
 

 





Abstract

Structural robustness, intended as the ability of a structure to not suffer disproportion-

ate collapse to the cause, has played an important role in the Guide Lines and Codes for

Structural Design in the recent decades. Interest in this phenomenon has increased due to

of the disproportionate collapse in several buildings, most notably the collapse of the Ro-

nan Point Building in UK in 1968, where the collapse of some load–bearing walls of an 18th

floor apartment led to the disproportionate failure of the entire corner of the building. Many

researches on robustness of reinforced concrete and steel structures have defined the im-

portance of the structural capacity to develop alternative load paths as directly linked to the

definition of a building to be robust. From this point of view, the definition and evaluation

of membrane actions, both compression and tensile, becomes significant as a mechanism

that leads to a reserve of structural resistance.

The method of representation and study of the phenomenon of disproportionate collapse

consists in the notional removal of a load–bearing column of the building. This assump-

tion is consistent with the occurrence of exceptional events in the structure, such as fires,

explosions or vehicle impacts. In this thesis, the capacity of a reinforced concrete structure

to develop alternative load paths is first analysed, thus as to be able to change the resist-

ing mechanism from the flexural resisting mechanism to the catenary action, connected to

the characteristics of the elements adjacent to the beam subject to the removal of a col-

umn and to the mechanical properties, such as the ultimate reinforcement strain and the

section resisting moment. This is performed by means of a parametric analysis developed

using the finite element software DIANA FEA 10.2 (TNO DIANA). The FEM model used

in the analysis consists in the geometric and mechanical representation of a part of the

2D frame, as it is a condition of geometric and loading symmetry, with the respect of the

boundary supports and simmetry conditions. This first set of analyses is then extended by

an analysis on the variation of the resistance of the frame over time, taking into account

the degradation and damage of the building due to environmental exposure. Therefore, the

phenomenon of corrosion in reinforced concrete structures is introduced, considering its

evolution over time in the numerical evaluation of the reduction of material properties. In

this thesis work, the numerical models available in the literature are therefore used for the



evaluation of corrosion considering the initial data provided by the structural geometry.

The nonlinear analyses carried out on the model have confirmed that the phenomenon of

robustness is influenced by the size of the beam itself, as reported in many studies, but also

by the size of adjacent elements, for example how the section of the columns regulates the

ability to develop the catenary action. Finally, it was possible to study the effect on robust-

ness due to the reduction of material properties over time due to degradation generated by

corrosion.
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Sommario

Il termine Robustezza è usato in diversi campi di ricerca e di applicazione tecnologica.

Nell’ambito dell’ingegneria strutturale si definisce il concetto di Robustezza Strutturale

come la capacità di una struttura di non subire un collasso sproporzionato alla causa. Questo

concetto ha trovato un posto rilevante nelle Linee Guida e nei Codici per la progettazione

strutturale, infatti la definizione che è stata adottata di carattere generale è quella della EN

1991-1-7: 2006:

Robustezza è la capacità di una struttura di resistere ad eventi come incendi,

esplosioni, impatti o le consequenze dell’errore umano, senza essere danneggiata

in misura tale da smentire la causa originaria.

Uno dei modi più studiati e utilizzati per valutare la robustezza è la capacità di una strut-

tura di sviluppare azioni membranali e quindi di aumentare la sua resistenza. Questa viene

poi tradotta nella capacità di cambiare il meccanismo di resistenza da quello di resistenza

flessionale al meccanismo a catenaria, cioè di sviluppare oltre che le azioni membranali di

compressione anche quelle di tensione. Questo comportamento è stato individuato grazie

a modelli sperimentali realizzati mediante l’analisi di un telaio in cemento armato sottopo-

sto alla rimozione della colonna portante intermedia, condizione rappresentativa di eventi

eccezionali.

Lo scopo di questa tesi è quindi quello di analizzare la capacità di strutture in cemento ar-

mato di sviluppare il meccanismo a catenaria. Questo viene eseguito analizzando l’influenza

delle proprietà geometriche e meccaniche sulla capacità rotazionale del nodo trave–pilastro

integro del telaio oggetto di studio. A questo scopo viene eseguita un’analisi parametrica

statica non lineare su unmodello a elementi finiti che tenga conto delle non linearità geome-

triche e meccaniche. Viene poi affiancata a completamento, un’ulteriore analisi sull’effetto
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della corrosione da cloruri sul telaio in cemento armato considerando l’evoluzione del fe-

nomeno nel tempo. Poiché la struttura da analizzare è un edificio adibito ad uffici, la vita

utile adottata è di 50 anni, come prescritto dal Model Code 2010.

Nel Capitolo 1 sono introdotte le definizioni di Robustezza e Corrosione, illustrando inol-

tre le varie metodologie per valutare la robustezza e l’evoluzione delle azioni membranali.

Si riporta l’esperimento condotto da Lew et al. con cui viene studiato il comportamento del

telaio sottoposto alla rimozione di una colonna portante, nel quale si evidenzia la capacità

di una trave in cemento armato di sviluppare l’azione a catenaria. Nell’ultima sezione viene

brevemente introdotto il fenomeno della corrosione su strutture esistenti e i suoi effetti sui

materiali.

Il Capitolo 2 ha lo scopo di illustrare i diversi modelli e analisi disponibili per valutare

la robustezza come prescritto dalle Normative vigenti. Si descrivono quindi in modo appro-

fondito le caratteristiche del modello FEM adottate e dell’analisi non lineare eseguita con il

software ad elementi finiti DIANA FEA 10.2 (TNO DIANA) relative al caso studio di questa

tesi. Per poter andare a valutare il comportamento a catenaria diviene importante tenere

conto delle non linearità geometriche e dei materiali, quindi l’utilizzo di una analisi non

lineare, in particolare è stata utilizzata una analisi statica.

Il Capitolo 3 raccoglie le caratteristiche geometriche del telaio in cemento armato ana-

lizzato e la definizione di tutti i parametri utilizzati per effettuare l’analisi parametrica ne-

cessaria per studiare come sia influenzato il comportamento ultimo del telaio. Vengono

eseguite più analisi per studiare sia l’influenza delle caratteristiche geometriche, come area

della sezione e lunghezza di travi e colonne, sia di quelle meccaniche, ad esempio la defor-

mazione ultima dell’acciaio.

I risultati ottenuti da questa analisi vengono illustrati approfonditamente nel seguente Ca-

pitolo 4.

