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Abstract

Nonlinear finite element analysis (NLFEA) are noagsi strongly used both in research and in design

practices. Thefjp-Model Code 2010] introduced the concept of Lewl8pproximations (LoA) to estimate

a reinforced concrete (RC) structural member’s bieha. The LOA approach is a design strategy, based
the assumption that the structural member’s respoas be progressively refined through a bettématt of

the physical parameters. By increasing the levapgfroximation, a better accuracy in the estimétéhe
structural response can be obtained; however, titaeeand resources have to be devoted to the asaliys
particular, the higher level of approximation is@dated with the NLFEA. In the last years the ddpcrease

of computer power contributed to the developmenhisfnumerical tool for both the design of newistures
and the assessment of existing ones. For the ,latgroper modelling of the nonlinear behaviour is

fundamental for the prediction of the structurapense.

The behaviour of thin RC structural members (eajlsrand slabs) subjected to monotonic, cyclic and
dynamic loading, both in-plane and out-of-planes been investigated, by means of NLFEA.

In particular, the cyclic response of RC walls basn analysed in detail. RC walls are commonly used
as lateral load resisting elements in buildingséismic region thanks to the high stiffness anstasce they
can give to the building. Their principal functimto carry in-plane forces but, as a consequehparticular
forces and boundary conditions, they could be stjealso to out-of-plane actions. RC walls cambdelled
with different approaches: 1-D models consideringped or distributed plasticity usibbgam element-D
models usinghell elementsind 3-D models usingplid elementsin particular, in the present research the

behaviour of RC walls was investigated by mearfsnoiti-layer shell” elements (MS) using ABAQUS cade

The MS approach, defined within the ABAQUS codengists in discretizing the thickness of the
element in several layers assuming a plane-strigssthesis. The aim of this research was to as$ess t
capability of the proposed approach to reprodueertbnotonic, cyclic and dynamic behaviour of RC ribera

subjected to in-plane and out-of-plane actions.

Since the adopted MS elements are defined in ABAQut&: in plane-stress condition, they do not
include the nonlinear behaviour due to shear atbadhickness; it is, therefore, not possible fotage shear
or punching shear out-of-plane failure. Within thesearch a post-processing of the NLFEA results is
conducted based on Critical Shear Crack Theory [JSCTCT, as reported in [Muttoni, 2008] and [Mutto
and Fernandez, 2098allows to calculate shear and punching sheastexe based on few fundamental
parameters, such as respectively the axial sttamdrdepth and the out-of-plane rotation of thengtnt. In
this context, NLFEA are carried out on several Ribs experimentally tested in literature. The ontes
highlighted that NLFEA, post-processed accordin@8CT, leads to good results when compared with the

experimental ones, proving itself able to captwthlthe bending and shear out-of-plane failure. édwer,



by comparing with simplified analytical formulati®nit was underlined that NLFEA allows considering

phenomena like redistribution of stresses and mangbeffect due to cracking and boundary conditions.

The main aim of this research was to investigagectpability of MS elements to predict the cyclic
and dynamic response of RC walls. The cyclic respaf RC structures was widely investigated inditiere
associated to 1-D elements (e.qg. plastic hinge taddestudy the nonlinear flexural behaviour). @e bther
hand, concerning 2-D shell and 3-D solid modelliregent developments in seismic engineering urrobtli
the lack of cyclic crack models for reinforced caate, while the monotonic behaviour was widely stddn

the past.

A cyclic crack model for RC members, defined PARC 20 and implemented as a user subroutine
UMAT .for within the ABAQUS code, allows, differegtifrom the previous PARC_CL 1.0 crack model, to
account for plastic and irreversible deformatiothe unloading phase. As a consequence of thexmips to
consider the hysteretic cycles both in concretesaadl. Moreover, within the PARC_CL 2.0 crack mpde

was implemented a formulation able to accountfiffiness proportional damping in dynamic analyses.

The implemented PARC_CL 2.0 crack model was prilpaglidated by means of comparison with
experimental tests run on simple RC panels camigét the University of Houston [Mansour and HXR05]
and in a second phase it was applied to more congplectural members, such as RC walls, with the tai
assess the capability of the implemented modetadigt the cyclic and dynamic behaviour and to uinae
the improvement with respect to the previous PARC X0 crack model. In order to evaluate the
generalizability of the implemented model, differeralls, characterized by different layouts weralgsed:
squat walls tested at ISPRA laboratory [Pegon, L8868 slender walls with different cross secticested at
EPFL in Lausanne (two “T-shaped” walls [Rosso gt20)16] and a “U-shaped” wall [Constantin and Beye
2016)).

The results obtained by means of NLFEA with PARC 220 crack model was in good agreement
with the experimental tests, demonstrating itsitgbib capture not only cyclic in-plane behaviowt lalso

phenomena associated to the out-of-plane instabilit



Sommario

Le analisi non lineari ad elementi finiti (NLFEAQ®$0 uno strumento sempre piu utilizzato al giorno
d’oggi sia in ambito scientifico che nella prassigettuale. Il fib-Model Code 2010] introduce, per il calcolo
della capacita portante di un elemento struttumalealcestruzzo armato (CA), il concetto di livedi
approssimazione (LoA). Questo approccio si baskidad che in ambito progettuale la resistenza i u
elemento strutturale non sia definibile con unaridazione univoca, ma per mezzo di diversi livelli
approssimazione. All'aumentare del livello di apmionazione aumenta progressivamente la raffinateiza
modello fisico utilizzato e quindi € possibile otége una miglior stima del comportamento e delfzacéa
ultima della struttura a discapito di maggiori dremmputazionali richiesti in fase di calcolo. larficolare
utilizzando il livello di approssimazione piu eléwala capacita portante di un elemento struttypale essere
desunta da NLFEA. Il rapido incremento delle prasta dei calcolatori negli ultimi anni ha contribw al
rapido sviluppo di questa tipologia di analisi, s&la progettazione di strutture nuove, ma sopttatinella
verifica di strutture esistenti, dove una accuratadellazione del comportamento non lineare diventa

fondamentale per prevedere adeguatamente la rdsgela struttura.

Nella presente tesi € stata indagata, per mezKhEEA, la risposta di elementi strutturali sottiti

CA, come pareti e piastre, soggetti ad azioni mametcicliche e dinamiche sia nel piano che fualipiano.

In particolare & stata dettagliatamente analizlatasposta ciclica di pareti in CA, comunemente
utilizzate come sistemi sismoresistenti in virtllalelevata rigidezza e resistenza che possonedomfilla
struttura. La principale funzione di questa tipadodi elemento strutturale € quindi quella di teasé azioni
nel piano ma, in conseguenza di particolari foiter@e o condizioni vincolari, gli stessi potrelubgovarsi
soggetti ad azioni fuori piano. Le pareti in CApséstano ad essere modellate con diversi appraacpiu
semplici e meno raffinati modelli monodimensiorsailasticita concentrata e diffusa con elemeniti fiream
fino ai modelli bidimensionali con elementi finghelle modelli tridimensionali con elementi finkirick. In
particolare, nella presente ricerca il comportamelatle pareti in CA verra analizzato per mezzeldmenti
finiti shell multi-layer(MS) utilizzando il software ABAQUS.

L'approccio MS utilizzato, definito all'interno debftware ABAQUS, consiste nella discretizzazione
dello spessore dell’elemento finito in un certo ewondi layer assunti in stato piano di sforzo. li&dtivo del
presente studio ha riguardato principalmente lataalone della capacita della tipologia di modetiae
proposta di prevedere il comportamento monotoradicoi e dinamico di strutture in CA soggette adari

non solo nel proprio piano ma anche fuori dal piano

Y

Inizialmente, in ambito monotono, €& stata indagata delle maggiori problematiche associate
all'approccio MS adottato, legata all’assunziondinarita della rigidezza trasversale fuori piat® non
consente di considerare la rottura a taglio o ponaz@nto lungo lo spessore. Nel presente studiaté st

proposta una procedura di post-processing detaisdelle analisi ad elementi finiti, condottagiocordo alla



Critical Shear Crack Theory (CSCT), teoria presenita [Muttoni, 2008] e [Muttoni and Fernandez, 890
che permette di stimare la resistenza a tagliomz@uamento di un elemento strutturale sulla bag®chi
parametri fondamentali, quali rispettivamente |fodeazione assiale a meta spessore o la rotazige f
piano. In quest’ambito le analisi sono state cowdai una serie di piastre in CA testate in letibega | risultati
hanno evidenziato come le analisi non lineariahetate in accordo alla CSCT forniscono buoni tégul
riuscendo a cogliere sia le rotture flessionali lehetture a taglio fuori dal piano. Inoltre, atst evidenziato
come, rispetto a formulazioni analitiche sempliiicale NLFEA consentano di tenere in considerazione
fenomeni come la ridistribuzione degli sforzi o gffetti membranali dovuti a fessurazione e a paldri

condizioni vincolari esterne.

Le ricerche non si sono limitate al’ambito delleaani monotone ma anzi, I'obiettivo principale @ell
presente tesi e stato quello di valutare la capatEgli elementi MS di predire il comportamentdic e
dinamico di sistemi sismoresistenti a pareti in QlAcomportamento ciclico di strutture in CA é stat
ampiamente trattato in letteratura per elementiodonensionalbeam basti pensare al modello di cerniera
plastica sviluppato per tenere in considerazionmlelinearita flessionali. | recenti sviluppi tielgegneria
sismica hanno invece evidenziato le carenze di fhadstitutivi ciclici per il calcestruzzo armatassociate
ad approcci con elementi bidimensiorsdiell e tridimensionalbrick, rispetto invece ad una ampia trattazione

in letteratura relativamente alle sollecitazioninotone.

L'obiettivo principale del presente lavoro e stgtondi I'implementazione di un modello fessurativo
ciclico per il calcestruzzo armato, definito PARQ. Z0. Il modello fessurativo PARC_CL 2.0, implerteo
come user subroutine all'interno del software ABA®Wonsente, a differenza del precedente modello
PARC_CL 1.0, di tenere in considerazione le defaiord plastiche ed irreversibili in fase di scarequindi
fornisce una realistica modellazione dei cicli listei di calcestruzzo ed acciaio. Inoltre, allémo del
modello PARC_CL 2.0 e stata implementata una foamiahe che consente di tenere in considerazione lo

smorzamento viscoso proporzionale alle rigidezze.

Il modello implementato PARC_CL 2.0 e stato in uim@ momento validato per mezzo di confronti
con risultati sperimentali su semplici pannellidalcestruzzo armato testati presso I'Universitdlduston
[Mansour and Hsu, 2005] e successivamente applcaiementi strutturali piu complessi, nella fattisie
pareti in CA, con l'obiettivo di valutare la suapeaita di predire il comportamento ciclico e dineme di
evidenziare i miglioramenti apportati rispetto git@cedente versione. Per valutare la generalittndéello
proposto sono state analizzate pareti con divensigtirazioni geometriche e meccaniche: paretiddestate
presso i laboratori di ISPRA [Pegon, 1998] e paetile con differenti sezioni trasversali tesgatsso EPFL

di Losanna (sezione a “T” [Rosso et al., 2016]am® a “U” [Constantin e Beyer, 2016]).

Il modello PARC_CL 2.0 si & mostrato in buon acecotdn le evidenze sperimentali dimostrandosi in
grado di cogliere sia il comportamento ciclico pieino degli elementi che fenomeni legati all'ingligbfuori

dal piano degli stessi.
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Notations

Roman lower case letters

Omax
am
b

bo

Is,max

fe

me

fi

maximum aggregate size;

average crack spacing;

strain hardening ratio of steel reinforcement aditwy to [Menegotto and Pinto, 1973];
length of the shear resisting control perimetettiierevaluation of punching shear;
effective depth;

equivalent length, also known as crack band widthefinite element;
length over which the slip between concrete anel stecurs;
frequency;

cylinder compressive strength of concrete;

mean value of cylinder compressive strength of etec
characteristic value of cylinder compressive sttiemd concrete;

axial tensile strength of concrete;

mean value of axial tensile strength of concrete;

yield strength of reinforcing steel in tension;

yield strength ofth order of steel reinforcement in tension;

design yield strength of of reinforcing steel ing®n;

mean value of yield strength of reinforcing steeteénsion;

ultimate strength of reinforcing steel in tension;

space between different reinforcing bar;

crack opening;

crack sliding;

dimensions of finite element in txgrdirections

Vi



t finite element thickness;

Roman capital letters

Cn generalized damping factor related to e vibration mode;

E’ tangent stiffness modulus;

E. modulus of elasticity for concrete;

Ecr Secant modulus from the origin to the peak compressdress;

E'c tangent stiffness modulus of concretdidirection;

E'e tangent stiffness modulus of concret@4direction;

En hardening modulus of reinforcing steel;

Eni hardening modulus of théh order of steel reinforcement;

Es modulus of elasticity of reinforcing steel;

Esi modulus of elasticity of thigh order of steel reinforcement;

E's tangent stiffness modulus of thtb order of steel reinforcement;

G elastic shear modulus of concrete in the un-crapkede;

G2 tangent shear modulus of concrete in1l# coordinate system;

Ge fracture energy of concrete in compression;

Ger secant shear modulus of concrete in the crackesepha

G*er secant shear modulus of concrete in the crackeskpiatated to the first linear branch of the
bilinear formulation proposed by [Gambarova, 1983];

Geq secant overall shear modulus of concrete calculasettie equivalent modulus between un-
cracked and cracked phase;

Gr fracture energy of plain concrete in tension;

GR% fracture energy of reinforced concrete in tension;

Kn generalized stiffness related to thth vibration mode;

M generalized mass related to titk vibration mode;

viii



parameter which influence the shape of the hystefmthaviour of steel reinforcement
according to [Menegotto and Pinto, 1973];

Greek lower case letters

5c,cr

&,pl

& re

&

&or

&u

&

&i

0

Xi

Ml

Xi

mass-proportional damping coefficient for Raylettmping;

angle between thidirection and the direction of thilh order of steel reinforcement;
stiffness-proportional damping coefficient for Reigh damping;

increment of strain in time;

strain increment, with respect to the time, of ¢ete alongl-direction;

uniaxial strain increment, with respect to the timieconcrete along-direction;

biaxial strain of concrete alorigdirection;
uniaxial strain of concrete alordgdirection;
biaxial strain of concrete aloritydirection;
uniaxial strain of concrete aloragdirection;

concrete strain at maximum compressive stress;

plastic compressive strain of concrete;

minimum compressive strain experienced on the epeeturve of compressive concrete;
ultimate strain of concrete in compression;

concrete strain at maximum tensile stress;

ultimate strain of concrete in tension;

normal strain of concrete alomedirection;

strain of thath order of steel reinforcement aloxglirection;

uniaxial strain increment, with respect to the tiwfeheith order of steel reinforcement along
xi-direction;

uniaxial strain of théth order of steel reinforcement aloxedirection;



g normal strain of concrete alogedirection;

Esy yielding strain of reinforcing steel;

&u ultimate strain of reinforcing steel;

7 diameter of reinforcement bar;

Vio uniaxial shear strain increment, with respect ® tilme, of concrete in thg,2-coordinate
system;

Vio biaxial shear strain of concrete in th@-coordinate system;

Vizel biaxial shear strain of concrete in the un-craghlealse in thd,2-coordinate system;

Vizer biaxial shear strain of concrete in the crackedspha thel,2-coordinate system;

Vio uniaxial shear strain of concrete in the-coordinate system;

" shear strain of concrete in thg-coordinate system at the onset of concrete crggkin

Yy shear strain in the,y-coordinate system;

g inclination angle of the compressive strut;

a angle between the direction of tile order of the bar and tixedirection;

yo) reinforcement ratio related to tité order of the bar;

ai concrete stress along directitilirection;

o concrete stress along directidlirection;

Oere stress related to minimum compressive strain egpeed on the envelope curve of
compressive concrete;

Odamp stress contribution due to stiffness-proportioreahging;

O, stress of théth order of steel reinforcement aloxglirection;

T2 shear stress of concrete in th&coordinate system;

v Poisson’s ratio;

w natural frequency;



natural frequency of theth vibration mode;
damping ratio;

damping ratio of thath vibration mode;

angle between thidirection and the-direction;

softening coefficient of concrete;

Matrices and vectors

{ax,y}s,i dyn
{ax,y}

{ax,y} dyn

biaxial strain vector for concrete in2- coordinate system;

uniaxial strain vector for concrete In2- coordinate system;

biaxial strain vector for concrete ¥+ coordinate system;

biaxial strain vector along each steel bars axes;

uniaxial strain vector along each steel bars axes;

external forces vector;

damping contribute on the stress vector for itheorder of steel reinforcement iqy;-
coordinate system;

dynamic stress vector for thth order of steel reinforcement ¥yi- coordinate system,
calculated as the sum of the static and the danguintribution;

stress vector for concretesnscoordinate system;

dynamic stress vector for concretexig-coordinate system, calculated as the sum of the
static and the damping contribution;

stress vector for thigh order of steel reinforcementxry-coordinate system;

dynamic stress vector for théh order of steel reinforcement iy-coordinate system,

calculated as the sum of the static and the danguintribution;

overall stress vector, considering the contributbboth concrete and steel reinforcement,
in X,y-coordinate system;

overall dynamic stress vector, considering the rdouiion of both concrete and steel
reinforcement, irx,y-coordinate system;

Xi



o) displacement degrees of freedom vector;

{U(t)} velocity vector;

{t) acceleration vector;

[C] damping matrix;

[Dlz] Jacobian matrix of concrete In2- coordinate system;

[D1z]d Jacobian matrix of concrete, related to dampingdrdmution, in1,2- coordinate system;
< ddamp

[D12] dynamic Jacobian matrix of concretelif?- coordinate system , calculated as the sum of
~dyn static and damping contribution;

[D ] Jacobian matrix of thigh order of steel reinforcementiny- coordinate system;
Y

[D yY] dynamic Jacobian matrix of th#n order of steel reinforcement xy:- coordinate system,
#odame - calculated as the sum of static and damping carttob;

[D y,] Jacobian matrix of theh order of steel reinforcement, related to dammioigtribution, in
i dayn Xi,yi- coordinate system;

[D ] overall Jacobian matrix, considering the contritmutiof both concrete and steel
Y reinforcement, irx,y-coordinate system:;

[M] mass matrix;

[K] stiffness matrix;

[Tw] '[Tﬁi] transformation matrices;

] t transpose of the transformation matrix;

Xii
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Definition of the research field

1 Introduction

“un libro (io credo) € qualcosa con un principicuea fine,
uno spazio in cui il lettore deve entrare, giraneagari perdersi, ma a
un certo punto trovare un‘uscita, 0 magari pareechscite, la

possibilita di aprirsi una strada per venirne fudri

Italo Calvino — Le citta invisibili

1.1 Definition of the research field

In the last decades reinforced concrete (RC) hesrbe one of the most important building materials
and is widely used in many types of engineeringcstires. The economy, the efficiency, the streagththe

stiffness of reinforced concrete make it an ativaatnaterial for a wide range of structural appiimas.

Reinforced concrete structures are commonly dedigmeatisfy criteria of serviceability and safety.
In order to ensure the serviceability requiremérg necessary to predict the cracking and theedidins of
RC structures under service loads. In order tosas$e margin of safety of RC structures againktréaan
accurate estimation of the ultimate load is esakand the prediction of the load-deformation béetavof

the structure throughout the range of elastic arthstic response is desirable.

Within the framework of achieving a wider underslizug of all mechanical phenomena associated
with the elastic and, particularly, inelastic beloav of RC members, experimental research stijpkavery
important role. Moreover, experimental researchpBeg the information needed for the development of

advanced design methods, such as finite elemetsié-EA).

The FEA procedure, as widely explaineddnapter 2, is a technique based on the assumption that a
structure can be discretized by means of sevana felements. The assembling of all these elenteritsm

the whole structure result in a large set of eguatiwhich are suited to be solved by computers.

Finite element analysis of RC structures is a lyigioinlinear problem due to the material nonlingarit
of both concrete and reinforcement. The nonlingablem can be solved, as shown in 8§2.4, using Bpeci
iterative solution algorithms which required higbngputational efforts. Nowadays, the refinement of
knowledge on nonlinear constitutive material lawhjch reduced the uncertainties related to the higle
and the increasing of computers powers, which reditice time required to run analyses, make it ptessd

perform nonlinear finite element analysis of RC pter structures subjected to several loading candit
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Therefore, nonlinear finite element analysis (NLFBAhich was initially used in research studies to
support experimental investigations and explaireoled structural behaviour; has recently beconwnaeul
design tool. In the design process, NLFEA provithes engineer with a refined verification of a stuual
solution by simulating structural response undgerint kinds of design actions. For these reasarggsign
practices NLFEA can be used as an alternativentplgied traditional linear analysis. In traditidrdesign,
distribution of internal forces is carried out loyelar analysis and safety is checked locally inises. There
are two important discrepancies worth mentioninthia approach. First, the elastic force distribatis one
of the many possible states of equilibrium, whieln ©e realistic at low load levels only. A signaiit force
redistribution can occur due to inelastic respajesg. compressive membrane action phenomenon k dec
slabs, as discussed in this document). Secondip¢hesection safety check of limit states is madder the
assumption of nonlinear material behaviour (cragkieinforcement yielding, etc.), which is not cgrent
with the elastic analysis of internal forces. Farthore, the local safety check does not provide any
information about overall structural safety. Nekietess, this approach represents a very robugirdesthod

verified through many years of experience.

For all these reasons nonlinear finite elementyaigml(NLFEA) is becoming a useful tool for the
design of new structures as well as for the ass#sai existing ones. Furthermore, in new standantes
and guidelines, this type of analysis is proposedraalternative, and more powerful, method offieation
to the analytical calculation [Hendriks et al., 2D&and fib-Model Code 2010]. In particular, thig-Model
Code 2010] introduced the concept of levels of axipmation (LoA) approach as a design strategy tionase
the response of structural members. LOA approabhssd on the idea that all the analyses perfofordtie
design of structural members, whether based oticadicalculation or NLFEA, are approximationgedlity
and these approximations can be done with diffdeseis of accuracy: the higher the level of appration,
the higher the accuracy of the prediction, as wsllthe complexity and the time devoted to analysis.
Particularly related to the topic of this thesighe highest level of approximation, which is ass@d to

numerical procedures such as NLFEA.

1.2 Objectives

The objective of this research is to provide tablst can help to improving the knowledge about
NLFEA of reinforced concrete structures. In patcuthe focus is pointed on the analysis of thitifRembers

(shear and slender walls, deep girders, deck shalotear containment vessels and offshore platfprms

A thin RC member can be analysed, by means of NLFBWowing several approaches, as widely
explained in 82.2. From the simplified 1H2am elementapproach to the most complex 3sbBlid elements
approach. The first one is characterized by therelization of the structural member into seversdrh
elements and allows to capture only the flexurdlavéour. For this reason, is suitable for modellordy
simple slender members. On the other hand, thendemte consists in using of continuum three-dinearei

solid elementgas known as brick elements), defined in the dl8Ha space and it is suitable for the modelling
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of structures which present complex geometry ardlitg conditions (e.g. out-of-plane imposing load);
nevertheless, this approach presents high compog&itosts and several uncertainties related tmtigelling
choices. In between this two approaches, dhell elementsapproach is suitable for modeling structures
subjected to plane stress conditions since shesti@hts neglect the nonlinear behaviour due to stieag the
thickness. However, compared to solid element ngp@dethell element model can provide more stabldtse
and, furthermore, NLFEA carried out using shelheats enable to save time and computational effohis
latter can prove to be an important advantage ge @d meshes of full-scale structures or/and dolkad

combinations and in general for the probabilisisesssment, which requires a lot of NLFEA.

In this research, several monotonic, cyclic andattyic problems, solved by means of NLFEA, using
multi-layer shell (MS) elements, are presented. mhéi-layer shell elementpproach, as widely discuss in
§2.2.1, includes all the advantages related tshied elements modelling, presented above, antduriore
it allows to subdivide the thickness of each eleimnato several layers that can have different medr

properties (e.g. different reinforcement ratio).

The aim of this research is to assess that NLFEAetbout by means of MS elements, using a proper
material nonlinear model, are able to predict tl@atonic, cyclic and dynamic behavior of RC members

subjected not only to in-plane load, but also tbadtplane actions.
1.3 Methodology and personal contributions

A literature review of finite element formulatios included inChapter 2 in order to make the reader
familiar with the topic of this research. In 82.®@ef review of the different modelling approactsestable
for modelling RC thin structural members is presdntfocusing on the multi-layer shell (MS) element
approach which is the one adopted within this wbrlg2.2.1 the multi-layer shell element approaciidely
presented in order to highlight not only its poi@ntout also its deficiencies. In 82.3 the focsipointed on
different constitutive laws, presented in literatuable to model the cyclic response of reinforcedcrete.
Finally, in 82.4 a brief review of the different theds used by the finite element codes to solvextméinear

equations in static and dynamic fields is presented

In Chapter 3 the capability of NLFEA, using multi-layer sheleeents, to predict the nonlinear
behaviour of RC members under monotonic loadireggessed. For the analysis presented in Chapter 3 t
nonlinear material behaviour in employed using BRC_CL 1.0(Physical Approach for Reinforced
Concrete under Cyclic Load) crack model. H&RC_CL 1.Ccrack model, developed at the University of
Parmain 2013 [Belletti et al., 207.3s a fixed crack model which allows to consitlez nonlinear behaviour
of both concrete and steel reinforcement undericydndition; however, the cyclic condition is olbied
considering an unloading-reloading branch secatftaarigin as discussed in §3.2. T&RC_CL 1.@rack
model is not implemented by the author of this aeste, however, some of its applications are preskint

Chapter 3 since they are considered quite impoftarthe overall aim of the work.
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In particular in 83.3 the simulation of thmut-of-plane monotonic behaviour of RC slabss
presented. As already stated, the MS element agipaizes not allow to capture the out-of-plane sfealure
modes because the nonlinear behaviour due to aleay the thickness of the element is not consdlére
overcome this problem in 83.3 a post-processinth®fNLFEA results is conducted based on the @fitic
Shear Crack Theory (CSCT). CTCT, as reported int{¢fu, 2008] and [Muttoni and Fernandez, 2908
allows to calculate shear and punching shear agmist based on few fundamental parameters, such as
respectively the axial strain at mid-depth andaheof-plane rotation of the element. The reswdfzorted in
§3.3 highlighted the capability of such kind of retithg, post-processed according to the CSCT, ¢alipt
the shear out-of-plane failure of slabs; moreousmg NLFEA the effect of compressive membraneoacti
(CMA) on structural resistance assessment canbegaken in consideration, from the compressivast

automatically arising from the boundary and loadingditions of the model, as shown in §3.3.4.

In 83.4 the simulation of the-plane cyclic behaviour of a RC squat wallss presented. The results
presented in 83.4 highlighted the capabilityPdfRC_CL 1.G:rack model to predict the envelope behaviour
of the experimental pseudo-dynamic tests. On therdtand the results presented in §3.4 showedHbat

secant unloading behaviour of such crack modebishle to realistically reproduce the cyclic rasgm

In order to properly model the cyclic behaviour RE members a new crack model has been
implemented within this research, tBRARC_CL 2.&rack model, as discussedGhapter 4. ThePARC_CL
2.0crack model, widely described in 84.2, allowsaketinto account the plastic and irreversible de&iiron
that occurs during the unloading phase and to densthis way, the hysteretic cycles of both coteceand
steel reinforcement. Moreover, in order to takeoimtccount the energy dissipation mechanism that
characterises structural vibrations, the Rayletgfness proportional damping is implemented in thedel.
The new implemented model was primarily validatgchtieans of comparison with experimental outcomes
on simple RC panels subjected to cyclic load. treoto highlight the improvement produced byR#RC _CL
2.0 crack model in the prediction of tlegclic in-plane behaviourof a RC members, the sarsguat walls
analysed with the? ARC_CL 1.0crack model in §83.4, are analysed in 84.3 usiegRARC_CL 2.0 crack

model.

Finally in 84.4, the PARC_CL 2.0 crack model was@dd to analyse thaut-of-plane instability of
RC slender wallssubjected to cyclic horizontal loading. RC walte aommonly used as the primary lateral
force-resisting system for medium to high-rise thai)s. Nevertheless, despite many years of researdh
subsequent evolution of code provisions, severalwR@s still underperform when subjected to seismic
actions. The observation of the damages occurreaiie recent seismic events (Chile, 2010 and Naazd,
2011) highlighted that many walls, in their failednfiguration, were characterized by large outlafp
displacements. The failure of these structural svaths, hence, caused or highly influenced by oytdtarfie
buckling (also defined as out-of-plane instabilityhich is triggered in the end region of the whlis to be
pointed out that this deformation mode may be éseilt of the application of pure in-plane cycliadiing. As

shown in §4.4 this phenomenon is strictly reladhe opening and closing crack phenomenon anketo t
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hysteretic cycles of steel. For these reasons tkirRCP CL 2.0 crack model, which considers the cyclic

behaviour of concrete and steel reinforcement, sderbe suitable to model this particular failureda.

Three different specimens were analysed: in 84wWdL“T shaped” walls were studied, subjected
respectively to in-plane horizontal cyclic loadifigV1 specimen) and a combination of in-plane antdofu
plane horizontal cyclic load (TW4 specimen); in4g2.a “U shaped” wall subjected to cyclic load was

analysed.

In short, the main personal contributions of thissis on the topic of nonlinear finite element gsial

of RC members can be resumed as follow:

« Assessment of the capability of NLFEA to model isoand manner several mechanisms not
straightforward to capture analytically, especialbgociated to strong nonlinear behaviour;

* Demonstrate that MS elements are able to prediconly the in-plane behaviour of RC
members but also, using a post-processing methamiding to the CSCT, to capture the out-
of-plane shear failure. Moreover, the MS elemeiptragach, with respect to the common solid
element approach, allows to reduce computatiormad ind uncertainties;

e Implementation of th€ ARC_CL 2.@&rack model, which allows to properly model thelixy
hysteretic behaviour of concrete and steel reifiment and, also, to account for the energy
dissipation on material level, due to stiffnesspamtional damping;

« Validation of the implemente®ARC_CL 2.0crack model by means of comparison with
experimental tests and demonstration that usin@&RC_CL 2.0 crack model, associated to
MS elements, it is possible to capture not onlyithplane cyclic behaviour of RC members

but also the out-of-plane instability, strictlyat#d to the opening and closing of cracks.

Finally, in order to make the reader comfortabl¢hvthis document, in Figure 1.1 is graphically

reported the scheme of the document, with undetlihe main topics covered in each chapter.
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Evaluate the capability
of NLFEA to predict
different out-of-plane
failure modes (bending,
shear) in RC slabs;
Demonstratethe benefit
produced by the use of
NLFEA with respect to
simple analytical
formulation when
significant stresses
redistribution occurs
(e.g. CMA).

*  Evaluate the capability
of NLFEA to predict the
in-plane behaviour of RC
shear walls;

* Evaluate the benefit
producedby the new
implemented PARC CL
2.0 crack model, with
respect to the previous
PARC CL 1.0, in the
predictionof thecyclic
behaviour of RC
members.

Demonstratethat NLFEA using multi-layer shell elements
combinedwith PARC CL 2.0 crack model allows to predict not
only the in-plane cyclic behaviour of RC slender walls but also
phenomenonrelated to out-of-plane field, such as the out-of-
plane instability associated with phenomenon like the
opening/closure of cracks andbuckling of steel reinforcement.
Evaluate the capability of PARC CL 2.0 crackmodel to predict
also thelocal engineering parameters of RC members, like the
crack patternand the strains in concrete and steel.

Define thestarting point for future research with the aim to
investigate problems that mostly affect existing structure, such as
degradation of concrete and corrosion ofreinforcing rebars by
means of a properly validated numerical model.

Figure 1.1 — Scheme of the document.




Finite element formulation

2 State of art

“Le doute n'est pas un état bien agréable,

mais l'assurance est un état ridicule.”

Letter to Frederick William, Prince of Prussia
Voltaire, 28 November 1770

2.1Finite element formulation

The rapid development of computers has completglydiutionized” research and practice in every
scientific and engineering field. The finite elerhemethod has long been a fertile research fieltda#t also
been increasingly used as a research tool for ricahexperiment. Most importantly, the finite eleme
method has become an analysis and design tool rasidely by structural engineers. The finite el@eme
method in structural analysis is a technique tinstt divides a structure into a set, or differestss of structural
components. These components would share someasgeibmetric pattern and physical assumption aad ar
defined with a specific kind of finite element whibas a specific type of structural shape andésdonnected
with the adjacent elements by nodal points. Actiigeach node point are nodal forces, and the node i
subjected to displacements (degrees of freedom)s Tor each element, a standard set of simultaneous
equations can be formulated to relate these pHygimtities. Physically assembling these elemnterm
the whole structure is equivalent to mathematicsilperimposing these element equations. The rissalt
large set of simultaneous equations, which areddidr solution by computer. Upon implementingltading
cases and boundary conditions for structural probjehe assembled set of equations can be solvethan
unknown parameter can be found. The substitutfdhese values to the element formulation provithes

distributions of stress and displacement. Thistemiyprocedure is called ‘Finite Element AnalygBEA).

FEA can be applied to different structural memberstructural engineering: in particular, for the
purpose of this thesis, the focus is pointed omdinforced concrete (RC) members, such as shedby, weck

slabs, deep girders, nuclear containment vessdlsféshore platforms, as shown in Figure 2.1.
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Shell structure
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Shear wall
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Figure 2.1 —-Examples of thin RC members [Vecchio and Collifgs).

The behaviour of such whole structures, that isallga highly nonlinear problem because of the

nonlinear constitutive relationships of reinforcerand concrete, can be predicted by performing.FEA

2.2Different modelling approaches

The nonlinear behaviour thin reinforced concret€)Rnembers can be simulated with several
different approaches: a frame approach ubigggm element&onsidering lumped or distributed plasticity), a
shell elementapproach, aolid elementspproach and discreteapproach. All these different approaches are

briefly described in the following, highlightinggradvantages and the disadvantages associatechtorea

Thebeam elementpproach is widely used in structural engineerimgarticular, such approach has
proved to be very suitable for modelling frame stinves [Yazgan and Dazio, 2011]. The main advastage
associated to this modelling approach are relatdélde accuracy in the global response predictiahtarthe
computational efficiency. On the other hand, wtdlender frame structures tend to exhibit a response
dominated by flexural behaviour, other kind of stanes (e.g. wall structures) combine different hagisms
which are not easy to capture witkam elements$n particular, it is difficult to capture the sdrecontribution
(associated to the development of inclined craitid,interaction between the element and the foimtar

the interaction with other adjacent elements, (@ased to torsional effects). The nonlinear flexi@haviour

10
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can be assessed using two different modelsldrhped plasticitynodels allow to concentrate the nonlinearity
in some limited part of the element. This approecsimpler and computationally lighter but, on ttber
hand, it requires a lot of experience by the ojperat establish the nonlinear behaviour and theadteristic
length of the nonlinear parts. On the contrary,diséributed plasticitymodels (also known as fibre models)
allow to capture the spread of nonlinearity throtlglnwhole member. To obtain this, the cross sedfdhe
element is discretized in several fibres with almear behaviour. As already stated, usoegm elements

is not possible to account for shear deformatiospive this lack, several authors such as [Beyalr,2008],
[Oesterle et al., 1984], introduce zero-length slspang at mid-height of each wall with an averaginess
between cracked and uncracked condition. Neveghglbis approach can not capture the shear farlodes

and so its applications are limited to particulase studies.

