed as
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composite section with full shear connection ushgar connectors along the entire length (denoted
as composite model ), see Figure 107. A third moalso composite, has been studied, with shear
connectors on secondary beams but also on the beams (denoted as composite model II).
Composite beams had shear connectors at top ftangae row at 200 mm interval (Figure 107).
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Figure 107. General view of the multi-storey frame buildingtalks of the floor structure: cross

section of the composite secondary beam and distibof connectors for main beam and
secondary beam

The structures were designed to the effect of grdoads (permanent and variable actions) and
lateral loads (wind and seismic actions). The dmadi live loads considered are 4.0 kR/ach and
the reference wind pressure was 0.5 kN/irthe structures were located in a low-seismicityaa
characterized by a design ground acceleratyasf 8.08 g, and a control period TC of 0.7 s. ibsd
be noted that, the seismic intensity and the respspectrum used in design were those given in the
Romanian Seismic Code, P100-1/2006. The high @ss® structural system was considered using a
behaviour factor q of 6.5. An inter-story drift ltation of 0.008 of the story height was used for t
seismic design at the serviceability limit staterdstent and seismic design situations were used f
the design of members and connections, using thevamt parts of Eurocodes. No particular
accidental design situation was considered in desig order to overtake the bending on two
directions, the columns sections are Malta crostises, made up of two HEB 450 profiles. The
design conducted to girders were made of IPE 4@0diled profiles and secondary beams IPE 330
for the non-composite floor structure and IPE 280 the composite floor structure. A reinforced
concrete slab of 12 cm was considered with a 2.68pan between the floor beams. The slab
reinforcement includes welded wire meshb@/166mm x®6/166mm.

- Experimental Models and FE analysis on sub-struegur

A 3D assembly of the reference building was consididor FE and experimental analysis and
scaled down to 1:2.5, ensuring that the supportcandection conditions are equivalent to thoséén t
reference building. The scaled assemblies are &yadavo-span structures with the total size of 6:0m
6.0m and 1.5m height. The distance between thargolines is 3m in both directions and the height
of the column is 1.5m, excepting the middle pereneblumns which are 3m (1.5m + 1.5m). In order
to replicate the constraints within the full stwret, it was necessary to model the interaction &etw
the assembly model and the adjacent structure., Tlhteyal restraints made from circular hollow
section elements were introduced at the level @fltior beams as well as at the top side of thedlaid
perimeter columns as shown in Figure 108.

In case of scaled sub-structure the columns areial$lalta Cross shape but from HEB 260
profiles but with flange widths reduced to 130 nirhe main beams are IPE 220 while the secondary
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beams are of IPE 200. Columns were designed a$ sigge connections (Figure 109 a). The bolted
end plate beam to column connections (see Figeb)@re rigid and full strength. The thickness of
the end plate is 20mm and the bolts are 10.9 goatts in 20 mm diameter. A reinforced concrete
slab of 8 cm was considered with a 1.5m span betviee floor beams. The slab reinforcement
includes welded wire mesh ®6/200mm x®6/200mm.

Figure 108. Extraction of 3D assembly model (right) from théerence multi-storey frame
building (left)

\[\

N

Figure 109. a) Column base connection; b) beam to column cdiamec

a) b)

- Numerical simulations and results

Non-linear static analyses were employed for thaluation of the structural behaviour
following the removal of a column. The loading csted of application of a gradually increased load
on top of the central column. The way of introdacihe vertical load, i.e. by pushing down the cantr
column, will be also used for the experimentaldebtaterial models were based on the characteristic
properties. For defining the plastic behaviourh# steel elements (including bolts and shear studs)
isotropic hardening models were used by definiredystress and plastic strain data (Fig. 5a-b). For
concrete slab, a constitutive model based on tersiécking and compressive crushing has been
defined (Figure 110 c-d). The parameters for caralamage plasticity modelling of concrete C25/30
were taken from (Dinu, Dubina, 2012). Figure 11bveh the numerical model for steel structure,
Figure 111 b-c shows the distribution of shear eotors on the beams for composite models and
Figure 111 d shows the detailed view of the beanotomn joint.

Figure 112 displays the deformed shape for thel steelel and for the composite floor I
model. Figure 113 shows the vertical force vs.igaktdisplacement curves for the three models. The
model with shear connectors only on secondary béaomsposite floor 1) has approximately the same
initial stiffness and yield capacity as the ste@ldel, but after the plasticity starts to develdpe t
capacity is larger and the ultimate capacity iscan25% larger than for the steel model.
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a) b)
Figure 112. a) Deformed shape of the structure: a) steel médelomposite floor
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Figure 113. Comparison of force-displacement curve for steedl@hocomposite model | and

composite model Il
Figure 114 shows the contribution of the flexuradl @atenary

action to the total response of the

structure for the steel model. As seen from tharégthe load in the initial phase is resistedrehti
by the flexural action (denoted as F). The plasitation in beam associated to this stage is 0r883

At larger deformation and rotation stage, the lsachainly resisted

by catenary action (denoted)as C

and the ultimate rotation of the beam is 0.24 Between these margins, the contribution is shared
between flexural and catenary actions (denoted+& Bnd the maximum rotation is 0.117 rad. The

same results may be plotted for the composite rsodel

Three models with different floor systems have bsiewied.
summarised below:

ultimate displacement compared to the steel model;

Robustness of steel frames with composite steet@mttete beams - conclusions

The conclusions of the study are

composite beam models showed an increase of timeatdt capacity but a reduction of the

the contribution of the concrete slab to the ultemeesistance of the structure increases

when shear studs are welded on main and secondamd)

the ultimate resistance;

The research program is continuing with experime
specimens. The tests will provide data for thedadion
column loss scenario.

the catenary forces develop under large displactsraamd lead to a significant increase of

eats on similar 3D assembly
of the numerical models under
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Figure 114. Catenary and flexural resistance for the steel inode
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3. SUSTAINABLE DEVELOPMENT OF BUILDINGS

Sustainable development is a concept often usétkipast decade and has become a leitmotiv
for the industry in presenting their products. Hearemost times, showcasing “eco” products is
generally based on a simplistic analysis, often mamed to similar products and most of the times
including only the production phase into the anialyd the product, without taking into account the
environmental impact during its life-time and at #md of life.

Nevertheless, in terms of thinking based on a gpueebnomic analysis, the "environment"
factor is only a secondary criterion of choosingaduct. Therefore, without a coherent penaltygyoli
for products that have a major impact on the emvirent, an economic analysis integrating the
"environment" factor cannot be reached.

There are examples of successful policies for suegration of the environmental factor in the
case of cars (EURO - European emission standasdsjppliances (by categories of pollution and
energy consumption). Currently, more than ever, sigdificantly more in the near future than at
present, products/processes must be designed teopagserve our existing resources and minimize
environmental impact.

Primary factor contributing to environmental degah is the energy consumed in all stages
of production and operation of products (procesdiransport, use, including disposal). The Chadere
Institute of Building, UK shows that about 45% bé&tenergy generated is used in order to power and
maintain buildings, and 5% to construct them (ClQ808).

The heating, lighting and cooling of buildings dittg through the burning of fossil fuels (gas,
coal, oil) and indirectly through the use of el@ity is the primary source of carbon dioxide and
accounts for half of all global warming gas emiasioln conclusion, energy consumption in building
sector could be considered as the principal cugpdl the environmental impact. The mission of the
strategy called "sustainable development" is reqmesl by the environmental impact mitigation and
monitoring and it has become one of the world jtre® for present and near future.

Sustainable development in constructions can beewsth only through innovation at the
technological and conceptual level. The processlearly multi- and interdisciplinary. To build
sustainable, one can base on performance conceptodéls (functional, safe, neutral or low
environmental impact), using materials with goodchamical characteristics and sustainable features
(recyclable and low embedded consumption of primmagpurces and energy), applying constructive
systems and related technologies (security, flétgiblow energy consumption, minimal impact to the
environment).

Energy use throughout the entire service life ef bluilding, known as operational energy, is
one of the most important keys in the constructieator. Regarding buildings, thermal performance
and energy efficiency, respectively, have an ingrdrieconomic, social and environmental impact.
Designing a building for a lifetime, establishedd®sign rules to 50-100 years, can no longer beemad
by ignoring its impact on the environment, incluglitts construction and exploitation, respectively,
through both resource consumption and its effedts the construction phase - as well as during
operation. Integrating a sustainable developmentyilling and its associated area must meet the
following requirements during building and operatidi) effective choice of location, (ii) design in
terms of durability of construction, (iii) materiaklection, (iv) construction, (v) waste management
(vi) energy and water efficiency, (vii) indoor ajuality, (viii) use, (ix) dismantling, (x) reuse of
components, (xi) recycling. The impact of all okske requirements should be integrated into an
overall life cycle impact (Dubina et. al., 200739, Bonsidering the huge amount of energy and
materials used in construction, environmental impacdncreasingly seen as a prerequisite of the
design process. Moreover, this should be considieredl phases of construction, as Michlmair and
Maydl (2008) showed the influence of selected nigieand the construction stage is overestimated
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compared to the use and maintenance stages, Hitjhtigthe importance of life-cycle design of
buildings.

At a global level, there exists an interaction agn@mergy, economic growth and sustainable
development. This is known as the “energy trilemnazaid involves three parameters: energy
consumption, economic development and environmémizdct (Kahn, 1992). As a matter of fact, it is
very difficult to exit of this vicious circle, anithe implicit decision is taken on the principleclpiwo,
ignore the third (Andersson, 2008).

Starting from its definition, according to whichetleconomic growth represents the result of a
real process of energy-and matter- transformatjonding living labour it can be simply deduced that
energy consumption and economic development go-imehdnd. In this sense, the environmental
impact is not only out of the equation but is nagdy affected, as shown by E. Altvater in his tyea
(2008) according to which the economic growth wiedathe conditions of ecological sustainability.
Adversely, the strategies that take into accowsustainable development will have a negative impact
on one or both of the other two parameters.

However, the conflicts between the three parametaufl be generally solved by compromises
(conflicts are often the beginning of compromige)r this purpose, the interaction of parametes is
a prime importance in finding solutions. The geheéemdency nowadays is to rely on economic
growth considering the environmental impact, tegdim minimise the traditional energy use. That is
why a field which is in full progress nowadays argtouraged by all the governments is the research
on the “green energy”. This kind of energy can htaxourable benefits for the environment while
keeping the economic growth.

3.1. Environmental constrain in design of buildings

In the traditional spirit of building, there is @§uent dispute that leads to a so-called “adequate

design”. It includes two conditions that are someliro contradiction:

- the accomplishment of design criteria related fetgaand functionality. It implies aspects
related to resistance and stability under severaitions of loading, the architectural,
thermal, acoustic and hydro-insulation demandstle&t.could affect the internal comfort of
the inhabitants;

- the achievement of an economic structure. Thigroih may influence not only the choice
of a structural system, but also the choice ofdii envelopes and other non-structural
components. Mainly, it is the beneficiary who takies principal decisions about investing
more in the construction phase thus reducing te&saturing exploitation or reciprocally.

In the holistic approach, applying an integratedgsenance design, the environmental impact
should be considered as a third set of constraliatking into account the fact that the first coiuatit
of safety and functionality represents a necessanglition for a building, it results that the desig
should be based on the following philosoplaymong the solutions that assure the safety and
functionality of a building, one should chose thosaducting to a minimum cost and a lower impact
on environment

Sustainable development in construction assume®mgtthe implications in design options
(the choice of building materials etc.) and thehdectural aspect, but also should contain
considerations on energy efficiency or the dispasanario. Most of the results derived from
environmental impact analyses carried on buildicigarly show the fact that the dominant impact
factors are related — directly or indirectly —be tnergy use.

3.1.1. Phases of an LCA

Life Cycle Assessment (LCA) is the most appropriaiy to determine the environmental
impact of products or processes. Despite numertugies about the approaches for the buildings
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sustainability assessment, there is a lack of aldwisle accepted method of quantifying the
environmental impact (Braganca et al., 2007).

LCA is a methodology for assessing environmentpeets and the potential associated with a
product by:

- compiling an inventory of data input and outptiasystem;

- assessing potential environmental impacts agsatigith the input and output;

- interpretation of results in relation to objeetv

LCA studies the potential impact of products, tlylouraw material acquisition through
production process, use and disposal (cradle-teefr&eneral categories of environmental impact to
be considered include the use of resources, hureaithhand environmental consequences (ISO
14040, 2006). In this context, there have beemddfia number of impact categories for which their
contributions due to buildings can be calculateuese represent the LCA indicators. By performing
an LCA analysis one can obtain quantitative infdramaabout building contribution to climate change
and resource depletion. Subsequently these resart9e compared with the results of other similar
buildings (keeping the same boundary conditiongseRrch aims to evaluate and increase the overall
efficiency of a project, as the problem that ariseshe selection of a variant of a life cycle of a
building is to choose an optimal LC. In order talenate the overall efficiency of a project it is
necessary to identify selection criteria. Banagiest al. (2008) presented a methodology for the
multivariant design and multiple criteria analysishnique of the life cycle of a building.

In an LCA analysis the principle is relatively silep for every stage of life cycle are
investigated quantities of material and energy arse the emissions associated with these processes.
Emissions (the most publicized being CO2 emissians)then multiplied by characterization factors
proportional to their power, each having a différienpact on the environment. Often, one is chosen
as a reference emission and the result is givem &gjuivalent to the impact of the reference substa
(Glaumann and Kahraman, 2009). The number of ebprivaummed for each impact category can
then be normalized and weighted to arrive at amesygged (final) result. Different calculation tools
may use different characterization factors ancediffit emission data if the production and combnstio
processes vary. Also different calculation toolsymse different normalization and aggregation
methods, leading to different results. As it hasrbpointed out by da Silva et al. (2007), a baSié\L
tool may include a generic database with infornmatim emissions for a number of construction
materials, processes and types of energies. Iteienable that this information is extracted frdme t
EPD (Environmental Product Declarations). Soplaséd LCA tools need access to international
databases, specific for each product/process/raht@&tie necessary input information to the various
stages of the life cycle is given in Figure 115.

To make an LCA assessment some key elements aleche®lthough there is no single way to
conduct a LCA, the LCA is expected to include tbikofving phases:

- definition of the purpose and scope of application;

- inventory analysis;

- impact assessment;

- interpretation of results.

To define the purpose and domain of applicatior, simould define a functional unit (to which
the environmental impact relates) and boundary itond (conditions included in the evaluation)
according to the aim of the study. There shouldnieuded at least two stages of the life cycle, for
example the production of construction materiatg] the operational phase, to justify the life-cycle
approach.