Il Capitolo 5 fornisce una descrizione dettagliata del fenomeno di corrosione con i suoi

effetti sulle proprietà dei materiali. Il fenomeno viene analizzato durante la vita utile della

struttura, di conseguenza il modello matematico tempo–dipendente per definire tutti gli

effetti della corrosione sulle proprietà dell’armatura e del calcestruzzo, i modelli adottati
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sono descritti nella seconda sezione di questo capitolo.

Viene utilizzato lo stesso modello FEM definito nel Capitolo 3 implementando l’effetto della

corrosione in zone localizzate del telaio, in quanto viene analizzata la corrosione da pitting.

Tutte le caratteristiche del modello e i valori applicati nell’analisi insieme ai risultati sono

illustrati nel Capitolo 6.

Nell’ultimo capitolo vengono descritti i risultati più importanti ottenuti dalle analisi al

fine di individuare il parametro che maggiormente influenza il comportamento della strut-

tura in cemento armato e la variazione di quest’ultimo considerando una simulazione di

corrosione indotta nel tempo.
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Chapter 1

Robustness

1.1 General definition of Robustness

In literature the term Robustness is used for several definitions. Depending on the re-

search and technology fields of application, such as Software Engineering, Ecosystems,

Statistics etc…, Robustness describes a consistent variety of parameters. For example in the

field of Software Engineering it is used to define ”The ability […] to react appropriately to

abnormal circumstances (i.e. circumstances ”outside of specifications”). A system may be cor-

rect without being robust ” (Meyer 1997); as this definition, lots of other descriptions refer

to the capacity of a system or technique to perform with an acceptable behaviour to an

exceptional event.

In the research field of construction the term of robustness has become significant in

the past decade following the collapse of many buildings in exceptional circumstances. It

was clear than, that the concept of Structural Robustness, intended as the ability of a

structure to not suffer disproportionate collapse to the cause, should have taken a relevant

place into the Guide Lines and Codes for structural design.

The most famous example of disproportionate collapse is the failure of the Ronan Point

Building in UK, 1968, as showed in Figure 1.1(a). In this case the entire south–east corner

of the building collapsed after a gas explosion blew out some load-bearing walls of a flat on

the 18th floor [8]. Another important example is the collapse of the World Trade Center in

New York, 2001, Figure 1.1(b), where the failure of the floors above the airplane impacted
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1 – Robustness

led to the collapse of the entire building.

(a) Ronan Point Building, London, 1968 (b)World Trade Centre, New York, 2001

Figure 1.1: Disproportionate collapse examples

In the following years, this new awareness about disproportionate and progressive col-

lapse spread throughout the field of research, leading to the publication of numerous ar-

ticles, both in reinforced concrete and steel structures, together with the introduction of

design criteria about accidental actions, such as explosions, natural disasters or vehicle im-

pacts.

To understand the reason for referring to the two terms of disproportionate and progres-

sive collapse it is necessary to initially explain the difference between them: ”a dispropor-

tionate collapse need not be progressive, but suffers damage that is disproportionate to the

original cause of failure. An example is the collapse of a statically determinate structure from

the failure of a single member. In the case of a progressive collapse, different members of a

statically indeterminate structure fail one after the other as they get overloaded with an accom-

panying redistribution of load” [4]; this distinction shows that a disproportionate collapse

cannot be necessarily progressive, while a progressive collapse may lead to a dispropor-

tionate collapse. By consequence it is defined a new class of failure as ’disproportionate

collapse’ where the progressive collapse is a particular example. Following this distinction,

it was introduced the concept of Structural Robustness. As for the general term of robust-

ness, lots of different definitions, together with disproportionate and progressive collapse,

can be found in literature.
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1.1 – General definition of Robustness

The general definition, which is accepted, is the one adopted from (EN 1991-1-7: 2006):

Robustness is the ability of a structure to withstand events like fire, explosions,

impacts or the consequences of human error, without being damaged to an extent

disproportionate to the original cause

Furthermore, according to this code, ”a localised failure due to accidental actions may be ac-

ceptable, provided it will not endanger the stability of the whole structure, and that the overall

load-bearing capacity of the structure is maintained and allows necessary emerngency mea-

sures to be taken”. The ability of a structure to withstand such exceptional events can be

translated into its ability to develop alternative load paths by redistributing the loads to the

other load–bearing elements. Bymeans of this ability, it can be define the design criterion of

a structure to be robust and to avoid disproportional damage, Therefore, it is of significant

importance the definition of alternative load paths in the assessment of structural robust-

ness.

This ability to develop alternative load paths is closely related to the redundancy of a struc-

ture, which in fact refer to the availability of multiple load–carrying paths in such structure.

In addition, it has been observed that Structural Robustness depend also on the ductility of

the members in the structure under consideration.

In order to design a structure to be robust and thus to respect the conditions of redun-

dancy and ductility, different design methods are defined in the CNR, 2018 and in COST,

2011, as briefly describe below and thoroughly in the paragraphs 1.2 and 1.3:

• Specific Load Resistance (SLR) : This method is based on the definition of the so-

called key elements. If these structural members are damaged by an accident the struc-

ture can suffer of disproportionate collapse. The design is therefore aimed at providing

sufficient strength to resist failure from accident or misuse to these key elements;

• Alternative Load Paths: In this method the resistance of a structure to dispropor-

tionate collapse is performed by the redistribution of the loads carried originally by

the failed elements to the integer structural members. It is a direct method and needs

to provide that the integer part of the structure is capable to resist and redistribute

the loads after the elements fail;
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• ConsequenceReducingMeasures: There are a variety ofmeasures that can be adopted

in order to reduce the direct and indirect consequences of failure and thus the total

risk. Some important structural and architectural measures are the possible segmen-

tation, or compartmentation of the structure.

These methods are used to design structures or to improve the robustness of existing struc-

ture, in this second case it should be taken into account the deterioration level of the build-

ings, for example the level and the type of corrosion that might be present, in order to lead

to an optimal distribution of the funds provided for the recovery of the structure.

In general the design of structures is based on the fact that they should not suffer large

displacement under normal load during their service life. Codes and Guide lines have al-

ways referred to a design procedure with the respect of small displacements. However, the

occurence of all of these disproportionate collapse due to natural causes, human errors or

terrorism attacks, show the importance to extend the Codes considering also the ability

of a structure to develop alternative load paths after large displacement occurs. Nowadays

the Eurocodes take into account different methods to ensure robustness in a structure, as

anticipated above. According to this codes the accidental design load has to be applied as

a concentrated load or uniformly distributed load, this action act on the main element and

for the design verifications are considered also the adjacent components and their joints,

so the entire structure needs to be modelled and not the single elements in isolation.