A completely different approach is tiselid elementsapproach, in which the structural member is
subdivided into several three dimensional finitengents characterized at each node by translatimpees
of freedom. Typical applications of solid elemeats the analysis of voluminous structures like cetec
foundations and off-shore structures, thick walsl dloors, soil masses. This approach can desthibe
geometry of the structure, especially the connactb adjacent members (e.g. walls and slabs), more
accurately thabbeamor shellelement models. Moreover, due to the fact thagalebements are defined in the
3-D space, they can capture different failure mpdsated to flexural and shear behaviour bothlame and
out-of-plane. However, because of their tendencprtmluce large systems of equations, this apprisach

usually applied only when other approaches areitaide or would produce inaccurate analysis results

A further accurate approach to model the nonlibedaviour of RC members is ttiscreteapproach,
in which a structure is idealized as an assemliéggid bodies connected by normal and tangesfaings.
The Rigid-Body-Spring Model (RBSM), developed byajiai, 1977], is one of the discrete-type methods,
in which concrete is partitioned into an assembtagegular cells. Since cracks are constraindditow
cell boundaries, regularity in the mesh design stayngly influence crack directions. To minimizésth
influence and to automate the meshing processaftigr et Satio, 1998] introduced a random geometry
to the RBSM mesh using Voronoi tessellation. Digetgpe numerical methods have advantages in
modeling localized phenomena until failure stagiehsas cracking, its propagation, frictional s,

compressive failure and so on.

The last numerical approach, introduced above, ehasacterized bghell elementswhich is the

approach adopted in this thesis and hence it islwidescribed in the following.

2.2.1 Shell elements and multi-layer shell elements

Shell elements can be considered as a simplificatiith respect to solid element, based on two main

hypotheses.

The first one is the well-known assumption thatlanp section remains a plane before and after

deformation. For thick shell elements the sheaomadition may became significant and this fact loalset

11
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taken into account. It can be considered by allgwire cross-section to be non-perpendicular tomfuke

surface but still a plane after deformation. Thésknown as Reissner-Mindlin assumption and it is

schematically reported in Figure 2.2.
The second consideration is that stresses, actingai to the mid-surface of the shell elements, are

negligible.

Bending deformation

Normal to mid-surface
after deformation X

\ Fiber after deformation
Fiber before deformation .

mid-surface

Figure 2.2 —Reissner-Mindlin assumption for out-of-plane defation of shell elements.

Based on these assumptions a solid element (erqpd% quadratic element) can degenerate to a shell

element (e.g. 8 node shell element), as showngar€i2.3.

¢ 7

=

3 &

20 nodes three dimensional 8 nodes three dimensional
solid element shell element

Figure 2.3 -Degeneration for solid element to shell element.

The resulting element has five degrees of freedomnbde: three translations, (v, w) and two

rotations @, &), hence the displacement field can be expressedEs.(2.1).

12
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(2.1)

DD s < ¢

The degrees of freedom are defined at the mid-seidéathe element thickness. Based on the Reissner-
Mindlin assumption, the displacement at each nddbeoshell element can be decomposed into membrane

and bending terms and expressed as:

LKX, yiz):Uo(X’Y)_Z[Hx(XJ) (22)
X ¥,2) =Vo (X y) = zL[B, (X y) (2.3)
W(X Y, 2) =Wy (X, Y) (2.4)

whereug(x,y) andvg(x,y) are in-plane membrane displacements-iandy- directions respectivelyyo(X,y) is
the transverse out-of-plane displacemenmtdiirection andd(x,y) and8(x,y) are rotations aboyt andx- axes

respectively.

The strain field can be computed by differentiating displacement field. The generalized strain and

related forces can by subdivided into in-plane amdof-plane.

The generalized in-plane strains in the mid-surfaoebe written as:

£ :%:%—Zﬂ (25)

06
gy:@:%—zg_y (26)
gy oy ay
00,
yxy:@+@:—z agx +_y (27)
dy ox dy ox
The generalized out-of-plane strains in the midesag can be written as:
e, =M_o 2.8)
0z
ou  Ow _ 0w,
=—+—=—=-6 2.9
yXZ az ax ax X ( )
ov 0 ow,
V=t =T g (2.10)

Tz dy oy

For numerical integration, the stress profile altmgthickness must be known at a reasonable number
of points (defined integration point) in order &produce the variation of in-plane strains in thptl of the

element.
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The layered approach, based on the definition efsth called multi-layer shell elements, allows to
subdivide the shell element into several layers@lts depth. In each layer, the equations jusinted remains
valid and they can be applied to the mid-depthaahdayer. It is important to consider that eagletaf the
element can have different thickness and the numbkyers can be different in each element. Moeepv
different constitutive laws can be applied to elagier in order, for example, to locate the reinéonent along

the element thickness in the exact position.

The just introduced constitutive laws is used t@mbthe internal stresses from the generalizednstr
Finally, by integrating the internal stresses altimg thickness of the element, the internal forseswn in
Figure 2.4, can be calculated.

v
v Ny " —pp M
y
LY/ — .
y ’ ’
* ’I ,.
v, =g/ M,
Mo/ o f‘/‘_lley

Figure 2.4 —nternal forces acting on the element.

The in-plane stresses vector, can be written &swol

JX é‘X
o,+=[D]d &, (2.11)
Txy yxy

where D] represents the stiffness in-plane constitutivérima

The internal in-plane forces, including membranecds () and bending momentsvij can be
computed by integrating the internal in-plane steef Eq.(2.11)

N, = |o,dz (2.12)
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N, = [o,dz (2.13)
N,y = J’ r,,dz (2.14)

M, = |zlb,dz (2.15)
M, = |zlo,dz (2.16)

M,, = | zl7,,dz (2.17)

wheret is the thickness of the element, or the thickméssach layer if multi-layered approach is adopted.

On the other hand, the out-of-plane stresses vezdarbe written as follow:

iRt iR P

where [G] represents the stiffness out-of-plane constieuthatrix.

As just shown for the in-plane forces, the intermat-of-plane forces (also defined transverse shear

forces,V), can be computed by integrating the internalafttane stresses of Eq.(2.18):

V, = |r,,0z (2.19)

V, = jryzdz (2.20)
e
In order to simplify, several finite element codssume linear relations between out-of-plane srain

and out-of-plane stresses (it means to assBges constant in Eq.(2.18), whege is the out-of-plane shear
modulus of concrete). For thin shells, the shedordwation is relatively small compared with thexfleal
deformation, hence the linear relationship defiabdve is considered sufficient. On the other hduod,to the
fact that such approach do not consider the namlisbear behaviour along the thickness, it is bt o
capture shear or punching shear out-of-plane failur
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The multi-layer shell element provided by ABAQUSledAbaqus 6.12, 2012] and adopted for FEA

in this thesis is based on the presented approach.

In order to overcome the deficiencies related te #uopted approach and associated to the
impossibility to predict out-of-plane shear failuhe this work it is proposed a post-processingcpdure of
the FEA results. This procedure, as widely expl&ig®.3, allows to predict shear failure and punglshear

failure in RC slabs by post-processing the FEA@isiproper failure criterion.

Nevertheless, the main topic of this research degtire definition of a proper in-plane constitutive
law, as shown in Eq.(2.11), that is able to repoedine nonlinear behaviour of reinforced concregenivers
subjected to cyclic loading. In order to make #@der familiar with this topic, in the followinga®n a brief

review of constitutive laws for the in-plane betwawri of reinforced concrete structures is presented.

2.3Constitutive laws for reinforced concrete members

The analyses of RC structures subjected to geloadihg conditions require realistic constitutive
laws and analytical procedures to produce accwsabelations of behaviour. In literature, different
approaches have been used for material modellingsd includelasticity modelsdamage mechanics
models andnonlinear elastic modeldn the latter case, it can be distinguishing leemdiscrete crack

modelsto smeared crack mode#sd from fixed crack models to rotating crack msde

Commonly used frameworks aptasticity, damage mechanicand combinations of plasticity and
damage mechanics. Stress-bgsadticity modelsre useful for the modelling of concrete subjettetiaxial
stress states, since the yield surface correspandscertain stage of hardening to the strengtielepe of
concrete ([Grassl et al., 2002] and [Cervenka ampaRikolaou, 2008]). Furthermore, the strain dplid
elastic and plastic parts represents realistidhltyobserved deformations in confined compressorthat
unloading and path dependency can be describedriwilever, plasticity models are not able to déscthe
reduction of the unloading stiffness that is obsedrin experiments. Conversejamage mechanianodels
are based on the concept of a gradual reductiadheoélastic stiffness [Mazars and Pijaudier-Cath889].
Furthermore, the stiffness degradation in tensie $ow confined compressive loading observed in
experiments can be described. However, isotropmadg mechanics models are often unable to describe
irreversible deformations observed in experimentd are mainly limited to tensile and low confined
compression stress states. On the other hand, natidis of isotropic damage and plasticity are lyidsed
to model both tensile and compressive failure andymdifferent models have been proposed in thetitee
[Grassl and Jirasek, 2006]. These kinds of coristélaws allow a physical description of cracKietion and

growth but remain delicate to use for severe logalin

A different approach is based aonlinear elastic modelsange fromdiscrete crack model®
smeared crack model§he smeared craclapproach tends to be the procedure most commombjoged.
All the smeared models are based on the assumittirthe first crack is developed perpendiculathi®

principal tensile direction. After cracking, the tamaal loses his isotropic behavior and can be ritesd with
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an orthotropic model, defined along the orthotrapiectionsl-2. The smeared crack models can be divided
into two categoriesfixed crack modelandrotating crack modelsThe fixed crack approach is based on the
hypothesis that after cracking the crack inclimagod so thé,2 coordinate system is fixed; on the other hand,

the rotating crack approach allows the crack rotadifter first cracking.

Researchers working in each of these areas geneeale been successful in producing models that
yield results of acceptable accuracy for conditimignonotonic loading. Models that provide accurate
simulations of behaviour under general loading d@oomgs, and specifically under reversed cyclic liogd are
less commonFor such formulations, themeared craclapproach can be the most favourite. [Okamura
and Maekawa, 1991] have documented models assdmatycrackdirections and have demonstrated
good correlation to experimental results. [Stevel®37] used a more comprehensive constitutive
modelling approach for concrete mtating smeared crackontent, however the tangent stiffness
approach used by [Stevens, 1987] gave numerichtutfes under cyclic conditions. For the same
reason, in order to design reinforced concrete (RfTictures in earthquake regions, a cyclic softene
membrane model (CSMM) is presented by [Hsu and2@t0] as an extension of the softened membrane
model for monotonic shear behavioiihe cyclic crack model, proposed by [Hsu and Md ®G&Geems to
be in good agreement with experimental outcomesth@mther hand, associated to nonlinear finiteneld
analysis, it presented the disadvantages that $wamehes, defining the unloading-reloading path, raot

defined with an explicit formulation as a functiofstrains, increasing the computational efforts.
2.4Computational resolution of nonlinear finite elemen problems

Defined the constitutive laws, 2.3, and the modelling approaches, in 82.2, mdbttion a brief
review of the numerical solution adopted by fingeement codes to solve the nonlinear equations of

equilibrium is reported.

As stated above, many real problems, related tartbeelling of RC structural response, involve
nonlinear behaviour, which is characterized bytgonoportional relationship of cause and effectkanlinear

systems.

Compared to linear problem, nonlinear ones araevedtitdeveloped and understood. According to the
finite element modelling, the well-known equatidrequilibrium reported in Eq.(2.21), obtained i finear
solution, is no longer valid for nonlinear problebecause of stiffness matriK] does not necessarily remain
constant.

[K]{u} ={F} (2.21)
Depending on the type of nonlinearity, stiffnesdnrawill have to be updated many times during the
solution procedure. This process of updating wiiquce a significant increase in time needed tainkihe
results. So, a numerical approximation of the esatition can be obtained using two different apphes

divided inexplicit andimplicit methods.
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Theexplicit methods allow obtaining explicitly the state of gystem at a certain tinheas a function

of the parameters calculated at the previous tiew 1.

On the other hand, thmplicit methods find a solution of the system by solviggations involving
both the current step timg, and the previous onél. This approach, also called “Euler time integnatio
scheme”, is unconditionally stable insteadesplicit methods. The disadvantage related to this type of
formulation is that the algorithm requires highemputational efforts due to the calculation of itnerse of

stiffness matrix.

Today, thanks to the establishment of the matedaktitutive relationships, the improvement of the
finite element method, and the rapidly increasihgamputer power, it is possible to perform nordinEEA

on reinforced concrete structures subjected tarsedecyclic static or dynamic loading.

2.4.1 Cyclic static nonlinear problems

The aim of nonlinear analysis is to solve the $efquations presented in Eq.(2.21), considering tha

as just pointed out, the stiffness matky [tself is a function of displacement, and so barwritten asK(u)].

The solution of Eq.(2.21) can be obtained following main different approaches: an “incremental

predictor” method and an “iterative corrector” nadh

According to the “incremental predictor” solutiorethod, shown in Figure 2.5, each solution step is

approximated with a line segment.

F
A
Approximated solution
Exact solution
F>
Fy
>
U, U, u

Figure 2.5 —*incremental predictor” method for resolution of nbinear problems.

Figure 2.5 shows how at each step the approxingikdion of the nonlinear system diverges from

the exact solution. To correct this problem, thealted “iterative corrector” method was employed.

Two different variations of the “iterative correctonethod can be defined:
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Computational resolution of nonlinear finite elemproblems

* Newton-Raphson method;

* Modified Newton-Raphson method;

The most common implementation of the Newton-Rapleggproach combines the incremental and
the iterative solutions. In the case shown in FégB, the tangential solution can be used asrngtgoint
(predictor) for the solution process, followed hybsequent iterations based on newly computed stiffn
matrices. In this approach, a load vector “imbaérig calculated upon completion of each iteratap. This
imbalance vector, represents the difference betwleiforces corresponding to the element stressbshe
applied external load. The computer program perfoantinear solution based on the imbalance loatbvec
and checks for convergence. If the convergencetiachieved, the imbalance vector is recomputdidvied
by the updating of the stiffness matrix and theseEof equations are solved again to obtain a roduticn.
Until convergence has been achieved, this itergiieeess is continued, otherwise the problem cabaot
adequately solved.

The Newton-Raphson approach can become very eixpenslarge DOF problems due to the fact
the tangent stiffness matriK] must be computed for each iteration step.

F
A
Fs .
Exact solution
F,
Fy
>
u; u, Us u

Figure 2.6 — Newton-Raphson method for resolutiomomlinear problems.

An alternative method is known as the Modified NewRaphson approach (shown in Figure 2.7). In
this method the tangent stiffness matrix is notated, and iterations at each load step are pertbusiag the
same initial stiffness matrix. While this reduche humber of stiffness matrix computations, the ipemof
equilibrium iterations to achieve convergence iases considerably. The equilibrium iteration aredamoice
of initial tangent stiffness are more critical f@ardening structure. A wrong first choice may lead divergent
solution irrespective of subsequent attempt.
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F
A
Fs
Exact solution
F>
Fy
>
u; u, Us u

Figure 2.7 — Modified Newton-Raphson method fooliggn of nonlinear problems.

In some nonlinear static analyses, the use of getdh-Raphson method alone causes a non-unique
tangent stiffness matrix (i.e the stiffness matriay become singular) and a severe convergenceuliffi
Such occurrences include nonlinear buckling analysevhich the structure either collapses compjetel
"snaps through" to another stable configuratiorr. $twh situations, it is possible to activate aerahtive
iteration scheme, the “arc-length method”, to halpid bifurcation points and track unloading, Fiey@.8.

The arc-length method causes the Newton-Raphsadlibeigun iterations to converge along an arc, tihsre
often preventing divergence, even when the slogbefoad vs. deflection curve becomes zero orthega

Therefore, this method (or some variation of igasnmonly employed in the nonlinear post-bucklinglgsis.

Exact solution

Figure 2.8 — “Arc-length” method for resolution abnlinear problems.
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Computational resolution of nonlinear finite elemproblems

For all the three different solution methods pragababove, at each load step, the equilibrium itarat
are said to converge when the numerical solutiaieemed to be “close enough” to the exact soluiitis
convergence can be addressed using different ogewee criteria. A typical convergence criteriomésed

on the Euclidean norm error defined as:
error = M (2.22)
IR]

WhereHef H is the SRSS (square root of the sum of the squafdlg current iteration load imbalances for all

DOF'’s of the system anfR | is the SRSS of the current external load appliealltBOF’s. When the error

drop under a certain imposed tolerance the itaratiay be terminated and the current iterationids teehave

converged. The same ratio can be defined for giis8uch as displacements, strain energy norms, et

2.4.2 Dynamics problems

The aim of nonlinear dynamics analysis is to sthesequation of motion proposed in the following

form:
[M]c{a} + [c]{u} + [K )] {u} ={F} (2.23)
To solve EQq.(2.23) Newmark’'s method [Newmark, 1989}ell-known implicit methods.
The relationships of displacements, velocities arxklerations from stégo stepi+1 can be written
as:
U, =0 + (At) LU (2.24)
U, =U; + (At) [, + 051 (At) [ (2.25)

whereu, , u, andu; represent the displacement, velocity and acceteraii step respectively andlt is the

time interval.

For the solution of this system, Newmark [NewmatR59] proposed an algorithm based on the

following interpolations of displacements, veloe#tiand accelerations from sigp stepi+1.
Uiy =0, + [ p) (AL, + (p (A [, (2.26)
Uy =U, + (80 [ +[ (05~ ) HAn)? | + |5 Han)? i, (2.27)

where S and y are parameters defining the variation of displea@mvelocity and acceleration in the

Newmark’'s method.
Typical values ofy andf are y=%and %sﬁs%. Changing these values two special cases can be

defined: the ‘average acceleration method’, whghinconditionally stable, is characterized ;by% and

21



INTRODUCTION

B= % On the other hand, the ‘linear acceleration méti®characterized by/:% and this method is

stable ifA%. < 0551, whereT, is the shortest natural period of the structure.
n

The incremental formulation, required by the nosdinsystem, can be derived from Eq.(2.26) and EY)2

and written as:
Au, = (At) [, + (y [AL) LA, (2.28)

Au, = (At) [, + %ui + B (At)? A, (2.29)

where Eq.(2.29) can be solved as:

Al =—E Ty - -1 (2.30)
LopOay? T pOay 20 '
Substituting Eq.(2.30) into Eq.(2.28) it can beaitt
=Y Y. Vo).
Bt B EE ZEBJ (231
Finally the equation of motion, reported in Eq.@,Zan be written in incremental form:
M [AU; + C [AU, + KAu, = AF (2.32)

Eq.(2.32) can be solved, using Eq.(2.30) and E2{Lj2by means of an iterative procedure based on

the Newton-Raphson method explained above.
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Introduction

3 Description of PARC_CL 1.0 crack model and its

applications

“Car ce sont les hommes, et non pas 'homme, q@ntent; chacun arrive a son

tour et a son heure, s’empare des choses connusssdeeres, les met en ceuvre
par des combinaisons nouvelles, puis meurt aprés ajouté quelques parcelles
a la somme des connaissances humaines, qu'il lges fils ; une étoile a la

voie lactée. Quant & la création compléte d’'unesehge la crois impossible.”

Alexandre Dumas

3.1lIntroduction

In this section the PARC_CL 1.0 crack model is desd and some its applications are presented.
The PARC_CL 1.0 crack model (Physical ApproachReinforced Concrete subjected to Cyclic Loading),
implemented at the University of Parma in the ssdaroutine UMAT .for for ABAQUS code [Belletti et.al
2013], describes the behaviour up to failure of reinéat concrete membrane elements under cyclic loading
As described in 83.2 the cyclic behaviour, in tARE_CL 1.0 crack model, is defined with an unloadin
reloading branch secant to the origin; for thisaoegeit is suitable especially for the predictiorired monotonic
behaviour of RC members, while the cyclic behavioan not be properly model due to the unrealistic

modelling of the unloading branch.

In 83.3 the PARC_CL 1.0 crack model is used tossstee capability of multi-layer shell elements to
predict the out-of-plane behaviour of slabs. Indesdstated in §2.2.1, the multi-layer shell elenagproach
does not allow to consider the nonlinear shearliebinalong the thickness of the element. To sihglack,
in 83.3 a post-processing of the NLFEA resultsosducted on the base of the Critical Shear Cradofh
(CSCT). CTCT, as reported in [Muttoni, 2008] anduffidni and Fernandez, 200&llows to calculate shear
and punching shear resistance based on few fundahpemameters, such as respectively the axiahsata
mid-depth and the out-of-plane rotation of the edlatnRelated to the evaluation of the shear streojRC
slabs in 83.3.4 the PARC_CL 1.0 crack model is alsed to demonstrate that NLFEA is an importanit too
since it permits us to model in a sound mannerraéugechanisms not straightforward to capture ditaljy

(e.g. the compressive membrane action effect).
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THE PARC_CL 1.0

Finally in 83.4 the PARC_CL 1.0 crack model is uggdimulate the monotonic and cyclic in-plane
behaviour of a RC squat walls with the aim to as#es capability in the prediction of the monotdmehaviour

and to underline the influence of the unrealistitpading-reloading branch on the global hystenetiponse.
3.2Description of PARC_CL 1.0 model

PARC_CL 1.0 crack model, as described in [Belletttal., 2019 is a fixed crack model, in which at
each integration point two reference systems dirate the locak,ycoordinate system, parallel to the global
X,Ycoordinate system, and thg coordinate system along the principal stress dowst. The angle between
the 1-direction and the-direction is denoted ag, whereasx=8-¢/ is the angle between the direction of the
ith order of the bar and tHedirection, whered is the angle between the direction of itieorder of the bar
and thex-direction, Figure 3.1-a. When the maximum tenpilecipal stress reaches the concrete tensile
strength;, cracking starts to develop, and th2coordinate system is fixed. The concrete behavsassumed
to be orthotropic, both before and after crackswftening in tension and compression, a multiastiate of
stress and the effect of aggregate interlock denténto account. The reinforcement is modelledugh a

smeared approach; dowel action and tension stiffephenomena are considered.

(b)
Figure 3.1 — (a) Reinforced concrete member subfetd plane stress state; (b) kinematic quantibies
PARC_CL 1.0 model.
The total strains at each integration point arewated, in thel,2 coordinate system, as the sum of

the elastic (subscrigll) and the inelastic (subscrig) strains, Figure 3.1-b.

_ _ W
81 - “:Lel + “:],cr - “:Lel +— (31)
&= Ez,el + Eoer (32)
_ _ \Y
Vio = Visel ¥ Vioer = Vize g (3.3)
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Description of PARC_CL 1.0 model

wherew=crack openingy=crack sliding aném= crack spacing calculated trough an a priori meétho
based on the transmission length of bond betweecrete and steel according to the formulation psegan
[fib-Model Code 2010].

The overall stiffness matrix in they coordinate systemD*Y), is obtained by assuming that concrete

and reinforcement behave like two springs placeguhirallel:

[0 =D [+ D& |= 1, I do &2 |dr, |+ [T, ot |dr, ] =

E, 0 O (3.4)
“[fdo e, o l|dn)+mT tﬁ"' Es (B }zﬁm
0 0 ,BG

In Eq. (3.4), the concrete stiffness matrR?)] is defined in thel,2 coordinate system as a function
of the concrete contribution in tension and in coespion Ec.: andE:,) and of the aggregate interlock effect
(BG). The steel stiffness matribxDf*] is defined in thex,y coordinate system, as a function of a
reinforcement contributiorE) and tension stiffeningy(). The transformation matrixesjlfand [T4] are used
to rotate the concrete matrix from th@to thex,ycoordinate system and the steel matrix fromxtlyeto the
x,ycoordinate system, respectively. The stress&¥),in the x,y coordinate system are defined by multiplying

the stiffness matrix [®Y)] and the strain vectors¥}.

3.2.1 Cyclic constitutive relationship of concrete

The stress-strain relationship for concrete initans described by Eq.(3.5):

E & Ose<egy,
£—¢
o= f{1+ 08 ( t’cr) } € SE<Ey (3.5)
Eter 11
0.15Eﬂt{1+ (e -c0) } euSe<gy,
€u "€t

where the strairg: and &,, corresponding to residual stress equal tof0drid zero respectively, can be

calculated as follow:

.G (2- 015m@, )
= 015[%, = (3.6)
am t
g, =211 3.7
tu a, Eft ( : )

whereGs represents the fracture energy in tension@nd a coefficient calculated according fdb{Model
code 1990].
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The stress-strain relationship for concrete in c@sgion is described by Eq.(3.8):
E/ - 7
ECI’ €C,CI'
e, )
1+ o -2|0
( ECT %c,cr

2
(‘9 _£C CI')
f{l— > Eeu SE<Eqy

<e<0

Ecer

(3.8)

£ £

cu  Ccer

In Eqg.(3.8) the compressive branch before reactiiegpeak is defined in agreement with Sargin’s
relation fib-Model code 1990] and after the peak with Feensteation [Feenstra 1993], as a function of the
concrete compressive strendgtand concrete fracture energy in compress§arthe ultimate concrete strain
in compression is given by Eq.(3.9):

3G

£c,u = ‘gc,cr +ch[rc (39)

Multi-axial state of stress is considered by redgdhe compressive strength and the corresponding

peak strain due to lateral cracking, as given ir{E#0), according to [Vecchio and Collins, 1993]:

¢ =1/(085- 027¢, /¢, .,) (3.10)

According to the formulation proposed herein thress-strain relationship obtained for concrete is

reported in Figure 3.2, remembering that the uritapdeloading path is defined as secant to therarig

G A
f[' «
0.15 ﬁ | ...... \
Eou gc,grg Etor €11 Etu e
NOT TO SCALE
- SR f;

Figure 3.2 — PARC_CL 1.0, cyclic stress-strain tielaship for concrete.
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Description of PARC_CL 1.0 model

3.2.2 Aggregate interlock effect

The shear stress caused by the effect of aggrégatéock is evaluated on the basis of the crack
opening,w, and the crack slidings, according to the formulation proposed by [Gambard983] and is
calculated following Eq.(3.11), Figure 3.3-a:

3

v
K ta, | —
T12=T'£1— dzwj W“vlvv (3.11)
s
whereT = 027 f; a3:£>; a, = 2_44(1_4)_
T

The Gambarova'’s law can be schematized with adaliturve characterised by a first linear relation

and the second constant relation (Figure 3.3-byevtie intersection point between the two differefdations

has coordinates , 7~ , calculated using Eq.(3.12) and Eq.(3.13):

W+ ag (3.12)

Vv =cvVv (3.13)

where a, = 0366 f_ + 3333 anda, = f_/110.

The proposed bilinear curve is used to define thess-strain relationship between the shear stress,
T12, and the shear strain in the cracked phgse, of the concrete. In this phase, the shear mad@yy, is

equal to:

C am ylZcr <ycr

G, =qc¢ , 3.14
o am y12,cr 2 ycr ( )
y12cr
wherec’ is defined with Eq.(3.13) an,e{; (Figure 3.3-c) is equal to:
.V
Voo =— (3.15)
an

According to the total strain concept, it is assdrtieat the uncracked concrete, characterized byltmstic
deformationpz,e, and the cracked concrete, characterized by tekicrg deformationy..c, behave like two
spring in series. Therefore, the overall shear rhedoan be defined by multiplying its initial elasshear

modulus,G, for the shear retention fact8r equal to:
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1 un - cracked phase

B = G (3.16)
cracked phase

[ |
3 I // W%O.lmm
A%

o
o
R

o
=3
@

~
Shear retention factor,

4 0.01 --=mmommeod oo N
-1 4 —— Gambarova's law (1981)
H i - - —Bilinear curve 0.00 T T r
6, \ 0.00 0.02 0.04 0.06 0.08
v [mm] (a) v* v (b Shear strain,y;, [-] (C)
7

Figure 3.3 — Gambarova’s law: (a) sheard) and normal ) stress due to aggregate interlock for different
crack opening values w; (b) bi-linear relation fagiven crack opening w and (c) shear retentiondia@ as
a function of total shear straipj. for different value of crack opening w [Gambaro%883].

In the unloading phase the shear- crack slidingatielr follow the same relationship as for the

loading phase.

3.2.3 Cyclic constitutive relationship of steel

The stress-strain relationship for reinforcing kiserepresented by an idealized elastic-hardening

plastic bilinear curve, identical in tension ananpoession, Figure 3.4.

Figure 3.4 — PARC_CL 1.0, cyclic stress-strain tielaship for reinforcing steel.

The stresgx; in theith steel bar is obtained by:

0, = By L&, (3.17)
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where the secant modulus assumes the followingesgjun:

fy
- Eyi < Esy
ESy
f, + (5 i —& )E i
_ y Xi sy/—hi
E, = £y SE S Eg (3.18)
gxi
— €q = & =&,
Xi

3.2.4 Tension stiffening

In the PARC_CL 1.0 model the tension stiffeningassidered according to the formulation proposed
by [Giuriani, 1981]. According to the model propdd®y Giuriani, the stiffening effect due to the ggace of
concrete between two cracks, is considered by nafarsappropriate increment of the steel bar ayesérain

and is expressed by Eq.(3.19):

oy, =Eq (‘Sxi +A£xi)= Eq EE]-"'%J LEy = B LO; L&y (3.19)

where
Ag, = & WDy (3.20)
£ =Y goda + Y Bina, tosa, (3.21)

an an
* kz_l
Joi = 0y K [0, [ﬁfxi) (3.22)
_, coshA, _ 1 3.93
Y "Usinh, (3.23)
g, = 21, P cosh/, -1 3.94
2 &, sinhA (3.24)
with

2
_ | nla, _ _
Ai = m, 7, —3MPa; Tl[% —75\/“38.; k1 =4.0; k2 =02

whereg represents the diameter of fltke order of steel reinforcement.
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3.3Simulation of monotonic out-of-plane behaviour

In this section the monotonic out-of-plane behavmilRC slabs is investigated by means of NLFEA.
NLFEA are carried out using multi-layer shell elertgeand the in-plane nonlinear behaviour is assidne
means of the just described PARC_CL 1.0 crack model

Reinforced concrete slabs, often supported on amdy@re common structural solutions in practice.
The capacity of such slabs in the vicinity of cohsns governed either by flexural or punching sliaiures.
Provisions for most codes of practice are stillmhaiempirical, calibrated on the basis of experitaemn
isolated specimens meaning to model just the regfi@anslab inside the region of hogging moment. Ewosy,
the shear behaviour of actual continuous slabsbheagfluenced by mechanisms that cannot be destwiih
standard isolated members, such as moment redisoris which change the location of the line of neoitn
contraflexure and compressive membrane action. i§hist just in the case of continuous slabs baa &br
linearly supported bridge decks subjected to camatad loads, as shown by several researchergnierg,
it has to be remarked that strength enhancemebrgriding and shear is, up to date, overlooked bgsod

practice.

The shear capacity of a slab can be assessedwudttifferent approaches: by evaluating the beam
shear resistance over a prescribed effective vigitshear failure, Figure 3.5-a) or by checking thaghing

shear resistance on a control perimeter arounbbéting area (punching shear failure, Figure 3.5-b)

(b)
Figure 3.5 — Shear capacity in RC slabs: (a) sterat (b) punching shear [Muttoni and Fernandez D08

As stated in 82.2.1 the adopted multi-layer shielments approach were defined in plane stress
condition and so it does not include the nonlifesdraviour due to shear along the thickness. Asisezpience

of this it is not possible to capture neither shre@rpunching shear out-of-plane failure.

In this section a post-processing of the NLFEA ltesig conducted based on Critical Shear Crack
Theory (CSCT). CTCT, as reported in [Muttoni, 2088H [Muttoni and Fernandez 20D&s a failure criterion
which allows to calculate shear and punching stesastance based on few fundamental parameteifs asuc

respectively the axial strain at mid-depth anddbueof-plane rotation of the slab.

In particular, the proposed post-processing proeedliows to evaluate the shear and the punching

shear resistance as the intersection between tiimear curve obtained by means of NLFEA and tliera
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Simulation of monotonic out-of-plane behaviour

criterion based on the CSCT. This procedure israatieally reported in Figure 3.6 and widely desediin

the following of this section.

@) v (b)

—— CSCT failure criterion
- - - NLFEA, load - rotation curve

—— CSCT failure criterion
- - - NLFEA, v-€ curve

unitary shear,

longitudinal strain at mid-depth, U/

Figure 3.6 — Post-processing procedure of NLFEAther evaluation of (a) shear resistance and (b)
punching shear resistance.
The proposed method was validated by comparisdm several experimental outcomes on different

RC slabs tested in literature.

In 83.3.1 the CSCT failure criterion is described the two different failure modes analysed: shear
and punching shear. Moreover in 83.3.2 and 83I83dsults obtained by means of NLFEA post-procksse
according to CSCT are compared with the experinhentttomes on simply supported RC slabs tested in
literature, in order to highlight the capability thfe model to capture different failure modes aissed to
different mechanical and geometrical conditions.

Finally, the proposed procedure was applied to momplex case studies, such as real deck slabs, in
83.3.4. The aim of this studies is to evaluatetability of NLFEA to consider phenomena like stdbution
of stresses and membrane effect due to crackindpaumadary conditions, also called compressive manwr

action (CMA), which cannot be taken into accounhgsimplified analytical formulations.