Definition of functional unit is particularly imptant when compared to other products
(buildings). According to CEN Technical Committeg03(EN 15643, 2011) it is recommended that it
shall be called "functional equivalent".
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The steps to follow in conducting a LCA analysie ahown in Figure 115 — right (ISO 14042,
2006). The inventory analysis is the process offiting information necessary for evaluation. In a
subsequent step, is carried out the life cycle shpassessment (LCIA - Life Cycle Impact
Assessment). To carry out the LCIA are requireevaifems:

- Selection of impact categories, category indicadmis characterization models;
- LCl results classification;

- Calculation of indicators results by category (elcterization).

| Life Cycle Inventary (LCI) - generic and specific ‘
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Figure 115. lllustration of life cycle stages of a building atiet data for the LCA (Glaumann and
Kahraman, 2009) and actions carried for a LCA atiogrto ISO 14042 (2006).

Life cycle costing (LCC) is a tool for performanegaluation of the total cost of a product
during a period, including purchase, operation, megiance and cost of disposal. LCC analysis
consists in evaluation of various options to achielient objectives, in which the alternatives eliff
not only in initial costs, but include subsequepemtional costs. LCC is the focus in the current
international trend of financial distribution toseme efficient construction and built assets. Tireant
trend in sustainable development is to minimizeititeal cost and environmental impact.

The building components inventory used in LCA can ddso used for LCC but requires
additional information for conversion in genericr@ncies, such as €/Mj and €/kg. The main
advantage of LCC analysis is that one can studytize for entire life cycle for various construti
products, respectively the construction itself ahdice of a suitable design solution. For an adeura
assessment there should be considered differemagas for life cycles.

Due to the fact both LCA and LCC are based ondifele, assuming a life cycle of materials
and construction processes, they can be combinpdotade together a potential life cycle cost and
environmental impact. Their combination can be used

- choice of alternative technical solutions;

- identification of a technical solution that meetsieonmental targets at lower cost;

- recalculation of environmental impact costs;

- evaluation of investment.

Therefore LCC and LCA can be used for joint causes broader assessment process in which
each process could be the entry basis for the .other
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3.1.2. Current normative framework

By the European Integration, Romania must implensrd apply the European standards,
including those referring to Sustainable DesigrBaildings. At European level within the European
Committee for Standardisation (CEN) is operatiai@ Technical Committee 350 (TC350) which
provides the legislative framework on sustainatdgetbpment in the building sector. CEN TC 350
has delivered constantly a considerable quantitgdvinced and coherent information in the domain
of Sustainable Development of Buildings. Also, tbemmittee has developed measuring and
parameterising instruments regarding the envirortaheand social impact of buildings, making a
distinction between the production, building, used aend-of-life stages for buildings. The
corresponding TC in Romania dealing with this sabje TC 343 within ASRO. The CEN TC350
documents will be gathered in European regulatigresent drafting norms being provisional
Europeans standards (pre-standards), such as:

- CEN/TR 15941:2010 - Sustainability of constructisorks - Environmental product
declarations - Methodology for selection and usgesferic data;

- EN 15643-1:2010 - Sustainability of constructionrkg - Sustainability assessment of
buildings - Part 1: General framework;

- EN 15643-2:2011 - Sustainability of constructionrkeo- Assessment of buildings - Part 2:
Framework for the assessment of environmental pegnce;

- EN 15643-3:2012 - Sustainability of constructionrkeo- Assessment of buildings - Part 3:
Framework for the assessment of social performance;

- EN 15643-4:2012 - Sustainability of constructionrkeo- Assessment of buildings - Part 4:
Framework for the assessment of economic perforemanc

- EN 15804:2012 - Sustainability of construction weorkEnvironmental product declarations
- Core rules for the product category of constarcpiroducts;

- EN 15942:2011 - Sustainability of construction weorkEnvironmental product declarations
- Communication format business-to-business;

- EN 15978:2011 - Sustainability of construction weork Assessment of environmental
performance of buildings - Calculation method.

These documents are based on the family of intemaltstandards 1ISO 14000. In 2006, 1ISO
published a second edition of the LCA standard® 13040 — Environmental Management — Life-
cycle Assessment — Principles and Framework, tegethith ISO 14044 — Environmental
Management — Life-cycle Assessment — Requirememnt<Galidelines (ISO 14044, 2006).

ISO standard 14040 (2006) describes the princigtes framework for LCA. It provides an
overview of the practice and its applications dmitations. It does not describe the LCA technique
detail, nor does it specify methodologies for thdividual components of the LCA (goal and scope
definition, inventory, impact assessment, and pregation). Because the standard must be applicable
to many industrial and consumer sectors, it iserageneral. Nonetheless, it includes a comprehensiv
set of terms and definitions, the methodologicahfework for each of the four components, reporting
considerations, approaches for critical review, am@ppendix describing the application of LCA.

ISO standard 14044 (2006) specifies requirements @ovides guidelines for LCA. It is
designed for the preparation, conduct, and critieglew of life-cycle inventory analysis and proesd
guidance on the impact assessment and interprefaiiases of LCA and on the nature and quality of
data collected.

3.1.3. Use of steel-intensive buildings

Steel as construction material plays an importasie ras component for buildings and
engineering structures, and it has a wide rangappfications. On the other hand, steel is the most
recycled material and from the total productiontie world, almost half is obtained from waste
material.
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Steel construction sector has a great deal to ¢dfehe sustainable development. Like other
industrial activities, steel industry works contiugly to improve in terms of sustainability. The
following guiding principles for sustainable congttions can be emphasized (2003):

- understand what sustainable development meany®inpryou clients and customers;

- use whole-life thinking, best value considerasi@md high quality information to inform your
decision making;

- design for flexibility to extend building lifeties and, where possible, further extend the life of
buildings by renovation and refurbishment;

- design and construct with maximum speed and minirdisruption around the site;

- design to minimize operational impacts (e.g. gnerse);

- design for demountability, to encourage futureise and recycling of products and materials;

- engage organizations within your supply chainulsoistainability development;

- select responsible contractors who have embrsustdinable development principles.

Burstrand (2001) presents the reasons in choosgd feaming from an environmental point of
view:

- light gauge steel framing is a dry constructiorsteam without organic materials. Dry
construction significantly reduces the risk of ntie problems and sick building syndrome;

- seel, gypsum and mineral wool are closed cycleriads;

- every material used in light gauge steel framisgel, gypsum and mineral wool) can be
recycled to 100%;

- it is possible to disassemble the building congoas for re-use;

- steel framing means less energy consumption gymioduction than equivalent housing with
a framework of concrete poured on-site;

- steel framing only uses about a fourth of the amaf raw materials used for equivalent
masonry-concrete homes;

- less waste means a cleaner work site and a lad deight of building components ensures a
good working environment;

- low dead weight leads to reduced transport needs.

In what concerns the building envelopes they shbelé&nergy-positive, adaptable, affordable,
environmental, healthy, intelligent and durablee Hmvelope is essential in ensuring the comfort and
energy savings of the system taken as a whole.lgpe® have to address the following problems:

- to provide an exterior layer which has to balatiee needs of protection from the elements,
visual value and economics;

- the thermal insulation has to be compatible \tfin exterior layers and mechanically fastened
to the structure;

- optionally, there could be a cavity space fortilation;

- the interior components of the envelope contajtire finishing surfaces can be permeable or
not. The consistency of this last layer has a grdlatence on the indoor air quality. The trendapds
to use gypsum board and vapour barrier on studs.

Regardless of the system / wall assembly, the epeehas to provide as much as possible a
uniform “wrapping” of the steel structure in order avoid and/or control thermal bridging. This
aspect is most important, as all condensation prosistart from here.

3.2. Sustainability of steel-intensive buildings

The examples presented below show the impact eanmvigatal analysis of some steel intensive
buildings. Both internal and external analysis wesasidered: internal analysis for the evaluatibn o
the macro-components with a large impact and gigrmal analysis type as comparisons with other
equivalent systems. The candidate was involvechéntCA evaluation and not necessarily in the
structural design.

98



Liviu Adrian CIUTINA Habilitation Thesis

3.2.1. Case study | - Constantin family house

The structure for this private single-family housas built in 2005 in Ploiesti (Fulop and
Dubina, 2004 a, b). There are two main charactesistf the built house, namely the lightweight-btee
framing and the architectural solution constraingd the site shape (Figure 116). From the
architectural point of view, the main challengetb& project was to fit this private house on an
irregularly shaped lot of only 168m2.

Figure 116. 3D view of Constantin family house

The resulting cube-like building measured in thel &4n¥ of built area on each of the two
floors (Figure 117). Due to the proximity of theildings on the adjacent properties, the next ditfic
consisted in finding the balance between the rigimbunts of views, natural light and privacy.
Because the building seats on the property litais impossible to provide window openings on that
side. This was also one of the reasons for the beofg made with a single slope, the height of the
building ranging from 9m to 10.5m. Each floor hapmximately 2.75m height with a roof slope of
30°. Two skylights located above the staircasethadallway, were placed to provide a light shaft,
order to enhance the centre.

[ 1 Iy ] I & d 1
Lower floor plan: 1. dining room; 2. kitchen; 3. living room; 4. den; Upper floor plan: 6. master bedroom; 7. library; 8. bedroom; 9.
5. laundry dressing; 10. bathroom; 11. loggia

Figure 117. a) Steel skeleton of the structure; b) Skeletoh wfituctural OSB sheeting

Isolated foundations under columns were realizeklell by foundation beams. The floor at
ground level (concrete slab of 10cm) was realizeet @ bed of dense soil and a layer of compacted
gravel. Figure 118 shows the structure in two d#fe stages: (a) the finished steel skeleton, @) t
steel skeleton together with all load bearing O3Bgls attached while Figure 120 presents final
exterior and interior views of the completed hou&gch floor has approximately 2.75m height with a
roof slope of 30°. Two skylights located above starcase and the hallway, were placed to provide a
light shaft, in order to enhance the centre.
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(b) steel skeleton together with all load bearir®BO
panels attached

Figure 118. The structure during construction

(a) finished steel skeleton

- Analysis systems and boundary conditions

In case of thin-walled cold-formed structural systehe structural skeleton is made of light-
gauge C shaped profiles (C150/1.5) spaced at aigenf 600mm, with a thickness of 1.5mm, fixed
with 4.8mm diameter self-drilling screws Figure 1d)9 The height of the cross-section of profiles is
150mm, which governed the thickness of the walisorder to withstand horizontal actions and to
provide stiffness and strength the walls were estéd using 12 mm thick Oriented Strand Boards
(OSB) provided on both sides of the structural svéffligure 119 b).

The load bearing beams in the slab are C200/1.blgzaisposed at 600mm intervals, this
distribution resulting from the condition of contiog the vibrations of the floor rather than from
strength conditions. Roof purlins resulted as Z1%Dprofiles spaced at intervals of 1200mm. The
floor diaphragms were designed to be based onatime grinciple of covering with OSB. No concrete
was used on the slab.

b
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| b 1 2l
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(a) General view (b) Interior view — staircase

Figure 120. The structure during construction
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Figure 121. Layers used for structural components
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Similar studies (Santos et al., 2010) showed thHrtou@A studies that the environmental
performance of light-weight steel houses is gretitan that of traditional ones. Therefore, in oraer
have a real environmental impact comparison, a mgsstructure has been designed following the
above-described architectural plans (Ciutina e28i09; Ciutina and Ungureanu, 2009). The struttura
system is composed by masonry walls of 25cm, coadteor, continuous foundations and timber
roof structure.

Due to the different thicknesses of walls usechnttvo solutions, the main preoccupation was
to obtain the same inside volume for all rooms. diasign considers the same location of the building
and the same imposed and climatic loadings. Bdiltisns (classic and cold-formed) were designed
for a service life of 50 years, according to Basdistructural design, EN1990.

Figure 121 presents the layers used for the distomponents of the house: exterior walls,
interior walls, first floor, roof and foundations¢luding the concrete ground floor).

The comparative life cycle analysis was performsthg the SimaPro software (SimaPro 7,
2008), a general and comprehensive tool, widely useenvironmental design and LCA, which uses
the Ecoinvent database (Ecoinvent Centre, 2000)th&n analyses were included the material
production, construction, end-of life for these emnels as well as a maintenance scenario for a life
time period of the house of 50 years. In order ¢b the input elements (inventory), both for
simplifying the model and analysis time-saving, theentory analysis has been done according to
system boundary conditions. According to this, sava@spects were considered:

- all identical components and materials whichidemtical as dimensions and weights for both
design situations were left out of comparison. Tpegctically bring the same input and output in
analysis (for example wall painting or the floani§hing). Including here are the doors/windows and
electrical or heating systems;

- the transportation was not taken into accoutitpalgh the values (especially the weights) are
much smaller in case of steel cold-formed housevé¥er, these may be introduced at any time in
comparison if site is set and materials provideeskaown;

- the domestic use of the building (water/gas/talgty use), was not integrated herein, as this
comparison was focused on the construction stage;

- the energy used for construction purposes (saatranes and other technological machinery)
were not integrated in comparison.

It is to be noticed that due to the lack of infotima for the Romanian processes and materials,
the mean European values were used for the inwemmstead.

- Environmental impact results — construction stage

For LCA calculation of building, the input matesgahave been considered according to the
constructive elements: (1) exterior walls; (2) fide walls; (3) flooring system; (4) roof systend) (
foundation-infrastructure.

Figure 122 to Figure 124 present the environmeéntphct by considering the above input data
for construction phase but disregarding the commumaterials and processes according to the
boundaries described in previous paragraph. Allréselts are given in “Eco-indicator points” (Pt)
(Eco-indicator 99, 2000), which express the totslimnmental load of a product or process, based on
data from a life cycle assessment, in order to lwery and comparable outcomes. The method used
for impact analysis is Eco-indicator ‘99.

Figure 122 — left gives the environmental impaat tlee traditional masonry house for the
construction process. One could realize that themimapact is for fossil fuels, as these resouraes
used for the fabrication of building materials dtlavels. Of these, one can highlight brick (the
material used for walls) which passes through mirkgl process. Also, important values of impact are
recorded for inorganic respiratory emissions, ctearéhange substances and land use.
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Figure 122 — right presents the result of the sarage ranked per constructive elements. The
major impact corresponds now to exterior walls fmohdations. Both constructive elements are high
consumers of resources but also have a great inggattuman health (each with more than 300
points). However, not the same observations coelstated about roofing system, for which the major
environmental impact is on eco-system quality, tyailue to high quantity of wood used. Analysing
the metallic house in the same manner, the samacingategories are predominant as in the case of
traditional case (fossil fuels, respiratory inongaamissions and land use). The results ranked per
constructive elements show that also the exterralsvand the foundations have the lead on the
environmental impact.