Lots of recent researches showed that reinforced concrete (RC) structures are able to

avoid disproportionate collapse by changing the load resisting mechanism from flexural

to the catenary action that occurs when large structural displacements take place in the

beams. This collapse is usually represented in all the researches by the notional removal of

a load bearing column. After that, the adjacent elements start to deform and large displace-

ment occurs in the RC beam. Together with these larger deformations, membrane actions

develops, as it was shown in numerous experiments with both reinforced concrete slabs

[10] and beams [9]. Performing all those experiments showed the significant contribution

to robustness by the developing of membrane actions. Following this concept, the present

thesis is first of all finalized to the parametric study of a reinforced concrete structure to

the variation of geometrical and mechanical parameters.
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1.2 Membrane Actions

It is commonly accepted that the arising of Membrane Actions in reinforced concrete

elements lead to a reserve of resistance. This higher resistance in the element is of crucial

importance when assessing structural robustness because, taking into account membrane

actions, make possible to avoid the application of design criteria (in new structures) or

reinforcing strategies (in existing structures) that would be too much restrictive for the de-

signer [3]. Accordingly, alternative load paths, together with the membrane effects, is one

of the most used method in the evaluation of structural robustness.

First of all, to define the beneficial effect on the resistance of the element, it has to be

identified the different behaviour between horizontally restrained and unrestrained slabs

and beams; this is showed by the load-displacement diagram in Figure 1.2(c). The diagram

shows that, due to the Compressive Membrane Actions (CMA), the load can reach a peak

which is consistently higher than the maximum reachable load in the elements without

considering the development of membrane actions, i.e. without considering the horizontal

restraint. This peak represent the maximum resisting load in the bending resisting mecha-

nism. Moreover, after the peak a phase of softening arise and then, when the load start to

increasing again with the displacement in an hardening phase, Tensile Membrane Actions

(TMA) take place into the element until the failure load is reached which can be higher than

the first peak, while for unrestrained elements the failure load is lower than the maximum

load, which define the maximum resistance in the bending resisting mechanism.

Figures 1.2(a) and (b) also highlight the ability of a structure to develop membrane ac-

tions not only considering the removal of a column, but also when higher load than the

design load arise into the structure. The Compressive Membrane Actions arise in the ele-

ment when cracking starts, while Tensile Membrane Actions arise when the plastic hinges

develop into the transverse sections; for this reason we can find them also in overloaded

conditions of the elements and not only when accidental events happen. In fact, the mem-

brane effect consist in the establishment of an axial force system into the beam element

which improves the resistance of inflected elements.

In order to understand the correct behaviour of an element under the notionial removal of

a load bearing column the experiment conducted by Lew et al., 2011 is described in § 1.2.1.
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Figure 1.2:Membrane Actions in structural elements (CNR, 2018): (a) Membrane Actions under load
higher than the design load; (b) Membrane Actions under column removal; (c) Load-displacement
diagram with and without membrane actions

Moreover, it is important to note that membrane actions depend on numerous parame-

ters, such as geometrical andmechanical nonlinearities. So, when modelling elements,

taking into account this nonlinearities is significant to define the development of Compres-

sive and Tensile membrane actions. Some of these fundamental parameters are the length

of the element, the heigth of the transverse section and the geometric percentage of rein-

forcement.

1.2.1 Structural behaviour after the removal of a column

This section, together with the following one, are aimed to explain the evolution of the

load bearing mechanisms under the progressive loading of a beam subjected to the removal

of a column and the equation to evaluate the maxima loads that arise in the members.

During the removal of a load–bearing column, different phases arise into the structural

elements due to the vertical displacement that occurs in the point where the column was

removed. The experiment settings able to described this phases is showed in Figure 1.3;

a 2D reinforced concrete frame was built considering the removal of the centre column

and, with an imposed displacement in this point P1, it is simulated the loss of the load–

bearing element. The analysis of the experimental behaviour showed the development of

three different stages in the load–displacement diagram (see Figure 1.4).
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Figure 1.3: Frame subjected to the experiment (CNR, 2018)

(a) Load–Vertical Displacement diagram (b) Horizontal Displacement – Vertical Dis-
placement diagram

Figure 1.4: Experimental behaviour (CNR, 2018)

• First phase - OA: In this first phase the behaviour of the element is dominated by the

elastic bending resistance of the beam and it end when plastic hinges develop in the

beam – column joint. The point P2, which is used to measure the horizontal displace-

ment, is subjected to an outward horizontal displacement due the lengthening of the

beam in cracking condition. The beam is than compressed because the horizontal dis-

placement is not allowed by the columns stiffness, consequently the plastic moment

increases;
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• Second phase - AB: During this phase, softening arise and a reduction of the load

with an increasing vertical displacement of point P1 is shown. The horizontal dis-

placement in P2 decreases until being null in point B, accordingly also the compressive

membrane action decreases to zero;

• Third phase - BC: This is the stage where Tensile Membrane Action arises and the

load starts to increase again with an increasing vertical displacement. The horizontal

displacement starts to be inward and as a consequence the beam is tensed. In this

phase the Catenary Action resisting mechanism occurs and increases following the

vertical displacement in point P1.

1.2.2 Structural design after the removal of a column

Considering the above mentioned structural behaviour it is possible to defined a crite-

rion to design structures subjected to the removal of a column.

First of all, one can defined two different maxima loads: 𝑃𝑀𝐴𝑋,𝐹𝐿 in point A and 𝑃𝑀𝐴𝑋,𝐶𝐴𝑇

in point C as shown in Figure 1.4(a), those are respectively the maximum load in bending

resisting mechanism and the maximum load under catenary action.

The first one can be estimated by:

𝑃𝑀𝐴𝑋,𝐹𝐿 =
2(𝑀+

𝑃𝐿 + 𝑀−
𝑃𝐿)

𝐿
(1.1)

where 𝑀+
𝑃𝐿 and 𝑀−

𝑃𝐿 are the positive and negative plastic moment of the beam–column

joint. They can be evaluated on the safety side hypothesis of not considering the compressed

beam reinforcement, via the following equations:

𝑀+
𝑃𝐿 = 0.9𝐴+

𝑠 𝑓𝑦𝑑𝑀−
𝑃𝐿 = 0.9𝐴−

𝑠 𝑓𝑦𝑑 (1.2)

where𝐴+
𝑠 and𝐴−

𝑠 are tensed reinforcements for positive and negativemoment in the beam–

column connection, 𝑑 is the beam effective depth and 𝑓𝑦 is the yielding strength of the

reinforcement considering the safety coefficients defined in the accidental combination.