3.3.1 Ciitical Shear Crack Theory (CSCT)

The Critical Shear Crack Theory is a theory thimved determining the shear strength of slendeisslab
for both shear and punching shear failure on thgsbaf the opening of the critical shear crack.sThi
formulation points out that failure in shear occuisen the critical crack propagates through théined
compression strut, limiting its strength and nédvaing the member to reach the flexural capacity.shown
in Figure 3.5 two different approaches can be fa#ld in the evaluation of the out-of-plane sheaistasce

of RC slabs: shear and punching shear, describin ifollowing.
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3.3.1.1 Shear failure

[Muttoni and Fernandez 20§%roposed a failure criterion in terms of one—gagar that estimates
the maximum shear force for a given critical cradé#tth. Such parameter can be assumed proportionhkt
product of a reference longitudinal straitimes the effective depth CSCT formulation evaluates the shear
strength in the critical section @t5dfrom the point of maximum acting moment. The refee longitudinal
strain is assessed @bd from the outer compressive fibre considering adinelastic behaviour for concrete

in compression, neglecting concrete tensile strerigjgure 3.7.

(@) a2 (b) (c)
2v] | - % i l
LN . B I S 3
IV | VI Mq_ £ -

Figure 3.7 - (a) Critical section for point loadinb)—(c) Evaluation of longitudinal strain in caot depth
0.6d [Muttoni and Fernandez 2098
Hence, taking into account of the effects of théical shear crack width, the failure criterion is
described by Eq. (3.25) and shown in Figure 3.6-a.
dyf, 1

3 1+ 1200 [d (3.25)
16+ dg

Ve(€) =

where the longitudinal strainand thecqex are defined by Eq. (3.26) and (3.27):

m 0.6d — Cyje

dlf (d _%) d _Cflex (326)
* 3

[ 2
cﬂex=d,o%( 1+PE£Z_1J (3.27)

3.3.1.2  Punching shear failure

E=

[Muttoni, 2008] proposed a failure criterion foetkvaluation of punching shear strength of RC slabs
based on the assumption that the width of thecatihear cracky) governing the punching shear strength is
related to the product of the rotation of the gl@gparound the force application area by the aveedigetive
depth of the slaldj, see Figure 3.8-a for the notation. The roughoétse crack is correlated to the maximum
aggregate sizedf). These assumptions led to the formulation offéilere criterion given by Eq.(3.28) and

shown in Figure 3.6-b, which allows determining plusmching shear resistanggx.
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Simulation of monotonic out-of-plane behaviour

Ven _ 34
by (8, Q/f, 1495 ¥ (3.28)
dgo +dg

whered, is the shear-resisting effective depth (assumedldqual), dyo = 16mm the reference aggregate size,

d the effective slab depth abethe length of the shear resisting control perimete
The design punching shear resistaigg,is obtained using the characteristic failureeciitn reported

in Eq.(3.29):

Vea - 1
b, @ j{fck 15+ 09(g [d [ky, (3.29)
Rz

whereky=32/(16).

The mean and the characteristic failure criteritcwtated using Eq.(3.28) and EQq.(3.29) are
represented in Figure 3.8 where the dots reprelergxperimental outcomes obtained by [Guadaliil.et
2009] analysing the punching shear resistancevefraeRC slabs.

0.8

mean failure criterion

W - 0.6 =
~— E \ L] — — characteristic failure criterion

i . 04
f '/d N g
\ f B
“Crack width < 02 ]
correlated with

yd
0.0
0 01 w-d 02 03
(a) Qo0 4 (b)

Figure 3.8 — (a) Critical inclined crack developifrpm the loaded area into the slab [Muttoni 20@8id (b)
Comparison of mean and characteristic failure araeof RC slabs tested by Guadalini [Guadalini &t a
2009].

3.3.2 RC slabs subjected to shear

The shear capacity of linearly supported RC slailts iwad applied close to the linear support, can b
evaluated as the beam shear resistance over aipeeseffective widthby, (shear failure, Figure 3.5-a). In
these cases the failure criterion is defined asrted in 83.3.1.1. The shear resistance occuneantersection
between the unitary sheas longitudinal reference strain at mid-deptéind the failure criterion, as shown in
Figure 3.6-a. To enable the calculation, the retehip between unitary shear and longitudinal rsthais to

be known. This relationship can be obtained usimgpliied analytical formulation or NLFEA.

In this section two different experimental campaigharacterized by linearly supported RC slabs

without shear reinforcement and subjected to canatu load, were analysed. The details of these tw
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experimental campaigns can be found in publicatiynNatario et al. 2014] and [Rombach and Lat@89.
The experimental setup and test results will batedi out in the following in order to compare thdmstly,

to analytical formulations and, consequently, toAEIA with PARC_CL 1.0 crack model results.

3.3.2.1  Analytical formulation

Several experimental outcomes, carried out foralityesupported slabs under concentrated loads,
show clear and rather significant redistributioristiee reactions, see for example [Natario et all420
Redistributions occur not only due to bending csault also for the development of the inclined sloeack.
Indeed, as the level of applied load increases;ghetion in the region close to the load enhaatesslower
rate because load starts to be transferred tadjheent regions which are less affected by therstraak. To
account for this distribution of internal forces, average shear stress; 44 is calculated along a distance 4d

from unitary shear stresses obtained by lineatefiiement (LFE) analysis.

control section L
i 1 A =

- Utot/f_\CD f
g P B
‘ Upcrp

£ T ton

r’y LE analysis - clamped slab

Figure 3.9 — Definition of the averaged shear fovggsi[Natario et al., 2014].

The flowchart, illustrated in Figure 3.10 showstttine reference longitudinal strainis calculated in
correspondence of the maximum unitary acting momenthen, it is calculated the paramdtgas the ratio
of the acting moment to the average unitary sheatgsq(both of them evaluated in the critical section).
Hence, the ultimate shear failure valieis evaluated following an iterative procedureitas shown in the
flowchart of Figure 3.10, at the intersection wittle failure criterion of Eq. (3.25).

In order to take into account the arching actiaat ttan occur in case of shear spans ranging 2mm
to 3d, a factorp is applied to increase the shear resistance, @ogpoto Eq.(3.30):

Vc,n

beingb a length evaluated from LFE analysis results asr#tio FnypothesiéVavg,ada The factorp is given by
Eq.(3.31):

aV

P =575

<1 (3.31)

whereay represents the shear span dmdpresents the effective depth.
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Figure 3.10 — Analytical calculation of the one-wshear resistance: (a) parameters used and (b) Etaat
of the main steps [Belletti et al., 2015].

3.3.2.2  Experimental campaigns by [Natario et al., 2014HdgRombach and Latte, 2009]

The aim of this section is to assess the capabiliyLFEA to predict the shear resistance with eg$p
to the analytical calculation. Two different exmeeintal campaigns were analysed: [Natario et alL4pand

[Rombach and Latte, 2009] in order to make the aapn between experimental outcomes, NLFEA results
and analytical calculation.

3.3.2.21 [Natario et al., 2014] experimental campaign

The experimental campaign carried out by [Natarial.e 2014] consists in twelve tests, performed on
six RC square slabs (3000 x 3000 x 180 mm) at twdeEPolytechnique Fédérale de Lausanne. All thigss|
have a 180 mm nominal thickness with a thickenirttp@ gusset in the central region (280 mm). Thaeuital
nominal depthd is 152 mm for each specimen. Three tests have fiexéormed on slabs without ducts, three
on slabs with empty ducts, three on slabs withciei@ steel ducts and three on injected polyproytircts
(cross sections in Figure 3.11-e) to simulatewasibtn which typically occurs in bridges erectethwhe free
cantilever method (where longitudinal tendons daegx in the deck slab$jach slab is centrally supported
by means of an I-shaped aluminium profile equippetd strain gauges to mesure reaction’s distribuaiad

is loaded by two hydraulic actuators with a conrt load distard, from the end of the gusset. Figure 3.11-
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a shows schematically the test setup while Figut&-B exhibits the reinforcement layout of top dattom

layer.
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Figure 3.11 — (a) Test set-up for Natario’s expaital campaign; (b) reinforcement layout (measure i
mm); (c) crack pattern in the top face of slab SN®ar failure; (d) crack pattern in the bottom &of slab
SN2A after failure and (e) cross section of all specimens [Natario et al., 2014].

In Table 3.1 are listed the mechanical propertiesemforcement, while the main mechanical

properties for concrete and mortar are reportédalre 3.2.

Table 3.1 — Mechanical properties of the reinforeatof Natario’s experimental campaign

Prebar f y fu
Type
[mm] [MPa] [MPa]
16 547 601 Hot-Rolled
14 550 602 Cold-worked
12 548 604 Cold-worked
10 570 640 Cold-worked
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Table 3.2 — Main mechanical properties for concrat®latario’s experimental campaign

Concrete Injection mortar

Specimen  Slab Side &y ad e Aue: Age e Ee Age  Tm
Wulg (i _[days] Mpa] [Mpa] _[days] [Mpal

SN1A SN1 A 304 2 Noducts 250 30.3 27500
SN2A SN2 A 304 2 Noducts 220 30.1 27400
SN3A SN3 A 304 2 Noducts 286 304 27600
SN1B SN1 B 304 2 Injected, polypropylene 63 81 283 26600 62 50.3
SN2B SN2 B 456 3 Injected, polypropylene 63 150 29,5 27100 131 1 67.
SN3B SN3 B 456 3 Injected, polypropylene 63 164 29.7 27200 145 8 67.
SN4D SN4 D 456 3 Injected, steel 72 270 288 26900 249 53.6
SN5D SN5 D 456 3 Injected, steel 72 234 287 26700 213 488
SN6D SN6 D 608 4 Injected, steel 72 201 289 27000 270 54.2
SN4C SN4 C 608 4  Non-injected, steel 72 182 284 26200
SN5C SN5 C 608 4  Non-injected, steel 72 199 285 26400
SN6C SN6 C 608 4 Non-injected, steel 72 171  28.3 26100

3.3.2.2.2 [Rombach and Latte, 2009] experimental campaign

The experimental campaign carried out by [Rombachlatte, 2009] consists in twelve tests on four
full-scale specimens of RC deck slabs. Geometyicaich slab is 2.4 m in width, ranging from 5.6&8an
6.58 m in length. Two specimens had a constanknbis, respectively, of 250 mm and 200 mm while the
other ones were tapered slabs with variable thekn€&igure 3.12. Each test specimen consists in two
cantilever slabs of 1.65 m span and a central slgported by two web beams. Hence, two cantileasst
(V1 and V2) and a centre slab test (V3) have beeret! out for each specimen. In this section theyeis is
limited to the cantilever tests, focusing on thoses without shear reinforcement (V1). The mainhaeal
properties of concrete and the loading detailssaramarized in Table 3.3; while for reinforcemerd BiSt
500 S steel with a yield strength of 550 MPa wasdugor further detail regarding the mechanicapprties

please refers to [Rombach and Latte, 2009].

Table 3.3 — Mechanical properties of concrete aratling details of Rombach’s experimental campaign

Concrete Line load Concentrated load
fc [Mpa] fuspit [Mpa] fq [KN/mM] e [m] a” [m] a/d[]

Specimen p

VK1 0.81 35 2.85 32.1 15 0.71 2.88
VK2 1.16 46 3.42 22.5 15 0.71 3.27
VK3 1.16 46.5 3.34 22.5 15 0.71 3.27
VK4 12 42.5 3.23 - - 0.71 4.25

* tests on cylindep=150mm h=300mm
** Distance between load center and edge of the bestm
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Figure 3.12 — Dimensions and reinforcement layduhe test specimen VK1 to VK4 [Rombach and Latte,
2009].

As regards loading, a constant line Idgldas been applied over the full width of the caméletests.
In a second step, a point loaghas been enforced on a square loading platefafiite. Figure 3.13 describes
the test setup and load arrangement.

The cantilever deck slabs without shear reinforcer(ié1) failed in a brittle manner before the onset
of rebar yielding. As regards the cracking pattefrtests V1 (Figure 3.14), on the top surface aheslab,
cracks developed almost parallel to the supporteafor bottom surface, cracking was mostly concaett

close to the loading area, perpendicularly to ithedr support
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Figure 3.13 — Test setup and load arrangement®fttntilever tests [Rombach and Latte, 2009].

Figure 3.14 - Cracking pattern after test V1 withshear reinforcement (left cantilever) and test(kght

cantilever) [Rombach and Latte, 2009].
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3.3.2.3  Nonlinear finite element modelling and results

In this section the two experimental campaigns mepoin §3.3.2.2.1 and §3.3.2.2.2 are analysed by
means of NLFEA using the presented PARC_CL 1.0kcnamdel associated with the post-processing method
according to CSCT.

3.3.231 [Natario et al., 2014] experimental campaign

All specimens were modelled with eight nodes salgiments with reduced integratic®8R. Shell
element thickness was divided into three layersolider to consider top and bottom layers of steel
reinforcementOnly a quarter of slab (Figure 3.15) was modellad tb the symmetrical conditions aloxg
andy directions. The loading system was modelled agji@aman which a constant pressure was applidu
aluminium profile was simulated by means of nordingpring elements that work only in compressiath &i

very low stiffness in tension.

EXPERIMENTAL SET-UP

NLFEA MODEL

N

The aluminium profile was simulated
by means of nonlinear spring with no-
tension behavior

s
by
e

8-nodes shell elements with reduced
integration (S8R);
Constraint due to symmetry

Shell thickness was divided in 3
layers in order to consider top and
bottom reinforcement; Load applied as a constant pressure

Figure 3.15 — NLFEA model for Natario’s specimens.

The shear strength of the analysed slabs, derigettheaintersection between the failure criterion
reported in Eq.(3.25) and the curve obtained bynma@d NLFEA, is reported in Table 3.4 together wtik
shear strength evaluated following the analyticadcpdure proposed in §3.3.2.1 and the experimental
outcomes. In Table 3.4 are also reported the ageralyie and the coefficient of variation (COV) bé tratio

experimental/NLFEA results and experimental/anefjtresults.
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Table 3.4 — Comparison between experimental, aicalyand NLFEA shear strength predictions for
Natario’s experimental campaign.

S Vexp.  VnNLFEa  Vanantica Vexp. Vexp.
[kN] [kN] [kN] V NLFEA Vanalytical
SN1A 489 466.6 400.8 1.05 1.22
SN2A 330 336 314.3 0.98 1.05
SN3A 328 343.2 318.4 0.96 1.03
SN1B 437 452.7 390.2 0.97 1.12
SN2B 341 333.3 310 1.02 1.1
SN3B 330 340.4 314.3 0.97 1.05
SN4C 307 325.2 - 0.94 -
SN5C 266 250.2 - 1.06 -
SN6C 234 252.3 - 0.93 -
SN4D 494 457.9 392.1 1.08 1.26
SN5D 335 329.8 307.3 1.02 1.09
SN6D 327 337.3 311.4 0.97 1.05
Average 1.00 1.11
CoVv 0.05 0.07

The results reported in Table 3.4 point out how erical results of PARC_CL 1.0 crack model post—
processed in accordance to CSCT, are able to piadlee right way the trends and measured sheamgth.
The average value of the ratio between the expetahand calculated strength are closer to 1.0 loith

values of the coefficient of variation (COV), withspect to the analytical calculation.

3.3.2.3.2 [Rombach and Latte, 2009] experimental campaign

As for the Natario’s experimental campaign, all@pens were modelled with eight nodes shell
elements with reduced integration poi8BR and the shell element thickness was dividedtimtee layers in
order to consider top and bottom steel reinforcémBath linear loady and concentrated lodd, were
modelled considering a region in which a constaesgure was applieth order to have a good agreement
with the test setup, the supporting beams were ead@ their middle plane. Such supporting systevese
constrained so that the slab is not able to liftipe to the symmetry of the specimens only adfatfie slabs

were modelled as shown in Figure 3.16.
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EXPERIMENTAL SET-UP BOUNDARY CONDITIONS:
912-10 ,0 16-8 Stirrups@ 10-32 1. y-deflection and rotation along x fixed
% E 2. y—detlection and rotation along x fixed Due to symmetry
% ’// 3. y-detlection and rotation along x fixed
):E_é ‘—i 4. Spring elements (z—direction) with no-tension behavior
é 5. z—direction fixed on the right side when the load 1s applied
% == on the left cantilever

8-nodes shell elements with reduced integration
(S8R):

Shell thickness was divided in 3 layers in order
to consider top and bottom reinforcement;

Figure 3.16 — NLFEA model for Rombach’s specimens

The shear strength calculated by means of NLFEApaEessed according to the CSCT are reported
in Table 3.5 together with the shear strength etatlifollowing the analytical procedure proposegdr8.2.1

and the experimental outcomes.

Table 3.5 — Comparison between experimental, aicalyand NLFEA shear strength predictions for
Rombach and Latte experimental campaign

e Vexp.  VNFEA  Vanaytical Vexp. V exp.
kN] [kN] [KN] V NLFEA Vanalytical
VK1 V1 690 599.1 507.4 1.15 1.36
VK2 V1 678 583 446.1 1.16 1.52
VK3 V1 672 667 505.3 1.01 1.33
VK4 V1 487 355.9 322.5 1.37 151

Average 1.17 1.43

cov 0.13 0.07

From Table 3.5 it can be highlight how numericaules of PARC_CL 1.0 Crack Model post—
processed in accordance to CSCT, are able to pirdlee right way the trends and measured sheamgth.
The average value of the ratio between the expetahand calculated strength are closer to 1.0 loith

values of the Coefficient of Variation COV, withspect to the analytical calculation.

3.3.3 RC slabs subjected to punching shear

For slab subjected to concentrated load far froenstipport, Figure 3.5-b, the failure is characsetiz
by punching shear and the failure criterion ismigdi as reported in §3.3.1.2. The punching shdardaoccurs
at the intersection of the load-rotation curvehaf slab with the failure criterion, as shown ind&g3.6-b. To
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enable a calculation of the punching shear streagtiording to Eq.(3.28), the relationship betwedsn t
rotation,y, and the applied load,, needs to be known. The load-rotation relationship be obtained using a
nonlinear numerical simulation of the flexural beloar of the slab by means, for example, of nordimeite
element code. Moreover, in axisymmetric casesnaenigal integration of the moment-curvature relasioip
can be performed directly. The axisymmetric casanoisolated slab element can also be treated taozdly

after some simplifications.

In this section the experimental campaign carrigichbthe Ecole Polytechnique Fédérale de Lausanne
(EPFL) by [Guadalini et al., 2009] was investigasdh first case study, in order to underline tyEability of
NLFEA post-processed using the CSCT to predicedift failure modes (e.g. bending or punching ghear
associated to different geometrical and mechapicglerties of the specimens. The test series dedsis 11
simply supported square RC slabs loaded at theecenth different dimensions and reinforcementastil he
experimental outcomes were compared with analyfmahulation and NLFEA with PARC_CL 1.0 crack
model results.

3.3.3.1  Analytical calculation [Muttoni, 2008]

The axisymmetric case of an isolated slab elememt be treated analytically after some

simplifications, according to the formulation prged by [Muttoni, 2008], Figure 3.17.

@ -

H\ -Neglected
Xy
-

—‘—o’ =My = =Mer
®

(2

~my = -mpg

Figure 3.17 - Assumed behavior for axisymmetrib:s{a) geometrical parameters and rotation of sl
forces in concrete and in reinforcement acting lab sector; (c) internal forces acting on slab sec(d)
distribution of radial curvature; (e) distributioaf radial moment; (f) distribution of tangential rmature;
and (g) distribution of tangential moments for giliwear moment-curvature relationship (shaded grea

and for bilinear moment-curvature relationship (dad line) [Muttoni, 2008].

According to this model, the tangential cracks #redradial curvature are concentrated in the \igini

of the column. Outside the critical shear crackated at a radius (assumed to be at a distarttfrom the
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face of the column), the radial moment, and thesr#tdial curvature, decreases rapidly as showrigaré
3.17-d and Figure 3.17-e. Consequently, it can dsraed that the corresponding slab portion deforms
following a conical shape with a constant slabtiota¢, Figure 3.17-a. In the region inside the radiys

the radial moment is considered constant becaesedtilibrium of forces is performed along crosstisas
defined by the shape of the inclined cracks, FigBrE7-b and Figure 3.17-c, where the force in the
reinforcement remains constant (due to the fadtittigashear force is introduced in the column bynatined
strut developing from outside the shear criticalck&r Figure 3.17-b and Figure 3.17-c). Considemng
quadrilinear moment-curvature relationship for temforced concrete section, as shown in Figur&,3He

following expression results:

2n

ry— T

V= (cmyr, +m(r, ~ 1)+ Elgr{In() ~In(r,)) + Elre(, =1, )+ my 1, 1) + Elge(InG) - In())  (3.32)

wherenr is the radial moment per unit length acting ingtadb portion at =roand the operato(rx> is x for x

> 0 and 0 foxx < 0. A simpler moment-curvature relationship camtepted by neglecting the tensile strength

of concretdtand the effect of tension stiffening, leading toilanear relationship, reported in Figure 3.18.

~Xer "IXl —IXy —X
Figure 3.18 -Moment-curvature relationships: bilinear agdiadrilinear laws [Muttoni, 2008].

The intersection between the load-rotation curviiobd with Eq.(3.32) and the failure criterion

evaluated with Eq.(3.28) allows to calculate thagting shear resistance of an axisymmetric RC slab.

3.3.3.2  Experimental campaigns by [Guadalini et al., 2009]

In order to assess the capability of analyticafialation and NLFEA to predict the punching shear
resistance the experimental campaign carried o{fGhgpdalini et al., 2009] has been used as a mafertor
the comparison. The test series consisted of liforeed concrete square slabs without transverse
reinforcement and subjected to a concentrated [dhd. slab geometry and the mechanical properties of
concrete and reinforcing steel are listed in Tab& where B is the side dimension of the testispat, a;,
ay, h andb are illustrated in Figure 3.1R,s the mean value of the concrete tensile streigtis the modulus
of elasticity,fy is the mean value of the yield strength of thefoeting steelg is the bar diameter, s is the bar

spacing ang the flexural reinforcement ratio.
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Figure 3.19 — Geometrical parameters of tested ispecs [Guadalini, 2005]

The selected slabs are characterised by constargsvaf the ratio between the slab and column
dimensionsB/b, and by approximately constant slendernagd,(beinga, = B-b), meaning that is increasing
as the dimensioB is increasing. The slabs are reinforced with vagyfiexural reinforcement ratios ranging
from 0.22 % to 1.5 %. The slab PG-4 was castedgusimaximum aggregate sidg= 4 mm, while for the
other slabs this value always equals 16 mm.

Table 3.6 — Geometrical characterization and magathanical properties for concrete and steel of
Guadalini's experimental campaign.

Geometry Concrete Steel

Spec. B a a b h d i, f, E. dg f, @ s p

[mMm] [mm] [mm] [mm] [mm] [mm] [MPa] [MPa] [GPa] [mm] [MPa] [mnp [mm] [%]
PG-1 3000 2760 1200 260 250 210 27.7 2 257 16 573 20 100 15

PG-2 3000 2760 1200 260 250 210 405 3 347 16 562 10 150 0.25
PG-3 6000 5160 2400 520 500 456 324 21 318 16 520 16 135 0.33
PG-4 3000 2760 1200 260 250 210 32.2 2 27.3 4 541 10 150 0.25
PG-5 3000 2760 1200 260 250 210 293 23 268 16 555 10 115 0.33
PG-6 1500 1380 600 130 125 96 347 24 337 16 526 14 110 15

PG-7 1500 1380 600 130 125 100 347 24 337 16 550 10 105 0.75
PG-8 1500 1380 600 130 140 117 347 24 337 16 525 8 155 0.28
PG-9 1500 1380 600 130 140 117 347 24 337 16 525 8 196 0.22
PG-10 3000 2760 1200 260 250 210 285 22 295 16 577 10 115 0.33

PG-11 3000 2760 1200 260 250 210 315 25 31 16 570 16/18 145 0.75
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3.3.3.3  Nonlinear finite element modelling and results

The load-rotation curve can also be evaluated lnmef nonlinear finite element analysis (NLFEA).
In a similar way as just seen in case of sheaurfilin this section NLFE analyses with PARC_CL dréck

model are carried out using multi-layer shell eletsgnodelling.

Due to the symmetry of geometric and loading cémckt only a quarter of the slab was modelled.
Eight node multi-layered shell elements with reduggegration were adopted for the reinforced cetecr
(S8R). The slabs were vertically supported in efgfihts along edges. Each element was divided adt®s
thickness into three layers or two layers, dependin the orders of bars of the specimen; 5 Simpson
integration points are used over the thicknessohdayer.

In general, the load can be applied by choosirfgrdifit modelling strategies: 1) a pressure appptied
the elements in the area of the column, 2) a umifdisplacement applied to all nodes in the aréhe€olumn
and 3) interface elements with calibrated normal tangential interface properties (e.g. based omrMo
Coulomb approach) [Belletti et al., 2014], [Sagasstal., 2014]. In general loading condition &ugable for
modelling the effect of tires loads in bridge dedkading condition 2 for modelling the effectsoolumns in
building floors and loading condition 3 for modetiexperimental set-up (RC slab and loading andatipg
devices) of laboratory tests. The specimens tdst¢Guadalini et al., 2009] present a column indbater of
the slab for full size and double size specim@&¥3(m andB=6 m) and a loading steel plate in the center of
the slab for half size specimer&g=(.5 m). In this section loading condition 1 wass#n as reference loading
condition for linear and nonlinear finite elemenalyses, as shown in Figure 3.20.

EXPERIMENTAL SET-UP

B

a,

‘

NLFEA MODEL

Constraint:
fixed vertical translation

> -
P -

Constraint due to symmetry

8-nodes shell elements with reduced
integration (S8R);

Load:

applied pressure in Shell thickness was divided in 3

correspondence of the column layers in order to consider top and
bottom reinforcement;

Figure 3.20 — NLFEA model for Guadalini’'s specimens
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The analyses were carried out using the mean valiugse material properties as reported in Table

3.7. In Table 3.7 than value is calculated on the basis of the bar sgaaiicording to Eq.(3.33):

+
a, :% (3.33)

wheres; ands; represent the bar spacing in the two orthogomattons of the upper reinforcement grid.

The fracture energy in tensio®) is evaluated according to the formulation proploseffib-Model
Code 1990] while the fracture energy in compres$tgs) is set equal to 250 times the fracture energy in
tension, according to Nakamura and Higai [Nakanaumch Higai, 2001].

Table 3.7 — Mean mechanical properties used in Nhfegel.

Concrete (see 83.2.1) Steel (see §83.2.3)
Spec' am fc GC Ec,cr Ec,u ft GF Et,u fy Es Esp S1 Sy
[mm] [MPa] [N/ mm3] [] [1 [MPa] [N/ mm3] [] [MPa] [MPa] [MPa] [mm] [mm]

PG-1 71 27.7 153 0.020 0.032 2 0.061 0.0032 573 200000 1000 100 100
PG-2 106 40.5 20.0 0.020 0.027 3 0.080 0.0019 552 200000 1000 1500 15
PG-3 95 32.4 171 0.020 0.028 21 0.068 0.0025 520 200000 1000 1335 1
PG-4 106 32.2 17.0  0.020 0.027 2 0.068 0.0024 541 200000 1000 1500 15
PG-5 81 29.3 159 0.020 0.030 23 0.064 0.0025 555 200000 1000 1185 1
PG-6 78 34.7 179 0.020 0.030 2.4 0.072 0.0028 526 200000 1000 1100 1
PG-7 74 34.7 179 0.020 0.030 2.4 0.072 0.0030 550 200000 1000 1065 1
PG-8 110 34.7 179 0.020 0.027 2.4 0.072 0.0021 525 200000 1000 1555

PG-9 139 34.7 179 0.020 0.026 2.4 0.072 0.0017 525 200000 1000 1986
PG-10 81 28.5 156 0.020 0.030 2.2 0.062 0.0026 577 200000 1000 1185 1

PG-11 103 315 16.7 0.020 0.028 2.5 0.067 0.0020 570 200000 1000 1285

Since for RC slabs tested by [Guadalini et al. 2®ere is no the load eccentricity, accordinghi®
[fib-Model Code 2010] the shear resisting control peiemis is equal to the basic control perimeter and is

simply calculated at a distance 0.5d from the stppaarea.

In Figure 3.21 are reported the load-rotation csiraed the CSCT failure criterion for the analysed
slabs. The load-rotation/{¢) curves obtained from NLFEA and from the analyticaddel proposed by
[Muttoni, 2008] on the basis of a quadrilinear moeurvature relationship for the reinforced cotere
section are shown together with the experimentasmeements reported in [Guadalini et al., 2009k Th
rotation from NLFEA results is calculated by dividithe relative vertical displacement between ttgeeof
the slab and the edge of the column by the disthateeen these two points. The experimental rotatias
obtained dividing the relative displacement betwtencenter of the column and the reaction pointhe

perimeter by the corresponding distance.
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Figure 3.21 — Load-rotation curve and CSCT for:Pa31 specimen, (b) PG2 specimen, (c) PG3 specimen,
(d) PG4 specimen, (e) PG5 specimen, (f) PG6 specifgePG7 specimen, (h) PG8 specimen, (i) PG9
specimen, (I) PG10 specimen, (m) PG11 specimen.

It is clear from Figure 3.21 that the NLFEA predithe load-rotation curves of the slabs with good
accuracy. Moreover, due to the absence of bendmgant redistribution or compressive membrane action
effects, related to the particular boundary andlilog conditions, the differences between the |aadtion

curves obtained using NLFEA and the analytical fdation are quite small.

The good agreement between NLFEA, analytical anpeexental outcomes are confirmed by
comparing the punching shear resistance as reporfeable 3.8. Table 3.8 shows a good agreementdazt

the calculated and the experimental results, lvoterm of average values and coefficient of vasia{iCOV).

Table 3.8 shows good agreement between the caddudend experimental results, thus validating the

proposed analysis procedure.

As should be expected in the case of staticallgrd@hate slab panels subjected to centered load, th
differences between the punching shear resistaritased using NLFEA and the analytical method psegl
in 83.3.3.1 for determining the load—rotation cuavre small. Indeed, due to the simplicity of bougdand

loading conditions, no bending moment redistributic compressive membrane action effects occursand
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the analytical formulation, based on simplifyingobyhesis, leads to accurate results, comparedNUBEA

and experimental outcomes.

Table 3.8 — Punching shear strength obtained wigammmechanical properties of materials: comparison
between NLFEA, analytical and experimental results.

Specimen Vexp.  VnLFea  Vanalytical Vexp. Vexp.
[kN] [KN] [kN] Vinrea  Vanaytical
PG-1 1023 858 860 1.19 1.19
PG-2 440 426 440 1.03 1.00
PG-3 2153 2163 2036 1.00 1.06
PG-4 408 392 392 1.04 1.04
PG-5 550 500 511 1.10 1.08
PG-6 238 241 234 0.99 1.02
PG-7 241 205 199 1.18 121
PG-8 140 136 146 1.03 0.96
PG-9 115 116 115 0.99 1.00
PG-10 540 504 515 1.07 1.05
PG-11 763 740 767 1.03 0.99

Average 1.06 1.05

COV 0.06 0.08

3.3.4 Compressive membrane action effect

Previous sections highlighted that in case of synsplpported slabs, tested in laboratory without any

confinement effect, simplified analytical formulati can lead to results as accurate as NLFEA, duketo

particular boundary and loading conditions. Ondtieer hand, the real boundary and loading conditaima

RC slab placed within a whole structure could begletely different with respect to the simply sugpd

conditions. In this case the simplifying assumggionade in the analytical formulations could leadess

accurate results compared with NLFEA.

In this context, it is widely recognized that coegsive membrane action (CMA), also called arching

action, increases both the bending and punchingotiégs of reinforced concrete (RC) structures.

Arching action can develop when the edges of tleldd member are restrained against lateral

displacements; when the edges of the member avengezl from lateral displacement, in-plane compvess

thrusts rise from the boundary enhancing the l@ad/img capacity, Figure 3.22.
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LOAD

cracking ¢

cracking

cracking

Figure 3.22 — Compressive membrane action in ldterastrained slab.

In order to assess the capability of NLFEA to actdor CMA effects in this section the Corick brelg

experimental campaign, tested by [Taylor et alQ720was investigated.

Both the simply supported slabs tested by [Guadetial., 2009], presented in 83.3.3.2, and thedkRor
bridge slabs [Taylor et al., 2007], presented enftllowing, was investigated using the level gbagximation
(LoA) approach proposed ifi)-Model Code 2010].

The LoA approach, as widely discuss in in the felf@, is a design strategy, based on the assumption
that the structural member’s response can be Beigady refined through a better estimate of thespal
parameters. By increasing the level of approxinmatid better accuracy in the estimate of the strattu
response can be obtained; however, more time aodnges have to be devoted to the analyses. licylart

the higher level of approximation is associatedlie NLFEA.

The aim of this section was to demonstrate thatdonplex boundary and loading conditions, such as
the Corick bridge experimental campaign [Tayloalet2007], the higher level of approximation, asated
to NLFEA, can provide a higher prediction of theatieg capacity with respect to simplified analytica

formulations.

3.3.4.1  Level of Approximation (LoA) approach

The level of approximation approach for the caltataof the design punching shear resistance is

applied in this section. This approach is basethendea that the bearing capacity of a structmerhber can

be assess with different levels of accuracy. Asawel of approximation increases (at the coshefibhcreasing
time that is required to perform the analyses),evamcurate and typically less conservative estsnaftéhe
structural capacity can be obtained. The lowestl$eof approximation (LoA | and LoA 1) are typitaused
when preliminary estimates of the strength of a imamare required, and so the design expressionbean
assessed in a simple (yet safe) manner. This allogvBmits of strength to be determined even thouvery
little time needs to be devoted to the analysesctwis normally sufficient for preliminary desigmunposes
and even for many structural members without argg@verning failure mode. However, in cases wheoh s

a degree of accuracy is not sufficient (e.g. aitielements, detailed design), the values of thehagcal
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parameters can be refined in a number of steps.fmbans devoting more time to analyses, see F&jR8
but leads to better estimates ofthe behaviour &etigth of members. The LoA approach thus alloves th
preliminary design phases as well as advanced resigd assessments to be covered with the samé set

expressions.

accuracy

P ‘ I levels of approximation

I

e

time devoted
to analysis

Figure 3.23 - Levels-of-approximation approach: @@y of the estimate as a function of the timeotbl/
to analyses [fib-Model Code 2010].

In particular, for the evaluation of punching shessistance, LoA | and LoA Il are based on simple
analytical calculations, whereas LoA Ill and LoA ¢¢ll for the use of linear and nonlinear strudtaralysis
methods respectively. The most refined level, L¥A ik best suited to assessing the capacities isfimgyx
structures because it requires the determinatiatheoklab rotation using nonlinear analysis methdtss
section focuses on the application of LoA IV, usMig-EA, which could be a useful tool for the assesst
of existing structures because it allows the beradfieffects of internal shear stress and bendiogent

redistributions and compressive membrane acti@ceftto be taken into account.