In a direct comparative impact analysis, higheradotpvalues result for traditional home for
most of the impact indicators (categories), asddid seen in Figure 123. Although in the case of
carcinogens and ecotoxicity the impacts have coatpavalues, large differences could be noticed in

case of land use (2.5 times larger the environrhemigact of steel house), fossil fuels, respiratory
inorganic substances and climate change (at I€asinies greater for traditional house).
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Figure 122.  Environmental impact for traditional house — comstiion phase weighting and impact
per constructive element
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Figure 123. Comparison on environmental impact for metallic &naditional house: weighting

and global score

The results presented above on impact (or damagegaries are aggregated into a single score
(Figure 124), leading to an overall score of 198ih{s for the metallic house, with 41% smaller than
the global score of the traditional house (330020

- Environmental impact results — Impacts of the amtsion stage and end-of-life

It is certain that the building process is not ctetewithout an end-of-life for the materials if
considering the life-cycle approach. Normally thieaf destination of waste building materials
represents a problem in every country, but mayed#éf/en within a country, from zone to zone. There
are materials that could be reused in the form #meyfor the same purpose (ballast for example),
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others that could be reused for other less impoganposes (e.g. crushed concrete as street bed-
layer), and others that need waste treatment @naiion) or used simply as land-fill.

For the purpose of our study, the end-of-life degrated materials was thought according to
present conditions in Romania for recycling, reasd disposal. The end-of life scenarios for thenmai
building materials considered in the analysis weased on inquiry of site engineers about the ptesen
conditions in Romania, which are summarized in &dil.

Table 17. End-of life for building materials.
Building material Reuse [¢ O]RGF%(]JHHQ I?Ou/or]n Laf?/g]ﬂ”
Steel — steel profiles, steel tiled sheets --- 100
Steel — reinforcement 80 -+- 20
Bricks, ceramic tiles -+ 100
Wood 35 65
Ballast 70 30
Concrete, mortar -+ 100
Other inert materials -+ 100
Other combustible materials 100 ---

In these conditions, the results ranked on impatdgories are given in Figure 124. Obviously,
the same impact categories (fossil fuels, respiatwrganic emissions and land use) are the most
employed and all of these prove smaller impact eslior steel dwelling. Ranked in a single score
(Figure 124) it results that in the life-cycle caamigon for the construction and disposal scenatines,
gap between the two situations is larger than enddise of construction process only (comparison of
Figure 124 to Figure 123). One of the causes #daatd to the real advantage of steel home is tké ste
recycling which practically introduces positive 6og in the impact assessment, this way the scoring
including recycling being even smaller than thatuding construction process only.
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Figure 124. Comparison on environmental impact for metallic &naditional house: weighting
and global score — construction phase and EOL

- Environmental impact results — Integrating the n@ivance of buildings

Regardless the chosen constructive system, a bgildeeds maintenance works during its
lifecycle. These works could be of different typssd function of this type could be more or less
expensive and represent a very important parteobthilding life-cycle.

The integration of maintenance works for a struetig difficult to make, because the
predictions that could be made in advance may wotespond to reality. However, in order to
complete the life-cycle of buildings under consatem, the following prediction (pre-planned
maintenance) was made for a house, thought faralatd life-time of 50 years:

i) In case of the traditional house:
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- nine internal decorations (once at 5 years);

- three external decorations (once at 12.5 years);

- three changes for bathroom/kitchen sanitary: siame, sanitary furniture, internal plaster-
board etc. (once at 12.5 years);

- one change of the electric and heating systemre(ah25 years);

- one change of the roofing system (wood and cdezge at 25 years);

- one change of the exterior thermo-system (on@& gears).

i) In case of the metallic house:

- nine internal decorations (once at 5 years);

- three external decorations (once at 12.5 years);

- three changes for bathroom/kitchen sanitary: simme, sanitary furniture, internal plaster
board etc. (once at 12.5 years);

- one change of the electric and heating systemre(an25 years);

- ne change of the steel tiled sheeting (once 3e25s);

- one change of the thermo-system (once at 25 years

Important to notice is the fact that, in case @ebtstructure, only the steel skeleton remains
(theoretically) unchanged, while all other elemartschanged once in 50 years. For traditional déaous
the maintenance reduces here at the level of pilagtior walls, thermo-system and part of the roof-
wood supporting. For both cases no maintenancecaasidered for infrastructure. In addition, for the
life-cycle assessment, the same conditions forod@pat the end-of life have been considered in
accordance to the previous explanations (see Tahle

Figure 125 presents the impact deduced only fomtmaance process. As the quantities
introduced for analyses are smaller than that ftbe building process, the final scores are also
smaller. In terms of impact categories, the samiegoaies (fossil fuels, respiratory inorganic
substances and land use) integrate more than 8b5thé total scores. In case of maintenance of steel
house, the eco-toxicity is also a mentionable aatetp total score.

All the values resulted only from maintenance amechalated in a single score (Figure 125) will
conduct to about 1000 eco-points in the case oélfiehouse and respectively 600 eco-points for the
traditional house. This is somehow in contradictisith the values derived for the construction
process, where the ratio is reversed in the fawbtite metallic house. The explanation for this\es
from the facts that for the steel house the whalbrfand roof layers are replaced (remaining pcadsi
only the steel skeleton) while in the case of tradal house, all the brick, concrete and main wood
frame remain in the original form.
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Figure 125. Comparison on environmental impact for metallitassic house - maintenance only

- Life-cycle results integrating the constructiorsgihsal and maintenance
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Figure 126 shows the environmental impact on desdrstages of the life-cycle of buildings as
a direct sum of:

- the construction stage;

- the disposal at the end-of-life for different edls;

- the maintenance of the building for a life-timeripd of 50 years.

As a general trend, the following impact categoaesmost affected (see Figure 126):

(i) fossil fuels and respiratory inorganic subsesjcclimate change: mainly due to the
manufacturing processes which require large quesitaf energy, which further on affect directly the
fossil fuel reserves. These processes contributégim extent to the emissions of inorganic substanc
and climate change gasses;

(i) land use: due to damages to land use (wootb@apon, ballast pits etc).

As a general rule, the differences obtained in liteecycle analysis including maintenance
follow the trend observed in case of building psscéself, namely almost all the environmental
impact categories are greater for the traditiooahé.
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Figure 126. Life-cycle comparison on environmental impact fagtallic and traditional house:
weighting and global score — construction, inclgdmaintenance and end-of-life

In a single score analysis (Figure 126 - rightd &aking into account the boundary conditions
as explained before, the metallic house (2750 edatg) present an important advantage in front of
traditional home (4220 eco-points). Obviously, mapgrameters (such as national or regional
peculiarities, climatic zones or distance from tiegterial distributors) may affect these results.

- LCA results - Conclusions

A modern design of buildings should integrate aspeslated to their sustainability in addition
to the economic, safety and functionality requiratae Within the purpose of the study a series of
boundary conditions have been set according tosttape and goal of the LCA analysis. The
conclusions of the study can be summarised below:

-in all the stages the global and individual maiategory scoring of steel structure is
significantly smaller than that of traditional heys

- a proven advantage of steel housing is repregdmntesteel recyclability which brings positive
impact at the end-of-life stage. This is in corttress the modern (hollow) bricks that cannot be
recovered once that they are plastered;

- the maintenance process is however more disaalyaotis for steel dwelling, the change of
thermal system includes also the change of allw# layers. This is directly reflected in the
environmental impact;

- as a main conclusion of the study, it could keest that steel dwellings with cold-formed
structural elements represents a good alternativeaisonry houses, not only with respect to strattur
requirements but also in considering the envirortalémpact assessment.
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Nevertheless, the above conclusions are drawn erirtfits of the study described. Several
other parameters (such as transportation or theatipeal energy) may change the result ratios én th
comparison.

3.2.2. Case study Il — Affordable house

In case of affordable housing, the main targetedfighers is to find a good relation between
cost and comfort. Lately, a lot of nhew materialpegred on the market and are proposed by
researchers and companies within this scope, inyncases without a real track record for their
behaviour in time. The solution presented hereeselbn usual building materials, but applying
innovative systems at several levels:

- the application of industrial building technolegiin domestic housing (residential application)
provides a fast erection and fabrication time;

- the system is modular in such a way that at ang the owner can add a new module, both by
vertical and/or horizontal addition;

- the structural system made of lightweight steaiies (with hot-rolled profiles, cold-formed
steel studs plated by Oriented-Strand Boards — @S8)res the lightness of the house and the proper
response to climatic and seismic loading.

- Affordable house — system description

The architectural concept relies on the developnwénd rectangular footprint of 5.60m X
13.40m, which gives a first module of 75nfor one level unit. In fact, the house representsio
storey building, with flat roof, resulting in a @® built area of 150fr(from which the usable area is
124.41m). Figure 127 presents the 3D view of the houseélewFigure 128 presents the ground and
upper floor plans.

=
=

Figure 127. 3D view of the house: (a) architectural view; (tsustural layout.

The construction system shown in Figure 129 andistsof a hot-rolled framed steel structure
with a secondary structure made from cold-formeelsttuds system. The envelope could be realised
by various systems (e.g. OSB plating). The flooreiglised on light concrete topping on trapezoidal
steel deck. A characteristic of the house is theébt#bglazed loggias with PVC or aluminium frames.
Isolated foundations and the ground slab are used €ast in place reinforced concrete. The system
could offer the choice for flat or pitched roof.
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Figure 128. The ground floor and the upper floor.

The achievement of thermo-energetic efficiency wasther goal set by the design team.
Several factors were taken into consideration sagh(i) indoor temperature and air quality; (ii)
thermal insulation of walls and floors; (iii) maisé protection; (iv) different heating and cooling
systems; (v) passive ventilation, shading and buffme by the use of double glazed loggias and (vi)
skylights used to enhance cross ventilation in cheme level house.

floor finishing parquet 10mm floor finishing ceramic tiles 10mm
cork 30 mm lightweight concrete 50 mm
lightweight concrete 70 mm waterproofing membrane
corrugated sheet lightweight concrete 50 mm
steel frame structure corrugated sheet

steel frame structure

gypsum board
gypsum board

Layers of the floor slab (Parquet finishing) Layers of the floor slab (cold finishing)
soil 4cm — =
bituminous membrane T g%
thermal insulation 10 cm gl ) g%
corrugated sheet int. =g ext.

steel frame structure —
gypsum board T

i\‘ = gipsum board 12.5mm
N e vapour barier 0.5mm
\\) g% OSB 10mm
4///) g% cold formed profile
gl = ) ;

~ ' thermal insulation 150mm

— )=  OSB 10mm

=]  thermal insulation 40mm
gl = exterior finishing

Layers of the roof slab External wall layers

Figure 129. Main structural components of building with stetelisture.

For a fast fabrication and erection of the strudt@nd non-structural system, a steel framing
solution was chosen like in case of larger buildinhe main structural skeleton is made by hoedbll
profile (European profiles HEA for columns, IPE files for beams). Transversally there are disposed
four moment-resisting frames (two end frames aralittermediary frames), linked longitudinally by
shear walls to resist horizontal forces from wimdl @arthquake. Columns are fixed in the base on
transversal direction and pinned longitudinally eTthansversal girders are semi-rigidly connected to
columns while the longitudinal girders are pin-eshd€he horizontal longitudinal loads are overtaken
by shear walls made by cold-formed steel studstsdegith OSB of 10mm on both sides.

The design of structural elements was made acapndith EN 1993-1-1, EN 1993-1-3, EN
1993-1-8 and Romanian seismic design code P10®4/2bth for ULS and SLS. In order to control
the floor vibrations an allowable deflection of BBwas considered.
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In what concerns the seismic response, the perfarenaf shear walls is crucial. Test results of
full-scale wall panels, made by cold-formed wallesiskeleton and different cladding arrangements,
commonly used for residential buildings, testedhiea CEMSIG Laboratory at Politehnica University
of Timisoara (Fulop et al., 1 and 2) have been wsedeference values to check the available shear
strength of walls. In this way the secondary eleisiéning their contribution. Figure 129 presents th
components of the main structural elements.

- Affordable house — environmental impact

The modern approach of design should include inftion about environmental impact of
buildings. In this purpose, the next step in desgya comparative life-cycle analysis of the above-
described house for various solutions. In this psepthe building was designed in four different
solutions, each of them having its own buildingtegsas follows:

D Hot-rolled steel framesmoment resisting frames on transversal directiarsle on
longitudinal direction the structure is stiffeney told-formed shear walls sheeted with OSB. The
floor structure is made by light concrete topping toapezoidal steel deck. The infrastructure is
composed by isolated foundation connected withdation beams.

(2) Cold-formed steel framing structurim this case, the construction system consisted o

- isolated foundations under columns linked by fiatron beams and a concrete floor slab;

- cold-formed steel profiles for the framed sketestructure (C150 cold-formed sections);

- secondary structure made of cold-formed stealss{iC150 profiles spaced at 600mm) on
which OSB is laid at interior and exterior, in orde stiffen the steel framing for lateral loads
including wind and seismic loads;

- floor structure made of OSB on trapezoidal stieelk;

- envelope system and double glazed loggias withnimium frames;

- flat roof (thermal and hydro — insulations) laid trapezoidal steel sheeting.

3 Wood framing structurevhich is realised on the same principle as the-tmimed
system. In this case the wood skeleton is extetmleabfing. The secondary structure and envelope is
built on the same principle as in the case of tid-tormed house.

(4) Masonry structureThis is the classic Romanian solution of dwellimgth hollow-
brick walls of 25 cm thickness and polystyrene terinsulation. The infrastructure system is
assured by continuous foundations under the watlsaasolid concrete slab. The flooring and roofing
is also a reinforced concrete slab of 13 cm.

All four structures have been designed following #ibove-described architectural plans. For all
of these building systems a detailed analysis watopned and complete lists of materials were
derived. The design considers the same locatiaihebuilding and the same imposed and climatic
loading. The buildings were designed in such a twagchieve similar indoor environment. The layers
for the main components (exterior walls and intetiaie floors) are presented in Figure 130.
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Exterior wall

Hot-rolled Cold-formed Wood Masonry
1. Gypsum plaster 1. Gypsum plaster 1. Gypsum plaster 1. Interior plastering
board 12.5cm board 12.5cm board 12.5cm (cement mortar)
= 2. Vapour barrier (foil) 2. Vapour barrier 2. Vapour barier (foil) 1.5cm
3. Internal oriented (foil) 3. Internal oriented 2. Masonry (bricks)
strand board (0SB} 10 3. Internal oriented strand board (OSB) 25cm
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i 7. Polyester wire lattice | 1) [40mm i 1) | 7. Polyester wire lattice
1 4 (glass fibre) | 7. Polyester wire (glass fibre)
8. Exterior plastering lattice (glass fibre) 8. Exterior plastering
(Silicone Baumit) 8. Exterior plastering (Silicone Baumit)
(Silicone Baumit
Intermediate floor
Hot-rolled Cold-formed Wood Masonry
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1. Interior gypsum plaster board 12.5cm
2. Cold-formed profile

3. Corrugated steel sheet

4. Lightweight concrete 70 mm

5. Flooring underlay. cork plates. 3cm
6. Finishing

Figure 130.

The comparative LCA analysis was performed usirg3imaPro tool. In analyses there were
included the material production, construction, -efdife of materials as well as a maintenance
scenario for a life-time period of the house ofyg@rs. In order to set the input elements (invemtor
both for simplifying the model and time-saving, tin@entory analysis has been done according to
system boundary conditions, in which several aspaete considered:

- the electrical and heating systems were lefobabmparison as they bring the same impact in
the analyses;

- transportation was not taken into account, algothe values (especially the weights) are
different from system to system;

- domestic use of the building (water / gas / eleity use), was not integrated herein by
considering that these values are similar;

- energy used for construction purposes (suchawesrand other technological machinery) was
not integrated in comparison.