The maximum load in catenary action can be computed instead with equation 1.3:

𝑃𝑀𝐴𝑋,𝐶𝐴𝑇 = 2
𝛿
𝐿
𝐴𝑠,𝑐𝑜𝑛𝑡𝑓𝑡 = 2𝜃𝑢𝐴𝑠,𝑐𝑜𝑛𝑡𝑓𝑡 (1.3)
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where 𝛿 and 𝜃𝑢 are the displacement capacity under the removed column and the rotational

capacity of the beam respectively, 𝐴𝑠,𝑐𝑜𝑛𝑡 is the continuous reinforcement along the beam

length of 2𝐿 and 𝑓𝑡 is the ultimate reinforcement strength considering the safety coefficients

defined in the accidental combination. The geometrical definition of 𝛿 and 𝜃𝑢 can be found

in Figure 1.5.

Figure 1.5: System Geometry

The evaluation of 𝜃𝑢 is based on experimental values that refer to element subjected to

combined compressive and bending stress or only to bending moment. Is not yet verified

that the combined condition of tensile and bending stress takes to different equations of

𝜃𝑢. Consequently, the same formulas used in combined compressive and bending stresses

is adopted also for combination of tensile and bending stresses:

𝜃𝑢 =
1
𝛾𝑒𝑙
Φ𝑢𝐿𝑝𝑙(1 −

0.5𝐿𝑝𝑙
𝐿𝑣

) (1.4)

where 𝛾𝑒𝑙 = 1.0 is a safety coefficient,Φ𝑢 is the ultimate curvature evaluate from the ultimate

strain of concrete and reinforcement, considering the confinement and the acting tensile

stress in the beam, 𝐿𝑣 is the shear length and 𝐿𝑝𝑙 is the length of the plastic hinge.

In conclusion, the catenary action lead to an improvement of resistance, to the respect of

the flexural resistance, only when 𝑃𝑀𝐴𝑋,𝐶𝐴𝑇 ≥ 𝑃𝑀𝐴𝑋,𝐹𝐿
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1.3 Other Robustness Design Methods

The ability of a structure to develop the catenary resisting mechanism is the main con-

dition to define it as robust and therefore able to withstand a disproportionate collapse. For

this reason, in recent years, studies have focused on the definition of the best methods and

conditions to achieve the development of alternative load paths following the accidental re-

moval of a load–bearing element. However, there are structural types in which the ability

to develop alternative load paths is very low. As a result, alternative measures have been

introduced to ensure structural robustness, in which it can be also identified as the ability

of the structure to guarantee safety with regard to human lives, in the case an exceptional

event occurs. The following sections illustrate these alternative measures.

Specific Load Resistance (SLR)

The SLR method has the aim to prevent disproportionate collapse, avoiding the local

damage of some structural members, the so-called Key elements, which could lead to an

uncontrolled spreading of the damage [3].

As the robustness depend on the redundancy of a structure and on its ability to develop al-

ternative load paths, this method is used for those structures that have a lack of redundancy,

for example tensile structures, reticular structures, cable–stayed and suspended structures

where the development of alternative load paths has a low probability of arising. Another

example is the one in Figure 1.6, where is present a transfer floor.

In this case, the removal of a transfer column surely lead to a disproportionate collapse be-

Figure 1.6: Building with a transfer floor (CNR, 2018)

cause the structure is not capable to develop alternative load paths and different measures

to ensure the structure to be robust need to be applied.
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This method is the most used when improving robustness of existing structures because

the designer can define the key elements in the structure and improve their resistance to

accidental actions. To design such key elements is considered a uniformly distributed load

of 34 kN/m2 [1]. As SLR is used for existing structures, the initial damage can also be caused

by occurrences such as corrosion or fire–events that are more effectively counteracted by

’Event Control’ measures [4]. The final purpose of this method is to design structural de-

tails in order to guarantee ductile mechanisms during failure and avoiding fragile failure,

this is done considering confinement and continuous reinforcement in the beam–column

joints for reinforced concrete structure and stiffeners in steel frames.

Consequence Reducing Measures

These kind of measures are indirect methods of providing robustness to a structure.

They deal with both the consequences of the failure and the risks during the failure. Their

main purpose is to reduce the risk of spreading failure and especially the risk on human

safety. For example, in this approach are also consider the use of escape routes or appropri-

ate alarm systems in order to make easier the evacuation of the building. Speaking about

structural and architectural measures, the approach used is to identify the so-called seg-

ment borders that isolate the failing part. This method is called compartmentation and its

border are defined by ’strong’ elements that disconnect the ’weak’ collapsed elements of

the compartment, or, vice versa, by ’weak’ elements that collapsed dividing the damage

part from the integer structure.

1.4 Existing structures: Deterioration and Robustness

The design of RC structures usually does not take into account the deterioration pro-

cesses due to aging of the materials and environmental factors, such as the percentage

of chlorides in aggressive environments, which can involve the development of corrosion

of steel reinforcement and deterioration of concrete. All this degradation mechanisms in-

crease the risk of structural failure and the structural performances may not satisfy the

correct safety level due to decrease of the mechanical properties, by consequence the struc-

ture is not able to withstand the applied load. This last deterioration condition is also an

issue when assessing the structural robustness of a building.
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It is defined in the previous sections that Structural Robustness became significant in the

past decade due to the observed disproportionate collapse of many buildings in exceptional

events. The main design method used when assessing robustness is the definition of alter-

native load paths that arise inside the reinforced concrete structure. When the reinforced

concrete structure is affected by degradation phenomena, a lack of structural performance

arise and, as a consequence, the capacity of developing alternative load paths decrease. In

this thesis is investigated the contribution of the main degradation mechanism, i.e. corro-

sion, on the activation of membrane action in reinforced concrete frame. In the following

section a brief introduction to the process of corrosion is given.

1.4.1 Corrosion

Most of the existing structures suffer of deterioration and corrosion is usually the main

deterioration phenomenon present which lead to a loss of safety in the structures. Main-

taining the safety and the serviceability of existing buildings is a significant challenge for

the countries and to distribute the resources in a better way, in order to guarantee the es-

tablishment of the correct safety level, plays a crucial role.

Figure 1.7: Corrosion in reinforced concrete structures

Corrosion has many effects on the reinforcement and the concrete properties, some of

them are listed below:
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• Cross–section of reinforcing bars is reduced;

• Reduction of reinforcement ductility;

• Concrete strength is affected by splitting cracks, delamination and spalling of the con-

crete cover.

Corrosion also affects the bond strength between steel and concrete, but this aspect is

not investigated in this study.