According to the formulation proposed fitb-Model Code 2010, based on the CSCT, the design
punching shear resistanaé, is obtained using Eq.(3.34):

\ _ 1
b, I{ fy 15+ 090 [ [k, (3.34)
2

whered; is the shear-resisting effective depth (assumealaqud), kig=32/(164dy) andd, is the reference
aggregate size. The adopted value of the partielystactor for concrete material propertigs,equals 1 and

1.5 for the evaluation of the characteristic ansigle punching shear resistance, respectively.

The rotation of the slab, proposed bip{Model Code 2010], for LoA | and LoA Il is given by
Eq.(3.35):

f 15
w=15 B%_yd(%j (3.35)

Es de
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wherers represents the position where radial bending moiserero.meq is set equal to the average moment
per unit length for calculating flexural reinforcent in support strip anahkg represents the design flexural
strength of the slab.

For LoA | the ratiomed/mgq is set equal to 1, which is equivalent to assunfiitigutilization of the
flexural reinforcement. For LoA Il the rotationaalculated with Eq.(3.35) by adopting an iterafivecedure.
The moment acting along the suppogt is obtained with an analytical expression relatimgmoment at the

support to the applied load, as shown in Eq.(3.36)

Mp, = ~Ed (3.36)

The convergence of the iterative procedure is cetaglwhen th&/gq value matches therq value.
For both LoA | and Il, the shear resisting conpretimeter is usually determined based on simple equations
depending on the eccentricity of the applied fandrs can be approximated as 0.22or 0.22L, for the x-

and y directions, respectively, with andL, being the corresponding spans.

For LoA Il the momeningq is calculated as the average value of LFEA resuttasured over a support
strip having a widthbs, equal td.75B Therefore, the relationship between the momeimaat the support,
meqg, and the applied loa¥gq, was evaluated by performing a linear-elastic ysigl The rotation for LoA IlI
is calculated following Eq.(3.35) by adopting ardtive procedure that stops when the valuésgimatches
with the value olre. The coefficient 1.5 in Eq.(3.35) was replacedLt®

Finally, for LoA IV, NLFEA was performed for the eliation of the load-rotation curve and
consequently for the definition of the design punglshear strength. ECOV method, proposedilinNliodel
Code 2010], was adopted to obtain the design pogdtiear resistance using LoA IV.

In order to clarify these concept, in Figure 324eported the CSCT calculated according to Eg}{3.3
for one of the analyzed slabs. From Figure 3.24ritbe noticed that, using the same failure coiteichanging
the definition of the rotationy, the punching shear resistance changes. In parti¢chhigher the level of
approximation is associated to the lower rotatibthe slab and hence to a less conservative piediof the
bearing capacity.

In the following the LoA approach is applied to tdifferent experimental campaigns: the simply
supported slabs tested by [Guadalini et al., 20@@jsented in §3.3.3.2, and the Corick bridge dlested by
[Taylor et al. 2007].
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Figure 3.24 — Example of assessment of punchingy skeistance using different levels of approximati

3.34.1.1 Experimental campaign by [Guadalini et al., 2009]

The slabs tested by [Guadalini et al., 2009] ars$g@nted in 83.3.3.2 are taken as an example.dn thi
case no redistribution of forces is possible beedlus structure is statically determinate. Thegtepunching
shear resistance obtained with different levelaggroximation for the slabs analysed is listed abl& 3.9.
The results reported in Table 3.9 confirm thatekmation of the design punching shear resistaanebe

refined progressively by using the LoA approach.

As jus mentioned the design punching shear resistabtained with nonlinear finite element analysis
is calculated following the ECOV method proposeffimModel code 2010]. According to the ECOV method

the design resistance is calculated with Eq.(3.37):

V,
R (3.37)

V., =
R Y rVRd

whereVgrnm is determined by the intersection of the loadtiotacurve obtained from NLFEA with the mean
failure criterion reported in Eq.(3.28). The modetertainty factogrq, according tofjb-Model code 2010] is
set equal to 1.06 and the global resistance skdetyr is obtained with Eq.(3.38):

g = el (3.38)

wherear=0.8,4=3.8 andvr is calculated using Eq.(3.39):

1 (Vv
Vg =——In| —Rm
R 165 (VRJ (3:39)
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In Eq.(3.39)Vr« represents the characteristic value of the pugcsirear strength and is determined

using the characteristic failure criterion of (3.29

Moving from LoA | to LoA IV an increase of the dgai punching shear resistance is noted due to a
better estimation of the physical parameters. Tigledst values of the punching shear resistancelaetned
using NLFEA. The increase in design punching shesistance obtained using higher levels of appration
is not constant for the analyzed slabs. IndeedurBi@.25, shows that the differences among the LoA
predictions depends on several parameters, sutiiea®inforcing ratio, and the effective depth. make
easier the presented comparisons, constant vaduéise compressive strength of concrete and thdigge
strength of reinforcing steel were used in Figu2s3or LoA | to Il by averaging the values of Riabs

reported in Table 3.7.

Table 3.9 — Design punching shear resistance obthisith different levels of approximation for sldabsted
by [Guadalini et al. 2009].

S— LoAl  LoAll  LOAIl  LoAIV
Vra[kKN]  Vra[KN] Vra[kN]  Vra[KN]
PG-1 174 489 504 531
PG-2 230 295 311 338
PG-3 538 1132 1224 1573
PG-4 139 233 245 306
PG-5 185 300 314 347
PG-6 76 138 146 158
PG-7 77 123 132 140
PG-8 92 110 120 118
PG-9 92 99 113 98
PG-10 176 208 312 363
PG-11 191 431 448 492

For RC slabs with low reinforcing ratio (PG-2, PGu8d PG-9), characterized by bending failure or
punching shear failure occurred after the full gied of the reinforcement, Figure 3.25-a-c-e dertrais that
the design resistance obtained using LoA |, Lo&nidl LoA Il is approximately the same. Furthermdiigure
3.25-a-c-e confirms that for RC slabs failing befogaching the first yielding of reinforcement (RE2G-6,
PG-11), the design resistance is strongly deperatetite reinforcement ratio. Also Table 3.9 shdowe,tfor
slabs having the same dimensioBslf, d, the differences between LoA | and LoA Il (or Ldl§) increases
for higher reinforcement ratio. Figure 3.25-b-dabw the influence of the effective depth,on the design

punching shear resistance assessment, keepinguobtist reinforcement ratip, and the slab slenderness,

.
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Figure 3.25 — (a), (c) and (e), influence of fledureinforcement ratiop, in the design punching shear
resistance using the LoA approach; (b), (d) andnfiuence of effective depth, d, in the designcping
shear resistance using the LoA approach.

The results reported in Table 3.9 and in Figurd Sigjhlighted that in case of structure statically

determinate without redistribution of forces, thereasing of the design punching shear resistaizéned

with LoA IV with respect to LoA Il (or LoA Il) isquite small.

3.34.1.2

Corick bridge test [Taylor et al., 2007]

In this section the design punching shear resistanalculated according to LoA approach, is

evaluated for the Corick Bridge [Taylor et al., ZDWhose behaviour is highly dependent on compvessi

membrane action phenomena. The experimental campaigsists of of five I-shaped prestressed concrete

beams supporting a 160 mm in-situ reinforced cdacdeck slab. The bridge deck was subdivided i2to 1
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slabs having different reinforcement ratios, reiofmment layouts, concrete compressive strengths and

polypropylene fiber volume, Figure 3.26. In partisu4 out of the 12 slabs were analyzed in thisice.

250 250 250 250

. 05%C . 0.25%Creinforcement ., 0.5%C

Aal BI Cl D1
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L 150 |

F2 E2
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1 High strength f 1 High strength 1 DOB mix
conerete l | concrete + 1% | specification
BATCH 1 &2 WL s 7 2 fibres BATCH 3 L ] (NSC) BATCH 4

Figure 3.26 — Corick bridge experimental campaiglabs arrangement (dimension in cm) [Taylor et al.,
2007].
The geometrical and mechanical properties of tlayaad slabs are summarized in Table 3.10. All
the analyzed specimens are characterized by a@tay@r of reinforcement in the top and the bottdrthe
slab.

Table 3.10 — Geometrical characterization and nragchanical properties for concrete and steel ofickor
bridge experimental campaign.

Geometry Steel*

Specimen B H d clearspal f, fy @x Sx Px @y Sy Py
[mm] [mm] [mm]  [mm] [MPa] [MPa] [mm] [mm] [%] [mm] [mm] [%]

El 2500 2000 105 1740 49 500 12 240 03 12 240 0.3
E2 2500 1500 105 1240 49 500 12 240 03 12 240 0.3
F1 2500 2000 103 1740 419 500 12 240 03 12 240 0.3
F2 2500 1500 103 1240 441 500 12 240 03 12 240 0.3

* Top and bottom reinforcement grid have the sareelanical and geometrical properties
A detail of the experimental set-up is shown inUf&gy3.27. The load was experimentally applied in
two steps: initially the slabs were loaded to eelgust over the cracking load, subsequently tfzel livas
removed and the slabs were reloaded to a highet. l@he aim of this experimental campaign was to

demonstrate that the existing bridges have a safatgin with respect to the design capacity.
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Figure 3.27 — Corick bridge experimental set-upy|iba et al., 2007].

The entire bridge was modelled with 4-nodes anddes linear shell elements with classical
integration scheme (S4 and S3 elements respedtivihg girders were modelled with rectangular 4asod
elements with different thicknesses according ®dhiders geometry. The girders were considereglgim
supported at their ends. In correspondence of @éinegb the mesh related to the tested slab, a fimesh of
nonlinear multi-layer shell elements was adoptégluie 3.28 shows a detail of the adopted mesh Wdeazh
is applied to E1 panel. Over its thickness eacmele was divided into three layers, with 5 Simpisegration

point for layer, in order to consider both the &gyl the bottom reinforcement grids in their exasiton.

Figure 3.28 — Mesh adopted for the Corick bridgthvibaded panel E1.

The mean mechanical properties and the main pagasnesed in NLFEA to define the behavior of

concrete and steel are listedliable 3.11
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Table 3.11 — Mean mechanical properties used inEhfodel.

Concrete (see 83.2.1) Steel (see §83.2.3)
Spec. an, Ec f, Ge  Eear Ecw i Ge Fh f, E< s; s
[mm] [Mpa] [MPa] (N/mm®] [1 [] [MPa] (mm®’] []  [MPa] [MPa] [mm] [mm]
E1l 170 36325 49 228 0.020 0.024 3.6 0.091 0.0012 500 200000 24m 2
E2 170 36325 49 228 0.020 0.024 3.6 0.091 0.0012 500 200000 24m 2
F1 170 34496 41.9 204 0.020 0.024 31 0.082 0.0012 500 200000 240
F2 170 35084 44.1 21.2 0.020 0.024 3.3 0.085 0.0012 500 200000 240

As for the Guadalini’'s slabs also in this case diesign punching shear resistance obtained with
nonlinear finite element analysis is calculatetbfeing the ECOV method proposed fibfModel code 2010].
According to the ECOV method the design resistasicalculated with Eq.(3.40):

Vg = Ve

= 3.40
YrVrd ( )

whereVrnmis determined by the intersection of the loadtiotacurve obtained from NLFEA with the mean
failure criterion reported in Eq.(3.28). The modatertainty factoykq, according to fib-Model code 2010 is
set equal to 1.06 and the global resistance stdetgr is obtained with Eq.(3.41):

i = el (3.41)

wherear=0.8,4=3.8 andVr is calculated using Eq.(3.42):

1 V
V, =——|n| —Rm .
R 165 (VRJ (3.42)
In Eq.(3.42)Vri represents the characteristic value of the pugcsirear strength and is determined using the

characteristic failure criterion of (3.29).

The punching shear resistance obtained analyzimg_tirick bridge experimental campaign, using
different level of approximation, are listed in Tal3.12.

Table 3.12 — Design punching shear resistance nbthwith different levels of approximation for fab
tested by Taylor et al. [Taylor et al. 2007].

. LoA | LoA I LoA 1l LoA IV
Specimen
VRrd[KN]  VRrd[KN]  Vrd[KN]  Vrd[kN]
El 199 199 212 455
E2 225 225 235 472
F1 180 180 192 378
F2 211 211 220 423
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The results reported in Table 3.12 shows the isimgeof the design punching shear resistance using
the higher levels of approximation. Moreover, duthe fact that the formulation proposed fily-Model code
2010] for LoA I, LoA 1l and LoA lll cannot considghe effects of Compressive Membrane Action (CMA)
the resulting punching shear resistance valuebasr than the values obtained with LoA V. Thisaexle
clarifies the advantages related to the use afiedfNLFEA when redistribution of internal stresaad CMA

phenomena govern slab behaviour.

3.3.5 Synopsis

In this section the monotonic out-of-plane behavaRC slabs was investigated by means of NLFEA
carried out using the PARC_CL 1.0 crack model. dineof this section was to validate the capabditguch
kind of modelling approach to predict out-of-pldiadure through the thickness of the element. A sary

of the main observations and findings is presehezdafter:

e The critical shear crack theory (CSCT), proposed[Muttoni, 2008] and [Muttoni and
Fernandez 20008 is adopted to post-process the NLFEA resultsriter to achieve the shear
and punching shear failure. The post-processingnadetproposed herein, was validated by
means of comparison with several simply support€dsRbs tested in literature.

* The comparison between experimental and NLFEA tgsplost-processed according to
CSCT, highlighted that the multi-layer shell eletseapproach allows to capture different
failure modes through the thickness of the elerfleending and shear).

e It was underlined that, in case of statically deieed slab panels, due to the simplicity of
boundary and loading conditions, no bending momeadistribution or compressive
membrane action (CMA) effects occur and so theygieal formulation, based on simplifying
assumptions, leads to accurate results, compatbcdNMFEA and experimental outcomes.

* In order to clarify the effects of CMA on the pumaipshear resistance a further experimental
campaign, which consists in an in situ proof logdinvas analysed. The Levels of
Approximation (LoA) approach, proposed fibfModel Code 2010], has been applied on the
assessment of the design punching shear resistance.

« The results highlighted in the case of the highdgtrained bridge decks, the differences
between the slab resistances evaluated using madlfgirmulation (LoA Il and LoA IIl) and
NLFEA (LoA 1IV) are quite significant, and the beitefrelated to the use of NLFEA are not
negligible.

* It can be established that in the case of exigingtures, e.g. flat slabs in buildings or bridge
decks, characterized by bending moment redistobutr compressive membrane action
effects, the scatter between the slab resistavedisated using LoA Il and LoA IV could be
quite high and could justify the use of advancedstavhen determining the bearing resistances
of RC slabs. In light of this, the proposed nunarfirocedure represents a good compromise

between numerical accuracy and time and memoryinagants.
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3.4 Simulation of monotonic and cyclic in-plane behawaur

In this section the monotonic and cyclic in-plamdd@viour of RC members is investigated by means
of NLFEA. In particular, the structural responsér@ walls was deeply investigated by using mulgelashell
elements associated with the PARC_CL 1.0 crack inode

Structural RC walls are frequently used both in g@n civil and industrial buildings and in power
plant buildings. Slender structural RC walls, tbam come in a variety of geometrical shapes, ameunly
used in medium and high rise buildings as lateyald resisting systems, thanks to their capacifréwide
strength and stiffness towards seismic actionsadiogiing a good displacement control [Riva et @03).
Squat walls are instead mostly widespread as raséndl force resisting structures in precast caadrocks
buildings and in power plant facilities. In faat,iuclear facilities walls are supposed to be daesigvith few
openings in order to prevent radiation leaks [Whame Stojadinovic, 2013]. Thus, these squat waksilt

often to be long and generally short height. tasxmon then that aspect ratio is equal to 0.5 enéawer.

Many experimental programs have been driven thrahgHast 40 years to investigate the nonlinear
behaviour of RC walls subjected to horizontal fetderom 1976 to 1984 Oesterle et al. [Oesterlé 493 6]
tested many slender walls subjected both to moiotord cycling loading in order to evaluate thaglastic
behaviour. In these tests flanged, barbell ancangetlar sections were analysed. Many other expatiahe
tests have been carried out to investigate thengeisehaviour of slender walls, also underlying edssues
that still need to be addressed for a good perfocemassessment (e.g. overestimation of the istiifhess,
schematisation of boundary conditions, difficuliytihe prediction of the crack pattern [Thomsen\Afadlace
2004, Dazio et al. 2009, Zhang et al. 2014, Konal.€2014, Beyer et al. 2068 Also the behaviour of RC
squat walls has been widely investigated [Lefas Eotsovos 1990, Wood 1990, Hidalgo et al. 2002,
Greifenhagen and Lestuzzi 2005, Grifenhagen 20Gg8tiMelli 2007, Gulec and Whittaker 2009]

The scientific research has therefore made sigmtiadvancements in understanding the nonlinear
behaviour of RC walls subjected to horizontal feraed several numerical methods have been devetoped
tailored to analyse such kind of structural membeparticular, in this section, the focus is pethton the
assessment of RC squat walls by means of NLFEAnauniti-layer shell elements. In order to investigtite
prediction capacity and to reduce the uncertaimeésted to of NLFE tools, round robin competiticarsd
blind prediction were recently organized and arepnogress nowadays (e.g. Concrack2 benchmark
[Concrack2, 2011], SMART-2013 [Richard et al., 2DXIASH benchmark [Le Corvec et al., 2015], etc.)

In the following the results obtained analysing Hugiat walls object of the CASH benchmark is
presented. The main objective of this benchmaté &valuate the seismic nonlinear response of sgalis,
representative of a real nuclear power plant (NBEN)ing structure. According to the purpose of the
benchmark, three different kind of analyses hawnlwarried out: pushover, cyclic and dynamic amsly=or
this reason, the present benchmark has been cfarsie assessment of NLFEA using PARC_CL 1.0 crack
model not only for monotonic loading but also fgclec and dynamic loading condition.
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3.4.1 RC squat walls (CASH benchmark)

In this section the RC squat walls, object of ti&SE benchmark project, have been analysed by

means of NLFEA using multi-layer shell elements BARC_CL 1.0 crack model.

CASH benchmark is an international benchmarkinggranm organized under an initiative of the
OEDC-NEA (Nuclear Energy Agency). The main objeetf CASH is to evaluate the reliability of prediet
analysis tools and methods as well as engineeniagtipe know how to assess the seismic capacity of
reinforced concrete squat walls. The CASH benchroarisists of two phases. The first phase, basdteon
“SAFE” experimental campaign [Pegon, 1998], invitectalibrate the adopted numerical model by me&ns
different analyses (static pushover, static cyafid dynamic). During the second phase, the paatitgpwvould
have to assess the capacity of a scale 1 squatewtaticted from a NPP building. In the followingeth
comparison between experimental and NLFEA resoli$ained on the phase 1 of CASH benchmark, is

presented.

In particular, for the purpose of this chapter, @malyses are limited to the static pushover aaiicst
cyclic analysis. Indeed the aim of this sectiotbiassess the capability of the PARC_CL 1.0 craclehto
predict not only the monotonic behavior of a RC rhers but also the cyclic response. The same expstah

campaign is used also for the assessment of PARQ.@presented in the following chapter.

3.4.1.1  Analytical formulation

In this section the results obtained with NLFEA Igmimg reinforced concrete squat walls are
compared not only with the experimental outcomes dlso with an analytical formulation. Generally,
structures can be subdivided into B-regions, whieeeassumption of a plane section may be used {& is
Bernoulli) and D-regions which is typically locatatl supports or at places of concentrated loadis (Or
Discontinuity). In particular squat walls, as thealyzed case study, behave strongly like a D-regiwh so
the shear capacity can be evaluated analytically aistrut and tie method. In the following is prepd a
formulation for the assessment of the shear capacitording to the prescription dflj-Model Code 2010]
and [Paulay and Priestley, 1992]. For the squat @géct of the analysis the concrete strut runsfthe

loading plate, placed at the top left corner ofghecimen, to the bottom right corner, Figure 3.29.

According to the schematization reported in Fig@r29, the evaluation of the analytical shear

resistance, carried out using material mean valaas,be derived from Eq.(3.43):

VR = URd max D%tr m0§ (3-43)

wheredis the strut inclination anglekd,maxiS the maximum stress at the edge of the nodeleséa according

to Eq.(3.44) and & represents the area of the concrete strut, cédclfallowing Eq.(3.49).
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Figure 3.29 — Schematization of the analyzed sepadltaccording to the strut and tie model.

The maximum stress at the edge of naggnax can be calculated as follow, according to fite [

Model Code 2010] prescriptions:

CTRdrnax::kc [fcm (3-44)

wherek. is a reduction coefficient related to the statstadss which can assume different values for dnews

states of stress, Figure 3.30.
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Figure 3.30 — Different states of stress: (a) urahgompression, (b) tension perpendicular to tireation
of compression and (c) tension oblique with respetiie direction of compression [fib-Model Codd.@D

For undistributed uniaxial compression states, flei@i30-a, the reduction factor is given in Eq%53.4

k, =1007;, (3.45)

For stress fields where cracks are parallel tadifection of compression and tension reinforcement

perpendicular to this, Figure 3.30-b, the reductamtor can be calculated following Eq.(3.46):

ke = 075(77;, (3.46)

Finally, for stress fields where the reinforcemeauts inclined, with angle smaller than 65°, with
respect to the compressive direction, Figure 3,3the reduction factor can be calculated according
Eq.(3.47):
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k. = 0507 (3.47)

The parametes, according tofjb-Model Code 2010] prescription is set equal to:

b
e = [ﬂ} (3.48)

fcm

The area of the concrete strutiAs calculated in Eq.(3.54):

Ay =ty B (3.49)

wherety, is the web thickness amdis the depth of the concrete compressive strutoAting to [Hwang et al.
2001] the depth of the concrete compressive stgutan be approximated with the equation proposed by

[Paulay and Priestley, 1992] for the depth of thgural compression zone of an elastic column,EH0):

cm

a, :(025+ 035%) m, (3.50)

whereA. represents the net concrete area bounded by théhwekness,, andN the axial vertical load acting
on the wall.

In Table 3.13 are reported all the parameters heneisented for the analyzed case studies and the

analytically calculated shear resistance. Furtreaitdon the analyzed case studies are presentéidein
following section.

Table 3.13 — Mechanical parameters used in the stnd tie calculation for the analyzed case studied
analytical shear resistance.

Spec. H I ty Ac 6 fe Ke  Omamax N as Asyr Vi

] [om]  [mm]  [mm] [deg] [MPa] [ [MPa] [kN] [mm] [mm] [kN]
T6 1200 3000 200 600000 21.8 33.1 0.53 17.6 550 821 164124 2685
T7 1200 3000 200 600000 21.8 36.4 0.52 18.8 550 814 162843 2838
T8 1200 3000 200 600000 21.8 28.6 0.56 16.0 0 750 150000 2226

3.4.1.2  Experimental campaign

The phase 1 of the CASH benchmark [Le Corvec eB@ll5], presented in this section, is based on
the SAFE experimental campaign carried out at B@ Bpra Laboratory in Italy [Pegon, 1998]. The &AF
experimental campaign consists of a series of msdydamic (PSD) tests on 13 different squat walish
different reinforcement ratio representative of tluelear industry practice.

The conceptual design of the SAFE experimentalaragie is schemed in Figure 3.31. The wall is
clamped at the base on a rigid body and equipp#eabp with another rigid body, with mass M1sirch a
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way that the rotation of the wall is fixed and s@onstitutes a single degree of freedom (SDOFRdya
system in shear. An additional mass M2, acting artlye horizontal direction, is calibrated in orteobtain
a theoretical natural frequency equal to 4 Hz, ®H¥2 Hz. This SDOF system is subjected to a seisrput
motion. A unique input signal is used for the whodenpaign, for every specimen the signal is fiedibcated
and then, in order to identify the seismic desiggim, a series of run is carried out with incregdevels of

input motion until the ultimate wall capacity isached.

O @) @) @)
rigid body M1 +—+ M2
] (@] O
low-rise
shear wall
o Input motion l
rigid body I
O (@]

Figure 3.31 — SAFE conceptual design [Pegon, 1998].

The SAFE conceptual design just presented canntdbed on a shaking table because eitheis
too large (hundreds of tons) or it would resultairtoo small scale mock-up. For this reason at BR€ J
laboratory a pseudo-dynamic (PSD) test is carrigdrosuch a way that the mdds is considered as a virtual
mass. Following this assumption the specimen impéd on the strong floor and the input motion daeed

by a horizontal force applied at the top, accordmthe scheme reported in Figure 3.32.

®) Q _ Controlled displacement_
rigid body M1 D Tack =
=2
low-rise force e
Shear Wa” measurement g
cell 8
rigid body =

Figure 3.32 — SAFE experimental design [Pegon, 1998

The SAFE campaign consisted of 13 specimens numidréo T13. In particular, for the purpose of
phase 1 of CASH benchmark, 3 out of the 13 spegmeare selected: T6 wall [Pegon et al. 1998a], &f w
[Pegon et al. 199Band T8 wall [Pegon et al. 1998A detail of the experimental set-up is showrFigure
3.33.
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Figure 3.33 — SAFE experimental set-up [Le Corveal.e2015].

All the specimens have the same geometrical prieged length = 3000 mm an height= 1200 mm
and a thickness= 200 mm In order to reproduce the effect of perpendiculalisy at both the ends of each
specimen two flanges were added. The top and ttierbgart of the specimen are made of rigid coecret
beams, as shown in Figure 3.34.
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Figure 3.34 — Geometrical properties for T6,T7 ar@{measure in mm).

The differences in the specimens are in percerdhgieel,o, in vertical compressive stress, in the
numerical mass applied in the PSD tddt, and in the first vibration frequency, The mechanical and
geometrical properties of the specimens are lisiefiable 3.14. In Table 3.14 the madds represents the
physical mass of the top beam including the steetic the mashl, represents the numerical mass applied in
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the PSD test\ the vertical load imposed at the top beam of speltimen and, the vertical stress due to the

combination of self-weight and imposed verticaldoa

Table 3.14 — Mechanical and geometrical properaethe specimens.

T6 T7 T8
Geometry
b [mm] 3000 3000 3000
h [mm] 1200 1200 1200
¢t [mm] 200 200 200
Mass
M ; [ton] 25 25 25
M, [ton] 1252 11272 1252
Load
N [kN] 550 550 0
ov [MPa] 1.01 1.01 0.32
Concrete
fe [MPa] 33.1 36.4 28.6
f+ [MPa] 3.1 33 2.8
E ¢ yvc2010 [MPa] 31900 32900 30400
E ¢ effecrive [MPa] 22330 23030 21280
Steel
Horizontal rebar ¢ 10@125 ¢ 10@125 ¢ S@I125
o [%] 0.628 0.628 0.402
f» [MPa] 572.8 572.8 594.4
f : [MPa] 651 651 672
s [MPa] 200000 200000 200000
Verticalrebar ¢ 8@125 ¢S8@i25 ¢S8@li25
o [%] 0.402 0.402 0.402
f» [MPa] 594.4 594.4 594.4
f+ [MPa] 672 672 672
E; [MPa] 200000 200000 200000

The modulus of elasticity of concrete was not dlyeabtained by tests. It can be derived adoptimgy t

formulation proposed irfip—Model Code 2010], according to Eq.(3.51):

_ R
EC,MCZOlO - 2150 E

(3.51)
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Consequently, assuming a Poisson’s ratio equal2zdh@ conventional isotropic shear modulus for

concrete(, could be derived. The analytical shear stiffrifdhie wall,Ka, is evaluated with Eq.(3.52):

K, _Gp) (3.52)

h

whereb, tandh represent the base, the thickness and the hditfme avall, respectively.

Finally, knowing the mass of each wall, (considered as the sum of physical missand numerical

massM,), the frequency of the wall could be analyticalbrived, using Eq.(3.53).

Ka

=

(3.53)

fo=

wherew represents the natural frequency. The analytaaluation of the main features of the specimess ar

listed in Table 3.15.

Table 3.15 — Main features of the specimens: aialytalculation.

t h E G Ka M fa
Spec.
[m] [m] [m] [MPa] [MPa] [MN/m] [ton] [HZ]
T6 3 0.2 1.2 31900 13292 6646 1252 11.6
T7 3 0.2 1.2 32900 13708 6854 11272 3.9
T8 3 0.2 1.2 30400 12667 6333 1252 11.3

Prior to run the experimental PSD tests, the ergeiency of each specimégg, was experimentally
measured by low level vibration and the correspamailastic stiffnesskex, was derived. The obtained

experimental results and the comparison with ttedyéinal values are reported in Table 3.16.

Table 3.16 — Main features of the specimens: coispatbetween analytical calculation and experimenta

results.
Analytical Experimente
Spec. M Ka fa Kexp fexe  KexpKa

[ton] [MN/m] [Hz] [MN/m] [HZ] [-]
T6 1252 6649 11.6 5348 10.4 0.80
T7 11272 6861 3.9 5767 3.6 0.84
T8 1252 6336 11.3 4557 9.6 0.72
Average 0.79

Interestingly, from Table 3.16 it appears that t@nventional design stiffness significantly
overestimates the measured one. The average Vialbe mtio between the experimental and the aicalyt
stiffness is equal to 0.79, very close to the Oedlian value obtained by [Sozen and Moehle, 1998toAding

to the results of these preliminary studies inNh&EA, the modulus of elasticity of concrete wagueed by
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a factor 0.7 with respect to the one calculatedatiog to Eq.(3.51). In Table 3.14 the adoptedtelasodulus

is also reporteds: effeciive

The vertical stress at the base of the wall dubdaonasses of the specimen, of the upper beamfand o
the loading devices, resultedar=0.32 MPa for T8 specimen. For T6 and T7 specina@rsdditional vertical
load was added, by means of two vertical actuaiarrder to led the vertical stressdg=1 MPa. In order to
apply pure shear to the walls, the rotation of tpper beam was prevented adopting two vertical jack

positioned at the end of the specimen.

The reference seismic input motion used in the SAF&gramme is described by the response

spectrum, &f,&) reported in Figure 3.35.

—
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saudo-acoaiaraton mie
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frequency, HZ perod.s

Figure 3.35 — Response spectrgf,g), of the reference input motion.

The reference accelerograg(ty derived from the presented spectrum, is shiovfigure 3.36.
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Figure 3.36 — Reference input motios(ty
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Under g(f,§) the conventional top relative displacement of thl specimen is calculated with
Eq.(3.54)

(3.54)

wheref; represents the frequency of the specimenéanepresents the damping ratio, assumed equal to 7%

according to the nuclear industry practice.
The corresponding shear stress can be calculateddiitg to Eq.(3.55)

ro= GSAFE Ij'uO|
[ e —

| . (3.55)

whereG*>*"Erepresents the shear modulus, fixed equal to 14 for all the specimens in the design of the
SAFE programme, and the height of the specimen.

At the moment when SAFE programme was conceivethrdmg to a conventional building code
criterion [AFNOR, 1992], in a squat wall subjecteda vertical compressive stress the conventional

acceptable design shear strgssas strictly related to the reinforcement ratioHuy (3.56)

r.=pf,+o, (3.56)

where p, represents the vertical reinforcement ratjdhe yielding stress of steel amdthe appliedrertical

compressive stress.
Therefore, in order to get a shear stress thathgsabove calculated conventional designthe

reference input motion should be multiplied by $kaling factoy calculated following Eq.(3.57):

_ U0
B, _T_m (3.57)

According to the presented procedure the desigm imption for each specimen is defined as:

6(t)=7 ) (3.58)
where g(t) represent the reference input motion preseint&igure 3.36.

Oncegi(t) is determined, the test consists of a seriesrsf afi increasing levels, with an input motion
defined by:

G,lt)=a;[gt) (3.59)

where the indexrepresents the different specimen and the indegresents the run of the analysigis the
amplification factor of the rupfor the specimei;. for every specimen the first run correspondsitel. In

Table 3.17 the main characteristic of the inputiomoapplied to each specimen are resumed.
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Table 3.17 — Main characteristics of the input rantapplied to each specimen.

ampificatio factor

Spec. G M f5AE & so(f,€) uo To PV fy o 1 B a; a, az; ay
[MPa] [ton] [HZ] [%] [m/s] [mm] [MPa] [%] [MPa] [MPa] (ws] [[1 [ [ [ [

T6 14240 1252 12 7 149 0.26 3.1 0.40 500 1 3 09%4 1 13 15 18

T7 14240 11272 4 7 255 404 48.0 0.40 500 1 3 0.063 1 2 5 10

T8 14240 1252 12 7 149 0.26 3.1 0.40 500 0 2 0642 1 14 18 -

3.4.1.3  Nonlinear finite element modelling and results

NLFEA have been carried out with ABAQUS code adugptihe PARC_CL1.0 crack model. Due to
the fact that, as just mentioned, in this secti@nanalyses are limited to the pushover and statiec analysis
only 2 out of the 4 specimens was analysed (T6Teé8)d Indeed, the only difference between T6 and T7
specimens is the numerical mass applied to thendignanalysis, as shown in Table 3.14.

All the specimens are modelled using 4 nodes nayt+ shell elements. The Gauss integration
scheme is adopted with 4 Gauss integration po8#¥ @long the thickness each element is dividedlayers
with 3 Simpson section integration points. Reinfonent is modelled using a smeared approach acgaalin
the PARC_CL 1.0 crack model prescriptions. The ayerlement length is equal to 50 mm. In Figuré &3
reported a solid view of the mesh adopted for NLFEA

|:| Linear elastic material

I Web of the wall

- Flange of the wall

Figure 3.37 — Solid view of the adopted mesh.

The top and the bottom beams have been modelled lisear elastic material, while the web and the
two flanges of the wall have been modelled usiniREBACL 1.0 crack model. Furthermore, due to the
confining effect of stirrups, the flanges are méetkconsidering a confined concrete, calculatedrmicg to

the formulation proposed by [Mander et al., 198@hich leads to an increasing of both the compressiv
strength and the ultimate compressive strain.

The analyses have been carried out using the medamsvof the material properties as reported in
Table 3.18. In Table 3.18 tlag, value is calculated on the basis of the bar sgaaiicording to Eq.(3.60):
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W =StS
m 2\/5

wheres, ands; represent the bar spacing in the two orthogomattons of the upper reinforcement grid.

(3.60)

The fracture energy in tensio®) is evaluated according to the formulation proploseffib-Model
Code 1990]. The fracture energy in compressiay) (s set equal to 250 times the fracture energgmsion,
according to Nakamura and Higai [Nakamura and Higa01], for the unconfined concrete, while for the
confined concrete the fracture energy in compresisiaerived in order to obtain the ultimate conspiee

strain in accordance to [Mander et al., 1988].