1. Interior plastering (cement mortar) 0.8cm
2. Concrete slab {(concrete) 13cm

3. Flooring underlay. cork plates. 3cm

4 Finishing

1. Interior gypsum plaster board 12.5cm
2. Thermo-insulation, mineral wool 40mm
3. Cold formed profile

4. Oriented strand board (OSB) 12 mm

5. Flooring underlay. cork plates. 3cm

6. Finishing

1. Interior gypsum plaster board 12.5cm

2. Thermo-insulation, mineral wool 40 mm
3. Wood stud

4. Oriented strand board (OSB) 12 mm

5. Flooring underlay. cork plates. 3em

6. Finishing

Main components of the structure (examples): extavalls and intermediate floors

- Affordable house — Life Cycle Inventory

For LCA analysis, the constructive elements wenestered according to the design material
lists and stratification. In order to have an easieut of constitutive materials in the analysislt
they were gathered in assemblies, as listed below:

- constitutive materials on infrastructure: conerand reinforcing bars in foundations, gravel,
sand layer, polyethylene foil, extruded polystyrecencrete and reinforcing bars for ground floor
slab;

- constitutive materials on superstructure — adogrtb the construction system: (1) hot-rolled
profiles and light concrete topping on trapezogtakl deck; (2) cold-formed steel members for studs
and trapezoidal steel deck; (3) wood for studsfeoaits; (4); masonry and concrete floors;

- materials considered for secondary structured-émimed steel studs only for the house made
by hot-rolled profiles;

- materials integrated in enclosures: OSB inteaiiod exterior sheeting, thermal insulation for
internal and external walls, hydro-insulations yethylene foils) etc. for wood and steel solutions;
thermo-system for masonry house;
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- materials used for finishing: finishing on extaristucco) and internal (acrylic paint) walls,
gypsum plasterboards on walls and ceilings or idleplastering, interior doors, glazed walls, insdr
cold (ceramic tiles) and warm (laminated floorifigpr finishing etc.

For each structural system, the material quantftieseach assembly were derived from the
structural design or geometric data of the housbriéf image of the main building material weights
used is shown in Figure 131.

Ceramic and bricks

Gypsum plaster board

Thermal insulation

1-Hot-rolled
2-Cold-formed
3-Wood
4-Masonry

]
conerete _2 ———
2

mass[ton.] |
0 10 20 30 40 50 60

Figure 131. Calculated quantities of the main materials forstarction stage.

- Affordable house — Maintenance scenario

Regardless the chosen constructive system, a bgiltteds maintenance works during its life-
cycle. These works could be of different types andonsequence could be more or less expensive
and represent a very important aspect of the mgjltife-cycle. In some cases, the building matsrial
could be changed several times during the builtifag

The integration of maintenance works for a struetisr difficult to make in the initial stage,
because the predictions that could be made in advamay not correspond to a future reality.
However, in order to complete the life-cycle ofldirigs under consideration, the following prediatio
(considered as a pre-planned maintenance) was rfadeach house, for a standard life-time of 50
years:

- 9 internal decorations (every 5 years);

- 4 changes of internal finishing (every 10 years);

- 4 changes of roof hydro-insulation (every 10 ggar

- 3 external decorations (every 12.5 years);

- 3 changes for bathroom/kitchen sanitary: sandsteanitary furniture etc. (every 12.5 years);

- 1 change of the electric and heating system ye&ryears);

- 1 change of the roofing system (every 25 years);

- 1 change of the thermo-system (every 25 years).

In order to remain consistent with the previousiplained boundary conditions, the main
building material quantities used for maintenanesexcomputed and represented in Figure 132.
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Ceramic and bricks

Gypsum plaster board

Thermal insulation

1-Hot-rolled
2-Cold-formed
3-Wood
4-Masonry
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Figure 132.  Calculated quantities of the main materials forntenance stage

It is important to notice the fact that, in casdh# steel and wood structures, only the skeleton
remains unchanged, while all other elements arengdth at least once in 50 years. In case of
traditional house, the maintenance reduces hatreedéevel of plastering for walls, thermo-systend an
part of the roofing system. No maintenance wasidensd for the infrastructure. However, in order to
complete the life-cycle assessment, the same donslifor disposal at the end-of-life have been
considered for both construction and maintenaragest(see Table 18).

Table 18. End-of life for building materials.
Building material Reuse [%Recycling [%]| Burn [%] | Landfill [%]

Steel — steel profiles, steel tiled sheets --- 100
Steel — reinforcement 80 20
Bricks, ceramic tiles 100
Structural timber — wall studs 20 80
Timber for formworks 60 40
OSB 40 60
Ballast 80 20
Concrete, mortar 100
Other inert materials 100
Other combustible materials 100

- Affordable house — Environmental Impact for the €arction Stage

The environmental impact assessment was made bsidesimg the above input data for
construction phase but disregarding the commonnaigeand processes according to the boundaries
described in the previous paragraph. All the resalte given in “eco-points” (Eco-indicator'99) in
order to have unitary and comparable outcomes. Mbthod used for impact analysis is Eco-
indicator'99.

Considering an environmental impact analysis ofedéht impact categories, the highest impact
values result for the masonry home, as could be seEigure 133 — left. This fact is also confirmed
by the single-score result (see Figure 133 — rightyvhich the best impact (2364 points) is obtdine
in case of cold-formed house, about 40% smallem tha global score of the masonry house (3864
points).
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Figure 133. Comparison on environmental impact for the consimacstage only: weighting and
single score respectively

It must be noticed the fact that for all buildingsgems, about half of the total score is given by
the fossil fuels, used generally in processing afanals. In case of wood and masonry house a large
amount of impact is due to the land use mainlyutaby to the wood quantity employed. With this
exception, all the impact categories are led byamashome.

- Affordable house - Environmental Impact of the @muasion Stage and End of Life

The life-cycle comparison for construction and disgl scenario conduct to similar results to
those for the construction stage only (comparisoRigure 134 with Figure 133). Ranked in a single
score (see Figure 134 - right) it results thatrtfzssonry house affects the environment about 1.8stim
more than that constructed on hot-rolled steel oodvskeleton, and 1.6 times more than that
constructed on cold-formed steel, respectively. $ame impact categories (fossil fuels, respiratory
inorganic substances and land use) bring the griteatpact.
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Figure 134. Comparison on environmental impact for the consimacand end-of-life stage:
weighting and single score respectively

- Affordable house - Environmental Impact Consideiejntenance

The final scores for the maintenance stage varyoitn amount and distribution for different
impact categories than those obtained in the agettin stage or end-of-life. In terms of impact
categories, the same categories (fossil fuelsjregepy inorganic substances and land use) integrat
more than 85% of the total scores, as shown byr&i85 - left.

All the values resulted from maintenance only anahulated in a single score (see Figure 135 -
right), lead to small final differences for all tfieur systems considered. However, there could be
noticed a difference from 3500 eco-points in theecaf metallic and wood houses to 3300 eco-points
for the masonry dwelling. This is somehow in coditdon with the values derived for the
construction process, where the ratio is revemsatié favour of the metallic houses. The explamatio
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for this derives from the facts that for the staetl wood houses, the wall, floor and roof layees ar
totally replaced (practically remain only the steelod skeleton) while in the case of traditionalibe,
the structure (bricks, concrete) remains as bwiloreover, it could be easily observed that
maintenance plays a major role in terms of envirema impact.
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Figure 135. Comparison on environmental impact for the maimerastage only: weighting and
single score respectively

- Affordable house - Environmental Impact for Lifec(@y

Figure 136 presents the scoring of all the stagéiseolife-cycle of buildings as a direct sum of
the construction stage, the maintenance of builéing life-time period of 50 years and the disposa
at the end-of-life for the constitutive materials.
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Figure 136. Life-cycle comparison on environmental impact (¥ngcore) for construction,
including maintenance and end-of-life: weightingl @ngle score respectively

As a general trend, the following impact categoaesmost affected, as Figure 136 shows:

(i) fossil fuels and respiratory inorganic subsesicclimate change: mainly due to the
manufacturing processes which require large quesitaf energy, which further on affect directly the
fossil fuel reserves. These processes contributégim extent to the emissions of inorganic substanc
and climate change gasses;

(i) land use: due to damages generated to the(l@odd exploitation, ballast pits etc.).

Generally, the differences obtained in the lifeleyanalysis including maintenance follow the
trend observed in case of construction stage oméynely almost all the environmental impact
categories are greater for the masonry house.single score analysis (see Figure 136 - right), and
taking into account the boundary conditions asarpld before, the steel houses (6096 and 6481 eco-
points, respectively) present an important advantagfront of masonry house (7192 eco-points),
while the score for the wood house is about theaaevalue corresponding to the impact of the other
three solutions. Of course, many parameters (ssictational or regional peculiarities, climatic zene
or distance from the material distributors) mayeaeffthese results. From this point of view onetbas
observe the trends and not the values given bgribbyses.
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- Affordable house - conclusions

The life-cycle impact analysis performed showsfdlilewing aspects:

- the steel framing solutions (both hot-rolled acmld-formed framings) represent a good
alternative to the classic masonry house, both gafaty and sustainability points of view;

- all the framing solutions present a better emuinental impact for construction stage and life-
cycle analyses on building materials in comparisoine classic masonry house;

- the maintenance process of steel and wood sofui® more complex than that of masonry
house. More, it could be easily observed that reasmce plays a major role in terms of
environmental impact;

- there are two impact categories which lead tluball impact score of analysed systems: (i)
fossil fuel due mainly to the processing of rawldimg materials and (ii) land use, in case of hguse
using much wood in building process. In fact thimspact categories show practically the directions
that should be followed for achieving a limited Bommental impact.

3.2.3. Case study lll — Multi-storey residential building

This case-study represents a block of flats bnile@07 in Timisoara, Romania. The keys for
this kind of structure are built-in flexibility anenergetic efficiency. The main structure is mafle o
steel profiles with light floors. Column-free anéé floor slabs are the optimum answer to allowsise
to optimally reconfigure internal areas and thiaegally means long-span solutions. Some innovative
design solutions have been used in this projeet,thermo-energetic cladding system, gas-electric
energy supply system etc. An intensive study ham bmarried out in order to choose the correct
cladding solution. Several types of cladding systdrave been analysed, i.e. walls with or without
cavity. Based on the chosen solution, interestiaig delated to the performance of cladding system
have been collected during the 2008/2009 autumitéwseason.

- Multi-storey residential building — system desdopt

Architectural views, structure during erection afidal view of the erected building are
presented in Figure 137. The keys for this kindswticture are built-in flexibility and energetic
efficiency. Column-free and free floor slabs are thptimum answer to allow users to optimally
reconfigure internal areas that means long-sparisos.

The builder/developer aimed at providing superievels of comfort at a reasonable cost.
Considering this requirement, the design was dicktd fulfil three main objectives: (1) to minimize
heat loss through the envelope; (2) to ensure haghls of physical well-being; (3) to equip the
building with an energy saving heating system.

s i -

Figure 137.  Structure during erection and final view of thected building.
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The city of Timisoara is located in a moderatersagisk region. In what concerns the climate,
Timisoara city is located in the temperate contiaemoderate climate region which characterizes the
Southern-Eastern part of the Panonic Depressionei@k climatic features consist of various and
irregular weather conditions. The average annumpégature is of 10.6°C while the hottest month of
the year is July (21.1°C). Being predominantly untte influence of North-western maritime air
masses, the precipitations that occur in Timiscam far more numerous than those from the
Romanian Plain. The average 592mm annual amoueiached due to the rich May, June and July
precipitations (34.4% of the total yearly amount).

Given the wide variations of seasonal temperatwel$, as described above, and the cumulated
effects of: overheating of the south and west fasdd summer and heat loss due to the wind-chill
effect on the north / north-west sides of the facedwinter, special attention was paid first dftal
the passive energy saving measures.
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1. Gypsum Board 12.5mm 1. Interior plaster
2. First layer of thermal insulation 2. Brick wall, 300mm
mineral wool 60mm, 45kg/mc 3. Thermal insulation
3. Thermal air cavity, 140mm mineral wool 40mm, 45kg/mc
4. Second layer of thermal insulation 4. Stucco, 20mm

mineral wool 100mm, 45kg/mc
5. Low admittance fluid membrane
6. High pressure laminated panels
(a) Thermal cavity wall: K= 0.219 W/(m’K) (b) Brick wall: K = 0.406 W/(m?K)

Figure 138. Importance of adequate insulation.

The envelope design was rationalised, as pernfiyesite conditions and functional parameters:

- glazing was essentially restricted to the shadatles [east and west], protected from the
afternoon sun by deep loggias. Windows and exteloars are double glazing with stratified wood
framing;

- the long facades, facing North and South are Iyjnesiid envelope, conceived as a thermal
cavity system wall.

Figure 138 — left presents the actual layers ferdladding (infout). Figure 138 also illustrates
the importance of adequate insulation both as tieisk and position in the wall assembly; the
comparison was made with a brick wall. The combie#dct of insulation thickness 60+100mm and
the thermal buffer produced by the 140mm air layegvides a high level of insulation for this
climatic zone, both in summer and winter (K = 0X4&°K). By comparison, a brick wall with
60mm insulation, has K = 0.406\Wkn

Figure 139 presents some pictures with the envalopieg erection. The materials used in the
building store moisture for a very limited periofitine. Thermal insulation (basaltic mineral wool
with density of 45kg/r¥) allows for constant vapour migration. In ordet twtrap the moisture in the
rooms, the vapour barrier layer under the gypsuardaas eliminated, allowing for the free vapour
migration through the wall to the exterior. Givére tgradual migration of vapour through the thermal
cavity wall, the conditions for condensation aragtically eliminated.
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Figure 139.

In order to ensure a high level of physical welidgefor the occupants, the following set of
conditions has to be kept under control:

- control of average surface temperature of enatpslements and room temperature;

- control of relative humidity and room air tempera;

- control of floor and roof temperatures;

- control of air movement around occupants and reamperature;

- control of acoustical influences.

The high level of thermal insulation combined wiitle moisture control benefits of the thermal
cavity wall, address in a satisfactory manner #¢ite§control measures enumerated above.

The solution chosen for the heating system triesaée use of the energetic performances of
the building, not only by means of production anstribution, but also by the heating time (is
important to heat up only what we need and whemae&d). The technical solution consists in the
production of the thermal agent in a gas heatelkband, in the same time in a CHP (combined heat
and power unit). The distribution is made exclulsiviarough the interior of the building, and the
dispersion of the heat is done by convectors planethe ceiling, which ensure a massive heat
exchange (heating or cooling), in a short amounttiofe. The use of the CHP unit, which
simultaneously produces hot water at 90°C and ridégt leads to a substantial reduction of coats,
the in-house produced electricity is cheaper tham electricity available from the distribution
network. The hot water is stored in a tank, that ese thermal agent from the boiler/ CHP/ boiler +
CHP/ solar panels/ heat pump/ electrical.