The development of corrosion may occurs in two different ways, uniform corrosion

which is associated to carbonation and pitting corrosion due to chloride diffusion in the

concrete cover, this second process is the most dangerous because it create localized pit,

i.e. holes along the bars diameter, and depending on the percentage of chloride which is

present they can develop through all reinforcing bars causing a strong reduction of their

mechanical properties.

As described in all the models about corrosion, this process can be divided into two

phases:

• Initiation period: this phase occurs when the carbonation reaches the reinforcement

or the chlorides concentration exceed the critical value, the reinforcement is depassi-

vated;

• Propagation period: during this second phase the reinforcement is directly affected

and its cross–section is reduced. In addition, corrosion products are accumulated around

the reinforcing bars and this may eventually lead to cracking and spalling of the con-

crete cover.

If the corrosion process continues, structural failure may happen and considering its inter-

action with the structural robustness, alternative load paths may not arise in the reinforced

concrete element.

In conclusion, this degradation mechanism is of crucial importance when studying ex-

isting structure and their robustness.
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Chapter 2

Finite Element Analysis with

DIANA FEA

2.1 Finite Element Analysis to Assess Robustness

In order to model structures to assess their robustness there are different ways recom-

mended by the Codes of Construction [3] [4].

The phenomenon of disproportionate collapse is difficult to depict due to all the un-

certainties that are involved. These uncertainties regard the geometrical and mechanical

properties; they cover a large amount of parameters, starting from the material properties,

the way the action is applied and the time of application of the load. From this point of

view, modelling of structures becomes an important issue when assessing robustness.

The accuracy of the result depends on many factors, such as the type of analysis and

modelling and thematerial constitutive laws. In particular the adopted constitutive laws can

be very simple, for example Linear–elastic laws, otherwise they can be very complicated,

such as the Nonlinear hysteretic laws.

Depending on the type of constitutive law, model and analysis adopted, therefore de-

pending on the complexity of the carried-out analysis, the computational load increases

and also the processing times. The compromise between the accuracy of the result and the

computational time is decided by the sensitivity and experience of the designer. The task
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of the Codes is to make available the choices between the constitutive laws and analy-

sis explaining the different characteristics they have, and the problems one can encounter

choosing between them.

Some of the models with their characteristics are listed below:

• Linear–elastic Constitutive Models: This is the easiest model, but it is also not

adapt to evaluate all the phenomena of the disproportionate collapse because it does

not consider the material nonlinearities that are involved as a result of the large dis-

placement of the structural members. However, it is useful during the preliminary

study phase to point out the critical aspects of the structure;

• Nonlinear Constitutive Models dependent / independent on the load applica-

tion rate: Nonlinear constitutive models are the most suitable when assessing dis-

proportionate collapse. With these types of models, it is possible to take into account

the plasticity of the materials which is crucial in the process of energy dissipation. It

is also an important factor the load application rate, because it influences the results

due to an increasing resistance or stiffness of the materials;

• Local and Global Models: This classification is done in order to improve the com-

putational load and time. Global models are really time consuming from the com-

putational point of view, as a consequence, it is better to realize local model when

evaluating particular regions in the structure. Global models are used to evaluate the

stress and displacement characteristics of the whole structure.

Following the classification of the available models in the Codes, also different analysis

can be performed to asses structural robustness. Disproportionate collapse can be very fast

and this lead to dynamic effects that are implemented in the analysis in different ways

depending on the Linear or Nonlinear behaviour which is adopted. In the following are

listed the available analysis in the Codes of construction, from the simplest to the most

complete:

• Static–linear analysis: This is a very approximated analysis which cannot evaluate

effects such as:

– Stress redistribution;

– Geometrical Nonlinearities;
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– Material Nonlinearities;

– Membrane Actions.

As it is so approximated, this analysis is used only for really easy structures, however

it is also possible to consider dynamic effects by a dynamic amplification coefficient;

• Static–Nonlinear analysis: Unlike the described previous analysis, Nonlinear anal-

ysis allow the designer to take into account Nonlinear characteristics, as a conse-

quence it is possible to evaluate the catenary effect in the structural members which

was proved to increase structural robustness (§ 1.2).

Moreover, it is important the choice of thematerial constitutive laws and the represen-

tation of the nonlinear behaviour of the joints (for example with Nonlinear springs);

usually it is better to develop local models in order to evaluate the correct behaviour.

To consider the dynamic effect an amplification factors is used;

• Dynamic–linear analysis: as this is a linear analysis, geometrical and material non-

linearities cannot be model, but it is possible to evaluate directly dynamic effects;

• Dynamic–Nonlinear analysis: This is the most complete analysis with which is

possible to consider both dynamic effects and nonlinearities. Three-dimensional non-

linear models are used, due to this the computational cost is very high and only expert

designers can perform this kind of analysis.

Considering all the aforementioned features, to perform the analysis in this thesis it is

used a Static–Nonlinear analysiswith the finite element software DIANA FEA 10.2 (TNO

DIANA) considering both material and geometrical Nonlinearities. The DIANA FEA 10.2

software also allows to define the model both through a graphical interface and the imple-

mentation of an encoding language developed in parallel with the Python programming

language.
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2.2 Model with DIANA FEA

This section describes the characteristics of the Finite Element Model used for the para-

metric study developed in this thesis and the following analysis on the effects of corrosion

on the material properties. As it was chosen to perform a Nonlinear analysis the finite

element software DIANA FEA (TNO DIANA) is used. This software allows to take into ac-

count geometrical and material nonlinearities and it has been widely used for this type of

analyses.

The operation of the software is based on several steps. The sequence to be followed is

the one used in most of the finite element software, which is to define all the geometries

and the material properties first, choosing between a 2D or 3D model depending on the

complexity of the structure under consideration and the results that one wanst to obtain.

In this thesis a 2D model is preferred due to the symmetry condition and the fact that

only in–plane loads and displacement are studied. Furthermore, the material proprieties are

applied to the element geometry, the mesh is defined in order to be sufficient to evaluate

geometrical and material nonlinearities and to be as much regular as possible, in the end

the analysis characteristics are defined. The measure used in the FEM model are defined as

starting input in N for loads and mm for dimensions.

Following the aforementioned steps, first it is defined the model geometry with all the

characteristics of the materials and the mesh elements that are used, after which it is pos-

sible to proceed with the assignment of all the characteristics to the individual elements

geometry. The mesh and analysis features are the last to be defined.