Table 3.18 — Mean mechanical properties used inEhfodel.

Concrete (see §3.2.1) Steel (see §3.2.3)
un-confined confined
Spec.
ay Ec fi Ge Etu fe Ge Ecer  Ecu fe Ge Ecer  Ecu Es fy,ven fy,hor
[mm] [Gpa] [MPaIN/mm] [] [MPa] N/mm] [] [] [MPalNNmm] [ [] [GPa] [MPa] [MPa]
T6 88 223 3.1 0.069 0.002 331 17.3 0.002 0.011 389 39.0 0.003190 200 594 572
T8 88 21.3 2.8 0.063 0.002 28.6 15.7 0.002 0.011 332 21.0 0.002130 200 594 594

The boundary and loading conditions applied foticfaushover and cyclic analyses are presented in
Figure 3.38.

The translation in the-direction is fixed in correspondence of the an@lements of the experimental
specimens; the translation along #éirection is fixed at the base of the bottom beaah the out-of-plane

behaviour is prevented by fixing the translatioongl they-direction of the whole model.

Load is applied in two different steps: in a fegtp the self-weight and the vertical pressurepsied,;
in a second step the horizontal displacement i©gmg in correspondence of the section defined T3ec
Figure 3.38.

During the experimental tests, in order to applsemhear condition to the wall, the rotation of tiye
beam was prevented by means of two vertical jdokSILFEA the same condition is obtained by applyang

multi-point constraint in “Sec T”, Figure 3.38.
The pushover analyses have been carried out inegeie horizontal displacement till the failure.

The cyclic analyses have been carried out applgri§ec T” the horizontal displacement measured

during the experimental PSD tests.

The implicit method was adopted by the solver wiiile Newton-Rhapson method was used as
convergence criterion. The force and displacemelerance was fixed to-802 for forces and 19 for

displacements.
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Figure 3.38 — Boundary and loading conditions f@tE pushover and cyclic analyses.
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In Figure 3.39 is presented the comparison betwlee®xperimental results and the static pushover
analysis, in terms of shear force vs top displacgpfier T6 specimen. In Figure 3.39 the main evestsstered
by NLFEA are marked using different colors, NLFE#sults are stopped when the crushing of concrete is
reached. Crushing of concrete is achieved whendhgressive strain of concrete reaches the ultinadtes,
&cu, highlighted in Table 3.18.
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-5000 :L _______ i ________ i ________ ® Crushing of concrete
| | | = = = Analytical
6000 -------- [ e e = B p——— ) ——— T
-15 -10 -5 0 5 10 15

top displacement [mm]
Figure 3.39 - Static pushover analysis: T6 wallinparison between NLFEA using PARC_CL 1.0 and
experimental results.
The main events, highlighted in Figure 3.39 aporied with their contours in Figure 3.40. As shown
in Figure 3.39 and Figure 3.40 before the failatgracterized by crushing of compressive concoetly,the

vertical reinforcement reached the yielding while horizontal reinforcements remains in the eldiid.
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Figure 3.40 - Static pushover analysis: contoursnain events registered for T6 specimen: (a) yigjdif
vertical bars, (b) crushing of compressive conciatd (c) crack pattern when the crushing of coreist
reached.
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The results reported in Figure 3.39 shows that NLEEing the PARC_CL 1.0 crack model are quite

able to envelope the results of the Pseudo-Dynarperimental test.

Similar results can be obtained analysing the T&ispen, as reported in Figure 3.41 where the
comparison between experimental and NLFEA resuéipeesented in term of force-displacement cunge. A

for the previous specimen the main events occutueithg the NLFEA are also highlighted in Figure13.4

Force [kN]

: SARER./ S A Experimental
-3000 r----i- o alaiaiiy PARC_CL 1.0
N ® Yielding vertical bars

-4 000 r------- el ety ® Crushing of concrete
E E E = — = Analytical
5000 “-----—- eI CH— CHp—
-15 -10 -5 0 5 10 15

top displacement [mm]
Figure 3.41 - Static pushover analysis: T8 wallinparison between NLFEA using PARC_CL 1.0 and
experimental results.
The main events, highlighted in Figure 3.41 aporied with their contours in Figure 3.42. accogdin
to the T6 specimen, also in this case before tileréaonly the vertical reinforcement yielded whilee

horizontal ones remained in the elastic field,lasas in Figure 3.42.
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Figure 3.42 - Static pushover analysis: contoursain events registered for T8 specimen: (a) yigjdif
vertical bars, (b) crushing of compressive conceatd (c) crack pattern when the crushing of coreist
reached.
The assessment of the NLFEA carried out using PARC1.0 is then extended to static cyclic
analysis obtained by imposing at the top of thecispen the horizontal displacement measured dutieg t

experimental PSD tests.
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Simulation of monotonic and cyclic in-plane behawio

In Figure 3.43 is presented the comparison betvegetic NLFEA results and experimental PSD

outcomes.

= = = Analytical

5 10 15
top displacement [mm]

PARC_CL 1.0 |

Figure 3.43 - Static cyclic analysis: T6 wall, caamigon between NLFEA using PARC_CL 1.0 and
experimental results.
The results plotted in Figure 3.43 show that while NLFEA curve is quite able to reproduce the
experimental behaviour in the loading phase, eapigdn the negative side of the imposed displacaim®n
the other hand, the unloading-reloading behavibtained with NLFEA is absolutely different compaxeith
the experimental outcomes. This fact can be expthamalysing the cyclic behaviour of both conceetd
steel presented in 83.2; the secant path in theadmg-reloading phase cannot consider the plastic
deformation and the hysteretic cycles and so thé&BH are not able to reproduce the overall cyclic

experimental behaviour of the specimen.

In order to highlight the stability of the analysiFigure 3.44 is plotted the curve related torthmber
of iteration needed to obtain the convergence eah ¢iae increment. The red dotted line in Figuré43.
represents the maximum number of iteration allofeeéach time increment. The solution of a timerémeent
is accepted after the maximum number of iteratibomed has been completed, even if the equilibrium
tolerances are not satisfied. However, this comdishould be avoided because it could lead to & dbs

stability and reliability of the results.
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Figure 3.44 - Static cyclic analysis: T6 wall, nuenlof iteration used to obtain the convergencéhef t

Newton-Raphson implicit method.

The results plotted in Figure 3.44 show that th&REACL 1.0 crack model is quite able to reach the

convergence at each time increment. This is dtleetsimplicity of the model in unloading-reloadiplyase;

indeed, the unloading-reloading path, characteri®ed straight line secant to the origin, can suhellp the

analysis to reach the convergence.

Similar conclusion can be deduced analysing théaclgehaviour of T8 specimen, reported in Figure

3.45.
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Figure 3.45 - Static cyclic analysis: T8 wall, caamigon between NLFEA using PARC_CL 1.0 and
experimental results.
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Discussion and conclusions

Also for the T8 specimen in Figure 3.46 is reportieel number of iteration needed to obtain the
convergence at each time increment. The red déttedn Figure 3.46 represents the maximum numiber o

iteration allowed for each time increment.
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Figure 3.46 - Static cyclic analysis: T8 wall, nuenlof iteration used to obtain the convergencéhef t
Newton-Raphson implicit method.
The results plotted in Figure 3.46, similarly teetbnes reported in Figure 3.44, show that the

PARC_CL 1.0 crack model is quite able to reachctirevergence at each time increment.

3.4.2 Synopsis

The results presented in this section highlighteddapability of PARC_CL 1.0 crack model to predict
the experimental behaviour of RC squat wall in tefmpushover analysis. Indeed, the results obtaivigd
NLFEA are quite able to reproduce the envelopeeofthe experimental PSD test, not only in terrtoafl-
displacement curve but also with respect to tHarlaimode. Moreover, the shear strength evaluateddans
of NLFEA is closer to the experimental shear sttemgpmpared with the analytical formulation. On thieer
hand, in order to obtain a more realistic respaigbe structure subjected to cyclic loading theRRA CL

1.0 need to be refined to consider the plasticiaadersible deformation in the unloading phase.

3.5Discussion and conclusions

In this chapter the potentiality of NLFEA with midiayer shell elements and PARCL_CL 1.0 was
investigated. Different kind of reinforced concratembers were analysed, eg. RC slabs and RC sailat w
The obtained results are in accordance with thiegdphy of fib-Model Code 2010] and so the increasing of
complexity associated to NLFEA with respect to difigal analytical formulation is strictly related tan
increasing in the precision of the structural remsgoevaluation. These results demonstrated timatkiés sense
to invest in a more advanced and time-consumingutation if this can show that an existing struetis

reliable enough and does not need strengthening.
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Moreover, while the monotonic behaviour of RC merslman be well reproduced using the presented
PARC_CL 1.0 crack model, the last proposed appiinadn RC squat walls highlighted that the presgnte
crack model was not able to reproduce the cycBpoase of a structure, due to the fact that the RAR
1.0 crack model does not take into account the oot of irreversible plastic deformation neither i
concrete and steel. The search for a more accanateealistic modelling for structures subjectedasmic

actions, leading to the need of more complex models

For this reasons the research is continued irtfestion, as shown in the following chapter. lapter
4 the implemented PARC_CL 2.0 crack model is preeseThe PARC_CL 2.0 crack model is the main topic
of this Ph.D. thesis and allows to consider pladggiformation both in concrete and steel. This madapplied
to simulate the cyclic behaviour of the same squalls analysed herein with the aim to assess the
improvements with respect to the PARC_CL 1.0. Meesasome different case studies were analysed in
chapter 4 using PARC_CL 2.0 crack model.
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Introduction

4 Implementation of PARC _CL 2.0 crack model

and its applications

“The use of this subroutine generally requires é¢dagble expertise. You are
cautioned that the implementation of any realisbastitutive model requires
extensive development and testing. Initial testing single-element model with

prescribed traction loading is strongly recommended

ABAQUS user’s manual

4 .1Introduction

The results presented in the previous chapteribigfield the importance of refining the PARC_CL 1.0
crack model in order to obtain a more realistipogse from a RC member subjected to cyclic loadimdeed,
the monotonic behaviour can be well predict ushegRARC_CL 1.0 crack model, but, on the other htred,
cyclic behaviour, defined by an unloading-reloaduagh secant to the origin, needs to be improvedilis

reason, a new version of the model, the PARC_Clcéabk model, was developed.

The PARC_CL 2.0 crack model is implemented as a sigeroutine UMAT .for in Fortran language
within ABAQUS code [Abaqus 6.12, 2012] and it isiefly described in 84.2. The PARC_CL 2.0 crack model
allows considering plastic and irreversible defaiorain the unloading phase and therefore to taite i
account the hysteretic cycles of both concretesdeel reinforcement. Moreover, in order to propealygse
the dynamic behaviour, the Rayleigh damping stdéaproportional coefficient was developed and thiczd
in 84.2.2.

In order to highlight the improvement produced by PARC_CL 2.0 crack model in the prediction
of the cyclic in-plane behaviour of a RC membee,shme squat walls analysed with the PARC_CL héker

model in 83.4.1 are analysed in this section ugiegPARC_CL 2.0 crack model, as presented in §4.3.

Finally in 84.4, the PARC_CL 2.0 crack model waeztdd to analyse the out-of-plane instability of

RC slender walls subjected to cyclic horizontaldiog. Three different specimens were analyzed4id.8
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two “T shaped” walls were studied, subjected teplene horizontal cyclic loading (TW1 specimen) and
combination of in-plane and out-of-plane horizomtatlic load (TW4 specimen); in 84.4.2 a “U shapedil

subjected to cyclic load was analysed.
4.2Description of PARC_CL 2.0 crack model

Likewise the PARC_CL 1.0 crack model, the PARC_CQ @ack model is based on a fixed total
strain crack approach. The basic hypotheses #ifids therefore at each integration point two exiee
systems are defined: the losay coordinate system and the? coordinate system along the orthotropic axes.
The angle between tHedirection and the-direction is denoted ag, whereasi= -y is the angle between
the direction of théh order of the bar and thedirection, Figure 4.1-a. When the value of thagipal tensile
strain in concrete exceeds the concrete tensilé dtmain & ¢, for the first time, the first crack is formed,dan

for following loading stages, tHe2-coordinate system is fixed, Figure 4.1.

(b)

Figure 4.1 — (a) RC element subjected to planesststate and (b) crack parameters.

One of the main difference between the PARC_Clakdthe previous PARC_CL 1.0 are related to
cyclic behaviour of both concrete and steel. Thecoete cyclic behaviour, presented in 84.2.1. bwal to
consider plastic deformation in the compressiveoaling branch; moreover, also the aggregate imderlo
phenomenon is modelled with a cyclic behaviourslaswn in §4.2.1.3. the hysteretic behaviour ofIstee
subjected to cyclic loading are implemented in B&RC_CL 2.0 crack model, as reported in §4.2.1.2,
according to the formulation proposed by [Menegatid Pinto, 1973].

Another important difference between PARC_CL 2.d ®\RC_CL 1.0 is related to the dynamic
behaviour. Indeed, in the PARC_CL 2.0 the stiffnpsgportional damping is introduced in the model

following the procedure illustrated in §4.2.2.2.

In the following section the static cyclic and dgmia behaviour of PARC_CL 2.0 crack model is
presented; moreover, the model is validated by medncomparison with simple case studies found in

literature and analytical formulation.

In Figure 4.2 the flow-chart of the implements PARIL 2.0 crack model is presented.
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4.2.1 Cyclic behaviour

4211 Concrete model

42111 Biaxial versus uniaxial strains
y 2 ) 2 ‘ -
! 1+ 1 1+
(85} o
¥i ﬁiiﬂ ﬁ 6] ”””” T ””” § iﬁ) """ T ----- 1 :L_'Z
<= Uv ! > : i
CZ’B ; = : o ' &
2N : = — “_’! — :_.I
i = 1 :
=4 = | |
e e t L l TN | l I |
(a) RC membrane element subjected e (&) Uicaial stva aaditian

to plane stress state

Figure 4.3 — (a) Reinforced concrete member subfetd plane stress state; (b) biaxial strain coiogitand
(c) uniaxial strain condition.

The concrete behaviour is assumed orthotropic betbre and after cracking and the total strains at

each integration point are calculated in the orthmit 1,2-system, Figure 4.3-a:

‘912 [ ][ﬁfxy} (4.1)

where [Tw] is the transformation matrix, shown in Eq.(4.2):

cos siny cosy [$iny
[Tw] = siny cosy —cosy Biny (4.2)
-2[osy Biny 2[cosy [$ing cos ¢ —sin®y

{&,2 and {&.} represents respectively the biaxial strain vedtod,2-system and,y-system, as
shown in Eq.(4.3) and Eq.(4.4), Figure 4.3-b.

{El,z}z{gl & 1/12}t (4.3)

let=le & nt (4.4)

The stress-strain behavior presented herein isiledééz] on the base of the uniaxial strains inltf2e

coordinate system, calculated according to Eq.(&£§)4.6) and Eq.(4.7), and shown in Figure 4.3-c.

£, (4.5)

& (4.6)
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Description of PARC_CL 2.0 crack model

Vi2 = Vi (4.7)
After the first crack, the Poisson’s ratio is assdnto be zero, therefore in Eq.(4.5), Eq.(4.6) and
Eq.(4.7), the biaxial strains are the same asrtlaxial strains. This condition is illustrated iig&re 4.3-b and
Figure 4.3-c, where the stressgsand > are related to the uniaxial strains and reprebetit the biaxial

stresses and the uniaxial stresses.

42112 Envelope curve

The envelope curve for concrete, shown in Figueid.defined by Eq.(4.8) for tensile behaviour and

Eq.(4.9) for compressive behaviour:

Tensile behavior:

E Ose<egy
E-¢€
09 th +0.1 th(—telJ Eiel €< Eior
Eior ~E€rel

o= 3 (4.8)

f l+ ‘g_gt,cr _ ‘g_gt,cr _ g_gt,cr E(U. 3) _

¢ c,3———| |[&xp —-c, [ +C, Eéxp( cz) Eiaq SE<E&,
Eiu &y Eiu , ’
0 E2 &,
Compressive behavior:
E. L& Eq <ESO
2
£-¢

L%l“"‘- CE| }_ZEE—ce'] :| gccrl <‘£‘<‘£‘C£:‘|

3 Ecor "€l Ecor “E€cel Y '
o= 2 (4.9)

-
fc Eﬁl ( il :| gc,u < € < €C,CI’
£,
where:
_ _ G _
£ =090 f,/EC £co = f./(3LEC) = 5136°F (hct,) Ecu =Ecor +15 ﬁ% ¥,
Eor = 0.00015 Ecor = 5[£c’e, c,=3 c, = 693

The value ofh in the PARC_CL 2.0 crack model is fixed equal te square root of the average

element area, according to [Hendriks et al., 2012].

The value ofGr represents the fracture energy of concrete indaramnd can be evaluated according
to [fib-Model Code 1990]. The value G is defined as the energy required to propaga¢asilé crack in a
unit area of concrete. The transition between thsighted energy by a single macro-crack in coact,
and the energy dissipated by several macro-craakinforced concreteGR%, is defined in accord with

Eq.(4.10):
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Lh

Gr© =GF(

wherean is set as the average crack spacing and

sleep between concrete and steel octus, as defin

(4.10)

can hdatelt on the base of the length over which the
e inflb-Model Code 2010].

Gc represents the fracture energy of concrete in cession. The ratio between the fracture energy of

concrete in compression and in tension is assumpeaal ¢0 250 according to [Nakamura and Higai, 2001]

Compressive domain

Tensile domain

1 | oO——p
Etel Et,cr Etu e
13 £,
NOT TO SCALE
fe

Figure 4.4 — PARC_CL 2.0

Multi-axial state of stress is considered by

, cyclic behaviour of ceter

redgdhe compressive strength and the corresponding

peak strain due to lateral cracking, as given in(Bd1) and shown in Figure 4.5, according to [8fec and

Collins, 1993].

{ :]/(0.85— 0.27%]

(4.11)
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Figure 4.5 — Compression softening model accorttnyecchio and Collins, 1993].

42113 Cyclic behaviour

As stated in the introduction of the present chaite PARC_CL 2.0 crack model allows to consider

plastic and irreversible deformation in the unlogdphase.

The tensile unloading-reloading scheme is definéd & secant behaviour, similarly to PARC_CL

1.0 crack model, since the plastic deformationfétensile domain are considered negligible.

The compressive unloading-reloading scheme allbe/atcounting of plastic deformations following
the procedure presented in Figure 4.6 and bas#tkatefinition of two further variables; . and e re; & p1 IS

the plastic compressive strain and is updated emtivelope curve with Eq.(4.12)

& pl = Ecre " O0¢re EEC (4-12)

The unloading phase is determined considering tiferent paths: the CSCD path and the
CD—CE path, defined according to the notation preskiméigure 4.6.

The CC-CD path is achieved following Eq.(4.13) while iret€D—CE path the stress is fixed at
zero as in Eq.(4.14):

Tere Eﬂg - 5c,p|) if £oSE<E, (4.13)

cre —
£ Ecpl

cre

0 if € <e£<0 (414)

c,pl

During all the unloading-reloading cycles the valwé & . and g: . remain fixed: they change only
after the stress-strain relationship experiencasae envelope curve. On the other haggljs updated once

the unloading phase moves through the intessak € <& pand it assumes the value of the last experienced
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strain. This consideration allows to calculate tbading behaviour using the same equation regadne
Eq.(4.13) and Eq.(4.14). Indeed, using Eq.(4.1B) fossible to define the reloading-GEF path based on
the updated pi .

Compressive domain O .
€c,u &c,pl Ec,cr > €c,pl,updated -
CG b i CE | |O &
i [ 13t
CA
CC |
€c,re; 0, re CF i
S ;
CB ’

Figure 4.6 — PARC_CL 2.0, cyclic behaviour of coasgive concrete

42.1.2 Steel model

The reinforcement is assumed smeared in concreatiRg the uniaxial strains of the concrete,

defined in thel,2-system, it is possible to obtain the uniaxialisgalong each steel bars axes, as follow:

£, =£.cosa, +&,sin*a, - y,,cox sing, (4.15)

The constitutive relation for steel, employed inFE&\ CL 2.0 crack model, is based on [Menegotto
and Pinto, 1973] and allows to represent the hggtestress-strain behaviour of reinforcing stesl &lso

including yielding, strain hardening and Baushingiéect, Figure 4.7.
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Figure 4.7 — PARC_CL 2.0, cyclic behaviour of reming steel.

The [Menegotto and Pinto, 1973] formulation carekpressed following Eq.(4.16):

in :0-* [GO-O _Ur)+ar (416)
where:
* * 1_b 8*
o bz +- L0 *) (4.17)
+& R)yR
=5 TE (4.18)
&y — &

Eq.(4.17) represents a curved transition from aigtt line asymptote witks inclination to another
asymptote withey; inclination, Figure 4.7. In Eq.(4.16) and Eq.(4,1& and & represent the stress and the
strain in the point where the two asymptotes otthesidered branch meet (eg. point A in Figure; 4in)ilarly
o and& are the stress and the strain in the point wherdast strain reversal occurs (eg. point B in Fégu
4.7). As indicated in Figure 4.7g4,&) and @r,&) are updated at each strain reverisad;the strain-hardening
ratio and can be calculated as the ratio betvisaesmdEs;:

Eyi

b=—
E. (4.19)
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Finally, Ris the parameter that influences the shape dfdingition curve between the two asymptotes
and allows a good representation of Baushingerceffeis considered dependent on the strain difference
between the point in which the last strain revessalrs (e.g. point B in Figure 4.7 for the coneediebranch)

and the previous asymptotes meeting point (eg.tpGinn Figure 4.7 for the considered branch). The
expression oRis reported in Eq.(4.20):

a, [
R=R,-—
Ro a,+¢& (4.20)
whereRy is the value of the parametduring the first loading cycley anda, are experimentally determined
parameters. The influence Rfin the shape of the curve is depicted in Figure 4.

In order to investigate the influence Bf, a1 anda; parameters on the stress-strain relationship a
preliminary parametric study was carried out. Theametric study was based on the experimental dgmpa

carried out onpl2 bars tested at the ETH Zurich by [Thiele et2001], Figure 4.8.
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Figure 4.8 — Reference experimental campaign foametric study orRo, a1 anda parameters: (a)
experimental set-up, (b) experimental results [TEhet al., 2001].
The reference parameters, according to [Fragiaddlas, 2007], were set equalRe=20,a,=18.45

anda;=0.15. The results obtained by changing the paerfRet(Figure 4.9), the parametey (Figure 4.10),
and the parameteg (Figure 4.11) are reported below.
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Figure 4.9 — influence ofdparameter in the slope of the steel behaviour.
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Figure 4.10 — influence ofigarameter in the slope of the steel behaviour.
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Figure 4.11 — influence okaarameter in the slope of the steel behaviour.

From Figure 4.9 it can be noted that the increasintpe parametelR, leads to a decreasing of the
curvature of the stress-strain relationship, et’érei scatter in NLFEA results is rather small atidhe curves

obtained by means of NLFEA do not quite match tigeeemental results.

The results reported in Figure 4.10 highlight hdwy, increasing thex; parameter, the curvature
increases; also in this case the scatter betweeexjerimental and the NLFEA results is relativalge for

all the different values of the parameter.

Finally, the curves reported in Figure 4.11 showat the slope of the stress-strain relationshgnsfy
depends on the, parameter. In particular assuming@001 the NLFEA curve fits well the experimental
results. For this reason, in the PARC_CL 2.0 craoklel the following final set of parameters is u@Rg:20,
a,=18.45 and,=0.001).

4.2.1.3 Aggregate interlock model

The PARC_CL 2.0 is a fixed crack model and, asrssequence of this, a proper definition of the
shear stress vs shear strain behaviour is fundamednteed,due to the fact that after cracking the
orthotropic coordinate system is fixed and deteediby the crack direction, shear stresses andstrai
may develop along the crack.
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Description of PARC_CL 2.0 crack model

According to the total strain concept, the PARC ZQ crack model assumes that the un-cracked
concrete, characterized by the elastic shear defiwmy, e, and the cracked concrete, characterized by the
cracking shear deformation,.c, behave like two springs in series, Figure 4.1Zkerefore, the equivalent
overall shear modulu$zeq, in the cracked phase can be calculated accotdikg).(4.21), as schematically

reported in Figure 4.12-b:

GIG

G 5ra. (4.21)

whereG is the elastic shear modulus, Eq.(4.22), wBieis the cracked shear modulus.

E

S~ 5iss) (422

The cracked shear moduluSg, is related to the effect of aggregate interlookl & calculated

according to the formulation proposed by [Gambara®s3], presented herein.

A

P
r
ylZ,eI y12,cr P
VvV
G GCI’
N
\\/G*cr
> (a)
V cr y12,cr
leh
*
Vi2 4P
___________ - —
—un-cracked phase J\/\/\/\/\/\/\—‘
L —cracked ph
LG cracked phase Geq
P L ‘ (b)
¥ I ¥

VCI’

Figure 4.12 — Aggregate interlock, overa}-)4> behavior based on the total strain assumptiontated in
Eq.(4.28).
According to the formulation proposed by [GambardV@83], the shear stress, caused by the effect
of aggregate interlock, depends on the crack ogewinand on the crack sliding, From the shear sliding,
the shear strain in the cracked phgsgs, can be evaluated by using the crack bandwhidintroduced in
84.2.1.1.2, according to Eq.(4.23).
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_V
y12,cr .

- (4.23)

Finally, the bilinear formulation proposed by [Gaantiva, 1983] for monotonic loading, shown in

Figure 4.13-a, can be written as follow:

r . .
T =— |:l/lz,cr =G *cr |},lz,cr if y12,cr s Ver
o (4.24)

T,=T if y12,cr > Vor

where 7 and y; represent the point corresponding to the end effitist linear branch when cracking is

occurred, as shown inz Kz« curve of Figure 4.13-a, and they can be calculegepectively with Eq.(4.25)

and Eq.(4.26), for different values of crack opegnim

> a;ta, wl 1
r = fE{l— w ] =V (4.25)
dmax [V*J w

* \Y
Ver h ( )

245 4
-7

wherer = 027 f_; v/ :Lw+a6; ay =T, a, = 244 1——), a; = 0366[ f, + 3333 anda, = f_/110
85

The obtainedrnz- 2o bilinear curve is schematized in Figure 4.13-ajlevin Figure 4.13-b the

influence of crack openingy, is reported.

. 10
A
z—12 g
ol SRR 6
: 44
i _ 21
! g o
: 2.5 |
: o w=0.1 mm
! = -4 1 w=0.3 mm
' -6 —w=0.5mm
G* —w=0.8 mm
:Clr -8 1 —w=1 mm
: -10 : :
V‘I % > -0.1 -0.05 0 0.05 0.1
cr 12,cr (a) Yol (b)

Figure 4.13 — Aggregate interlock, monotonic bebaxi (a) 72 Ji2.cr curve and (b) influence of crack
opening on rix- Yoo CUIVE.

From Eq.(4.24), the cracked shear modulis, can be derived as expressed in Eq.(4.27):
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T r * i .

G, :L:_*:Gcr if Vizer < Ver
y12,cr ycr (4 27)

G =l _ T if Viger > Ve

o Vioer Vioer “ "

whereG . represents the secant shear modulus associathd fisst linear branch in the cracked phase, as

shown in Figure 4.13-a.

The formulation herein proposed allows to calcuthgeshear behaviour only for monotonic loading;
in the PARC_CL 2.0 crack model the cyclic behavisualso taken into account considering, in th@ading
phase, a branch with slo@., as shown in Figure 4.14-a. Changing the crackiopew, the value ofz’¢

change and hence different cyclic curves can beimdd as shown in Figure 4.14-b.

10
A 8
12 6 |
r* s ]
— 2
©
% a0
G cr G*Cr 2_2 i /
> 3 4 Wzg.% mm
-4 A A, w=0.3 mm
ylZ,cr 6 4 —w=0.5 mm
—w=0.8 mm
-8 A —w=1 mm
'10 T T T T
e -0.05 -0.03 -0.01 0.01 0.03 0.05
(a) ylZ,Cl[_] (b)

Figure 4.14 — Aggregate interlock, cyclic behavio@) ri2- Ji2,cr curve with loading and unloading phase (b)
influence of crack opening amx- 42 «r Cyclic curves.

Combining the just obtained cracked shear modubgs,with the elastic shear modulus, using

Eq.(4.21), the overaltio- Ji-behavior, reported in Figure 4.12-b, can be deragdeported in Eq.(4.28):

I, =G, if Vi, <y
T1p = Geq U2 if ye <yp<y (4.28)
I[,b=T if y,>y

where)s corresponds to the shear strain at the onsetrairete cracking angt defines the point after which

the shear strain remains constant and is equal to:

Y =VatV; (4.29)

In EQ.(4.28)G eqis calculated using Eq.(4.21) by substitutfigwith G .

421.4 Overall behaviour

The concrete and steel behaviours as well as ititeiraction effects are modelled with constitutive

relationships for loading-unloading-reloading cdaiwhis as presented in the previous paragraphs.dvere

99



THE PARC_CL 2.0

the concrete behaviour is defined along the ortipidr axes 1,2-system in Figure 4.15), while the steel
behaviour is defined along the coordinate systefnei@ by the inclination of thigh order of barx,y-system
in Figure 4.15).

(b)

Figure 4.15 — (a) RC element subjected to planesststate and (b) crack parameters.
The concrete stress vector, in th&coordinate system can be generated as follow:
0,

{Ulz} =102 (4.30)

T;p

where i and o represent the stresses in concrete in the norimegdtidns calculated following the relation

presented in 84.2.1.1, whike; is the shear stress in concrete calculated acwptdithe aggregate interlock

model presented in §4.2.1.3.

The steel stress vector, defined for eigletorder of bar in the,yi-coordinate system, can be generated

as follow:
aXi
{0 X } =, 0 (4.31)
0

where g;; represents the stress along the axis ofittherder of bar and it can be calculated followthg
procedure explained in 84.2.1.2. From Eq.(4.3tait be noted that no stresses in the directiorepdrpular
to the axis of the bar develop, due to the fadttte dowel action phenomenon has not been corsidet.

Both the concrete and the steel stress vectorbe#ansformed from their local coordinate system t

the overall globak,y coordinate system using respectively Eq.(4.32)En4.33):

o x,y}c = [qu]t o) (4.32)

{ax,y}s,i = [Ta ] t [ﬁax ,yi} (4.33)
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Where[Tl/,]t is the transpose of the transformation matrixpregg in Eqg.(4.2), and can be expressed as shown

in Eq.(4.34):

cos’ Y sin?y - 2[Gosy Biny
[T,/,]t =| sin’y cos 2 [Eosy [$iny (4.34)
cosy Bing —cosy Bing  cosy —sin*y

The total stress in they-system is obtained by assuming that concrete @nibrcing bars behave
like two springs placed in parallel:

{ax,y} - {Ux,y}c + IZ:, P {Ux,y}s,i (4.35)

wheren is the total number of the orders of bars anepresents the reinforcement ratio for eviényorder

of bars.

The proposed PARC_CL 2.0 model is based on a tamggmmoach, in which the Jacobian matrix in
the local coordinate system for each material lmpmsed by derivatives as shown in Eq.(4.36) forcoete
and in Eq.(4.37) for eadth order of bars.

oo, 1 oo, Vv 0
0, (1—V2) 0, (1—V2)
|00 v do 1
[D.,]= 6512 ] 6822 ] 0 (4.36)
0 0 ﬂ
i 012 ]
9% 5 o |
0&,
= o 0 o (4.37)
0 0 0
i |

After the first crack the Poisson’s ratio is assdrtebe zero and the terms out of the diagonalrineczero.

Finally, the global stiffness matrix is obtainedrr Eq.(4.38):

[Dx,y] = [Tz//]t EﬁDLZ]EﬁTw]+iZ;:pi [Ta]t EﬁDw ][ﬁTa] (4.38)
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4.2.1.5 Validation of the model under cyclic loading

In order to assess the efficiency of the presemARC CL 2.0 crack model under cyclic static

loading, some experimental tests on RC panels fouligtrature were investigated.

The reference experimental program, referred tonddar and Hsu, 2005], was performed using the
“Universal Element Tester” facility at the Univegsbf Houston and consists in 12 panel specimestede
under reversed cyclic shear stresses. 8 out of2hgpecimens are investigated in this section bgnaef
NLFEA and PARC_CL 2.0 crack model.

The test program was aimed to investigate the tsffefcsteel bars orientation and reinforcemenbrati
on panel behaviour. All panels were 1398x1398x118 im size, except panels CE4, CA4 and CB4, which
were 1398x1398x203 mm in size. The properties@ptinels are given in Table 4.1, including the manxn
compressive stress of concr&teghe fracture energy in tensidgs, and in compressior3c, used in NLFEA,
the yield stresses of stegl,and the orientation of thei steel barg.

Table 4.1 — Steel Bar arrangement, material propsrand primary variables of panels tested by [Mams
and Hsu, 2005].

Concrete steel ir-i direction steeliny-i direction

fe Gr Gc P xi fy Py fy 6,
[MPa] [N/mm] [N/mm]  [%] [MPa] [%0] [MPa] [degrees
CE2 49 0.147 36.78 0.54 424.1 0.54 424.1 0
CE CE3 50 0.148 36.90 1.20 425.4 1.20 425.4 0
CE4 47 0.146 36.50 1.90 453.4 1.90 453.4 0
CA2 45 0.145 36.20 0.77 424.1 0.77 424.1 45
CA CA3 | 445 0.145 36.20 1.70 425.4 1.70 425.4 45
CA4 45 0.145 36.20 2.70 453.4 2.70 453.4 45
CB3 48 0.147 36.63 1.70 425.4 0.77 424.1 45
CB4 47 0.146 36.50 2.70 453.4 0.67 424.1 45

Series Panel

CB

Regarding the loading method, the test panels stdrected to reversed stresses in the horizontal an
vertical directions using the Universal Panel Tieftisu et al., 199%. The Universal Panel tester allows to
switch from stress control to strain control. Irrtwaular, the stress control mode was used up etdiyig,
followed by the strain control mode after yieldiigefore yielding, in the stress control mode, theazontal
stress was used to control the vertical stress asithey were equal in magnitude and oppositer@ction, in
order to obtain a state of pure shear stress i) thgstem inclined at 45° with respect to ¥pesystem, Figure
4.16. The testing facility was able to switch fretress control mode to strain control mode jusbtaeyielding
[Hsu et al., 1999. After yielding, in the strain control mode, tisbear strain (the algebraic sum of the

horizontal and vertical strain) was used to corttielhorizontal principal stress which was usecbtatrol the
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vertical principal stress such that they were abvagual in magnitude and opposite in directiorgriter to
obtain, also in this condition, a state of pureasistress in thej-system inclined at 45° with respect to the

X,y-system, Figure 4.16.