Some areas in the vicinity of the windows or theofk in the bathrooms are fitted with an
intelligent electrical heating system, integratedthe floor. This has the advantage of being cost
efficient, safe in exploitation, flexible in configation, and can be controlled via the internet.

In order to prove the thermal capacities of theédig, ambient measurements were taken at the
beginning of 2009 over a period of about two monthenuary and February), the coldest for this
location, considered as indicative for the wholequkin which the building is heated. Two sets of
temperature reading sensors were placed on thdé idod South facades of the building, in order to
measure the interior, the wall cavity and the déatetemperatures. The positions of the sensors
correspond to the living room area of the apartsienith a volume of approximate 128nit has to
be added that at the time the measurements wege,tithe apartments were not occupied and, as a
result, the contribution of human produced humidityhe room was not present.

The measurements have shown that moisture comteheibuilding during the heating season
tends to be low as long as no fresh air supplyasiged. During the heating period, humidity levels
in the building rise to 30-34% after short natwahtilation periods. When inhabited, the humidity
level is adjusted to reach 45-55% at 20°C, throogtural ventilation, human produced humidity
and/or with the help of humidifiers if required bécomes evident that by removing the vapour lrarrie
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under the gypsum board, vapour migration throughetivelope is accelerated. This factor combined
with the mineral wool characteristics (of not stgrimoisture) are the key elements for moisture
control. The wall cavity has been continuously nmnmeid. After two winter seasons with high
variations in temperature and humidity, no particyroblems were recorded.

- - Multi-storey residential building — Evaluation efivironmental impact

The environmental impact for the block of flats vpesformed at the level of construction stage
only. The analysis was performed using the Simaf@foware, a general and comprehensive tool,
widely used in environmental design and LCA, whigdes the Ecoinvent database. As mentioned
before, in the analysis were included the matgatuction and construction stage. The inventory
analysis has been done according to the systendbhounonditions. According to this, several aspects
were considered:

- no finishing were taken into account (for examplall painting, the floor finishing, doors,
windows and electrical or heating system);

- the transportation was not taken into account;

- the domestic use (water/gas/electricity usehefluilding was not accounted for;

- the energy used for construction purposes (saalranes and other technological machinery)
were not integrated in the comparison.

For the environmental impact calculation of theldiog, the input materials have been
considered according to the constructive eleme(ity: exterior walls; (2) interior walls; (3)
intermediate floors; (4) terrace; (5) infrastruetur

In order to have an easier input of constructioriems in the LCA tool, there have been
computed average values for the weight of materitifeese have been estimated for each type of
constructive element as follows: the total weightmaterials (resulted from the material lists) was
divided to the total area of constructive elemémtsgm). In this way, the final result represemnts a
aggregate average per square meter of construekdreent. This represents in fact the inventory
analysis.

The following figures present the environmental aipby considering the above input data for
construction phase but disregarding the materiadspsocesses according to the boundaries described
previously. All the results are given in “Eco-indior points” (Pt), which express the total
environmental load of a product or process, basedata from a life cycle assessment, in order to
have unitary and comparable outcomes. The methadi fos impact analysis is Eco-indicator‘99.
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Figure 140. Environmental impact per constructive element.
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Figure 140 presents the impact for the block dfsfir the construction process ranked per
constructive elements. The major impact correspandgxterior walls and infrastructure. These
constructive elements are high consumers of ressubut also have a great impact on human health.

Figure 141 presents the impact deduced only fostcoction stage. One could realise that for
the structure the major impact comes from fos®lduas these resources are used for the fabricatio
of building materials at all levels. Also, importavalues of impact are recorded for inorganic
respiratory emissions and ecotoxicity. The regofesented above on impact (or damage) categories
are aggregated into a single score (see Figure tigft), leading to an overall score of 18560 p&in

Finally it can be observed that the major impactesponds to exterior walls, followed by the
infrastructure and interior walls. These constueeglements are high consumers of resources kit als
have a great impact on human health.
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Figure 141. The environmental impact for the block of flats:igiging and single scores
respectively.

- Multi-storey residential building — Conclusions

The building represents a complete sustainablentdogy of high performance thermo-
energetic materials used for cladding and finishihgnables to obtain flexible partitions and aio
for further up-grade, easy modifications and/oralepment.

The steel main frame allows for: (1) high desiga @onstruction safety standards; (2) larger
spans; (3) layout flexibility; (4) faster fabricati and erection times; (5) high solution diverdity
flooring and envelope. In what concerns the physigdl-being for the occupants, a set of parameters
can be kept under control such as inside averagpetature, relative humidity and room air
temperature, air movement or acoustic insulation.

The environmental impact analysis shows that thpmapact corresponds to exterior walls,
followed by the infrastructure and interior wallhese constructive elements are high consumers of
resources but also have a great impact on humdtihea

3.3. Retrofitting of existing building stock
3.3.1. Integrated design of existing buildings

The aim of the Integrated Design (ID) of buildinigsto incorporate in usual architectural,
structural and technical design additional requeets related to sustainability. Hence, the ID of
buildings maximizes the overall life-cycle respoinismugh structural, economic and environmental
performances. The way in which the social (stradfucomfort, architectural etc.), economic and
environmental performances are assessed is ratt@nplicated matter due to the complex definition
of a building, but, nevertheless, in literaturésitargely accepted that ID of buildings is chaeaized
by the following key attributes (Landolfo, 2012):

- it is a methodology oriented on the Life-Cyclepipach (LCA);

- the ID represents a multi-performance based desgpproach;
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- the evaluation of safety and serviceability, dhlity, life-cycle costs and environ-mental
impact is based on quantitative design procedure.

The main problem in performing an ID based on LGArélated to the long-life period of
buildings in comparison with other products. Th#iclilties arise due to the uncertainties occurred
during the use period and end-of-life.

The ID of existing buildings is even more complezatdue to the restrictions imposed by the
existent building conditions. The sustainable rfétmog solutions should be adapted to the initial
conditions of structures and adjust them in oradefutfil the updated regulations and requirements
(Ungureanu, 2012). As a consequence, the moderigndesgulations for structural and thermal
retrofitting of buildings integrate new conceptstire evaluation and design of buildings: design
performance objectives, acceptance criteria linteedgerformance level, sustainability issues and
analytical techniques for performance assessmdm.rdting systems (LEEDS, BREAM, SBTOOL
etc.) could offer a measure of building performahoth prior and post-retrofitting. However in case
of existent buildings an ID solution should integrboth structural and thermal resistance aspeass.
obvious that independent interventions are deficidm integrated retrofitting solution should be
based on the following basic criteria (adaptedrddebina et al., 2008) — other specific criteria ¢ee
added in function of the specificity of the project

A. Structural aspects:

- Capability to achieve requested structural penforce objective (only after building structural
evaluation);

- Solution compatibility with the actual structussistem;

- Adaptability to change of design actions (inchglseismic if necessary);

- Adaptability to change of building partitioning.

B. Technical and comfort aspects:

- Reversibility of intervention;

- Durability;

- Operational;

- Comfort (thermal, phonic, space);

- Functionally and aesthetically compatible and plamentary to the existing building;

- Technical support (Codification, Recommendatidres;hnical rules);

- Availability of material/device;

- Quality control.

C. Economical aspects:

- Costs (Material Fabrication, Transportation, BHot Installation, Maintenance, Preparatory
works).

D. Environmental aspects:

- Measures to lower the operational energy;

- Use of ecological and friendly materials.

However, in many interventions there are additiosslies that may be incorporated, depending
on the project specificity. The integration of sfiecaspects related to safety, comfort and
sustainability in the retrofitting design of oldilolings is often done under the form of margins of
safety through which the design intervention shdxlgudged. During last years, important steps were
made in development of quick methods in establistintd buildings vulnerabilities. However,
methodologies for integrated design (for both ned ald buildings) are usually complicated and hard
to apply in practice.

Figure 142 presents the relation between the psesas evaluation, design and construction, as
a conceptual framework applied to structural rétino§ of existing masonry and concrete residential
buildings. It represents in fact an iterative pgsen any phase and it is oriented towards the
achievement of desired performance level.
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Figure 142. The environmental impact for the block of flats:igiging and single scores
respectively.

The evaluation phase is based primordially on the criteria lissdabve and should have a
decisional purpose. Thiesignphase could comprise one or both thermal andtatala@spects, but in
any case, the given solution should be an integrate: the retrofitting solution must be compatible
mechanically, physically and chemically) with ekgtstructural system / envelope. In this phase, th
sustainability should act as a filter in decisiaking.

In a normal process afonstruction the execution represents only the basic purpdssign
reviews should be considered in each case in wiiehdesign solutions are not applicable to site
reality while the quality assurance should conftima conformity with the project. The life-through
building care should be assured through maintenaapairing, renovation or restorations.

It is obvious that the final retrofitting solutiorepresent a multi-criterial issue. The design
solutions for walls should consider features theguge integrated solutions such as (adapted after
Plank & Dowling 2003):

- assurance of required levels of structural peréorce;

- assurance of thermal and moisture protection;

- design for demountability and use of recyclablgarials;

- use of eco-friendly materials;

- select responsible contractors who have embrsustdinable development principles;

- design for flexibility to extend building lifetie

- use the whole-life thinking.

In case of building walls, the retrofitting soluticshould be considered in at least three
parameters, based on the three sustainabilitygilla
Environment ---> use of eco-friendly materials ilife-cycle assessment
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Economic ---> life-cycle costing
Social ---> assurance of safety and comfort camulitthrough modern design norms

Similar to Life-Cycle Assessment methods, the firedults could be aggregated into final
scores, by crediting each parameter (n.b. Enviratith€ocial / Economic) with different percentages
or impact factors. Although it represents in facioatroversial procedure, once the parametersedre s
the final decision could be taken in an engineeway.

3.3.2. Romanian building stock

According to the Romanian national census (INSSE)3® in 2002, the building stock in
Romania com-prised a total of 4,834,063 buildifkygem these:

- 4,605,412 were individual buildings (dwelling g)p

- 129,893 — coupled type buildings and

- 83,799 as block of flats (apartment house type).

The last typology, although it represents only 1./#%m the total building stock, they are
housing some 7,821,169 people, which is more tmentboird of the total Romanian population. The
major part of these buildings is located in urbegaa. According to the same census, the bloclats fl
structures are built predominantly between 1960 &880 (68294 units) and have as primary
resistance structures concrete (57431 units) apkotively various types of masonry (26368 units).

Number of households built in last 100 years,thousandunits
®murban O rural

19101929 19301944 9451960 19611970 19711980 19811989 19901999 20002009
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de 1910 LR il
5731 B 23 a9 £34 w2 22358 352 4234173 150234576  URBAN
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81.964 835 1.099 2.580 4031 11.499 28414 28.859 71.35% 66.09%
Figure 143.  Statistical data regarding the building stock adiray to the 2002 census.

The building system at that time was using staridaddstructural typologies, applied for a large
number of block units all across the country (Nésglu 1961). Some advantages were derived from
the use of large precast reinforced concrete pasieth as the industrialisation of the buildinggerss,
short erection time, easy adaptation to all clim&dads etc. Over a period of time, the typologiés
precast reinforced concrete buildings presentedmaifferences according to few basic criteria:

- urban criteria: density (number of units/ha);atetl exterior facilities (schools, shopping
centres, green spaces); number of storeys; acilitgditype of roads, parking areas, distance from
these to the housing) (BIT 24/1967);

- architectural criteria: surface (built square magt inhabitable area, and usable area); built
space, facades, space configuration, access d&ii(BIT 8/1968; 7/1969;6/1970; 4/1971);

- energy demands and CO2 emissions due to the ugarfmishing materials and the
stratifications of the envelopes;

- finishing criteria: (thermal, water-proof and seiinsulation);

- engineering: (differences in structural and sésperformance according to the period when
the prefabricated units were erected).

The collective dwellings in Romania made of largecast reinforced concrete panels were
executed in three major stages and different typetowere used depending on the state decrees
issued at that particular time, as well as dué¢oetvolution of design and of the urban systemabiza
stages: 1932-1975, 1975-1982 and 1982-1989 regpbcti
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The major dysfunctions that concern these neightmmgs, regardless of the structural and
energy consumption capacity of the units, refeneato their lack of retrofitting, the degradatioh
the urban aesthetics, the interior space partitpnihe relatively small public green areas andtaspa
among units. Moreover, in time, the urban spacedimmished by inhabitants that turned large green
areas into parking lots. Structurally, the reducedrior surfaces of the flats have lead the intzaits
to creating openings in the structural partitiorlsvan order to redesign the interior space and #ts
extend their living area, by closing the balconi€sce the 70, several studies have shown the
inefficiency of balconies and loggias in apartménildings and the transformation, in terms of
functionality, in residual spaces (e.g. storagageOn the other hand, in many particular cases, t
apartment extensions by means of closing existalganies areas has proved inefficient in terms of
the useful space and the living comfort.

3.3.3. Structural and architectural retrofitting

Apart of the external deficiencies of the inhakbigalspace such as location, accessibility,
circulation and parking places, facilities and $g the main deficiencies of large precast concrete
collective living buildings are thamadequate living spac¢eost-building interventions, and deficient
thermal and hydro insulations, facts that leadhti lof comfort of the inhabitants.

The principal ways of updating the living spacessoth buildings is to include an integrated
action of structural and thermal rehabilitation drder to retrim the buildings to modern interior
acceptable levels. The reconfiguration of locaspaces with the primary purpose of extension can be
done through:

- coupling (merging) of two apartments on horiztinta

- coupling (merging) of two apartments on vertical;

- overcladding.

The reconfiguration of internal spaces by practjdimles in their diaphragms must be done in
such a way to keep the strength and stability efaverall structure in order to resist actual hanrtal
and vertical loads. This should be proven by dedagtructural analyses which should demonstrate
that the modified structure can overtake the delsigds evaluated to actual norms.

The case-studies performed within the INSPIRE mesegrant have considered three typologies
of precast collective building types with large fat#icated concrete elements and considered typical
for the period of their construction:

- IPCT T744R project type, specific to the peri@b2 — 1975;

- IPCT T770 project type, specific to the period49- 1982;

- IPCT T1340 project type, specific to the peri@B2 — 1990.