All these steps can be defined using the software graphical interface or using the com-

mand console which allows to define the characteristic of the model through the pro-

gramming language Python. This interaction between DIANA FEA 10.2 (TNO DIANA) and

Python facilitates the development of the parametric study through the use of loops; to do

so is necessary to parameterize all the geometrical and mechanical properties depending on

the starting parameters, such as the geometrical inputs and the material properties, some of

them that are fixed and other that are variable depending on the characteristic that want to

be studied. For example, to define the concrete constitutive law inputs it is necessary only

the starting value of the compressive strength, 𝑓𝑐, from which all the other parameters are

derived by the equation listed in the following paragraph 2.2.2.
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Furthermore, the FE software has implemented a variety of different elements, material

properties and more features that are useful for this kind of analysis.

In the following are thoroughly described all the characteristic used in the model which

follow the rules of theGuidelines for Nonlinear Finite Element Analysis of Concrete Structures

(Rijswatesrstaat Technical Document). The starting characteristics of the model are based on

the validated model developed by Botte et al. [11] and then is modified and extended to te

considered study.

2.2.1 Material Properties

The disproportionate collapse leads to the development of large deformations in the

structural members, as a result of which, plasticisation in the materials are generated. In

order to be able to represent the correct behaviour of the elements under this conditions,

it is necessary to model the materials considering nonlinear constitutive models, both for

concrete and steel.

In addition, as crushing of concrete and rupture of the reinforcement is expected, those two

conditions are implemented in the material properties considering the full development of

the constitutive models with softening branches after the maximum stress is reached.

CONCRETE

The concrete behaviour needs to be represented both in tensile and compressive state

in the stress–strain relationship as cracking and crushing are expected during the devel-

opment of the displacement–controlled analysis. Furthermore, a total strain–based rotating

crack model is used, which allows the rotations of principal strains with increased load and

so the crack plane is always normal to the principal tensile strain direction. In addition,

using this crack model allows to not consider a shear stiffness reduction, thus no variable

shear retention is modelled. The material properties of concrete are based on the linear–

elastic properties of the Young’s modulus 𝐸𝑐, and the Poisson ratio, 𝜈.

In the tension and compression stress–strain relationships are considered the softening

branches that depends on different parameters and they can be approximated with different

curves.

First of all, tomodel the tensile behaviour of concrete is assumed theHordijk relationship
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to represent the exponential–type softening diagrams as shown in Figure 2.1. The param-

eters necessary to represent this behaviour are the tensile strength, 𝑓𝑡, the fracture energy,

𝐺𝑓, and the equivalent length, ℎ𝑒𝑞. As it is shown in Figure 2.1, the area under the curve

should be equal to the fracture energy divided by the equivalent length. The equivalent

length is an important parameter for this kind of constitutive models where the softening

branches are considered in the stress–strain relationships, this is also known as the crack–

band width. The method used to define ℎ𝑒𝑞 is based on the initial direction of the crack and

the element dimensions.

Figure 2.1: Tensile stress–strain relationship with Hordijk softening

The compressive behaviour of concrete is instead defined by the parabolic compression

diagram (see Figure 2.2), where the compressive softening is a function of the compres-

sive fracture energy 𝐺𝑐, which is derived from the tensile fracture energy (see equation

(2.4)). This diagram is recommended when performing this kind of analysis where plasti-

cisation of the material is expected, while simple elastic–plastic diagram or the parabola–

rectangular diagram are not advisable because they do not model the degradation after the

peak strength.

In the software DIANA FEA, this stress–strain relationships can be defined with the Ma-

terial library once it is chosen the total strain based crack model as first input. It is possible

to define separately the tensile and compressive curve typing all the necessary parameters

that are derived from the compressive strength, 𝑓𝑐, of concrete.
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Figure 2.2: Parabolic compression diagram

The equations to derive the input parameters of the diagrams are listed below:

Young’s modulus [MPa ]:

𝐸𝑐 = 22000(
𝑓𝑐
10

)
0.3

(2.1)

Tensile Strength [MPa ]:

𝑓𝑡 = 0.3𝑓
2
3𝑐 (2.2)

Fracture Energy [N/mm ]:

𝐺𝑓 1 = 𝐺𝑓 0(
𝑓𝑐
10

)
0.7

𝐺𝑓 0 = 0.030(𝑑𝑚𝑎𝑥 = 16mm) (2.3)

Compressive Fracture Energy [N/mm ]:

𝐺𝑓𝑐 = 250𝐺𝑓 1 (2.4)

By computing all these equation in the command console and using the programming

language connected to DIANA FEA for the material library, both the tensile and compres-

sive laws are obtain as input as shown in Figure 2.3
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(a) Graphical interface

(b) Encoding lenguage

Figure 2.3: Concrete constitutive law input

REINFORCEMENT

In modelling the reinforcing steel an elastic–plastic material model with hardening is

used. In the stress–strain relationship it is also explicitly represented the rupture of the

reinforcement once it is reached the ultimate strain with a descending branch and a con-

sequently horizontal branch after the complete loss of resistance. The constitutive law
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adopted is shown in Figure 2.4.

Figure 2.4: Constitutive model for Reinforcement

In order to define this diagram in the finite element software, the Tresca/Von Mises

Plasticity option is used considering an isotropic hardening. The parameters necessary to

describe the diagram are the Young’s modulus for reinforcement, 𝐸𝑠, the yielding strength,

𝑓𝑦, the yielding strain, 𝜖𝑦, the ultimate strength, 𝑓𝑢, the ultimate strain, 𝜖𝑢, and the value of

𝜎 and 𝜖 that are necessary to define the last point of the tensile diagram after rupture of the

reinforcement.

This diagram is used both for tensile and compressive behaviour of reinforcement as it is

sufficient for this analysis and no ciclyng loads are considered, thus buckling of reinforce-

ment is not modelled in this study.

2.2.2 Mesh and Elements Properties

The finite element software DIANA FEA allows to model the geometry separately in

the first step, then during meshing and analysing are considered all the interaction be-

tween concrete and reinforcement elements. As the model is composed by 2D reinforced

concrete elements, only reinforcement and concrete elements need to be modelled.

For the concrete elements, Plane stress elements are used as in this analysis are anal-

ysed only in–plane membrane actions, vertical reactions and the applied loads, such the

self–weight and the uniform distributed load. The value of the thickness, which is uniform

throughout the respective element, is defined with the appropriate command box.
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(a) Graphical interface

(b) Encoding lenguage

Figure 2.5: Steel constitutive law input

The numerical integration scheme is defined by default depending on the type of mesh

element which is applied. In this study eight–node quadrilateral isoparametric plane stress

elements are used to model beams and columns, because geometry nonlinearities are con-

sidered and four–node quadrilateral isoparametric plane stress elements showed to not be

compatible with this condition in the performed nonlinear analysis.