The loads were applied through 20 horizontal ande2fical jacks. The horizontal and vertical apghlie
stresses were measured using 40 load cells. The stness in thgj-system inclined at 45° with respect to the

X,y-system was then calculated by means of stressforamation.

EXPERIMENTAL TEST NLFEA
DISPLACEMENT
1398 mm 1398 mm CONTROL
)’AI IO’yI I I YHI IO‘YI I I T3D2
178 i i
- |- ,
G hand [ G (G ]
- = = = (G
ﬁ:{ S <—>01398mm S ‘—Pcl398mm M3D4R
| — | S
=) g =) =
% %
NI NI
N\‘ T3D2
- - I
(8) Panels of CE-serie§i€0°) (b) Panels of CA-and CB-serie8%45°) (c) Modeling of test panels

Figure 4.16 — Experimental program, steel bar ot&ion in test panels: (a) panels wig0° and (b)
panels withd=45°. (c) NLFE model of the tested panels

NLFEA analysis was carried out using a single titieeensional, 4-node membrane element with
reduced integration (defined M3D4R in [Abaqus 6.2@12]), Figure 4.16-c. An external frame, modelled
with 2 nodes with regular integration scheme (dedim3D2 in [Abaqus 6.12, 2012]), with a very higiffsess
compared to the panel, was used to simulate the zading condition experimentally imposed. At tfaanme
end the cyclic displacement time history was impo&&ach truss of the frame was inclined of 45 degs®
that in correspondence of each node of the pdreehddal force acting on the panel was inclinetbodiegrees
too. In this way, the horizontal and the verticaices acting on the panel presented equal magnéode

opposite direction, as in the experimental set-up.

In Figure 4.17 the experimentally-measured sheasstvs. shear strain responses for panels of CA,
CB and CE series are compared with the analyticalahpredictions. The results plotted in Figure7date

referred to a plane inclined of 45° with respedhiex,\-system, théj-system.
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Figure 4.17 — Comparison between experimental alodE¥\ results.
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The results reported in Figure 4.17 highlightedt tttle PARC_CL 2.0 crack model provides
reasonably accurate response predictions, for mameinforcement ratios and orientations. An acualpt
level of agreement is observed between model astdrésults in terms of shear stress capacity netf,
ductility, shape of the unloading/reloading loogsd pinching characteristics of the response. Eurbre,
the behaviour characteristics and failure modesmes during the tests, including yielding of reirfement

and crushing of concrete, were observed to be stamsiwith the analytically-predicted responses.

As stated before, one of the aim of the experini¢esss carried out by [Mansour and Hsu, 2005] was
to investigate the effect of the steel bar orieatabn the cyclic behaviour. Indeed, the steeldy@ntation
produces different cyclic response of the shear Ineesn this becomes evident comparing the hystdoeifus
of two RC 2-D elements, CA3 (Figure 4.17-b) and GE&yure 4.17-g). According to [Hsu and Mo, 2018],
detailed study of the different behaviors of thegda with different steel bars orientation is coctéd to check
the PARC_CL 2.0 validity. Each tested panel cameggnt a 2-D element taken from the web of squét wa
subjected to horizontal loadneglecting the effects of vertical loads. In Figdrl8-a it is presented the panel
CAS3, in which the anglex between the bax{i,y-i system) and th&,2-coordinate system is 45°; in Figure

4.18-b it is presented the panel CE3 in which tigdesa: is equal to 0°.

% A, \% A

|
EN >;;? | oxi N W il
& % /o % b

o=4

o

E

P

| | @ | | (b)
Figure 4.18 — Squat walls and relative 2-D paneleént: (a) conventional horizontal and verticalestear
configuration and (b) diagonal steel bar configuoat

The most important difference between the shapeheftwo sets of hysteretic loops is due the
pinching effect. The comparison between the residtained analysing CA3 and CE3 panel (Figure #.17-
and Figure 4.17-g, respectively) shows the efféthe steel bar orientation in terms of shear ditctand
energy dissipation capacity. When the steel ba&r®aented in thé,2-system (CE3 panel and Figure 4.18-b)
the hysteretic loops are fully rounded and the biela is ductile, while when they are oriented &t 4CA3
panel and Figure 4.18-a), the behaviour is muchdestile. PARC_CL 2.0 model is capable of predigthe
pinched shape as well as the fully rounded of §fstdmnetic loops, in fact the PARC_CL 2.0 curvehaf CA3
panel (and of the CA series in general) is seveépghched’ near the origin, while the CE3 paneldati the

panels of the CE series in general) is fully rouhded robust.

In Figure 4.19 is presented a detail of the fiyeles obtained by means of NLFEA for CA3 and CE3

panel in order to show the pinching effect dudhtdifferent orientation of the steel bar.

The pinching effect in the two panels presentdeigure 4.19 can be explained by examining cracked
elements, in which the cracks are both vertical hodzontal because of previous cycles of positinel

negative shear stresses.
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Figure 4.19 — Pinching mechanism: (a) CA3 panehwitesence of pinching effect and (b) CE3 with
absence of pinching effect.

For panel CA3, since both the vertical and horiabatacks are opened, the applied st(essandoy)
must be resisted by the two 45° steel bars, FigL#@-a. The effect of stresses can be separatstioas in
Figure 4.20-a: while the horizontal stress induzesmpressive stress in the bars, the verticadsstreluces
an equal tensile stress, so the stresses in thd3fvsteel bars cancel each other out and the stifaess in
the B-C branch of Figure 4.19-a becomes zero.ddstde B-C branch in the panel CE3 (Figure 4.18kbs
a large shear stiffness, that is sustained urdilytelding of steel bars at point C. This is du¢ghefact that in
the panel CE3 the horizontal compressive stegss absorbed by horizontal steel bars while theicadr
tensile stress is absorbed by vertical bars, aarshio Figure 4.20-b. Both the compressive stressdhe

horizontal steel bars and the tensile stressdsseivértical steel bars contribute to the sheasstire the 45°

direction.
TGV steel bars T ov
On Su On On
— — = — +—
cracksZ

Ov Ov

l ! @

T Ov steel bars T Ov
|

ST e B
I N

l"" l"" (b)

Figure 4.20 — Cracked RC element, effect of st@eblientation on the pinching mechanism: (a) CAB@l
with 45° steel bar orientation and (b) CE3 panethAd° steel bar orientation.

To conclude, in this section it has been demorestréitrough comparison with experimental tests that

the PARC_CL 2.0 crack model is capable of providiegsonably accurate predictions of the nonlinear
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response of RC panels, thanks to the tangent agipraiaich allows to take into account plastic stsdincase

of cyclic loads.

4.2.2 Dynamic behaviour

4221 Damping

Damping is a peculiar energy dissipation mechanighich happens during structure vibration. The

matrix equation of motion takes the well-known foofrEq.(4.39):

M ]} + [c]dum} + [K]{uw} = {F} (4.39)

In this section the focus is pointed on the definitof the damping matrixd] and in particular the
most widely used Rayleigh damping is investigatédr Rayleigh damping the damping matrig] [is
expressed as in Eq.(4.40):

[c]=atm]+BI[K] (4.40)
Thus, the matrix{] consists in a mass-proportional term and a g#fffnproportional term.

Considering only the mass-proportional term of £4Q), the mass-proportional damping coefficient,

a, can be derived considering the generalized dagrfpinthenth mode:

C,=alM, (4.41)
Cn can also be expressed as in Eq.(4.42):
C,=21¢ la, M, (4.42)

Finally, combining Eq.(4.41) and Eq.(4.42) the mpisportional damping coefficienty , can be

derived according to:

a=2l¢ la

n n

(4.43)
Similarly, the stiffness-proportional damping caeifnt, 5, can be derived considering the generalized
damping for theith mode and considering only the stiffness-propadl term of Eq.(4.40):
C,=BIK, (4.44)
As in the previous cage, can also be expressed according to Eq.(4.45):

cnzsznmnwnzztfnmnd:?:zmdi (4.45)

n

Combining Eq.(4.44) and Eq.(4.45) the stiffnesggprtional damping coefficientj, can be expressed

according to:
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- 2L,

W,

B

(4.46)

The mass-proportional damping, expressed in E@)4.dnd the stiffness-proportional damping,
expressed in Eq.(4.46) are plotted in Figure 4.2Assshown in Figure 4.21-a the mass-proportioaahging
allows to damp the low-frequency modes while tlifénsiss-proportional damping allows to damp thehhig
frequency modes and it is quite important in NLFR&cause it can provide sufficient dissipation topsass
the high-frequency numerical noise. Neverthelegsthemselves neither of the two damping models are
appropriate for practical application of Multi Degs of Freedom (MDF) systems.

The Rayleigh damping is introduced as the algelsaic of the mass-proportional and the stiffness-
proportional damping on the base of Eq.(4.47):

C,=alM, +BIK, (4.47)

By substituting Eq.(4.42) into Eq.(4.47) the Ragtedamping coefficient can be derived as a function
of @ andf as expressed in Eq.(4.48) and shown in Figured.21

1
& = % o=+ g [k, (4.48)

Wy

In that case the coefficients andf can be determined by specifying damping ratior theith and

jth modes, as illustrated in Figure 4.21-b. Thetsmhuof the obtained system leads to the followéggation:

ol
a=2EfE-Ia“—a') (4.49)
]

B=§G—— (4.50)

A 4
£, &t
a
&=t
20, 2
& =pr e
2 \é\g\\ Q! ol
Ry ~ P
\‘\\o\“\\ g *\ ] -
T : i
S
= a
M - 1 | -~
ass-proportional Zm)n
> - =
W @ ] w,
" (a) " (b)

Figure 4.21 — Variation of damping ratios with nealifrequency: (a) mass-proportional and stiffness-
proportional damping and (b) Rayleigh damping.
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4.2.2.2 Implementation of Rayleigh damping in PARC_CL 2.0

ABAQUS code [Abaqus 6.12, 2012] allows the defaritof the mass-proportional dampirng, as an
input value for the nonlinear finite element anedy®n the other hand, due to the fact that tlisneis matrix
is modified by means of a user defined subroutine PARC_CL 2.0 crack model) it is not possibleédine
the stiffness-proportional damping,, as an input value. For this reason, in orderdwesitler the energy
dissipation due to the material behaviour, it wasessary to introduce the stiffness proportionadgiag in
the PARC_CL 2.0 crack model.

The stiffness-proportional Rayleigh damping is adiiced in the PARC_CL 2.0 according to the
following Eq.(4.52):
Ogamp=BLE L€ (4.51)
The damping contribute on the concrete stress veatobe calculated as follow:

BIE, (&
{012} =1 BE, (%, (4.52)

damp_

BGi,

In the same way the damping contribute on the steets vector can be calculated as follow:

ﬁ EE'SI Ij‘xi
o} =1 o (4.53)

damp -
0

The overall dynamic concrete stress vedtor g}ayn, iS calculated as the sum of the static contrdsuti
of the material{ 01 3}, already calculated in Eq.(4.30) and the damporgrdoution { 0i,2}damp ,just calculated
according to Eq.(4.52):

{ULZ}dyn = {ULZ} +{Ul2}damp (4.54)
Similarly, the overall dynamic steel stress vec{a;yi}ayn, iS calculated as the sum of the static
contribution of the materiak oy}, as calculated in Eq(4.31) and the damping cautiob, { Giyi}damp |
reported in Eq.(4.53):
{Jx,yi }dyn = {Ux,yi } +{J>§,yi }damp (4.55)

Both the concrete and each steel dynamic stressnean be transformed from their local coordinate

system to the overall globa)y coordinate system using respectively Eq.(4.56)En@4.57):

L O 1) s 9 (4.56)
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{axry}si,dyn = [T& ] t [ﬁJK Vi }dyn (457)

The total dynamic stress in tRgrsystem is obtained by assuming that concrete @inébrcing bars

behave like two springs placed in parallel:

b o S0 w59

wheren is the total number of the orders of bars.

In the finite element implicit calculation, usingeiNton-Raphson’s algorithm to solve the balance
equations, the tangent stiffness modulus is neddezitangent stiffness modulus, for the dampindrdmution

can be expressed, on the base of Eq.(4.51), asvfoll

dUdamp 1
— = BE' 4.59
de d dt ( )

wheredt denotes the increment of time.

The Jacobian tangent stiffness matrix for statittriioution, already reported in Eq.(4.36) for cagter
and Eq.(4.37) for steel, contains itself the tanggiffness modulus. As a consequence of this duekian
tangent stiffness matrix related to the dampingrifaution can be express as in EQ.(4.60) for carcaad in
Eq.(4.61) for steel:

[Dlz]damp = [Dl,z][éﬁ G(;L_tj (4.60)
[Dw ]damp: [Dx.yi ] [E'B %j (4.61)

where D12 and Dy represent the static Jacobian matrix for concaetesteel as reported in Eq.(4.36) and
Eq.(4.37).

Finally, the overall dynamic Jacobian matrix candaéculated as the sum of static and damping
contribution:

[Dl,Z]dyn = [Dlz] + [Dl,z]damp = [Dl,z] [€1+ B D(;L_tj (4.62)
[Dx Y ]dyn = [Dx Y ] + [Dx Y ]damp = [Dx R ] Eél"' B %) (4.63)

4.2.2.3 Validation of the model, simple 1 DOF model

In order to validate the proposed model and tosssie capability to predict the damping effectaon

RC member, a comparison between NLFEA and analyocaulation is presented.
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Description of PARC_CL 2.0 crack model

A Single Degree of Freedom (SDF) system, repreddmteahe cantilever tower of Figure 4.22-a, was
used as a reference system. The cantilever tovelaisicterized by a section of 100x100 mm and ghhef
1000 mm. The system is fixed at the base and sigmted a lumped mass at the top equal to 50 KgelBiséc

modulus of the material was set equal to 28000 MPa.

u(t) u(t)

*«— o ————o

u® &

7 (a) “f (b)

Figure 4.22 — Free vibration oscillator: (a) SDF agtical system and (b) NLFE model.

42231 Analytical formulation

The cantilever tower of Figure 4.22-a was subjetdeah horizontal displacement at the top equal to
0.01 mm, such as to avoid cracking and to keeptterial in the elastic field. After the top masssweleased,
the system was subjected to free vibration basdtie@dynamic equation of motion reported in Eq43.6
KW+Clh+mili=0 (4.64)

whereK represents the stiffness of the SDF sysnie damping coefficient arld the mass applied to the

systemu is the horizontal displacement as a functionrmoktiand an over dot represents a time derivative.
BeingM the mass applied on the system, equal to 50Kgstifieess K, and the damping coefficignt
C, can be derived as follow:
K = w? M (4.65)
C =2 M

wherewrepresents the natural frequency of the systepreszed by Eq.(4.66), agdepresents the damping

ratio.

w=20F (4.66)

wheref is the frequency of the system.
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To solve the analytical dynamic equation of motite, frequency derived from NLFEA, equallt®.7
Hz, is used. This assumption permits to compare #oalyand NLFEA results, with the same basic
hypotheses. It is still important to underline tHa frequency deduced from NLFEA is quite simttathe

analytically calculated onéafaityca=18.8 H2).

Free vibration for un-damped oscillator

The analytical solution of Eq.(4.64) for un-dampsdtem can be derived by imposi@gqual to 0

and leads to the following equation:

u(t) =C, [cosat +C, [sinat (4.67)

whereC; andC; are the constants of integration and can be daddiy imposing the boundary conditions to

the system:
Ut=g) =Up = 00lmm  — C, =u, = 001 mm (4.68)
. . _ U _

Finally the equation of motion, for the analyseddamped case study, can be expressed as in
Eq.(4.70). Eq.(4.70) is graphically plotted in Fig4.23-a.

u(t) =u, [cosat (4.70)

Free vibration for damped oscillator

By solving the dynamic equation of motion reporiteéq.(4.64), the analytical solution of a damped

system subjected to free vibration can be derigciiéow:

u(t) = e [{C, [osw, t + C, Binaw, t) (4.71)

wherewy represents the damped frequency and it can belatdd according to Eq.(4.72); andC; are the
constants of integration and it can be derivedniyydsing the boundary conditions to the system jaeried
in Eq.(4.73) and Eq.(4.74).

Wy = w{1- & (4.72)
Ug=o) = Up = 001mm - C,=uy = 001mm (4.73)
U, +ulalu
ay

Finally the equation of motion, for the analysedgad case study, can be expressed as in Eq.(4.75).

Eq.(4.75) is graphically plotted in Figure 4.23-b.
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Description of PARC_CL 2.0 crack model

ut) =e™ Eﬁu0 [tosawy t + v Dzﬁuo $inw, t] (4.75)
d

In can be observed that for an un-damped systef) (the Eq.(4.75) is reduced to Eq.(4.70).
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Figure 4.23 — Free vibration oscillator analyticedsponse: (a) un-damped system (b) damped system.

42231 Nonlinear finite element analysis

NLFEA was carried out in order to assess the pregammping model in the PARC_CL2.0 crack
model. The same cantilever tower, representing B §Btem, reported in Figure 4.22-a was modelled by
means of NLFEA as shown in Figure 4.22-b.

The height of the tower was subdivided into 10 Iséleiments with 4 nodes and 4 Gauss integration
points (defined S4 in ABAQUS code [Abaqus 6.12,ZD1so each element presents a 100x100 mm size in
plane. The thickness of each element was set ¢gud#&l0 mm in order to achieve the same cross sea8o
the reference analytical specimen. The two nodeeediase of the tower were fixed and at the tapetower

two mass elements of 25 Kg were added.

In order to highlight the frequency of the numelrgysstem, a frequency analysis was carried outrbefo
running the dynamic analysis. The frequency anslygjhlight that the first vibration mode, ablestaite the
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99.4% of the mass, presents a frequeficd9.7 Hz so that the corresponding natural frequency waslgo
a~123.8 Hz.

This frequency was used to calculate the stiffpgeportional damping coefficient, introduced in the
PARC_CL 2.0 crack model, according to the formolatproposed in Eq.(4.46).

Due to the fact that the analysed system presesitgyie degree of freedom, it was necessary only a
single frequency to calibrate the damping coeffitién order to validate the stiffness-proportiodamping
introduced in the PARC_CL 2.0 crack model, only #t#fness-proportional damping coefficient was

calculated.

The NLFE model was firstly subjected to an horiabdisplacement at the top of the specimen equal

to 0.01 mm. In a second phase the system was eelét@agxperience free vibration in dynamic field.

The time step was set equal to 0.0005 sec anduimenical solution is obtained by means of the

Newmark’s implicit method considering average aexion.

In Figure 4.24 are presented the comparison bethNe&fEA and analytical formulation for different

values of damping ratio.

The results reported in Figure 4.24 show that tiffhess-proportional damping introduced in the
PARC_CL 2.0 crack model allows to reproduce wedl tlissipation of energy due to damping in a linear

elastic system.

A u(t) [mm] £=0
—— Analytical formulation - Eq.(3.69) - = -=NLFEA
0.01 N ﬂ m

M

0 |

2k ik 76 1 12 15t [sec]

(a)
o v oo 0578 -~ -NFEA
oq AAAAAAAAAAAAAAAAAAAAAAAA R
'VVVVVVVVVVMVVVVNVVVVNVVVMWM
mu (b)
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|-

A u(t) [mm] E=2%

—— Analytical formulation - Eq.(3.74) - - -=NLFEA
0.01

. A /\ /\ /\ /\ /\ NAANAAAA AP AAAAAAAAA A
LA

-0.01 (C)

»

A u(t) [mm] &=5%

—— Analytical formulation - Eq.(3.74) - = =NLFEA
0.01

U U V VA/ V VY s 0.75 1 1.25 15¢ [sec]

-0.01 (d)

Figure 4.24 — Free vibration, comparison betweerrBHA and analytical formulation for different values
damping ratio: (a) un-damped system, fb1%, (c) &&2% and (d)&5%.

4.3Simulation of monotonic, cyclic and dynamic in-plae behaviour

As just discussed at the beginning of this chaptethe following the same squat walls, analysed by
means of PARC_CL 1.0 crack model in §3.4.1 andatlgeéthe CASH benchmark project [Le Corvec et al.,
2015], are investigated using the implemented PARC2.0 crack model, in order to highlight the difaces

between the two models especially related to tleiccipehaviour.

4.3.1 RC squat walls (CASH benchmark)

For the purpose of this chapter, nonlinear finieareent pushover and static cyclic analyses have bee
carried out and the obtained results are compactdonly with experimental outcomes and analytical
formulation but also with the results obtained gsRARC_CL 1.0, presented in 83.4.1. Moreover, ia th
chapter the analysis is extended to the dynamie tiistory analysis in order to assess the capaluifit
PARC_CL 2.0 crack model to predict the dynamic b@ha of a RC member as well as the static cyclic
behaviour.

The experimental campaign, object of the analydgsection, is widely investigated and discdsse

in 83.4.1.2 and hence is not reported herein.
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4.3.1.1 Nonlinear finite element modelling and results igsinesh regularization technique)

NLFEA have been carried out with ABAQUS code aduptihe PARC_CL 2.0 crack model. As
shown in Table 3.14, T6 and T7 specimens diffey onl the numerical mass applied in the Pseudo-Dimam
test (the differences in the concrete propertiesansidered negligible). For the purpose of thiepter three

different kinds of analyses are carried out: pusihgstatic cyclic and dynamic analysis.

The pushover analyses are limited to T6 and T8ismets; in particular, for each specimen three
different mesh configurations are analysed, chariaetd by an average element size of 200 mm (cosese),
100 mm (medium mesh) and 50 mm (fine mesh). Theoitinis analyses was to investigate the capatufity
the proposed method (in 84.2.1.1 the fracture gnfergreinforced concrete is presented as a funaiidooth

element length and average crack spacing) to mieirtiie mesh dependency effect.

The same specimens are analysed also for static lading in order to compare the obtained result
with the ones obtained using PARC_CL 1.0 crack rhpdesented in 83.4.1.3.

Finally, the dynamic analyses are limited to T6 ai@dspecimens, in order to highlight the influence

of the numerical applied mass which strongly charige frequency of the specimen.

All the specimens are modelled using 4 nodes naytred shell elements. The Gauss integration
scheme is adopted with 4 Gauss integration poB#¥ @long the thickness each element is dividedlayers
with 3 Simpson section integration points. Reinéonent is modelled using a smeared approach acgaalin
the PARC_CL 2.0 crack model prescriptions. In Fegdi25 is reported a solid view of the meshes adbiorr
NLFEA.

|:| Linear elastic material . Web of the wall . Flange of the wall

V)
Figure 4.25 — Solid view of the adopted meshescda)yse mesh, (b) medium mesh and (c) fine mesh.

The top and the bottom beams have been modelled lisear elastic material, while the web and the
two flanges of the wall have been modelled usiniREBACL 2.0 crack model. Furthermore, due to the
confining effect of stirrups, the flanges are méetkconsidering a confined concrete, calculatedrmicg to
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Simulation of monotonic, cyclic and dynamic in-paimehaviour

the formulation proposed by [Mander et al., 198®hjch leads to an increasing of both the compressiv

strength and the ultimate compressive strain.

The analyses have been carried out using the maaessof the material properties as reported in
Table 4.2. In Table 4.2 the average crack spaeings calculated on the basis of the length overctviine

slip between concrete and steel occldrsy calculated as suggested fib{fModel Code 2010]

The fracture energy in tension of plain concre®e) (is evaluated according to the formulation
proposed infib-Model Code 1990]. Moreover, according to the foiation presented in §4.2.1.1, considering

the presence of steel reinforcement, the fractnergy in tension is changed according to the fdlhgw

equation:

h
GF® =G, (“a_] (4.76)

beingh the equivalent element length, fixed equal tostpgare root of the average element area accomling t
[Hendriks et al., 2012], anal, the average crack spacing calculated on the dabe tength over which the

sleep between concrete and steel octuwss as define inflb-Model Code 2010].

The fracture energy in compressidBc) is set equal to 250 times the fracture energtension,
according to Nakamura and Higai [Nakamura and Hig@01], for the unconfined concrete, while for the
confined concrete the fracture energy in compressiaerived in order to obtain the ultimate conspiee

strain in accordance to [Mander et al., 1988].

Table 4.2 — Mean mechanical properties used in Nhfegel.

Concrete (see §4.2.1.1) Steel (see §4.2.1.2)
un-confined confined
Spec. Mesh
h am Ec ft GRCF ft.u fc GC fc,cr fc,u fc GC Ec,cr €c,u Es fy,ven fy,hor
[mm] [mm] [Gpa] [MPa] [N/mm¥ [] [MPa] [N/mmi [] [] [MPa] [Nmm% [1 [] [GPa] [MPa] [MPa]

T6 Coarse 200 245 223 31 0.155 0.002 33.1 388 0.002 0.011 38.88.1 0.003 0.019 200 594 572
Medim 100 245 223 3.1 0.120 0.003 33.1 30.0 0.002 0.016 3896.6 5 0.003 0.025 200 594 572
Fine 50 245 223 31 0.103 0.005 33.1 258 0.002 0.025 38.9 9 40.0.003 0.034 200 594 572

T7 Fine 50 245 230 33 0.103 0.005 36.4 258 0.002 0.023 39 38.3.0030 0.032 200 594 572

T8 Coarse 200 288 21.3 28 0.131 0.002 28.6 328 0.002 0.011 34 .4 740.003 0.019 200 594 594
Medim 100 288 213 28 0.104 0.003 28.6 26.0 0.002 0.016 34 4 48.0.003 0.024 200 594 594
Fine 50 288 21.3 28 0.091 0.005 28.6 228 0.002 0.026 34 35.4.0030 0.035 200 594 594

The boundary and loading conditions applied foticstaushover and static cyclic analyses are not
reported in this section because they are widebjagxed in 83.4.1.2. The boundary and loading domth
applied for dynamic time history analysis are pnésé in Figure 4.26.
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M Imposed vertical load

O Numerical mass

ﬁ> Translation along x-direction

 ZZ% Translation along z-direction

(i
7
Figure 4.26 — Boundary and loading conditions fgndmic analyses.
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The boundary conditions were the same for pushamdrcyclic analyses while load is applied in
different manner. An additional numerical massingconly alongx-direction, defined as Mn Table 3.14, is

added in the centroid of the top beam to simulaenumerical mass of the experimental tests.

As for static analyses the load is applied in twitecent steps: in a first step the self-weight dhe
vertical pressure is applied; in a second steftinizontal acceleration is imposed and the rotaiotine top
beam is prevented by applying a multi-point constravhich imposes the same vertical displacemehtse
central node of “Sec T” to all the other node&3dc T”, Figure 4.26.

In dynamic analyses the structural damping wagdhuiced according to Rayleigh's classical theory
defined in Eq.(4.77):

fn —£i+£w

= 4.77
2w, 2" .77

The mass proportional term)(is introduced as an input value in the ABAQUSeMbaqus 6.12,
2012], while the stiffness proportional term) (was incorporated in the PARC_CL 2.0 crack model a
explained in 84.2.2.2.

Thea andp coefficients are calibrated in order to obtairaanging ratio of 2% for the frequencies of

0.5Hz and 35 Hz, according to the suggestion of¥A8H benchmark organizer.

43111 Pushover analysis

In Figure 4.27 is presented the comparison betwlseexperimental results and the static pushover
analysis, in terms of shear force vs top displacenier T6 specimen. As just stated, in order ghhight the
effect of the mesh dependency three different neahe analysed: a coarse mesh with an averagergleme
size of 200 mm, a medium mesh with an average elesiee of 100 mm and a fine mesh with an average

element size of 50 mm.
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Simulation of monotonic, cyclic and dynamic in-paimehaviour

In Figure 4.27 the analyses are stopped when theeaoccurred, due to crushing of concrete.
Crushing of concrete is achieved when the compressirain of concrete reaches the ultimate valug,
Figure 4.28. The values &f, for the different meshes analysed, are reportdable 4.2.

6000 == S H S T ]
5000 1 T6 - pushover | AT
4000 F-------r------ B Gl -
3000 5o b -
2000 F------ -k -smmnmdenn o -
= 1000 [ R R |
3 : I
® 0 e :
© L e :
@ -1000 F---" . i ettt .
000 - S [ ﬂ:
3000 P I 741 - = = Analytical !
) i Coarse mesh i
-4000 T e T ) Medium mesh |!
-5000 [------- ST . ] Fine mesh i
6000 - R IR S R L i
15 10 5 0 5 10 15

top displacement [mm)]
Figure 4.27 — Static pushover analysis, T6 walleef of using meshes with different average elesieat

The results reported in Figure 4.27 showed thatdhkelts obtained analysing the same specimen with
different meshes are quite similar; so, it can $seas that the idea to modify the fracture enefgpicrete

as a function of the element length and crack sigacan avoid the mesh dependency effects.
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Figure 4.28 — Static pushover analysis of T6 wallshing of concrete for the different analysedimes
using PARC_CL 2.0 crack model: (a) coarse meghnédium mesh and (c) fine mesh.
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Similar results can be obtained analysing the T&ispen, as reported in Figure 4.29 where the
comparison between experimental and NLFEA resuéipeesented in term of Load-Displacement curve. As
for the previous specimen the failure mode, charatd by crushing of compressive concrete is also
highlighted in Figure 4.29. The strain in concrietéhe failure condition for the different analyseéshes are
reported in Figure 4.30; while in Table 4.2 areoréed the values of the ultimate strain of compuess

concretege,y, Which change for the different meshes.
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Figure 4.29 — Static pushover analysis, T8 walleef of using meshes with different average elesieat
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Figure 4.30 — Static pushover analysis of T8 wallishing of concrete for the different analysedmess
using PARC_CL 2.0 crack model: (a) coarse meghm@zlium mesh and (c) fine mesh.
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The results reported in Figure 4.27 and Figure Big8lighted that using different meshes it is [ildss
to obtain similar results both in term of sheaesgth and failure mode. For the following cyclidatynamic
analyses, in order to have more consistent congrangth the PARC_CL 1.0 crack model, the same
dimension of the element is adopted. So, the fiashmcharacterized by an average element size wihdGs
chosen.

43.1.1.2 Cyclic analysis

As stated in the introduction of this chapter oh¢he main purpose of this section is to assess the
capability of PARC_CL 2.0 crack model to predice tbyclic behaviour of RC structural members and in

particular to underline the improvements made wagpect to PARC_CL 1.0 crack model.

To do this in the following T6 and T8 specimentjasalysed using PARC_CL 1.0 crack model in
83.4.1.3, are analysed by means of PAC_CL 2.0.

In Figure 4.31 are presented the results of thécstgiclic analysis obtained for T6 specimen with
NLFEA using the PARC_CL 2.0 crack model togethehwhe experimental outcomes and the results atdain
using NLFEA associated with PARC_CL 1.0 crack model

6000 Fomomoes oo Hainini
-1T6 - cyclicf--—---—

= PARC_CL 2.0
PARC_CL 1.0

| = = = Analytical

5 10 15
top displacement [mm)]

Figure 4.31 - Static cyclic analysis of T6 wallngparison of experimental results with NLFEA using
PARC_CL 2.0 and PARC_CL 1.0 crack models.

Figure 4.31 clearly shows the improvement in thedmtion of the cyclic behaviour of a RC squat
wall made by the PARC_CL 2.0 crack model with respe the previous PARC_CL 1.0 crack model. As just
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underlined in 83.4.1.3, from Figure 4.31 it canhighlight that the results obtained by means of ERF
presented, as expected, a symmetric shape witleaesp the origin, due to the fact that the speninse
perfectly symmetric in geometric and loading coodit On the other hand, the experimental resultthen

positive displacement side presents an highergttneralue.

Another important difference, remarked in Figurgl4is the different envelope curve obtained in the
post-peak behaviour of the NLFE curve. This diffee can be explained with the different formulation
adopted for the concrete fracture energy in tensiodely explained in 83.2.1 for PARC_CL 1.0 and in
§4.2.1.1 for PARC_CL 2.0. In this context, it hade remarked that the imposed cyclic displacenaentyed
by the measured displacement in the experimental 8§, did not yield the specimen to failure. Hoer
analysing the results of the pushover analysisegmted above, and of the dynamic analysis, presemtae
following, it can be expected that a small increg®f the imposed displacement could bring theispat up

to crushing failure.

The comparison between PARC_CL 2.0 and PARC_Clcrhék model is extended to the evaluation
of the stability of the analysis. In Figure 4.3%letted the curve related to the number of iteratieeded to
obtain the convergence at each time increment.rétiedotted line in Figure 4.32 represents the mamim
number of iteration allowed for each time incremdiite solution of a time increment is acceptedrdfte

maximum number of iteration allowed has been cotadlesven if the equilibrium tolerances are nasfatl.

i T6 CyCIIC maximum number of iterations
" 14 4 PARC_CL 1.0
é 12 | —PARC_CL 2.0
Y]
£L10
S
~ 8
]
§ 61
c

4 -

2 -

0 : : ‘ ‘ w ‘ ‘

0 10 20 30 40 50 60 70

Time (t)
Figure 4.32 - Static cyclic analysis of T6 wall:mber of iteration used to obtain the convergendhef
implicit solution method for PARC_CL 2.0 and PARC 1 crack models.
The results plotted in Figure 4.32 showed thatitifgrovements made by the PARC_CL 2.0 crack
model were not only in term of the prediction o fiorce vs displacement cyclic behaviour but afsterm
of stability of the analysis. This result is coresield quite important because it influences not thystability

of the analysis but also the computational time.

Similar results can be obtained analysing T8 spegias reported in Figure 4.33.
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Figure 4.33 - Static cyclic analysis of T8 wall:ngparison of experimental results with NLFEA using
PARC_CL 2.0 and PARC_CL 1.0 crack models.

Also in this case the comparison between the nwaleresults obtained using PARC_CL 2.0 crack
model are able to reproduce the experimental ouwtspmspecially in relation with the unloading bebay
better that the PARC_CL 1.0 crack model. As forspécimen, also in this case the NLFEA carried atht w
PARC_CL 2.0 crack model did not reach the failuethe imposed cyclic displacement time history.