The study of optimisation of the internal spacessatdered in total five interventions on
structural systems, considering both methods (@ogif apartments and overcladding):
- coupling of apartments:
- coupling of apartments on horizontal: strudtsgestem IPCT T744R
- coupling of apartments on vertical: structwgdtem IPCT T744R
- overcladding:
- overcladding for structural system IPCT T744Rhvstructural system of hot-rolled
steel profiles
- overcladding for structural system IPCT 770hwstructural system of thin-walled
steel elements
- overcladding for structural system IPCT 134Ghwstructural system of hollow
sections
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The structural systems were analysed in sevenas sie order to check the structural safety in
different stages:

- analysis of the original structures: the mainpgmse of this analysis is to check the structural
response under the actual loading norms. The clafdke elements were performed in accordance to
norms specific to concrete elements subjectedawvitgtional and seismic loads;

- analysis on modified structures: in this caseeweonsidered the structures affected by
openings in case if merging apartments or overedddructures. Both seismic and gravitational loads
are considered. As result, special zones with s#ees of consolidation can result;

- analysis on modified and strengthened structubes; are necessary for the confirmation of
chosen strengthening solutions and to ensure timpasite action between additional strengthening
elements and existing structural ones.

- Analysis of original structures

For all the three structural cases (IPCT projegesy 744R, 770 and 1340) the structural
analyses have proven the structural abilities iariaking the gravitational and seismic loads. The
following norms were used for verifications:

- CR 0-2005 Cod de proiectare Bazele pramécitructurilor in construg SR EN 1991-1-2004

- CR 2-1-1.1-2005 "Cod de proiectare a consiifaccu perei structurali de beton armat”

- CR 1-1-3-2005 "Cod de proiectare. Evaluargaiat zapezii asupra constrgigor"

- NP 082-04 "Cod de proiectare. Bazele praigicii agiuni asupra constrgidor.

- Cod de proiectare seisriie P100-1/2006 (P100-1/2011)

Figure 144. 3D shell models in ETABS for project types 744R) and 1340.

The performance of the original structure was eatald with the ETABS computer code, by
using 3D analyses based on shell finite elemepts Eggure 144). The thickness of the shell elements
modelling horizontal and vertical diaphragms wasaddo the thickness of the load bearing layer. The
seismic load was accounted through a spectral sisalging the ground acceleration valge0a20g
and a control period Tc=0.7s specific to Timisodwaation. The first modes of vibration are
translational, longitudinal and respectively torgb

The main checks regarded the diaphragm panelsctetjeo maximum bending and axial loads
as shown in Figure 145, as well as the panels irchwbpenings will be created by carving. The
diaphragm panel checks was complemented by theafily checks:

- internal core web subjected to compression;

- design to shear;

- design of horizontal reinforcement in the joints;

- check of the reinforcing coefficient.
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Figure 145. Bending moment diagram, maximum values of forcesareck on N-M interaction
diagram for diaphragm in Axis A for 744R IPCT prcij¢ype.

The horizontal slab diaphragms have been checkdzenaing. Considering that one of the
solutions of merging apartments relies on cuttiiafps for the installation of as internal stairctse
concerned horizontal diaphragm panel was analysasl ().

The structural checks confirmed for all three casmssidered in analyses that the elements
correspond to actual norms, without supplementaigngthening. Moreover, they possess significant
reserves of resistance.
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Figure 146. Bending diagrams and checks for diaphragm panelR42r 744R IPCT project type

- Analysis of modified structures

The solution of merging two apartments on horizbimgplies the perforation new openings in
the existing structure, namely in vertical diapmagof the living-rooms. In this way, the new
configuration of the system will be with two apaemts on level, and double living areas. The new
openings are considered with a width of 135 Omnthin central diaphragm of axis B. The chosen
solution in analysis implies the creation of opesirat each level, solution which is considered as
most dangerous in the eventuality of acceptingitiervention.
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Detail of intervention (plan and elevation) — im@ntion in mentioned area.

Figure 147.

The structural analysis on modified structure coméid that the forces in the original
diaphragms (without interventions) are similarhe walues registered in the case of initial stmectu
However, important differences are recorded indiaphragm axis 2, which accommodated the access
holes, mainly in the seismic combination — see FEdi48. In this case the checks for local verifaat
of the diaphragm web in compression, of transveasa horizontal reinforcement, as well as the
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reinforcement coefficient are beyond the safetyitiinFor this reason, consolidation measures were

considered/
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Figure 148. Diaphragm section after intervention.

There are two solutions that were proposed for logasolidation of diaphragm openings:

- considering steel elements bordering (see Figideea): the solution consists of a steel frame
of two columns and a connecting beam, made by “tdfiles which frames the opening. The profiles
are linked to the concrete elements by connectaits Ipassing from one part of the diaphragm to the

other. The columns are considered pinned at therqtart in concrete slab;
- by concrete jacketing (see Figure 149 b): thetsmi is based on composite action between

the existing and new element. For the wall opestmgwn in Figure 148, is required a jacketing with a
thickness of 100 mm on each side of the wall.
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Figure 149. Consolidation methods for vertical diaphragms: vsiiel frames (a) and by concrete
jacketing (b).

|/

In the case of vertical merging of apartments, éhare needed cuts in horizontal slab
diaphragms that may allow the access through acat#. The cuts are 1200x1200mm and their
disposition in thought for the living room. The swre performed between second and first storeys,
respectively forth and third storeys, as shownigufe 150. At the end are realised four apartments
level, at each two storeys, with a double livingaaas compared to usual apartments.

The structural analysis carried on the modifiedctrre demonstrated that the force differences
in vertical diaphragms are insignificant as comgate the initial structure. However, important
changes are recorded at the level of the cut hatataiaphragm panel (panel P42-21, as shown in
Figure 150). Both the resistance and deflectiorteGa are exceeded. In consequence, two

strengthening solutions were investigated:
- by increasing the reinforcement percentagestietion considers the addition of steel strips

on both sides of the concrete slab (see Figure. 1=dy) the connection with the concrete slab,
anchoring bolts are disposed with the main rolehefar connectors between existing and new added
elements. For the cut slab panel two steel stoi@s®m are disposed on each direction of the cut;

- by reinforcement using polymeric fibres: for berichg the cut, polymeric fibre fabrics are
disposed in the zones in which the existent regifigr is not sufficient. According to the resistance
analyses 6 fabric strips are needed on longitudiinattion of the slab panel.
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L P~

Figure 150. Detail for a unitary intervention for the cuts lats diaphragms and the force diagram
in the case of a diaphragm panel.
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Figure 151. Addition of supplementary reinforcement (steelpstyiand their bolt anchoring.

- Overcladding solutions

1. Solution considering steel frames on hot-rofledtions

The overcladding solution considering hot-rolledestelements was analysed for the project
type 744R building and considers transversal momenisting frames and respectively braced
longitudinal frames (see Figure 152). The inveNebracings allow keeping five free spans for the
installation of windows in living rooms and bedragnwhile for braced spans the application of
smaller windows is still possible, similarly to tkigchen windows at inferior storeys.

The frame beams are haunched and are fixed on nsludn transversal direction the stability
and stiffness of the structure is assured by thphdtagm effect. The gable frames are not braced.
Longitudinal stability and stiffness is assuredotlgh vertical longitudinal braces. The spatial
conformity is obtained through horizontal bracingdarespectively roof bracing systems. The
structural analysis was considering two differeitiiagions: columns fixed in existing structure,
respectively columns pinned in old concrete bugdin
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Figure 152. Overcladding of 744R IPCT project type (solutiorthwsteel hot-rolled profiles):
global view and connections.

The analysis of steel structure was consideringctimatic and seismic loads characteristic to
the city of Timisoara, lead to the following seacisoof steel elements (structural steel S235): cotum
HEB 180, transversal beams IPE 220 (with 140mm ¢laes near column connection), inverted V
braces from RHS 80x80x4, front columns HEB 100 eowf bracesb26mm. These dimensions are
practically identical for both structural systenfixed / pinned. However, a few differences exist
between pin basis of the columns and fixed ones:

- double vibration period;

- higher lateral deflections (within the norm lis)it

- increase of the bending moment values at théetggd of the column (5%);

- increase of the bending moment values at rid§eoj2

Though, the pinned connection is considered simatethis transmits only axial and shear
forces to existing structure.

The analysis of concrete structures both in origamal overcladded situation demonstrates that
for the overcladded situation the bending momehtesare higher than those obtained in the original
state. However, they are inferior to resistanceiasl(for the corresponding axial load). Accordingly
there could be concluded that the concrete strectan withstand the additional loads due to
overcladding. Also, it should be mentioned thaaiminitial stage the structure is discharged of the
hidro-insulation characteristic layers (membranskpe concrete etc.) and the loads due to
overcladding are of the same magnitude.

On the other hand, comparative analyses led toctmelusion that the overcladding steel
structure is not influenced on the design position: ground or on the top of existing concrete
structure. This conclusion results from the foneorded at the level of principal structural elaetse
which are almost identical, as well as the valddb® vibration periods.

2. Solution considering lightweight cold-formededtfames

The main advantage of using an overcladding seiutitade by thin-walled cold-formed
elements is the lightness, easy erection and sitnafesportation of structural elements. The case-
study was performed on 770 IPCT project type.

The initial design consisted in checking the begroapacity of the original structure in
overtaking the actual design loads. The resultsfiroed that the building possesses important
reserves of resistance. In consequence, in thestextthe overcladded structure was analysedidn th
case, too, was considered that the top layers cieaistic to hidroinsulation and slope concreteaver
removed.
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For this case-study the overcladding structure aslanon transversal MRF and concentrically
braced frames on longitudinal direction (see Figls8). The overcladding columns are made of two
C Lindab sections back-to-back disposed at 80mra. cilumns are axially disposed over the axis of
exterior diaphragms. Transversal beams are madeoal$C sections back-to-back disposition while
the longitudinal ones are from two overlapped Osslsaforming a box profile. Longitudinally it was
adopted the X braces made on steel circular rolliste®el elements are on S355.

500

6M16gras

6 M16 8.8

Figure 153. Overcladding of 770 IPCT project type (solutiontwlightweight cold-formed steel
elements): global view and connections.

The analysis for the steel structure fixed at tlasebwas realised for the climatic loads
characteristic to the city of Timisoara lead tddaling sections of steel elements (steel class $355
columns 2C350x3, beams 2C300x3, longitudinal be2@iD0x1, roof braces of steel roti$6.

In case of the structural analysis of the strucpireed at the base, the structural elements
remain identical to the ones listed above as theggnt reserves of bending resistance at theirruppe
parts. However, the vibration periods are highertaipralues of 0.565 seconds for the principal
vibration mode, which conducts to a higher transaeflexibility. Nevertheless, the values of the
lateral deflections under seismic conditions remaider allowable values.

The comparative results of the analyses made éocdincrete structure show that a pinned steel
LWCF solution induces similar values of internaicies as the fixed one. The only problem remains at
the level of fixing the columns in the concretausture, solution that is simpler for the pinnedecas
Moreover, the analyses revealed that the inteoraks for the overcladded structure are smaller tha
in its original configuration, as the LWCF overdiiing solution is lighter than the removed layers
from the roof terrace.

The analyses of the steel structure confirmed #u¢ that there are not recorded noticeable
differences between the cases of design on thendroudesign on the top of the concrete structure.
This is based on the high rigidity of the existiogncrete structure which practically follows the
ground motion. In consequence the ground desigdeistical to the design on the top of existing
building.

3. Solution considering hollow section profiles

The use of hollow sections for single-storey buigihi allows the realisation of moment-resisting
frames in both directions. In consequence, the spam free for the disposal of windows. The case-
study considered the 1340 IPCT project type withoa-regular shape in plan. The steel structure
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follows this disposition and consequently it resaltstructure translated in the axis 5. The stradtu
composed of seven MR transversal frames. Threeedirames are 10.20m wide, two of 10.80m while
the other three are 13.80m. The roof is pitchestirrg on steel beams (IPE profiles) with a double
slope of 15%.

In this case-study too, the initial analysis ofs#ing structure confirmed that it possesses
important reserves of resistance under actual ttnganditions specific to the city of Timisoara. &
second phase was designed the overcladding steuahd also checked of the overcladded concrete
building. Also, it was considered that before tlusiponing of the new steel structure, the existing
structure was cleaned of the old hydro-insulatayrets and slope concrete. The overcladding strictur
was studied in two hypotheses: fixed and respdgtpieaned on the concrete building.

445
T

Figure 154. Overcladding of 1340 IPCT project type (solutiorthngteel hollow sections
elements): global view and connections.

The design of structural elements for the strucwith fixed columns leads to RHS cross-
section 200x200x8 for columns, IPE 270 cross-sediiw beams and HEB 100 longitudinal beams.
All elements are in steel class S235.

Similar with previous cases, identical column crssstion resulted for case with pinned base.
However, due to increased bending values in beaooltomn joints, the beam cross-section increases
from IPE 270 to IPE 330. On the other hand, thepamative analyses for the steel structure (fixed or
pinned on the ground or on the top of existingding), show that the steel design is not influenoed
the position of the steel structure: top of theldng or on the ground. The values of the internal
forces are quasi-identical for the two situations.

The results of the structural analyses made orcaherete structure (original and overcladded
structure) certifies that the global effect of amladding leads to a slight diminishing of interfaices
on diaphragms, mainly due to elimination of hydnetilation and slope concrete layers at top level.
Comparing the internal forces at the basis of trcete structure in function of connection between
steel and existing concrete structure (pinned xedfj it was shown no important differences are
recorded. The only noticeable difference is atdbenection level of steel structural elements @n th
concrete diaphragms. The connection details arplsirfor pinned case.

- Structural and architectural retrofitting solutionxonclusions

The interior repartitioning of concrete residentlalildings can improve the comfort of
inhabitants in such buildings. The apartment cawgphorizontally or vertically will result in new
internal configurations and can offer improved iidespace, new types of flats, with implicationts a
larger scale on the local community, such as tleeedse of densification in urban areas. These types
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of interventions can also be used to revitalisetspaf the city and contribute to cities urban
regeneration.

Structurally, both types of interventions are phblesibut attention should be given to local
detailing: (i) when cuts in the vertical diaphragaa® performed, these should be reinforced by
additional steel frames or concrete jacketing;i{iguts are made on horizontal diaphragms, aduio
reinforcement near the cut-outs is needed.

The structural analyses performed on 744R, 770134@ IPCT project types made on large
precast concrete panels led to the following maimctusions:

- all considered typologies possess important veseof resistance, even for the case of
increased loads characteristic to modern normajdimgy seismic;

- the structures allow the reconfiguration of indrspaces by merging apartments on vertical or
horizontal, by performing new cuts in existing digggms in a controlled way;

- when merging horizontal apartments, the cut diagtm must be strengthened by steel frames
or concrete jacketing;

- when merging apartments on vertical, the cutsonzontal diaphragms for internal staircases
must be strengthened. This can be done by additiem&orcement using steel strips or by usingdibr
polymeric solutions bond on concrete elements;

- overcladding of existing buildings is possible tgnsidering light steel framing solutions.
Prior installation, the removal of existing hydmdsslope concrete layers should be done;

- the design of the steel frames can be perfornmetth® top of existing concrete building or on
the ground. It is recommended that the steel stredb be pinned on the existing concrete building
due to simpler connecting details.