In particular, the mesh defined to be sufficient for the beam is composed by 12 elements
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along the height and along the length is divided considering the elements dimension in or-

der to obtain a regular mesh and to not have distortion. The mesh elements in the columns

are defined consequently to maintain a regular mesh correctly connected to the beam ele-

ments.

Figure 2.6: CQ16M

The elements are indicated with the name CQ16M. They are

based on quadratic interpolation and Gauss integration, by

default DIANA applies 2𝑥2 integration scheme.

The modelling of reinforcement is realized considering the

Embedded reinforcement option from the Element Library im-

plemented in DIANA. This type of reinforcement discretisa-

tion add its stiffness to the element it is embedded in, but it

does not contribute to the weight of the element. The main

characteristics that are defined in the manual are:

• Reinforcement are embedded in structural elements, the so–calledmother elements. In

this case the structural elements are beams and columns;

• This type of reinforcement does not have degrees of freedom of its own;

• The strains in the reinforcements are computed from the displacement field of the

mother elements;

The last feature implies perfect bond between reinforcement and concrete, so slip of the

reinforcement is not considered because not investigated in this study. As the reinforcement

is defined by a line in the 2D model, the area of the cross-section is the first input during

the properties assignment. In the study is applied the processing from section input option

to locate the points of the reinforcement that is embedded in the plane stress element.

2.2.3 Numerical Analysis

To perform this study the Static–nonlinear analysis available in DIANA FEA is used. The

input of the analysis are the last to be defined in the Analysis command console adding a

Structural Nonlinear Static Analysis as dynamic effect are not investigated. As it is defined
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in the section 2.1 the analysis takes into account geometrical and material nonlinearities

and this is possible with the Static–Nonlinear Analysis which is adopted in the model.

Once it is add the Analysis file and the Command file related to the structural nonlinear

analysis it is possible to add the execution steps that define how the analysis is performed.

In this model is used a load controlled procedure considering the input Execute steps Load

steps in the execute command block. As it is applied this kind of procedure and in the

load–displacement graphs are expected softening branches, the general arc–length algo-

rithm method is implemented in the calculation scheme, this option allows to analyse such

behaviours as snap–through and snap–back using a load controlled procedure as shown in

Figure 2.7. The load controlled procedure is used in order to evaluate the ultimate behaviour

of the reinforced concrete elements in the model by applying the loads step–by–step, i.e.

the self–weight and the uniform load.

(a) Snap–through (b) Snap–back

Figure 2.7: Arc–length control

The input to be applied in the analysis are several and they can be defined by the Execute

blocks available in DIANA; with these blocks it is possible to define the type and number of

steps to consider, the same command file may contain more execute blocks depending on

the different parameters that have to be applied. For example, in this model are used two

execute blocks, one for the self–weight and the another for the acting uniform load which

represent the incremental action used to study the ultimate behaviour of the beam because

it is more representative for the failure mode under consideration.

The characteristic of the execute blocks are given below:
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• Load steps: This command defines the number and size of steps in which the load

are applied. For both the execute blocks is used the User specified sizes option, the

Self–weight is applied in 10 load steps with a size of 0.1, while the uniform load is

applied in a number of steps that is sufficient for the performed analysis, in general

are performed from 800 to 1400 load steps; the size is 1.0 for all the analysis;

(a) Self–Weight (b) Uniform Load

Figure 2.8: Load steps input for the applied load

• Equilibrium iteration: The Secant (Quasi-Newton) iteration method is applied with

a maximum number of iteration equal to 50 for the applied uniform load, while for the

self–weight is sufficient the Newton–Raphson iteration method with 10 iteration as it

is totally applied after 10 load steps. The line search algorithm is also implemented to

enlarge the radius of convergence of the iterative solution method;

• Convergence criteria: in this analysis the combination of both force and displace-

ment convergence criteria are applied simultaneously with a tolerance of 0.01;

The output of the analysis are the global displacement and the reaction forces in the sup-

ports as the aim of the parametric analysis is to evaluate the load–displacement diagram

in order to define the ultimate behaviour of the RC frame in the situation of loss of a load

bearing column. DIANA allows to use the option Tabulated in the output command box in

order to define an output file, which contain the displacement and the reaction forces, for

the specified nodes. In particular it is defined as output for the displacement in midspan,

where the column is removed, and the membrane action at the supports. As the obtain

Tabulated output file contains many unnecessary information, it is possible, thanks to the
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(a) Self–Weight (b) Uniform Load

Figure 2.9: Equilibrium iteration input for the applied load

Python encoding language associated to DIANA to extrapolate a .txt file from the Tabu-

lated output collecting only the values of interest with the appropriate set of commands.

This facilitates the analysis of the result with the post–processing done with Matlab.

The Nonlinear analysis is thus performed until failure of the elements which is governed

by crushing of concrete and then rupture of the top reinforcement in the beam–column

joint; after that the analysis can be considered ultimated and it is possible to process all the

results obtained from the analyses collecting them considering the common parameter as

it is defined in Chapter 3
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Chapter 3

Definition of the parameters

used to perform the parametric

analysis

3.1 Introduction

This thesis has two main objectives, one is to perform a parametric analysis on the ro-

bustness assessment in reinforced concrete systems defining a 2D FEM model using the

DIANA FEA software, this analyses are aimed on defining the parameter which influence

the most the development of membrane actions in the investigated reinforced concrete

frame ultimate behaviour; the second purpose is to analysed the interaction between the

degradation phenomenon of corrosion and the ability of the RC structure to develop alter-

native load path during its working life.

In this Chapter are thoroughly described the model geometry realized with the software

DIANA FEA 10.2 (TNO DIANA) and the characteristics of the performed parametric analy-

sis. In particular are investigated the influences of geometrical and mechanical parameters,

such as the cross–sections and the lengths of beams and columns, the ultimate reinforce-

ment strain, 𝜖𝑠𝑢, and the resisting moment of the elements, 𝑀𝑟𝑑, on the development of

membrane actions in the structural members after the notional removal of a load–bearing
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column. The results of all the performed analysis are plotted and then commented in the

following Chapter 4.

Performing a parametric analysis in DIANA FEA can be done in different ways. The

simplest way is to change by hand the model’s inputs, one by one, using the geometrical

software interface and creating as many models as the analysis require; this procedure is

already time consuming without considering the computational time needed to run the

nonlinear analysis itself. In addition, each model will occupy a lot of space in the processor

as for the analysis output files. For these reasons and considering that the parameters to be

changed are several, this way is not suitable and thus not adopted.