As showed for the T6 specimen also for the T8 spewithe PARC _CL 2.0 highlight good results in
term of convergence of the analysis, as plottdeigare 4.34.
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Figure 4.34 - Static cyclic analysis of T8 wall:mber of iteration used to obtain the convergendhef
implicit solution method for PARC_CL 2.0 and PARC 1 crack models.
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43113 Dynamic analysis

In this section dynamic time history analyses ofar@l T7 specimens are carried out; these two
specimens, neglecting the little differences indbecrete mechanical properties, differ only in iienerical
mass applied in the Pseudo-Dynamic experimentgldeshown in Table 3.14. This difference canngthp
influence the frequency of the system,; for thissoga before running the full dynamic time histonabyses,
the frequency analyses have been carried out gr ¢occalculate the natural frequency of each speciand

to compare it with the experimental results, Tabk

Table 4.3 — Natural frequency and elastic stiffnessnparison between LFEA and experimental.

NLFEA Experimental

M faerea Knerea  fep  Kep  Kinrea
[ton] [Hz] [MN/mM] [HZ] [MN/m] Kex

T6 1252 9.6 4551 10.4 5341 0.85
T7 11272 3.4 5139 3.6 5761 0.89
Average 0.87

From Table 4.3 it could be seen how the elastitness derived from the natural frequency obtained
by means of LFEA, K., is close to the experimental results. Indeedatiezage value of the ratio between

the elastic stiffness derived from LFEA and theezxpental value is equal to 0.87.

Finally, in Figure 4.35 the results obtained witynadmic time history analyses are plotted and

compared with the results of the experimental Pesddghamic tests.
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Figure 4.35 — Dynamic time histories analyses: cangon between experimental outcomes and NLFEA
with PARC_CL 2.0 crack model for (a) T6 specimeth @) T7 specimen.
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In Figure 4.35 is also marked the point correspagdd the crushing of concrete, and so to therailu
of the specimen; after the crushing of concreteashed the NLFEA curve is presented with a ddited
The crushing of concrete in NLFEA is consideredn@spoint in which concrete reaches the ultimatairst

ecu, reported in Table 4.2 (remember that for dynaamialysis the fine mesh is used).

Comparing Figure 4.35-a with Figure 4.35-b it appéhat for T6 specimen the crushing of concrete
occurs before than for the T7 specimen. IndeedT€specimen the crushing of concrete occurs &fte?
seconds out of the 74.4 seconds of the analysige ¥an T7 specimen the crushing of concrete ocefitsr

64.5 seconds out of the 74.4 seconds of the apalysi

This difference can be related to the Rayleigh dagipssociated to the specimens. As stated in the
introduction of this section (in the beginning @&.8.1.1 where the NLFE model is described) ahend 8
Rayleigh’s damping coefficients, according to th&SEl benchmark organizer (that is the organizerhef t
project within which these analyses are carriedloeitCorvec et al., 2015]), are calibrated in ortteobtain
a damping ratio of 2% for the frequencies of 0.%iHd 35 Hz, as shown in Figure 4.36. In the saraplgrs
also reported the frequency of each specimen inrtkdamaged phase (before to run the time histmalyais)
and in the damaged phase (at the end of the lastfie time history analysis), desumed by thesermental
tests as reported in [Pegon et al., Fp&d [Pegon et al., 1998

From Figure 4.36 it can be highlight that, espégiebnsidering the damaged frequencies of the two
specimens, the adopted Rayleigh damping formuld#iads to an higher damping ratio for the T7 speaim
(édamaged 2%0) with respect to the T6 specimefianaged 0.699. This difference can lead to a premature failure

of T6 specimen due to the fact that lower dampatmpis associated to higher forces on the specimen

&%) -
— Rayleigh damping
54 | | - - -T6 - un-damaged frequency
I I
! I - - -T6 - damaged frequency
o : T7 - un-damaged frequency
: : T7 - damaged frequency
31| ! |
I I
I I
I I
241! I
! I
I I
I I
1q'\/ |
|
I
' ! f, [Hz]
0 - T T : T T T r >
0 5 10 15 20 25 30 35

Figure 4.36 — Calibration of Rayleigh damping f&@ @nd T7 specimens.

In order to highlight the capability of the PARC_€I0 crack model to predict the hysteretic behaviou

of the specimens, neglecting the phenomenon exgulaabove, in Figure 4.37 is reported the comparison
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between NLFEA and experimental results, in which MiLFE curves are stopped when the crushing of

concrete is reached.
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Figure 4.37 — Dynamic time histories analyses stopgfter the crushing of concrete: comparison betwe
experimental outcomes and NLFEA with PARC_CL Zatkcmodel for (a) T6 specimen and (b) T7
specimen.
From Figure 4.37 it can be remarked that the PARC20© crack model are able to reproduce the

hysteretic behaviour of reinforced concrete squaltsisubjected to dynamic loading.

4.3.2 Synopsis

In this section the monotonic, cyclic and dynamehdviour of RC squat walls was investigated by
means of NLFEA carried out using multi-layer shedéments and the implemented PARC_CL 2.0 crack

model. The main conclusions can be remarked asifoll

e The definition of a fracture energy for reinforMcrete,G?c, allows to avoid the mesh

dependency effect; indeed, the pushover analysdgedaut using three different meshing
(coarse mesh, medium mesh and fine mesh) leadsriparable results;

e The PARC_CL 2.0 crack model seems to well reprodlaeeyclic behaviour of a RC squat
walls, in particular it was highlighted that a peomlefinition of the hysteretic behaviour of
concrete and steel leads to better results thaortée obtained analysing the same
specimens with the PARC_CL 1.0 crack model, whigsents a behaviour secant to the
origin in the unloading phase;

¢ The implementation, within the PARC_CL 2.0 crackd®eip of the stiffness proportional
Rayleigh damping allows to run dynamic time histanalyses. The results obtained using

NLFEA underline the importance of a proper calilmraf the Rayleigh’s damping
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coefficients. Nevertheless, dynamic analyses ahoig using NLFEA and PARC_CL 2.0

are shown able to predict the cyclic behaviourughskind of structural member.

4.4Simulation of out-of-plane instability

Structural RC walls are one of the common latevabllresisting elements in buildings in seismic
regions. They are commonly used both in civil amdustrial buildings and in power plant buildings A
matter of fact the walls, thanks to their dimensiamd their in-plane disposition, give a high stfs and a
high resistance to the building, reducing the sttmey drift values at damage limit state and ptiog enough
strength and ductility at collapse. Moreover, squalls, characterized by a ratio of height to lénigiss than
or equal to two like the specimens analysed inpfeious section, are widely used as main latenadef
resisting structures in precast concrete blockslimgis and in power plant facilities. In fact, inatear facilities
walls are supposed to be designed with few openingsrder to prevent radiation leaks [Whyte and
Stojadinovic, 2013]. On the other hand, slendercstiral RC walls, that can come in a variety ofrgetrical
shapes, are commonly used in medium and high vidgitgs as lateral force resisting systems, thaokkeir
capacity to provide strength and stiffness towaalsmic actions and allowing a good displacementrob

[Riva et al., 2003]. In particular, in this sectithis latter case is analysed.

The studies presented in this section were trighbsethe observation of the damage occurred in
structural walls in recent earthquake in Chile 20%,=8.8) and New Zealand (2011,/#7.2). These recent
seismic events highlighted that many structurallsyah their failed configuration, where characted by
large out of plane displacement, as shown in Fig/@8 and reported in [Wallace, 2012]. This
underperformance of the ductile response of wadls highly influenced by the out-of-plane bucklirds6

defined as out-of-plane instability), which is gayed in the end region of the wall.

These seeming faults in the design of structurdsveme emphasized also by analysing international
code provisions. Indeed, the majority of standastsh as Eurocode 8 [CEN, 2004] and ACI Code [ACI
Committee, 2011] treats the out-of-plane instapilit a simplified way by imposing limits on the bt to
thickness ratio of the wall. Only the New Zealande [NZS, 2006] includes more sophisticated moolated
on the studies presented in [Paulay and Priest&33] and [Goodsir, 1985].

Prior to the Chile and New Zealand earthquakesfthigre mechanism had only been observed in
laboratory tests [Oesterle, 1979], [Vallenas et E79] and [Thomsen IV & Wallace, 2004]. In theert
years the research on this topic has been contibygdining experimental test campaigns with adeahc

nonlinear finite element analysis (NLFEA).

On the experimental field the knowledge on thisdapas surely developed due to the experimental
campaigns carried out at EPFL in Lausanne, SwéndrlIn particular, two different campaigns areriedr

out considering RC walls of different shape sulgdcboth to uni-directional and bi-directional cygcli
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horizontal loading; a “T-shaped” wall was testefRosso et al., 2016] while a “U-shaped” wall wastéd in
[Constantin and Beyer, 2016].

Figure 4.38 — Out-of-plane buckling of walls afg10 Chile earthquake [Wallace, 2012].

As just stated the research on this topic was eeigrio NLFEA. NLFEA are a widely validated
numerical tool to simulate both the monotonic aydic behaviour of RC walls, as underlined for exdenn
84.3 or in [Belletti et al., 202B Recently, this numerical tool was also useditoutate the out-of-plane
instability of RC walls. In particular [Belletti @l., 2016], [Dashti et al., 2014] and [Dashtilet2015] studied
by means of NLFEA the behaviour of RC walls sulgddb horizontal cyclic loading, using the commairci
solver code DIANA [Manie, 2015].

In this section, the implemented PARC_CL 2.0 cracklel was used to simulate the cyclic behaviour
of the experimental tests carried out at the ERFLausanne. In particular, the two “T-shaped” waidisted
in [Rosso et al., 2016], TW1 and TW4 subjectedeespely to uni-directional and bi-directional laag, was
analysed by means of NLFEA in 84.4.1. Moreover,“theshaped” RC wall investigated experimentally in
[Constantin and Beyer, 2016] was studied using NAHES4.4.2.

4.4.1 “T-shaped” slender RC walls

In this section two different “T-shaped” RC wallerg analysed by means of NLFEA and the obtained
results are compared with the results of an exparial campaign carried out at EPFL in Lausanne,
Switzerland [Rosso et al., 2016].

44.1.1  Experimental campaign

The two walls, TW1 and TW4, were geometrically itiead and represent a 2:3 scale model of a full
dimension prototype wall. The walls were 2000 mit) 80 mm thick and 2700 mm long. At the north end
(see Figure 4.39) the walls presented a flange @0tk and 440 mm long. The foundation was 3600 mm
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long, 700 mm thick and 400 mm tall, while the top Ream was 3160 mm long, 440 mm thick and 420 mm
tall, Figure 4.39.

In Figure 4.39 are also presented the reinforcemhetatls, which are the same for the two specimens
and follow the current design practices for resiidrbuildings in Colombia. According to these dixtg
practices the reinforcement consisted of a singlerl of grid reinforcement, characterized by ahslig
eccentricity with respect to the centreline of feetion. The detail of the eccentricity of the relager is
shown in Figure 4.40.

Section A-A "
.40, . < 3160
S - -
/15 X B6@240 mm [iH-1— - Transversal reinforcement
i = 10 x @6 @ 200 mm
S B' / . B
= 3 x @16@100 mm / L Longitudinal reinforcement
3 B in boundary element
-l D6E2 006, — [ 3 x ©16@100 mm
1 _Longitudinal reinforcement
15 x @6@240 mm
o{
(=3
L =
700 2700
A
Section B-B
Longitudinal reinforcement in the flange ~ Longitudinal reinforcement in the wall
4 x P6@?240 mm /11 x @6@240 mm
o ) = o) ([ / \ s
B Jf -SSR |3 ﬂ = 7]
W | k) \\ 4
Ll /7

Longitudinal reinforcement in boundary element
3 x @16@100 mm

3600

Figure 4.39 — Geometrical characterization and detg of TW1 and TW4 experimental specimens
(measure in mm).

Longitudinal reinforcement in boundary element
3 X @16@100 mm
Longitudinal reinforcement in the wall =
11 x @6@240 mm

Transversal reinforcement
10 x @6 @ 200 mm

Figure 4.40 — Detail of the cross section of theteadge of the specimen, showing the eccentatitye
vertical reinforcement with respect to the centrelpf the section (measure in mm).
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The longitudinal reinforcement is characterizedgdybars spaced of 240 mm, moreover both the
extremities of the wall (defined boundary elementthe following) were over reinforced with 3 lohgglinal

bars of 16 mm. The transverse reinforcement istitoted byg6 bars spaced of 200 mm.
The main mechanical properties, derived from makéests, are resumed in Table 4.4.

Table 4.4 — Main mechanical properties derived froaterial tests for TWland TW4 specimens

longitudinal reinforcement

concrete transversal reinforcement
web of the wall boundary elements

Ec fc f¢ fy fu Es ¢ 5 P fy fu Es ¢ S P fy fu Es ¢ 5 P

[Gpa] [MPa][MPa] [MPa][MPa] [Gpa] [mm] [mm] [%] [MPa][MPa] [Gpa] [mm] [mm] [% [MPa][MPa] [Gpa] [mm] [mm] [%]
TW1 253 28.8 22 460 625 1835 6 200 0.17 460 625 1835 6 240 0.155 660 208.0 16 100 2.5
TW4 202 31.2 15 460 625 1835 6 200 0.17 460 625 1835 6 240 0.155 660 208.0 16 100 2.5

During the test the axial load ratio was maintaioedstant and equal to 5% (equivalent to an applied

constant axial force of 330 kN).

In Figure 4.41-a is reported a 3D scheme of theex@ntal set-up. A rigid steel beam was placed at
the top of the RC beam in order to distribute teeival load on the entire section of the wall. Meetical
load is imposed by means of two vertical actuatomected to the steel beam close to the wall &rdstwo
vertical actuators are used to apply not only tkialdoad, but also the bending moment requireddoieve
the desired shear span of 10 m, which correspoadtear span ratio equal to 3.7. This conditimbtained
by coupling the control of the two vertical actuatevith the horizontal actuator, connected to the RC
beam, which impose the in-plane loading on theispat. In Figure 4.41-a two additional horizontaiuators
are reported, coloured in green. They are use@xpkined in the following, to impose the out-oéipé

displacement at the top RC beam of TW4 specimen.

43,’16‘4::_'!‘.., R SR

(b)

Figure 4.41 — Experimental tests: (a)3D represdotadf the test set-up [Rosso et al., 2016] andv{b)v of
TW1 specimen before running the test [Almeida.€2Gl6]
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The main difference between TW1 and TW4 specimemslated to the imposed horizontal loading.
For TW1 specimen the loading protocol consistesli@eversed quasi-static cyclic in-plane historyep®rted
in Figure 4.42-a. As the in-plane horizontal loadis imposed the out-of-plane displacement at dpeRC

beam is prevented.

Regarding TW4 specimen, also the out-of-plane &otsare activated. The obtained loading protocol
consisted in a quasi-static cyclic history, whidmbined the in-plane and the out-of-plane displaaers
shown in Figure 4.42-b.
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Figure 4.42 — Loading protocol of the quasi-statyclic test: (a) TW1 specimen and (b) TW4 specimen
[Rosso et al., 2016].
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4.4.1.2 Nonlinear finite element modelling and results

In Figure 4.43-a is presented a sketch of the madetl in NLFEA in which all the elements are

presented with their thickness.

Both the specimens were modelled using 4-nodeseslsnwvith regular integration in plane (4 Gauss
integration points). Moreover, each element waslsitdted, along its thickness, into 4 different le/an order
to properly set the exact position of the reinfaneat layer, as shown in Figure 4.43-b; each lager i
characterized by 3 Simpson integration points. diseretization of the thickness of the wall intdfelient
layers allows to consider the slightly eccentrigifyeinforcing bars experimentally detected, shawhigure
4.40.

Steel frame: used to obtain shear span of 10 m
Linear elastic material

Perpendicular flange

Web of the wall

H N OO N

Boundary element of the wall

Detalil of the end of the wall and eccentricity of the reinforcing bars
with respect to the centreline

X =

[ele]

Web of the wall:

;s Layer l: concrete

¢ Layer 2: concrete + longitudinal bars
¢ Layer 3: concrete + transversalbars

3
" Layer 4: concrete

Boundary element of the wall:

x  Layer 1: concrete
16 Layer 2: concrete + longitudinal bars
6 Layer 3: concrete + transversalbars
% Tayer 4: concrete

(a) (b)

Figure 4.43 — Detail of the mesh used in NLFEA:g@afire mesh and (b) discretization of the thicknaso
layers with different properties (measure in mm).
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The steel frame indicated in Figure 4.43-a was tatbfin the NLFEA to simulate the applied
experimental shear span of 10 m. This frame isiobtusing 2-node beam elements, with 2 Gaussratieg
points along the beam axis. Each beam was connaxtd® upper part of the top RC beam with a hinged
connection. The legitimacy of this frame modellagproach was validated by verifying the ratio betme
shear and bending moment at the base of the wall.

Regarding the boundary conditions, both TW1 and B&cimens were fixed at the base of the linear
elastic foundation. For TW1 specimen the cyclipiane loading history is applied at the top ofdteel frame
according to the loading protocol presented in Fegu42-a, while the out-of-plane displacementhef top
beam was restrained as shown in Figure 4.44-ah®wther hand, for TW4 specimen a combination of in
plane loading, applied at the top of the steel &aand out-of-plane loading, applied as displacenren

correspondence of the top beam, was imposed agedpo Figure 4.44-b.

(a)

Figure 4.44 — Detail of boundary and loading coiatis in NLFEA: (a) TW1 specimen and (b) TW4
specimen.
Regarding the material properties, The foundatiot the top beam were modelled with concrete
adopting a linear elastic behaviour while the wadis modelled with nonlinear behaviour for concrate
steel, applied by means of the implemented PARC2Olcrack model, as described in Table 4.5.
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Table 4.5 — Main material properties adopted in MAFfor TWland TW4 specimens.

Concrete (see §4.2.1.1) Steel (see §4.2.1.2)
Spec.Zone h am Ec fi G % & fe Gec  €ca €cu Es fyiong Piong Es Ty tasy Puasv
[mm] [mm] [Gpa] [MPa] [N/mm’] [-] [MPa] [N'mm’] [-] [] [GPa] [MPa] [%] [GPa][MPa] [%]
TW1 Web 100 422 253 2.2 0.165 0.004 28.8 41.3 0.002 0.023 1838 4615 1835 460 0.17
Boundary element 100 176 253 2.2 0.210 0.003 28.8 52.4 20M029 208 565 25 1835 460 0.17
TW4 Web 100 422 292 15 0.167 0.006 31.2 419 0.002 0.022 1838 4615 1835 460 0.17

Boundary element 100 176 29.2 1.5 0.213 0.007 31.2 53.1 20027 208 565 2.5 1835 460 0.17

NLFEA were run in displacement control using implisolution method and Newton-Raphson
convergence criterion, with force and displacencentrol tolerance limits respectively set equadfo= and
102 The maximum number of iteration allowed for etiofe increment was set equal to 25. The solution of
a time increment is accepted after the maximum murobiteration allowed has been completed, eveinef

equilibrium tolerances are not satisfied. Howetlds condition should be avoided because it coedd Ito a
loss of stability and reliability of the results.

In the following the results obtained by means &fFEA and PARC_CL 2.0 crack model are
compared with the experimental outcomes.

In Figure 4.45 are presented the experimental amderical global force-displacement response
obtained for TW1 specimen (Figure 4.45-a) and T\Wcsnen (Figure 4.45-b).
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Figure 4.45 — In-plane force-displacement response)parison between experimental and NLFEA results:
(a) TWL1 specimen and (b) TW4 specimen.

The results plotted in Figure 4.45 highlighted ¢apability of PARC_CL 2.0 crack model to capture
the global response in term of both force-displam@rhysteresis and failure mode. Indeed, for TVéfdiure
obtained by means of NLFEA is characterized bylingsof concrete at the base of the specimen winésh
been triggered by damage induced by out of plafermtions, at Load Stage (LS) 31; this findingns
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accordance with the experimental outcomes as shmowigure 4.46. To better understand the resutitiqd
in Figure 4.46, please consider that the crushingoacrete in NLFEA is considered achieved when the

compressive strain reaches the ultimate valagsthe values ok, for both web and boundary element, are
reported in Table 4.5.

Experimental failure:
LS 31 (drift=1%)

Y

Ar?.J,J‘H'*“‘r&—Q“.\M R

NLFEA failure:
LS 31 (drift=1%)

LY

(b)

Figure 4.46 — TW1, crushing of concrete at LS 3} ekperimental failure and (b) NLFEA failure.

A similar behavior was observed for TW4 specimenslaown in Figure 4.47. when load is applied
from the flange to the web edge, during the lagtased cycle (LS 58) the global force-displacemesponse
presents a clear degradation of stiffness, dubdatushing of concrete at the base of the watioAh this
case the failure mode detected by means of NLFEAnagood agreement with the experimental outcaases
reported in Figure 4.47, due to the fact that thegressive concrete strain reaches the ultimateeyal,,
reported in Table 4.5.
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Experimental failure:
LS 58 (drift=0.75%)
1 ’—) = -

M o, TWA |(S58 — (a)

—

(b)
Figure 4.47 — TW4, crushing of concrete at LS 88ekperimental failure and (b) NLFEA failure.

The mechanism of out-of-plane instability, as atiedyly described by [Goodsir, 1985], which was
demonstrated as one of the cause of the specinherefaccurred after the development of largeitersérains
in the boundary element; due to the cyclic loadiegpwhen the boundary element is reloaded in cesgion
and before cracks close, the compression forceppasted only by the vertical reinforcement potaliyi
leading to out-of-plane instability. For this reasthe comparison between NLFEA and experimentallte
is extended to the evaluation of the out-of-plarspldcement. In Figure 4.48 is reported the corspari
between experimental and NLFEA results in termmeplane vs out-of-plane displacement for both the
analysed specimens.
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Figure 4.48 — In-plane displacement vs out-of-pldisplacement at the height where maximum outasfepl
displacement was experimentally measured (h= 80Qabwwe foundation), comparison between
experimental and NLFEA: (a) TW1 specimen and (bJ Epécimen.

The mechanism of out-of-plane instability appe#rardy analyzing Figure 4.48-a. Indeed, when load
is applied from the flange towards the edge oktiecimen (from positive to negative in-plane dispiaent),
large out-of-plane displacement developed in tliereace point, positioned at an height of 800 mmvab
foundation, when the in-plane displacements arsecto zero. After the cracks closure this out-afipl
displacement was recovered. During the last cyck80- LS31) permanent inelastic deformation occurred
and the out-of-plane displacement was not recovéreel the experimentally detected residual outiarfig
displacement of approximately 5 mm in Figure 4. 48Fais damage cause a stiffness degradation waeth
to the in-plane failure of the specimen describbdva. The results obtained by means of NLFEA are in
accordance with these, unless the fact that daiedpst cycle the out-of-plane displacement depedan the
opposite direction till the failure of the speciméefhe results of TW4 specimen are more difficult to
understand, due to the fact that the external \easl applied as a combination of in-plane and oyttafe
load. Nevertheless, analysing the last loadingec{ic557- LS58) it can be highlight that, according to the
tendency previously discussed for TW1 specimemratind O mm in-plane displacement the out-of-plane
displacement was close to the maximum obtainednduthe load history, both experimentally and

numerically.

The evaluation of the out-of-plane behaviour wasemded to the study of the out-of-plane
displacement along the height of the wall for s@akected load steps. According to the findings gt
above the selected load steps was characterized lry-plane displacement of 0 mm in order to hdnee t

maximum out of plane. In Figure 4.49 the comparisetween experimental and NLFEA results are present
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Figure 4.49 — Out-of-plane displacement along thigght of the specimen, comparison between
experimental and NLFEA results for some significaaps, characterized by an in-plane displacement
around 0 mm: (a) TW1 specimen and (b) TW4 specimen.

From Figure 4.49 it can be noted that, for bothahalysed specimens, the numerical model are able
to satisfactory simulate the overall out-of-plamddviour of the wall even if, especially for TW4espnen

(Figure 4.49-b) the maximum out-of-plane displacetweas detected at a lower height.

The comparison between experimental and NLFEA vea®nly limited to the global behaviour but

also extended to the evaluation of some local-lezgponse quantities.

Figure 4.50 and Figure 4.51 show the crack pattefriSV1 and TW4 specimens, evaluated at the
same level of drift@.75%in-plane drift and)% out-of-plane drift) corresponding to Load Stag&26 and
LS 53 respectively.

Experimental crack pattern: LS 26 NLFEA crack pattern: LS 26

3 (= = £

(b)

Figure 4.50 — Crack pattern on the West side of Bd&kcimen at LS 26 corresponding to a drift of %75
(a) experimental outcomes and (b) NLFEA results.
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Experimental crack pattern: LS 53 NLFEA crack pattern: LS 53

=7
11

(b)

Figure 4.51 — Crack pattern on the West side of Bp&timen at LS 53 corresponding to a drift of %75
(a) experimental outcomes and (b) NLFEA results.

The results presented in Figure 4.50 and Figurg ghdws that NLFEA are in good agreement with
the experimental outcomes also in term of crackepat Both in the experimental and the numericatkr
pattern highlighted the typical flexural crack, caerized by an approximately horizontal inclinati
Moreover, as the patterns of TW1 and TW4 specimneas relatively similar, in TW1 (Figure 4.50) bditle
numerical and the experimental results highligHtgder crack at around mid-height with respect W4T
(Figure 4.51). this difference can be explainedlie larger out-of-plane displacement experietgedw1
specimen with respect to TW4, as shown in Figu48.4.

Finally, in the following are investigated the dgalariation of strains in time for TW1 specimernerl
experimental outcomes was derived from the LVDTasneements. In particular along the height of thé w
seven LVDTs with different displacement ranges weaeed at the two sides of the specimen, as sliown
Figure 4.52. LVDTs named from F1 to F7 were plaakxhg the free edge of the wall, while LVDTs named
from T1 to T7 were placed along the flanged edde domparison between experimental and NLFEA was
limited to 4 out of the 7 LVDTs measurement (F1, F2 and F4 for the free edge and T1, T2, T3 antbi4
the flanged edge) because, as showed above, ibtst meas mainly involved by out-of-plane phenomenon
The LVDT presented different base lengths: for fd &1 the base length was equab@mm for F2, T2, F3
and T3 the base length was equa@ mmand for F4 and T4 the base length was equdabD@ mm The
vertical strain experimentally evaluated was catad by dividing the displacement measured by BT
by his base length.

In Figure 4.53 and Figure 4.54 the experimentaticar strains, derived as just explained, was
compared with the vertical strains obtained fromARIA at different heights along the free edge ara th

flanged edge respectively.

139



THE PARC_CL 2.0

B ] m——

240 53 255
23071041242 243 244 245 246 247 248 249 250 "’\175'%3 4/2221
E4 ﬂ‘m 2649952 65 78 M1 104 117 130 143 156 169 18238 330 E3

F7 : T7
12725738 51 64 77 0 103 116 7129 142 155 168 181 g%S

Sl % 198
117243750 63 76 B9 102 115 128 141 154 167 180 26 T
6— A Fa 3 19 6

B . a2 ]jsl'f JH218
023736 49 ‘62 75 B8 101 114 127 140 153 166 179 205

b 23548 61 74 %7 100 113 126 139 152165 178 30472
F5— ——T5

B 213447 % 73 %6 99 112 125 138 5116417730720

| e - - . 150 4215

[7 20733 46 59 72 ®S 08 111 124 137 150163 176 202
F4— ok T4

6 19732745 758 ! B4 97 110 7123 136 149162 175 g%l -

187 (1213

15 18 31 44 57 J0 B3 96 loo 122 135 148141 174 530,
F3—|—:=: H : H H H H : H H :::: T3

12 1528 41 54 67 B0 93 Joe 119 132 145138 I?llﬁ? 4
F2 15 T2
Fl 1 1427 40 353 66 79 92 105 118 131 144157 170 196 2V

222 ] 3247225 22 227 228 229 231 232 233 234235 137138
2%3‘ 4215 6 230 2%1‘; 3

Figure 4.52 — TW1, labeling and position of LVDTsidg the experimental test (East side view, thrde
is on the right) [Almeida et al., 2016].
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Figure 4.53 — TW1, comparison between experimemalNLFEA results in term of vertical strains
measured along the edge of the specimen at diffasghts above foundation: (a) h= 25 mm, (b) h=150
mm, (c) h=350 mm and (d) h=650 mm.
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From Figure 4.53 it can be noted that for the tawodr measured points (Figure 4.53-a and Figure
4.53-b) the results of NLFEA present high scattgh wespect to the experimental ones. This scatarbe
related to a different localization of the mainatrat the base of the wall; indeed the experimemitdomes
present the higher value for the lower measurempeimt (h=25 mm, Figure 4.53-a) while for NLFEA the
higher strain values are obtained at the secondumement point (h=150 mm, Figure 4.53-b) . On tieio
hand, moving far from this contact zone, into tbee which was of mainly interest for the purposehid
document (due to the fact that this zone was ireslyy out-of-plane phenomenon), the comparison dxstw

experimental and NLFEA results are in good agre¢naernshown in Figure 4.53-c and Figure 4.53-d.

In Figure 4.54 the same quantities are evaluatetthéoflanged end, derived from LVDTs named from
T1to T4 in Figure 4.52.

a 0.03 b
o1t ey LVDTTL(h=25mm) ( ) # eencall  LVDT T2 (h=150 mm) ®
0.025
008 | | —PARC_CL 2.0 —PARC_CL 2.0
......... Experimental 0.02 -~ Experimental

0.015

0.01

0.005

-0.02 time -0.005

c d
. 014“ Everticall”] LVDT T3 (h=350 mm) § ( .) 0.014“ Everticall] LVDT T4 (h=650 mm) (d)
—PARC_CL 2.0 —PARC_CL 2.0
oot | | Experimental ;i oo1 | [ Experimental

0.006 0.006

A AM A/\

VUV Y Y Yy vU TP
time

0.002

-0.002 time -0.002

Figure 4.54 — TW1, comparison between experimema/NLFEA results in term of vertical strains
measured along the flange of the specimen at diffdreights above foundation: (a) h=25 mm, (b) &1
mm, (c) h=350 mm and (d) h=650 mm.

Analysing the variation of vertical strains in tinmethe flanged edge, reported in Figure 4.54 sdrae
conclusions just underlined analysing the free d#fggure 4.53) can be remarked. Indeed, in thelomer
measurement points it can be highlighted some réifiges between experimental and NLFEA results, as
shown in Figure 4.54-a and Figure 4.54-b. On therohand, far from this zone the comparison between
experimental and numerical vertical strains seeanisetin good agreement, as reported in Figure ¢ .&dd
Figure 4.54-d.
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4.4.1.3 Validation of PARC_CL 2.0 crack model by comparigith DIANA code

A further validation of the presented PARC_CL 2:@lck model is carried out by analysing the same
specimens using the software DIANA [Manie, 2015].

In Figure 4.55-a is reported a sketch of the adbptesh. Concrete was modelled using 4 nodes curved
shell elements (hamed Q20SH in DIANA) with 4 Gaingsgration points over the element area and 5 Somp
integration points over the element thickness. fReding bars were modelled using embedded reinfoerd
considering perfect bond between reinforcementandrete, Figure 4.55-b. Each bar element is ctexiaed
by 2 Gauss integration points along the truss &tis particular modelling of reinforcing bars conges one
of the major differences from the PARC_CL 2.0 crawddel, where reinforcements are modelled as smeare

within the concrete elements.

Steel frame:used to obtain shear span of 10 m
Linear elastic material

Perpendicular flange

BEE N

Web of the wall

e ¢ 6 bars
v ¢ 16 bars

V.
/7777
/[ / //
/ VAN
////
/ ’
/777
v

//// /s
/ /

7

/
/ /[

//
7 / ’

(b)

Figure 4.55 — TW specimens, NLFE model using DI&bdi¥e: (a) adopted mesh and (b) detail of
reinforcement.
The total strain fixed crack model, available irADIA [Manie, 2015], was used to model the concrete.
For concrete in tension an exponential behaviosetan the definition of the fracture energy irsten, G,

and of the crack bandwidth, have been adopte@r was calculated according to the proposafilflodel
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Code 2010] whileh was assumed equal to the square root of the dreach element, as suggested by
[Hendriks et al., 2012]. Concrete in compressios een modelled with a parabolic relationship, etiog

to [Feenstra, 1993], based on the definition of tha@ck bandwidthh, and of the fracture energy in
compressionGc, assumed equal to 450 tim8s, as done using PARC_CL 2.0 crack model. The réatuct
the compressive strength of concrete, due to terstiiains perpendicular to the principal compressiv
direction, was taken into account according to pfee and Collins, 1993]. The lower bound of thiduetion
curve is fixed at 0.6. The aggregate interlock neenon is considered by reducing the shear stgfaésr
cracking using a constant shear retention factuakto 0.03, that multiplies the elastic shear uhasl of

concrete.

The cyclic behaviour of steel was considered ugiregMonti-Nuti model [Monti and Nuti, 1992]
available in DIANA. The parameters of the Monti-Nubdel was set equal =20,2,=18.45 anc»=0.001,
based on a parametric study reported in [Belldgttale 2016]. In Figure 4.56 are reported the aeldpt

constitutive model for both concrete and steel.

600

400 - 7 /

200 - 4 /

o.[MPa]
os[MPa]
o

-200 -

-400 A

-36 T T T -600 T T T T
-24 -18 -12 -6 0 -4 -2 0 2 4 6 8

&c[mnvm] (a) €s [mm/m] ( b)

Figure 4.56 — TW specimens, adopted cyclic cotisttumodel with DIANA code: (a) concrete and (leest

Figure 4.57 describes the comparison between ewpatal outcomes and NLFEA results. NLFEA
are carried out using both the multi-layer shedhetnt approach with PARC_CL 2.0 crack model (prteskn

in the previous section) and the shell elementaggdr with embedded reinforcement using DIANA code.

From Figure 4.57-a it can be highlighted that tlubal hysteretic behaviour is quite similar between
the two numerical modelling approaches; moreovisg &he failure mode, characterized by crushing of

concrete at the base of the edge of the wall anledawith a circle in the graph, is the same.

Analysing Figure 4.57-b it can be assessed thatthks out-of-plane instability of the specimen can

be predicted with reasonable accuracy using bamtimerical procedures.
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Figure 4.57 — TW1 specimen, comparison betweerriexpetal outcomes, PARC_CL 2.0 crack model and
DIANA code: (a) in-plane force vs displacement @jdn-plane displacement vs out-of-plane displaegim
at the height where maximum out of plane displac¢rvas experimentally measured.