3.3.4. Thermal retrofitting solutions

Nevertheless, the main problem of the existing Roarabuilding stock is represented by the
low thermal efficiency of their envelopes. Takinga account that Romania has predominantly a
continental climate, this issue lead to human digoot during cold and warm seasons, as well as to
large amount of energy dissipation.

Figure 155 shows the principal typologies of walgth their description, benefits and
drawbacks. The main types of wall systems weregusia following resistance typologies:

- Resistance walls in plain brick masonry. Masonith vertical hollows and stanchions since
1980s.

- Concrete diaphragms plated with different typethermo-insulation (aerated concrete blocks
/ mineral wool);

- Reinforced concrete frames with in-fill walls: swary of plain bricks, bricks with vertical
hollows or aerated concrete blocks.

The Ryer value presented in Figure 155 represents the Hierasistances to heat flow,
expressed in [AK/W] units. This is computed as the sum of thermeslistances to heat flow of all
wall layers (exterior to interior). A very importachange in thermal insulation of buildings was
performed in 1984, when at the national level isvimposed an energy saving programme and the
solutions adopted for buildings were changed. Va& represent also a turning point in the Romanian
standards regarding thermal insulation (Dan 2G07).
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YR Typology Description BENEFITS (+) DRAWBACKS (-)

T 1 1 ) 1. Exterior plastering - fire resistance: good behaviour- prone to thermal-bridging

} [ [ ], brick 2 Masonry plain bricks of 37.5- vertical diaphragm action: good- local deterioration due to

H | | 7 MY em / bricks with vertical behaviour if the masonry humidity

: [ [ : hollows 30cm correctly executed - environmental impact:

{ S N 3. Interior plastering - thermo-insulation: very low preiminary studies indica

,375cm__, - Ro,e70.57 / 0.54m2K/W very high environmental

impact due to heat loss

‘ ‘ 1. Exterior plastering - fire resistance: good behaviour- prone to thermal-bridging

[ | eimforcea 2- L layer reinforced concrete - vertical diaphragm action: good- local damages in bad

[ T/ concrete 5cm response executed joints

7 /\AAC 3. Plain aerated concrete soary- thermo-insulation: very low - environmental impact:

[ A 12.5cm - RoeF0.57 mPK/W preiminary studies indica
< | [ 4. 29 layer reinforced concrete very high environmental
Q- : 9.5cm impact due to heat loss
SR N 5. Interior plastering
o %27cmﬁ/
§ ‘ 1. Exterior plastering - fire resistance: good behaviour- local damages in bad

§ ' reinforced 2. 1tlayer reinforced concrete - vertical diaphragm action: good executed joints
‘ nﬁ%f:acrgﬁte 3. Mineral wo_ol response _ - envjro_nmental impa_lct:_
o wool 4, d Iayer relnfor_ced concrete - thermo-insulation: very low prehmma_ry studies |pd|ca
| 5. Interior plastering - Ro,e70.93 mPK/W high environmental impact

L7148412

‘ ’ ‘ 1. Exterior plastering - fire resistance: good behaviour- prone to thermal-bridging

‘ ! autoclaved 2. Plain aerated concrete soary- resistance: assured through framecal deterioration due to

: ‘ erated 25cm behaviour humidity

‘ ‘ 3. Interior plastdng - thermo-insulation: very low - enviobnmental impact: ve

| | - Ro,e~0.68 mPK/W high due to heat loss

/;ZSCm"

‘ ‘ 1. Exterior plastering - fire resistance: good behaviour- prone to thermal-bridging

! ' aac 2. Plain aerated concrete soary- resistance: assured through framecal deterioration due to

! |/asonry  35/45 cm behaviour humidity

: : 3. Interior plastering - thermo-insulation: fair - environmental impact: fair

| | - RoeF1.84/2.43 mKIW

35cm
1. Exterior plastering - fire resistance: good behaviour- prone to thermal-bridging

: : aac 2. Plain aerated concrete soary- vertical diaphragm action: good- local deterioration due to

| ‘ 15/45 cm behaviour if the masonry humidity

| | wicc 3+ Masonry plain bricks of 30 cmcorrectly executed - environmental impact: hit
< | / masonry 4, |nterior plastering - thermo-insulation: low environmental irpact due
o : - Ro.eF1.38 ntK/W heat loss
(<)) | 15 30
: 45cm
“3_.% ‘ - T reinforced L+ E)fterior plastering - fire _resist_ance: good b_ehaviour- prone to therma_ll-bridging

concrete 2. Mineral wool - vertical diaphragm action: good local damages in bad

‘ | | mineral 3. Plain aerated concrete soamry behaviour executed joints

! I wool 4. Reinforced concrete - thermo-insulation: fair - environmental impact: lo

! ! Aaac - Ro,e~1.63 m2K/W due to heat loss through

7 ‘ wall joints

29 8_L75), 12

/;30cm

‘ ‘ 1. Exterior plastering - fire resistance: good behaviour- prone to thermal-bridging

‘ laac 2. Mineral wool - vertical diaphragm action: good local damages in bad

: : 3. Plain aerated concrete soary behaviour executed joints

| Semaes! 4. Reinforced concrete - thermo-insulation: fair - environmental impact: loy

| | - Ryem1.61 mPK/W due to heat loss through

wall joints
| 20 5__

Figure 155. Design details and characteristics of wall typabsgoetween 1960 and 1994.

The first Romanian normative requirements regardiegt transfer were given in 1960s for
exterior walls, flat roofs and floors over basemdiable 19 presents briefly the variation in regdir
thermal resistance of building envelope elements.
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Table 19. Romanian normative requirements for thermal resigtaf envelope elements (values

in mPK/W).

Yeal Standar Ext. Flat Floor over
walls roofs basemer

1962 647261 0.7¢ 0.9¢ 0.82

198¢ NP1E-84 1.2C 1.5t 1.0¢

1997 C107/:-1997  1.0¢ 1.4¢ 1.2t

201(C C107/:-1997  1.8C 5.0C 2.9(

During the last 50 years the R values have beenggthmore than forty times in new and
changed issues of national standards, but alway®asing values were required. Thus, the heat
transfer requirement increased 2.5 times for eatenralls, 5 times for flat roofs and 3.5 times for
floors and basements.

Unfortunately the changes in the heat transferirements were not followed by the up-dating
of the envelopes of the existing building stockisTik in fact the main reason of having in present
very large building stock that do not fulfil thetaal norms regarding the heat flow transfer.

The usual stratifications of collective residenballdings (as shown in Figure 155) are far from
assuring the actual thermal resistance requirem@éiatsle 20 shows the thermal resistances for the
exterior walls in comparison with the normative uggments (ASRO, 2010). It results that in many
cases the existing layers can assure at most halfeorequired thermal resistance. Moreover, the
thermal insulation layer is in many cases out-datedamaged due to ageing.

In consequence, an ID for retrofitting such struesushould include as a necessity the thermal
upgrading of exterior walls. The compatibility dfet thermal retrofitting solution with the existing
structure must be assured.

Table 20. Thermal resistances in of external walls in diffengeriods (values in #{/W).
Typology Thermal resistanceRequirement by norm  Requirement by actual
of wall norm (C107/3-2010)
Type Il 0.57 0.76 (NR 6472-61)
Type Il 0.93 0.76 (NR 6472-61) 1.80
Type VI 1.38 1.20 (NP 15/84) '
Type VIl 1.63 1.20 (NP 15/84)

- Retrofitting solutions

Figure 156 shows eight solutions used for thernedéofitting the concrete external walls
through external over-cladding. The original sfiedition chosen as case-study in the pre-sent paper
type Il, according to Figure 155, which correspomasthe T770 collective building standardized
project, built in the 1975-1985 period. The solo§mame is given by the insulation material used or
by the name of the company offering the integrasiolgtion.

First of the solutions proposed represents the comsolution of thermal rehabilitation of
buildings, through a thermo-system assured by gspokne layer (100 mm in this case) and exterior
plastering adherent on a glass fibre. The nextdolations are similar as conception, by considgan
thermal insulation layer on cellulose, glass, mah@r rig-id basaltic wool and polyurethane foam
respectively. The external siding — plasteringypiolyl or brick siding — is fixed either directlynahe
thermal insulation layer either on thin walled céddmed profiles fixed on concrete wall.

The last two solutions represent integrated saistioffered by specialized companies on
external wall siding: the Ruukki solution is a saith panel with embedded thermal insulations while
in the case of siding cassettes offered by Lind@bthermal insulation layer is chosen by the owner.
The two systems are fixed on steel profiles, pstefised on the concrete bed.
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Solution 1 — “Polystyrene

Solution 5 — “Rigid foam”

10

22

1. Exterior plastering

3. Fixing screws (steel

®@O®O

5. Thermal insulation:

6. Reinforced concrete

7. Interior plastering

2. Glass fibre wire lattice
screws and plastic fixings

extruded polystyrene 10anf-

1. Exterior plastering
2. Glass fibre wire
lattice
3. Fixing screws (stee
4. Thermal insulation:
Plastispan HD and
Durofoam HD 10cm
5. Reinforced concrete
6. Interior plastering

Solution 2 — “Cellulose”

Solution 6 — “PolyuretteRoam”

1. Exterior plastering

ﬁ3 22 %

1. Acrylic paint

new
.

7. Interior plastering

Jron]_ae

6. Reinforced concrete
7. Interior plastering

Solution 4 — “Mineral Wool”

Solution 8- “Lindab”
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22

new

old

10

22

new

Q: 2. Glass fibre wire lattice © 2. Thermal insulation:
i @
3 3. Oriented Strand Board 7 polyurethane foam 10¢m
——@ 4. PVC vapour barrier / :: 3. Reinforced concrete
—® 5. Thermal insulation: 7 4. Interior plastering
—© untied cellulose fibre 10cy|
@ 6. Reinforced concrete
new | o 7. Interior plastering DJEW old
Solution 3 — “Glass Wool” Solution 7— “Ruukki”
10, 22 10, 2
1. Polyvinyl exterior plate 7 o 1L Exterior sandwich
v 2. Fixing screws (steel) 7, @ steel plate
2 3. Ventilation void 7 @ 2 Thermal insulation:
j 4. PVC vapour barrier /; 2/ @ Basaltic wool 10cm
7 5. Thermal insulation: 1 ® 3. Interior sandwich
7 2 el 110  mmC I pl
- +® ass wool 10cm steel plate
7 6. Reinforced concrete 4. Fixing screws (steel)

1. External brick siding 1. Lindab steel cassette
@ 2. Fixing screws (steel)|t—{— @ 2 Thermal insulation:
@ 3. Ventilation void * g @ Basaltic wool 10cm
% 4. Thermal insulation: ¥ 3.PVC vapour barrief
Mineral wool 10cm / C: 6. Reinforced concrete
5. Reinforced concrete 7. Interior plastering
6. Interior plastering

old

Figure 156.  Solutions for thermal retrofitting the existing coete walls.

Multi-criterial analysis and choice of solution

Three criteria were considered for the final sébectof thermal retrofitting solution,
corresponding to the sustainability pillars:

- social: thermal insulationresistance. It measures the ability of each swiutf offering
adequate internal comfort, while its implicatioralso on the building energy use. The values ginen
the Table 21 consider the thermal resistances et and additional layers, but disregard the
existent thermal insulation layer which in manyesas not efficient. All the solutions were adjuaste
to offer values close to the thermal resistancenative requirements (1.80 m2k/W);
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- economic: theeconomic assessmerst considered through integrated costs for mdtgria
mechanical fasteners and labour. The values offerédble 21 are computed according to the current

economic situation in Romania per square meteetodfitted wall;

- environment: theenvironmental impactvas considered through Life-Cycle Impact Analysis
(LCIA) on new added materials, per square metevadf using the SimaPro computer tool. The values
are given in eco-points, by considering the Ecdatlir 99 as method of analysis. The LCIA

inventory was constituted from average weights afenals divided to the total covered area. For the
life cycle approach the production and end-of éfematerials was considered. For the end-of-life, a
reasonable scenario for reuse, recycling and didpbsnaterials was envisaged (see Table 22). Eigur

157 shows graphically the LCIA results for all sewlutions considered.

It is to be noticed the fact that the safety cidterwas not included in analysis as this was

assured for all solutions (excluded by boundarydit@ns).

Table 21.

Thermal, costing and environmental impact estinmstior retrofitting solutions.

Sol. Sol. Name

Effective thermal resistancd’rice

Environmental impact

No. [m2k/W] [eur/sqm] [Pt]
1 Polystyrene 2.04 35.36 2.26
2 Celluloses 1.95 20.51 0.99
3 Glass Wool 2.09 45.43 0.68
4 Mineral Wool 2.10 37.10 0.62
5 Rigid Foam 2.05 24.57 0.85
6 Polyurethane Foam 2.34 31.64 0.65
7 Ruukki 2.08 21.88 0.55
8 Lindab 1.98 53.41 1.73
Table 22. End-of-life scenario for main building materials.

Material Reuse [% Recycling [% Burn [%] Disposal- Landfill [%]

Steel materials -- 100 -- --

Wooden materials 30 -- 70 --

Concrete, mortar - - - 100

Other inert materials -- -- -- 100

Other combustible materials - -- 100 --

2.50

pt
O Resources
2.0 O Ecosystem Quality [~
B Human Health
1.50
1.0
0.50 j | ] | m (I —
o M B e m E m
AN AN
,‘z& \ot,ef’ $o° $o° *oéo Qo’b((\ 0313'\
O » N .
I N - G AT e
N'Q Vv - u.é\ % o

Figure 157. LC environmental impact for retrofitting solutio(tsol: SimaPro, Method:
Ecoinventor 99)
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- Multi-criterial analysis and choice of solution elsction of solution by considering
indicator-oriented methods

The choice of solution through indicator-orienteethod represents the easiest way of selecting
among solutions. The willingness to pay is the mus&td factor on selecting goods on the economic
market. Solutions 2, 6 and 7 represent in turrbeet choices considering individual indicatorsceri
thermal resistances and environmental impact réspc In consequence, judging strictly on one of
these criteria, one of the solutions is chosen.

- Multi-criterial analysis and choice of solution elsction of solution by considering
multi-axial representation method

The solution selection through multi-axial reprea@on considers an axis for each individual
indicator. The representation is possible for threlicators but the solution remains valid even for
more indicators. The first step of the method s mlermalization of results: the solutions having th
best performance in regard to a certain indicaenaximized to 100% while the rest of indicators ar
normalized to this value in percentages as showiabie 23.

The second step is the computation of the distéam@n ideal target, defined by the point of
maximum coordinates (100,100,100). This can bdyedsne by computing the vector between the
real coordinated points and the ideal target thnothge square root of sum of squares. Figure 158
shows the 3D representation by considering thestimdicators considered in the case-study. Als®, th
figure shows the computed distances to the target.

Table 23. Normalization of indicator values
Sol No. Th. Resistance Price Environmental Impa
[m?k/W] Normalisation [€/sqm] Normalisation [pt]  Normalisation

1. Polystyrene 2.04 86.90 35.36 58.00 2.26 24.42
2. Celluloses 1.95 83.41 20.51 100.00 0.99 55.93
3. Glass Wool 2.09 89.08 45.43 45.15 0.68 80.70
4. Mineral Wool 2.10 89.51 37.10 55.28 0.62 88.89
5. Rigid Foam 2.05 87.56 24.57 83.48 0.85 65.09
6. Polyurethane Foam 2.34 100.00 31.64 64.82 0.65 4.538
7. Ruukki 2.08 88.95 21.88 93.74 0.55 100.00
8. Lindab 1.98 84.33 53.41 38.40 1.73 31.91

. E s ;g\\\\»Target Sol. No. Distance to target

Sl poS JE 1. Polystyrene 87.45

s i T 2. Celluloses 47.09

2 i 3. Glass Wool 59.17

& ! 4. Mineral Wool 47.26

£ i 5. Rigid Foam 40.57

F 7 6. Polyurethane Foam 38.43

7. Ruukki 12.70
8. Lindab 93.15

Figure 158.

Tri-axial representation and distance to targestiutions 1-8

The smallest distance to the target is obtainedherseventh solution (12.70) which by far is
better than other thermal rehabilitation systerhsould be noticed that the first solution which is
largely used in real rehabilitation projects is aétthe furthest to the target point. The bad sgois

due to the bad environmental impact and also tive.pr
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- Multi-criterial analysis and choice of solution el8ction of solution by considering
characterization factor method

The method is based on using characterization fadto accordance to the importance of a
specific indicator in the final decision choice.eTfactorized values multiply the normalized values
which are finally added in a final score (aggredatalue). The highest value represents the best.sco
The difficulty of the method is finding the righharacterization factors reflecting the importante o
indicators. Usually a block of experts can be ctiedufor finding adequate factor values. One
solution is by considering factors in unitary ratio

Table 24 shows the factorized values and final esxcarsing the following characterization
factors for specific the three indicators considere

- ¢t = 0.45 for the thermal resistance

- Cp = 0.30 for the economic assessment

- Ce = 0.25 for the environmental impact

Table 24. Factorized values and final scores for differefitsons

Thermal Resistance Economic assessment  Environhieptact
Solution No. Normalised FactorisedNormalised FactorisedNormalised FactorisedFinal

value value value value value value score
1. Polystyrene 86.90 39.10 58.00 17.40 24.42 6.162.61
2. Celluloses 83.41 37.54 100.00 30.00 55.93 13.94.52
3. Glass Wool 89.08 40.09 45.15 13.54 80.70 20.183.80
4. Mineral Wool 89.51 40.28 55.28 16.58 88.89 22.229.09
5. Rigid Foam 87.56 39.40 83.48 25.04 65.09 16.280.72
6. Polyurethane Foam 100.00 45.00 64.82 19.45 84.53 21.185.58
7. Ruukki 88.95 40.03 93.74 28.12 100.00 25.003.15
8. Lindab 84.33 37.95 38.40 11.52 31.91 7.9867.45

Ch. Factor x0.45 x 0.30 x 0.25

According to this method again the seventh soluvgh an integrated sandwich panel, presents
the best scoring. This fact is due primarily toiaregrated optimization of the solution, combining
several parameters such as:

- adequate thermal insulations, adjusted througtwildth of the insulation layers;

- good pricing due to the intensive industrialipedcesses;

- relatively low environmental impact by using higdtyclable materials (such as steel).

However, good results are obtained also for theyyvethane foam and cellulose solutions,
which might be considered as good alternativeghfamal insulation.

- Thermal retrofitting solutions - conclusions

One of the immediate needs for assuring the thecorafort of habitants and also the efficient
use of operational energy is the thermal insulatioran integrated retrofitting design, the teclueis|
employed in thermal insulation should considerdbeditions of the existing structure. Moreover, by
considering a sustainable design, the environmesritdrion should be present in the decisional
matrix, among other economic and technical criteria

The choice of a multicriterial analysis in thermetrofitting of old buildings is a decisional task
which may employ several methods. Usually, the daitdir-oriented methods are deficient due to
ignorance of non-considered criteria. This is wkiyeo methods, such as the multi-axial represemtatio
or the characterisation factor method could cleardhoice for a solution.

In case of the study-case, the steel-intensiveiealkisuch as sandwich panels can offer a good
solution for thermal rehabilitation of concreteustures. The reliability of solution is due to thee of
highly recyclable materials and economic advantafyes to the industrialized processes used in
manufacturing.
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C. SCIENTIFIC, PROFESSIONAL AND ACADEMIC FUTURE
DEVELOPMENT PLANS

The development plans of the candidate on scientffiofessional and academic direction
consider the basis already investigated on compasitel and concrete structures and the sustainable
development of buildings. However, the candidatesdaot exclude other development directions in
the field of structural engineering linked to steetl concrete elements.

C1 - SCIENTIFIC

In this moment the CEMSIG Laboratory of the Depamnmof Steel Structures and Structural
Mechanics at the Politehnica University of Timisohas an impressive experimental capability, being
able to test real-scale building sub-assembliesbaiilding structures under static and dynamic loads
The intention of the candidate is to further depelbe CEMSIG facilities in the field of structural
engineering both experimental and numerical throaguisition of modern facilities and strong
modelling software. The plans for scientific deystent of the candidate mainly regard the research
directions listed below.

- Application of slim-floor decking in seismic regson

The Slim Floor Beam (SFB) system represents a magehnique of flooring successfully used
in buildings located in non-seismic areas. It pnéseseveral advantages as compared to usual floor
systems. However, for the integration of theseesystin the seismic zones, additional research dhoul
be performed. The solutions must assure adequadéslef resistance and ductility in case of SFB
systems used in seismic-resistant structures. ThaLDype steel moment resisting frames MRF +
braced systems with SFB configurations can be thioag combining efficiently the architectural
freedom and seismic resistance. However, evensrcse the MRF should withstand a fraction of the
seismic lateral action. In this equation the bearoelumn joining will play the key-role in the Dual
configuration behaviour. Firstly, the MRF SFB-tdwmon joints as they should possess good
dissipation capacity to lateral loads.

In order to develop applicable design proceduresde use of slim-floor solutions in seismic
dissipative structural systems the solutions shobkl investigated experimentally, on key-
subassemblies and sub-structures, completed incmdetep by numerical analyses on structures for
the confirmation of structural behaviour in a maleel.

- Investigation of performances of steel-concretemmsite framed structural systems
to strong seismic motions specific to Romanianttay

The investigation of the composite structures vatmnection between the concrete or the
masonry part and the steel structure is of scientiterest nowadays, due to the economic reasons
resulted from the practical application of the solu However, the applicability of such structural
systems in the seismic conditions of the Roman@ritéry must be proved. Based on previous
experimental studies performed within the CEMSIGolatory, the solutions must now be
extrapolated towards global structural response. Sihdy should be based on numerical analyses on
structural systems (braced and unbraced frameh)dififerent heights and bays and an initial design
on different Romanian seismic zones. The analysest ntonsider dynamic analyses with
accelerograms and elasto-plastic behaviour of thetsral elements. Of course, the accelerograms
should correspond to the Romanian seismic territory
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- Dual frames with removable dissipative components

The investigations already performed by the candidathin the CEMSIG team on the steel
and composite link elements have shown that thesE®E systems of high dissipation in case of
strong seismic motions. Current seismic designogbphy is based on dissipative structural response,
which implicitly accepts damage to the main streetand significant economic losses. Repair of the
structure is often impeded by the permanent (redjidirifts of the structure. Hence, a more rational
design approach in the context of sustainabilitypysreducing the repair costs and downtime of a
structure hit by an earthquake. These objectives lma attained through removable dissipative
members and re-centring capability of the structure

The concepts of removable dissipative members amdemtring capability are to be
implemented in dual structures, obtained by comlgirai stiff dissipative subsystem (EBFs or SPSWSs)
with a flexible elastic subsystem (MRFs). The hibllieks in EBFs and bolted shear walls in Shear
Panel Walls SPSWs are intended to provide the gndigsipation capacity and to be easily
replaceable, while the more flexible MRFs wouldvitie the necessary re-centring capability to the
structure. The validation of the proposed soluimmo be realised through pseudo-dynamic tests of
large scale models of dual eccentrically bracechés with vertical links (D-EBFs) and dual steel
plate shear walls (D-SPSWSs). The research will destmate the feasibility of the proposed concept
(by re-centring capability of dual structures witmovable dissipative members), clearing the route
toward implementation into design practice. Addiaily, the overall seismic performance of DEBFs
and D-SPSWs will be validated.

- Sustainable investigations on optimal solutionseiiernal wall and floor systems
applied to new and existing buildings

In case of modern housing, the trend is for usigighiveight building solutions with intensive-
industrialised materials and components. For #ason, the investigation on wall and floor solusion
for buildings could provide both structural and dtianal advantages. The main purpose is to obtain
wall and floor technical solutions compatible withst-track construction, providing structural
robustness and simultaneously functional critemideirms of thermo-energetic efficiency, vibration
control, and as well as global sustainability pseters.

The study should be focused on lightweight conssac based on the intensive use of metal
and/or composite solutions and dry techniques. laml medium-rise buildings are considered for
which resistance and robustness are assured by:

- diaphragm action of walls and floors for low-rizeildings;

- rigid cores in case of medium-rise buildings atittethe resistance of lateral walls;

- catenary action capacity of floors, enabling edistribution and alternative paths of stresses
in case of local failures due to accidental actions

New-building and rehabilitation solutions for amti&vooden floors and masonry/concrete walls
should be considered. The objectives are to impitbee original structural state for achieving a
required global structural response, thermo-eniergéficiency and building durability.

- Functional Refurbishment of Residential Buildingthwétructure on Large
Reinforced Concrete Panels

As shown by the already presented studies, the Riamaomfort of habitation in urban areas
intensively constructed with residential apartméype buildings is at a low level due to the
deficiencies in (i) urban management (circulatiowl @arking spaces, accessibility, comfort) and (ii)
interior spaces of habitable units: underdimengiohabitable space, low thermal comfort and
energetic efficiency, non-unitary cost constructioerventions, deficient hydro insulations etc.
Moreover, the constructive systems of the largefoeced concrete precast panel apartment buildings
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present a rigid interior partitioning. Although &g time, there have been developed different
partitions within standardised projects these dosatisfy the modern requirements for flexibilityy o
the habitable space. From the structural point iefvvthe situation of these buildings has been
aggravated by the partial interventions of owneard m consequence a large number of buildings
present increased vulnerability to current or ageidl loading conditions.

The large reinforced concrete precast panel apattioeildings have been executed in the
1960-1990 period throughout standardized projefets. this reason the functional refurbishment
solutions for the habitable spaces should alsodsed on standardized interventions applied to the
main building typologies. The integrated solutishsuld include structural aspects (e.g. coupling tw
apartments, integration of some adjacent accessiwayd thermal refurbishment solutions. Some
other aspects should be integrated:

- realisation of an integrated intervention metHodg on different building typologies;

- national applicability maps for proposed solusipn

- technical strengthening details applicable tallbaaring elements;

- integrated intervention solutions consideringuatiiral and thermal refurbishment of the
envelope compatible with the original envelope eyst;

- economical evaluation of solutions, both struafand thermal;

- evaluation of the environmental impact on theilmmment.

C2 - PROFESSIONAL

In parallel with the research and academic actiite candidate developed also his initial
formation of civil engineer. In his activity, themdidate participated as chief designer or member i
the design team in the design of about twenty stedlcomposite steel and concrete structures. The
candidate received twice, as member in the desigmtthe ECCS award ,European Steel Design
Awards 2003 (BancPost Timisoara) and 2007 (Buchdreser International) for the steel structures
realised in Romania. Following this direction, ttendidate has in intention to continue the design
activities for special buildings with steel or dtaad concrete structures, using in this way higagh
expertise in this field.

Figure 159. ECCS awards received by the candidate.
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Furthermore, continuing the direction of implemeiota of Eurocode systems in Romania, the
candidate will sustain the ASRO activities of tlatiag, realisation of national annexes or revieyin
the European documents. In this moment, the catedidanember of the ASRO eCommittee SC 4 for
the revision of Eurocode 4 at European level. Haidvity is considered for a medium term run, as in
2018 the Eurocode norms will be issued in a revigdion. As member in the European Convention
for Structural Steelwork (ECCS), the candidatenisouch with the activities of European engineers
and researchers in the fields of composite stekcancrete structures and sustainable developnient o
steel buildings as national representative witaghhical committees TC11 and respectively TC 14.

As member in Romanian professional engineeringcéstsons: AICPS (Association of Design
Engineers) and APCMR (Romanian Association of Comwtibnal Steelwork), the candidate
disseminated his findings within engineering comityuthrough presentations in national or local
conferences and workshops as well as publicatianprofessional journals. The opinion of the
candidate is that these kinds of actions are beakfor the engineering community and should be
encouraged as the academic community should bemoduand provide valuable information to the
society, based on the research findings.

C3 - ACADEMIC

The candidate activates from the beginning of hieer (1997) in Academic environments in
the main domain of civil engineering. Currentlygetibandidate is lecturing Composite Steel and
Concrete Structures at bachelor and master levelsvell as subjects related to Sustainable
Development of Buildings.

In the perspective of a further habilitation in danting Ph.D. students, the candidate will
promote the integration of doctoral students in #eademic activities, including research and
academic. For this purpose, funding of the researodgarded as the key-issue.

One of the main academic development plans ofadhédidate regard the homogenisation of the
two topics in the curricula of the bachelor and mmastudents in Civil Engineering. This issue is
almost achieved in case of the courses on Comp®Bsitetures, by one basic course in the fourth year
and a course on Advanced Design of Composite Siegtfor master level. In case of Sustainable
Development, since two years there exists the eowfs Environmental Design of Buildings
introduced in the third year —Romanian studies Ifbbr) but this should be implemented also for
English and German studies. This introductive oceumsist be harmonised with the courses held for
the master studies.

In this moment the candidate administrates fort€mtica University an ERASMUS Mundus
Master Course (full name: Sustainable Constructiorder natural hazards and catastrophic events -
SUSCOS). The candidate has in intention the coation of good relations with other national and
European entities through both research and daaatiivities. In this direction the regular
ERASMUS activities can represent an initiation forther academic activities, including research.
Present and past Erasmus contacts coordinatedebygathdidate: Technical University of Prague,
University of Coimbra, Universite Blaise-Pascal@lent-Ferrand and INSA-Rennes, France.

Nevertheless, based on the good relations alreadtent between the CEMSIG team and the
technical universities from Cluj, Bucharest andi,ldbe candidate considers that the national
cooperation should and could be strengthened throegearch grants and academic activities (student
competitions, workshops and summer-courses).

Continuing the didactic actions beyond the regalztivities, the candidate will help bachelor,
master and doctoral students in organising workshapd summer-courses, sustaining both
enrichment of the achievements and also studeotigldife. This activity is considered as impoitan
by the candidate as this contributes to the petstmeaelopment of further specialists.
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