In Figure 4.58 the comparison between PARC_CL aBkcmodel and DIANA commercial code is
extended to the TW4 specimen. Figure 4.58-a hightigat PARC_CL 2..0 crack model is as able as DAAN

code to predict the overall cyclic force-displacembehaviour. Also the failure mode, characteribgd

crushing of concrete is the same and it is deteattdte same load stage. The out-of-plane behayoesented
in Figure 4.58-b is quite similar for the lower tbstep (LS 38 — drift=0.5%) while for the highereai.S 48
— drift=0.75%) the maximum out-of-plane displacetragtected with DIANA codeLOmm) is closer to the

experimental maximum out-of-plane displacement wétspect to the PARC_CL 2.0 crack modéroim).

However, this difference is considered negligiblecause both the numerical models seem to predigthd

reasonable accuracy the out-of-plane behaviour.
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Figure 4.58 — TW4 specimen, comparison betweerriexpetal outcomes, PARC_CL 2.0 crack model and
DIANA code: (a) in-plane force vs displacement ésycbut-of-plane displacement along the heighthef t

wall.
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4.4.2 “U-shaped” slender RC wall

In this section a “U-shaped” RC wall was analysganeans of NLFEA and the obtained results are
compared with the results of an experimental cagmpaarried out at EPFL in Lausanne, Switzerland
[Constantin and Beyer, 2016].

44.2.1 Experimental campaign

The experimental campaign carried out at EPFL lpngtantin and Beyer, 2016] consisted in two U-
shaped walls, representing a half-scale modelefdier two storeys of a prototype elevator skddfined
TUC and TUD which differed with respect to the apglaxial load. For the purpose of this researadh aut

of the two tested specimens was analysed, TUC iaditrated in Figure 4.59.

NS-E actuator
(1000kN,
1 1000mm)
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1000mm)
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jack for axial |
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(3000kN)
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Reaction frame
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9
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Load cells axial
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g3 e
(==
e
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== (e blocks
=2 = post=tensioned
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e and vertically to
the strong floor

=
=
: i Position sensor

Figure 4.59 — 3D representation of TUC experimes&ttup [Constantin and Beyer, 2016].

The geometrical properties of the specimen togetlithr the reinforcement layout are presented in
Figure 4.60.
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Figure 4.60 — TUC experimental test unit: (a) cresstion and reinforcement layout and (b)elevasiketch
(measure in mm) [Constantin and Beyer, 2016].
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In Table 4.6 are resumed the concrete and reinfenemechanical properties, derived from material

Table 4.6 — Main mechanical properties derived froaterial tests for TUC specimen.

concrete ®6 bars

@8 bars @12 bars

Ec fc fy fy fu Es
[Gpa] [MPa][MPa] [MPa] [MPa] [Gpa]

fy fu Es fy fu Es
[MPa] [MPa] [Gpa] [MPa][MPa] [Gpa]

TUC 316 42 32 492 623

200

563 663 200 529 633 200

The transversal reinforcement is characterizedithyigs with a diameter of 6 mm spaced of 125 mm.

Moreover, the extremities of the flanges, definedhe following as boundary elements, and the asrne

between the web and the flanges, are over reirdokin additional stirrups with a diameter of 6 nspaced

of 50 mm, Figure 4.60-a .

The longitudinal reinforcement was set different thee two flanges. The West flange was detailed

with vertical reinforcement mainly concentratedhie boundary elements while in the East flangeiaride

web the vertical reinforcement was uniformly distiied. The total reinforcement percentage for ldreges

is approximatively the same, as listed in Table 4.7
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Table 4.7 — Longitudinal reinforcement percentamelfUC specimen, detailed for the two flanges viee
and the entire wall section.

1
P, total P, confined 21, unconiined

Flange with distributed reinforcement (East) 1.06% 34% 0.91%
Flange with concentrated reinforcement (West) 1.01% .45% 0.31%
Web 1.16% 1.25/0.9%  1.00%
Entire wall 1.09%

! ©1 was computed by counting the corners towards #ie w

% due to differencies in flange reinforcement, lagaeinforcement contents of confit
corner regions differ slightly between the tworsss

During the test the specimen was subjected to @hlaad ratio of 6% (equivalent to an axial foxfe
806 kN).

The horizontal cyclic load is applied by meanshoéé actuators: the EW actuator loaded the web at a
height of kw=3.35 m while the two NS actuators loaded the #&raf a height ofJa=2.95 m, see Figure 4.59
for the position of the actuators and Figure 4.60flthem heights. The test was carried out inldisgment
control and the torsional effect on the specimes pravented by applying equal displacement towloeNS
actuators, NS-W and NS-E.

As the key objective of the experimental invesimatwvas to understand the behaviour of the wall
under diagonal loading, the main cycles were agpilwng the two geometric diagonals of the U-shaped
section. The direction of the geometric diagonalgdhe corner between web and flange with the eddee
flange (see direction E-F and H-G in Figure 4.61%e detail of the applied loading history is ngpd in
Figure 4.61-b.
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East(+) |5=0.1% &-0.2% ' 5=0.3% | &0.4% " 5=0.6%' $=0.8% | =1.0% ;521.5% 3=2.00 5=2.5%
! ! | ! ! |
I I I I
L ‘ I I B
G D F g % [ : ‘ : ! | D:B oo s s FF‘}H!—‘!HH Fa
A = s D B FH HH DB FHID B §H A A ! | ‘c‘\ A A \
A B i cCAcale Ggl o c A G‘\c A \ x \
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= N _e0l |/
E & C H 50 —Disp. EW(h=3.35m) |
—Disp. NS(h=2.95m)
NO"th(:i | | | | | | | | | |
(a) West(-) 0 10 20 30 40 50 60 70 80 90 100 (b)

Loadsteps

Figure 4.61 — (a) TUC loading positions and (b)daay protocol [Constantin and Beyer, 2016].
The loading protocol presented in Figure 4.61-bdascribed below:

* 0.1%drift 0-C—-D—-0—-A—-B—0

- 02%drift 0-C—-»D—-0-A—-B—-0-E->F->0->H—->G—-0
 0.3%driftt 0-E-F->0->H-G—-0-C—-»>D—-0-A—->B—0
 0.4%dri 0-E-F->0->H-G—-0-C—->D—-0-A—->B—0
- 0.6%drift 0-E-F->0->H—->G—-0-C->D—-0-A—->B—0
- 0.8%drift:0-C-»D—-C—->D—-0-A—-B—->A—->B—>0
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« 1.0%dritt - E-F—->E->F->0->-H->G—->H—->G—-0
« 15%dritt 0- H-G—->H—->G—->0->E—-F—>E—->F—-0
« 2.0%dritt - E-F->E->F->0->-H->G—->H—->G—-0
e 25%driftt 0- H-G—-0-E—-F—-0

e 3.0%driftt 0-E—-0—->H—>0

4.4.2.2 Nonlinear finite element modelling and results

TUC specimen was modelled using 4-nodes elemertts negular integration in plane (4 Gauss
integration points). Moreover, each element isréized, along its thickness, into 2 different lesy order
to properly set the exact position of the two reinément layers; each layer is characterized bintfp$n

integration points, Figure 4.62-a.
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Figure 4.62 — TUC, detall of the mesh used in NLFEA

As shown in Figure 4.62-a 5 different regions wesesidered in the model:

» the upper collar, used to distribute the exterpading, is characterized by linear elastic

material;
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< the boundary elements, characterized by additistiralips, are divided into two more regions
in order to consider the differences in longitutliranforcement (green region represented
the concentrated reinforcement layout while yelloggion represented the distributed
reinforcement layout);

» the webs of the walls, are characterized by twoemegions which differ in the longitudinal
reinforcement content, as shown in Table 4.7 (egibn represented the concentrated
reinforcement layout while light blue region repeted the distributed reinforcement

layout).

According to the mean mechanical properties reddrterable 4.6, the nonlinear material properties
of the model was applied using the implemented PARC?2.0 crack model as presented in Table 4.8. The
confining effect, due to the increasing of stirripghe boundary elements, are calculated accortirthe
formulation proposed by [Mander et al. 1988], whieads to an increasing of both the compressiwength
and the ultimate compressive strain. In Table 4e8paesented the different mechanical propertiealfadhe

different regions shown in Figure 4.62.

Table 4.8 — Main material properties adopted in MA=for TWland TW4 specimens.

g Concrete (see §4.2.1.1) Steel (see §4.2.1.2)

o

g Region of the wall h am Ec ft GRCF Etu fe Gc Eco Ecu Es fylong Plong Ty, trasv P trasv
3 [mm] [mm] [Gpa] [MPa] INNmm°] [-] [MPa] [NNmm’] [] [] [GPa] [MPa] [%] [MPa] [%]

Web concentrated reinforcement 100 234 31.6 3.2 0.204 0.003 42 51.0 0.002 0.020 200 492 05 433
Web distributed reinforcement 100 234 31.6 3.2 0.204 0.003 42 51.0 0.002 0.020 200 563 11 433
Boundary concentrated reinfo. 100 123 31.6 3.2 0.268 0.003 50.7 118.0 0.003 0.038 200 529 3% 1.1
Boundary distributed reinfo. 100 123 31.6 3.2 0.268 0.003 50.7 118.0 0.003 0.038 200 563 #92 1.1

Regarding boundary and loading conditions, theispatwas fixed at the base of the wall, so that the
influence of the foundation was neglected. Theicyohding history is applied at the top of thedpen, in
the upper collar. The load was applied as a dispt@nt loading history, according to the loadinggerol of
Figure 4.61, where for every actuator the samelatisment was applied to all the nodes positionethen
same line, as shown in Figure 4.62-b

NLFEA were run in displacement control using imjlisolution method and Newton-Raphson
convergence criterion, with force and displaceneentrol tolerance limits respectively set equa@D® and
102. The maximum number of iteration allowed for etioke increment was set equal to 25. The solution of
a time increment is accepted after the maximum raurobiteration allowed has been completed, evéeif
equilibrium tolerances are not satisfied. Howetl@s condition should be avoided because it coeéd Ito a

loss of stability and reliability of the results.

In the following the results obtained by means &fFNA and PARC_CL 2.0 crack model are
compared with the experimental outcomes.
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Due to the fact that, as stated above, the keyctibgeof the experimental investigation was to
understand the hysteretic behaviour of the walleardiagonal loading, in Figure 4.63 and Figure Za6d
presented the global force-displacement hysteoésened when load is applied through diagonaldsé H-

G respectively.

The forces and the displacements obtained by eagle sictuator were combined using SRSS (Square

Root of the Sum of Square) method, as shown inr€igu63-a and Figure 4.64-a, according to the votig

formulation:
Ferss™ \/ FEZW + (FNS_W + FNS_E)2 E'Bigr'(ANs) (4.78)
Agrss= \/AZEW @295 + Oks B5ign(As) (4.79)

whereFew, Fns wandFns erepresent the forces imposed by each actuatofe vlhy and 4ns represent the
wall horizontal displacements in the EW and NSdio®, measured both at an height equal to 2.95ovea
foundation (the height of the NS actuators). Tlge sif NS displacement was added in the formulatiarder

to plot the SRSS hysteresis loops consistently.

In Figure 4.63 and Figure 4.64 are also plottedftinee-displacement hysteresis obtained for each

single actuator when load is applied through diafj&nF and H-G respectively.

When load is applied along diagonal E-F, as showFidure 4.63, the experimental outcomes showed
that the failure of the specimen occurred due ¢oatlt-of-plane buckling and compression failureemwkhe
flange end was in compression at position E. Dutirgglast cycle (characterized by a drift equad%o, see
Figure 4.61), the wall stiffness was significarriyluced when load is applied from zero towardstioosk,
as compared to the previous cycles at the sardenpposition (Figure 4.63-a). This is due to tbenpression
failure in the unconfined concrete of the Westdlaas shown in Figure 4.65-a where is reportedrilghing
of concrete reached for a drift of 3%. The expentakevolution of failure can be summarised afeildue
to the large displacement imposed to the wall whbed is applied towards position F (e.g. 3% oftirlarge
tensile strain developed in the West flange endltieg in wide horizontal cracks. When unloadingrir
position F the longitudinal bars of the West flamgels could be subjected to compression beforeréeks
could close and this condition leads to out-of-planckling. Due to this out-of-plane buckling the$vflange
end lost his compressive carrying capacity anadtopgensate for this lack the compressed zone irenldato

the unconfined region, leading to compressive éngsbf concrete.

Similar remarks can be done by analysing the emparial behaviour of the specimen when load is
applied along diagonal H-G, as reported in Figul4After the failure occurred at position E, ¢oning
loading along diagonal E-F would have led to theglete destruction of the West flange. For thisosathe
specimen was unloaded and reloaded again alongrdihgl-G, until the failure of the East flangethis case
the experimental outcomes highlight that the failaccurred due to crushing of concrete in the Hasge,

for the same reason expressed above, as repoiftéglire 4.66-a.
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Figure 4.63 — TUC, comparison between experimemd|INLFEA in terms of force-displacement hysteresis
along diagonal E-F: (a) SRSS combination, (b anishdividual NS_E and NS_W actuator, (d) sum of NS
actuators and (e) individual EW actuator.
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Figure 4.64 — TUC, comparison between experimartdINLFEA in terms of force-displacement hysteresis
along diagonal H-G: (a) SRSS combination, (b anohdividual NS_E and NS_W actuator, (d) sum of NS
actuators and (e) individual EW actuator.
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Simulation of out-of-plane instability

As shown in Figure 4.63 and Figure 4.64, the resafitained by means of NLFEA and PARC_CL

2.0 crack model seems to well reproduce the gloystieretic behaviour of the specimen considerirth tiee
analysed direction of load (diagonal E-F and diadohG).

The good agreement between experimental and numhesitcomes can be remarked also by
comparing the experimental and the NLFEA failurededndeed, when load is applied along diagonal E-F
the failure in NLFEA is characterized by crushirfgcompressive concrete in the unconfined regiothef
West flange, as shown in Figure 4.65-b, accordirtbe experimental test. The crushing of concreNlFEA
is considered as the point in which the compresstiinan reaches the ultimate strady,; the values ok, for
both confined and unconfined concrete are repantda@ble 4.8.

The only difference between experimental and NLFEgults was related to the fact that the failure
in NLFEA occurs a cycle before with respect toélperimental one.

Experimental failure: NLFEA failure:
LS 102 (Pos. E — drift=3%) LS 99 (Pos. E — drift=2.5%)

Figure 4.65 — TUC, crushing of concrete at Posn hie flange with concentrated reinforcement lay@it
experimental failure due to crushing in the uncoedi region at drift"3% and (b) experimental failure due
to crushing in the unconfined region at dri2.5%.

Similarly, when load is applied through diagonaGHhe failure mode detected by means of NLFEA
was crushing of concrete in the unconfined regibthe East flange, as reported in Figure 4.66-boating
to the experimental failure shown in Figure 4.6&wa.for the case when load was applied along diaggn
F, also in this case the only difference betwegregrental and NLFEA results was related to the tiaat
the failure in NLFEA occurs a cycle before withpest to the experimental one.

Experimental failure: NLFEA failure:
LS 104 (Pos. H — drift=3%) LS 96 (Pos. H — drift=2.5%)
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(b)

Figure 4.66 — TUC, crushing of concrete at Posnkhie flange with distributed reinforcement lay¢ai}:
experimental failure due to crushing in the uncoedi region at drift"3% and (b) experimental failure due
to crushing in the unconfined region at dri2.5%.
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Another important aspect that can be remarked lajyaimg NLFEA is related to the evolution of
compressive concrete strain along the flange.dni€i 4.67 is reported the comparison between expeial

and NLFEA in term of crushed concrete in the Wiestde when load is applied toward position E féiedent
load levels.

LS 88 (Pos. E — drift=2%) failure: LS 102 (Pos. E — drift=3%) |

SS
»

=

4
.

N
—
K 7
(fon
i
o

LS 88 (Pos. E — drift=2%)
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0.000
-0.004
-0.008
-0.012
-0.016
-0.020
-0.037

(@) (b)

Figure 4.67 — TUC, comparison between experimartdlNLFEA in term of crushed concrete in the West
flange when load is applied along diagonal E-F: k@gad Step 88 characterized by a drift=2% and (b)
failure load

From Figure 4.67 it can be confirm that, as stateolve, the failure of the specimen occurs when the
highly compressed zone increased into the uncamfiegion. Until this moment, as shown in Figurer4a6
the high compressive strains are concentrateceibdindary region at the end of the flange.

The comparison between experimental and NLFEA tesuk extended to the evaluation of the local
deformation response of the specimen.

In Figure 4.68 is presented the vertical straitheninside and outside of the West flange endjiodta
when load is applied along diagonal E-F and forift df 0.4% (Figure 4.68-b and Figure 4.68-c) dttd
(Figure 4.68-d and Figure 4.68-e). The experimemsdlts, derived from the LVDT measurements, &ed t
NLFEA results are in good agreement and this isicemed important for the aim of this researchtfer
following reason. When the flange end is under a@sgion (Pos. E) the compressive strains on tler tade
of the flange aréR.5 times larger than on the inner face (Figur&4.éGind Figure 4.68-d). On the other hand,
when the flange end is under tension (Pos. F)ehsile strains on the outer face of the flangeaarkarge as
the tensile strains on the inner face. This latgersgradient, between the outside and the insidie flange

end when it is under compression promotes thehitisyeof the wall and can lead to the out-of-planeckling
of the flange end which was observed in the expental test.
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Figure 4.68 — TUC, vertical strain on the outsidedanside of the West flange end when load is aedpli
along diagonal E-F.

Similan conclusions can be obtained by compariegsttime quantities in the outside and inside of the
East flange end when load is applied through diabdrG for a drift of 0.4% (Figure 4.69-b and Figu.69-
¢) and 1% (Figure 4.69-d and Figure 4.69-e).
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Figure 4.69 — TUC, vertical strain on the outsidedanside of the East flange end when load is agpli
along diagonal H-G.

The good agreement obtained comparing NLFEA andraxental results in terms of vertical strains

in the inner and outer sides of the flange (Figu68 and Figure 4.69) is encouraging for the apgitic of

the current model in future parametric studies.eNtat the large strain gradient under diagonalitan

exhibited when the flange ends are in compresgimmotes the occurrence of local out-of-plane hingkbf

the wall, which was observed in the experimentstl te
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Simulation of out-of-plane instability

Another important comparison, in term of local defation response, between experimental and
numerical results is related to the vertical sgaihthe base of the wall. These quantities weperaxentally
derived from optical measurement data and so tleeg taken on the outer perimeter of the walls. 8lerage
vertical strains were measured in a height intewdl-75 mmbecause this interval represents the relevant

section for the force transfer mechanism from wafbundation.

The evaluation of this quantity is considered quitgortant because the shear forces can be traedfer
from the wall to the foundation only through cong®ien zone at the base of the wall, while smalhsferces

can be transferred through tension zone.

In [Constantin and Beyer, 2016] the authors of thigperimental campaign compared the
experimentally obtained vertical strain distribat&long the base of the wall with the one obtaungdg plane
section analysis, performed using zero-length fddesnent in “Opensees” software [Mazzoni et alQH0
The result of this comparison, not reported het@ghlighted that, as stated by [Constantin andeBe3016],
“The plane section assumption, which is the basssnople analysis tools for RC walls, does not Holdthe
U-shaped walls under diagonal loading since isftl capture the presence of additional compresziors

at the corners between web and flange.”

In Figure 4.70 the experimentally determined vaitstrain distribution along the base are compared
with the results obtained by means of NLFEA usihg implemented PARC_CL 2.0 crack model. The
comparisons are plotted for the diagonal loadimgatiions and for the same above mentioned driéltev.e.
0.4% and 1.0%.

The results reported in Figure 4.70 showed that A Earried out using multi-layer shell elements
combined with PARC_CL 2.0 crack model returns goellts in terms of vertical strains at the basthef
specimens. In particular, the numerical model adloavcapture the presence of the compression rotie
corner between West flange and web when load ibespjowards position E (Figure 4.70-a), which wag
of the main lack highlighted in the use of planetisem model, as explained above. Moreover, the@mgnted
numerical model allows good representation of tietld of the wall subjected to tension or compressas
shown analysing the passage from tension to comsipresn the East flange when load is applied toward
position F (Figure 4.70-b); this fact is consideggite important for the purpose of this researebabise, as
stated above, only the compressed zones can dratsear from the wall to the foundation and socgper

definition of the compressed zones is a fundamesgak for this kind of problem.
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Figure 4.70 — TUC, comparison between experimenttdomes and NLFEA results in term of vertical
strain at the base of the outer face of the walfjer diagonal loading: (a) Pos. E, (b)Pos. F, (©sPG and
(d) Pos. H Tensile strains are plotted on the algsif the U-shaped section (positive strains) while
compressive strain on the inside (negative strains)

4.42.1 Validation by comparison with DIANA code

A further validation of the presented PARC_CL 2:@lck model is carried out by analysing the same
specimens using the software DIANA [Manie, 2015].

In Figure 4.71-a is reported a sketch of the aabptesh. For the modelling of concrete 4 nodes curve
shell elements (named Q20SH in DIANA) with 4 Gangsgration points over the element area and 5 Somp
integration points over the element thickness. fReimg bars were modelled using embedded reinfoerg
considering perfect bond between reinforcementandrete, Figure 4.71-b. Each bar element is cterraed

by 2 Gauss integration points along the truss axis.
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TUC specimen, NLFE model using DIANde: (a) adopted mesh and (b) detail of

Figure 4.71 —

reinforcement.

In the NLFEA model, presented in Figure 4.71-ag¢hdifferent regions are considered: the upper

made of linear elastic material, the bougdaements characterized by the presence of additi

collar

and the web of the wall, charactdrizg

stirrups such as to confer to the concrete a cedfimehaviour

in the remaining zones. Tfiegnce of the foundation is neglected and heneertbdel

unconfined concrete,

restraints are located at the base nodes of tHe wal

The Total Strain Fixed Crack Model, available inADIA [Manie, 2015], was used to model the

concrete. For concrete in tension an exponentiaayieur based on the definition of the fracturergpen

tension,Gr, and of the crack bandwidth, have been adopte@r was calculated according to the proposal in

[fib-Model Code 2010] whilé was assumed equal to the square root of the &ezchb element, as suggested

by [Hendriks et al., 2012]. Concrete in compressias been modelled with a parabolic relationshipoeding
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to [Feenstra, 1993], based on the definition of thack bandwidthh, and of the fracture energy in
compressionGc, assumed equal to 450 tins as done using PARC_CL 2.0 crack model. The cenfent
effect due to the presence of stirrups in the bannelements of the specimen was taken into ac@mioyting
the model proposed by [Mander et al., 1988], aléalan DIANA. Both the confined and unconfined agcl
stress-strain relationship for concrete are repomeFigure 4.72-a. Moreover, as for TW specimehs,
reduction of the compressive strength of concrdtes to tensile strains perpendicular to the pricip
compressive direction, was taken into account atiagrto [Vecchio and Collins, 1993]. The shearfisgfs
after cracking is reduced using a constant shéantien factor, equal to 0.03, that multiplies #tastic shear

modulus of concrete.

The cyclic behaviour of steel was considered ugiregMonti-Nuti model [Monti and Nuti, 1992]
available in DIANA. The parameters of the Monti-Nuodel was set equal &=20,2,=18.45 anc»=0.001,
based on a parametric study reported in [Bell¢tl.e 2016]. In Figure 4.72-b is reported the addpyclic
constitutive model for steel reinforcement.

5 600 ............................
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- y 4 /
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~ rd / K
rd - / .
~ td / :.'
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Figure 4.72 — TUC specimen, adopted cyclic cortstigumodel with DIANA code: (a) concrete and (leekt

Figure 4.73 describes the comparison between ewpatal outcomes and numerical results obtained
using both PAC_CL 2.0 crack model within ABAQUS eaahd DIANA code. The results are presented in
term of SRSS forcesdisplacement response when load is applied alen&+F diagonal (Figure 4.73-a) and
H-G diagonal (Figure 4.73-b); the points in whible NLFEA failed due to crushing of compressive cete
in the unconfined region are also indicated. TheSSRralues were multiplied by the sign of the NS

displacement for plotting the hysteresis loop cstasitly.
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Figure 4.73 — TUC specimen, comparison betweenrinpetal outcomes and NLFEA results obtained with
the proposed PARC_CL 2.0 crack model and the coniah®IANA code; SRSS in-plane force vs SRSS
displacement when load is applied through (a) dregde-F and (b) diagonal H-G.

The results reported in Figure 4.73 show that Bo¢mumerical model are quite able to reproduce the
experimental cyclic response. Moreover, considebiotlp the analysed loading directions, the DIANAd®io
fails for a lower drift with respect to the PARC_ QIO crack model and also to experimental resultSigure
4.73-a it can be seen that the numerical modelldped in DIANA code fails at LS 87 (drift=2.0%) doe
crushing of concrete in the unconfined region;l@dther hand the numerical model developed in AB&Q
code using PARC_CL 2.0 crack model (widely desctilmethe previous section) fails at LS 99 (drift5%).
Just to remind, the experimental specimen failsSal02, moving toward a drift of 3.0% as shown igufe
4.65. Similar remarks can be done analysing diddd@, reported in Figure 4.73-b. In this caseThANA
code model fails at LS 92 (drift=2.0%) due to cingiof concrete, while the ABAQUS code with PARC_CL
2.0 fails at LS 96 (drift=2.5%) and the experiméfadure was detected at LS 104 (drift=3.0%) asvgh in
Figure 4.66.

In Figure 4.74 the comparison is extended to th&ca strains on the inner and outer side of the
flange ends, along the height of the wall. Thes#iozd strains are obtained when load is appliehalH-G
diagonal and for two different loading drifts (0.4%4d 1.0%).

Figure 4.74 shows that both the DIANA model and BA&RC_CL 2.0 crack model are in good
agreement with the experimental outcomes. In pdaticfrom Figure 4.74 it can be observed that wien
flange end is in compression (Pos. H) the compresdiains at the base of the wall on the outer fael[R
times larger than on the inner face, Figure 4.&hd Figure 4.74-d. On the other end, when the dargl is
in tension (Pos. G) the tensile strains in theolatee end are close to the tensile trains inheri face end,
Figure 4.74-c and Figure 4.74-e.
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Figure 4.74 — TUC specimen, comparison betweenrgmgrtal outcomes and NLFEA results obtained with
the proposed PARC_CL 2.0 crack model and the coniah&@lANA code: vertical strains on the inner and
outer side of the flange computed along the heigiten load is applied through H-G diagonal.

4.4.3 Synopsis

In this section the cyclic response of RC slendalismvas investigated by means of NLFEA. In
particular, the focus is pointed on the out-of-plamstability of such members triggered by horiabiiclic

reversal loading. The need for this research afisesthe observed lack of numerical and experimesttidies
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on this topic. The aim of this section was to vati@@the capability of the multi-layer shell elenseapproach

associated to the implemented PARC_CL 2.0 crackettodcapture this particular phenomenon.

The results demonstrated that NLFEA using multetaghell elements and PARC_CL 2.0
crack model are able to predict the global cy@gponse both in loading and unloading phase;
The comparison was extended to the evaluationeolioibal deformation response and also in
this case NLFEA results are in good agreement thighexperimental outcomes. Moreover,
NLFE model seems to be able to capture some pktipnienomena, such as the distribution
of compressive strains along the base of the sgarbwhich, with some simplified analyses
(e.g. plane section analysis), it was not possibtmapture;

A further validation of the proposed approach iselby comparing the obtained results with
the outcomes obtained using a common commercia ¢OtANA code) for NLFEA. The
modelling approach adopted in DIANA code was ddfdér from the proposed one; in
particular, the specimens are modelled with cusreall elements and the reinforcing bars are
considered as discrete truss elements embeddedh wite shells. These two different
approaches lead to comparable results;

It thus seems logical to use this advanced numddoéto further study wall configurations
that are able to optimize the response under lgiitirgal loading. In particular, the influence
of the content and detailing of longitudinal reirdimg bars, the confining effect due to the
increase of stirrups, and the width of confinedezam the boundary elements should be
addressed.

Once validated the implemented model by compangtnexperimental outcomes, NLFEA
offers the possibility to investigate several diéigt conditions that would be impossible to
analyse by means of experimental campaigns. Adsocit this, further studies would
investigate some crucial aspects related to resd studies such as: influence of slabs in the

global response of the wall or influence of torsioeffects.
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Summary and conclusions

5 Conclusion

“Il primo libro sarebbe meglio non averlo mai sc¢at Finché
il primo libro non é scritto, si possiede quellbdita di cominciare che si puo usare
una sola volta nella vita, il primo libro gia ti fisisce mentre tu in realta sei ancora
lontano dall'esser definito; e questa definizioé govrai portartela dietro per la
vita, cercando di darne conferma o approfondimentmrrezione o smentita, ma mai

piu riuscendo a prescinderne.”

Italo Calvino — Il sentiero dei nidi di ragno

In the present thesis several applications of Alayer shell (MS) elements are presented, in dier
investigate both the in-plane and the out-of-plaekaviour of RC members by means of NLFEA. A specia

attention was payed to the evaluation of the cyantid dynamic response of such members.
5.1Summary and conclusions

The MS elements approach adopted in this thesisistsrin discretizing the thickness of the element
in several layers assuming a plane—stress hypsthdsis, they are able to consider the nonlineaobplane
flexural behaviour while they do not include thenlear behaviour due to shear along the thickniess,

therefore, not possible to capture shear or pugcstiear out-of-plane failure.

To overcome this deficiency in this thesis a pasepssing of NLFEA results is proposed, based on
critical shear crack theory (CSCT). The CSCT, a®med by [Muttoni, 2008] and [Muttoni and Fernande
2008, allows to evaluate both shear and punching slaflare modes based on few fundamental parameters,
such as respectively the axial strain at mid-depththe out-of-plane rotation of the element. Ttr@garison
between NLFEA and experimental outcomes, carrig¢doiseveral RC slabs, allows to assess the cégabil
of the proposed post-processing procedure to aaptth the shear and the punching shear out-otitdlure
through the thickness of the elements. Moreoverrdisults obtained with NLFEA have allowed to ufider
that in case of real structures, characterizedonyptex boundary and loading conditions, it can leschore
accurate prediction of the structural response wgipect to simplified analytical formulations. 3 due to
the fact that NLFEA allows to consider phenomeka tedistribution of stresses and membrane effelish

are usually neglected in the simplified formulaton
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CONCLUSION

The main topic of this thesis was to investigatedapability of MS elements to predict the cychida
dynamic response of RC members; for this reasoyclec crack model, for RC members, defined PARC_CL
2.0, was implemented as a user subroutine witlABAQUS code. These studies are moved by thetiatt
researchers in the past have been successfuldag@ng models that yield results of acceptable emyufor
conditions of monotonic loading while models thadydde accurate simulations of behaviour under ggne
loading conditions, and specifically under reversgdic loading, are less common. The PARC_CL 2atk
model allows considering plastic and irreversitgédmation in the unloading phase and therefotake into
account the hysteretic cycles of both concretesdeel reinforcement. Moreover, in order to propealygse
the dynamic behaviour, the Rayleigh damping st#éaproportional coefficient was developed withie th

model.

The implemented PARC_CL 2.0 crack model was pripaalidated by means of comparison with
experimental tests run on simple RC panels camigét the University of Houston [Mansour and HXR05]
and in a second phase it was applied to more congttectural members, such as RC walls. In order to
evaluate the generalizability of the implementedietodifferent walls, characterized by differertdats were
analysed: squat walls tested at ISPRA laborataegdR, 1998] and slender walls with different crasstions
tested at EPFL in Lausanne (two “T-shaped” wallag$d et al., 2016] and a “U-shaped” wall [Constaatid
Beyer, 2016]). The obtained results highlighteddhgeability of the implemented PARC_CL 2.0 crackdeio
associated to MS elements to capture not onlycyeiplane behaviour but also phenomena assodiatie
out-of-plane instability. Moreover, the resultsgaeted in this thesis underlined that a propertitatige law
for reinforced concrete subjected to reversal cylolading allows to reproduce not only the globateretic
response but also the local parameters, such aseterand steel strains, crack openings etc. Anogpipte
evaluation of such local parameters is crucialridarstanding the overall structural behaviour bseahey
govern phenomena as the out-of-plane global bugldimd the transfer of shear forces between a stalct

member and the foundation.

The importance of the obtained results is reladetie fact that, once validated the model by me#ans
comparisons with experimental tests, NLFEA allowd¢ applied to very complex case studies suchkals r
scale buildings. Moreover, due to the recent irgirgpof computer power, which strongly reduced the
computational time requires to the analysis, séymemetric studies, that would be impossibledonduct

experimentally, can be done.

The results presented in this thesis demonstrateNhFEA using MS elements are suitable to model
the nonlinear behaviour of several RC members stdgjeto different kinds of loading. Hence, it casmd
useful tool for the design of new structures ad agfor the assessment of existing ones. Moredvean be
established that in case of assessment of existingtures, usually characterized by phenomenasted to
the nonlinear behaviour (e.g. cracking, redistidutof stresses, compressive membrane action)akes
sense to invest in a more advanced and time-congwgriculation, as NLFEA, if this can show thaeaisting

structure is reliable enough and does not needgitrening. This philosophy is in accordance with lgwvel
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Future research

of approximation approach (LoA) proposed bip-Model Code 2010], which proposed NLFEA as an

alternative and more powerful method of verificatiwith respect to the analytical formulation.

Related to the topic of the assessment of exigtingtures, and also to one of the argument covered
in this thesis, a possible future application offfHA is associated to the study of the out-of-plizus¢ability
of walls triggered not by geometrical eccentricifds the case studies analysed herein, but gendrgted
different external conditions between inner aneptdce of the wall (e.g. effect of corrosion oa tuter face

of a structural wall such that generate differamidition through the cross section).

5.2Future research

The implemented PARC_CL 2.0 crack model can beidered as the starting point for future
researches. Indeed, a self-implemented model offexrspossibility, with respect to the standard niede
available in the libraries of the commercial firilement software products, to account for seveeahanical
phenomena. These phenomena, after a thorough cbsmarducted on the basis of literature studiey, Inea

added to the model in order to achieve a moreedfresponse of the structural member.

In particular, studies that are nowadays ongoing, that will soon be added to the PARC_CL 2.0

model, are associated to phenomena as:

* Buckling of compressive steel reinforcement; thismomenon can strongly influence the out-
of-plane instability which, as widely discuss instidocument, is strongly related to the
compressive behaviour of steel,

* Tension stiffening effect, which can strongly irdhce specimens subject to phenomena such
as the pull-out of reinforcing bars or, in genethg transmission of shear stresses between
reinforcing bars and concrete;

« Shrinkage, which strongly influence the servicabiitate of RC structures
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