The other method which can be used to define the analysis inputs require the use of the

Python programming language as it is described in the previous Chapter. In fact, by saving

the file .py from the specific command in DIANA or taking it from the folder .DianaIE

where is automatically saved, it is possible to parameterize all the characteristics of the

model, geometrical and mechanical. Once the .py file which include the starting geometry

is complete and all the data are defined as functions of the starting inputs, it is possible

to create all the necessary codes to perform the parametric analysis. In this study, as it is

performed a parametric analysis, i.e. it is studied the behaviour considering one variable

parameter maintaining constant the others, it is sufficient to perform only for loops for each

variable input that is considered. This method also allows the direct definition of the before

mentioned formulas with which calculate the mechanical inputs (see equations in § 2.2.2).

3.2 Model Geometry

The starting geometry of the model is based on the structure designed by Droogné et al.

[5]. This is then implemented in the FEM model and adapted to the considered situation in

order to perform all the analyses.

The structure under consideration is a reinforced concrete frame (a regular office build-

ing) designed following the Belgian Code of construction and the Eurocodes EN 1992-1-1

to evaluate the acting loads, such as wind and gravity loads, seismic actions are not con-

sidered. The building investigated in this thesis is a 3 floor building, each floor is 3 m high,

the beams span is 6 m and the building imprint cover a surface of 2592 m2 as shown in

Figure 3.1. The reinforced concrete structure has an extension in y–direction of 72 m and

42



3.2 – Model Geometry

Figure 3.1: Investigate Building Geometry with the removal of a column

in x–direction of 36 m. As it is a RC frame it is sufficient to realize a 2Dmodel (as introduced

in section 2.2) of the frame which is subjected to the column removal in order to perform all

the necessary analyses instead of a 3D model. As a result, 3D effects are not considered and

also the restrain in transverse direction is not investigated in this study. This simplification

is also done to reduce the computational time.

Furthermore, with the respect of the symmetry condition it is possible to represent only

half of the frame subjected to the column removal placing the correct symmetry support

where the column is removed (see Figure 3.2). As the aim of this thesis is to investigate the

ultimate behaviour of the frame directly connected to the removed column depending on

the rotational capacity of the joint, the 2D model is defined including the direct affected

beam and the adjacent elements, such as the two columns and the adjacent beam.

The boundary condition adopted in this first approximation are hinges for all the adjacent

elements in order to evaluate the behaviour of the RC frame allowing an higher rotation in

the joint, which will mainly depend on the cross–section of the elements. All the geomet-

rical features, the boundary conditions and the loading conditions can be found in Figure 3.2

The design is based on the requirements regarding robustness according to EN 1991-1-7.

In order to satisfy these requirements, the reinforcements is designed to be sufficient to act

as horizontal and vertical ties. Moreover, the horizontal stiffness is provided in one direction

by the RC frames, while in the other direction, i.e. the x–direction, a bracing system is placed

to cover this purpose. The floors consist of precast hollow core concrete slabs supported by

the transverse beams.

The design of the structural members and reinforcement is defined according to the

permanent load applied on the beams which consists of the self–weight 𝑔𝑘 of the concrete
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Table 3.1: Geometrical properties

Internal frame Edge frame

Columns Dimensions b x h 420x350 420x350
Reinforcement 12 Φ 14 8 Φ14

Beams

Dimensions b x h 420x450 420x450
Top Reinforcement 4 Φ 25 4 Φ 18
Bottom Reinforcement 3 Φ 20 2 Φ 18
Shear Reinforcement Φ10 Spacing 150

Distances, dimensions and diameters in mm

floors, equal to 6.25kN/m2 and to the applied variable load 𝑞𝑘 equal to 3kN/m2, as recom-

mended by EN 1991-1-1 for office building. The snow and the wind loads are computed

following the Belgian National Annexes of the EN 1991-1-3 (2003) and EN 1991-1-4 (2005).

The concrete used in the design is C30/37 and steel is BE500S (ductility class C) from the Bel-

gian sample. As a Latin Hypercube Sampling was performed to evaluate the most important

material properties, the values of concrete and streel strengths are taken as: 𝑓𝑐 = 38.8MPa

for the concrete compressive strength, while, for the reinforcement yielding and ultimate

strengths, are assumed respectively 𝑓𝑦 = 555MPa and 𝑓𝑢 = 605MPa

In this study is investigated the ultimate behaviour of the structural members of the

edge frame of the building, chosen considering also the following analyses on the corro-

sion effects, which are worst on elements directly exposed to the environment.

The acting loads on the edge frame are half of the loads acting on the inner frames, as a

result, is placed less reinforcements in the edge beams than in the inner one, as can be seen

in Table 3.1, together with the cross–sectional dimensions of the elements.

In order to represent the structure in a more realistic way and to analyse the ultimate be-

haviour of the RC beam, in the FEMmodel it is applied a uniform load which is incremented

step–by–step during the nonlinear analysis. This method showed to be a more representa-

tive way for the failure mode of the RC frame [5].

The parametric analysis consists of the different phases. First of all, it is investigated the

influence of the members geometry changing, for example, the cross section or the length

of the structural elements. This is done changing one geometrical parameter at the time
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and keeping constant the others. Then the investigation is extended considering a vari-

able ultimate strain of the reinforcement for all the geometrical variable properties studied

in the first analysis. Finally it is performed a last parametric analysis on the influence, on

the ultimate behaviour of the frame, of a constant resisting moment with the variable ge-

ometry, this consists in a variable amount of reinforcement with the variable geometrical

cross-section.

It is chosen to start from the edge frame because it has less reinforcement, as a result

the resistance is lower than the inner frame, plus this choice is connected to the following

analysis of the corrosion effects of the frame. As the only difference between the two frames

consist in the reinforcement amount, the behaviour of the inner frame can be obtained just

performing a nonlinear analysis considering a variable geometric percentage of reinforce-

ment, 𝜌 = 𝐴𝑠

𝐴𝑐
correspondent to the one in the inner frame. Various researches denote that

the increment of reinforcement percentage maintaining the same geometry of the element

lead to a consistent improvement in the load–bearing capacity, thus it is expected to have a

higher resistance both in compressive and in tensile membrane actions, this is also showed

by the last set of analyses on the influence of a constant resisting moment.

3.3 Parametric Analysis: Geometrical Properties

The first part of the parametric analysis aim to define the influence of geometrical pa-

rameters on the development of membrane actions in the investigated case.

First of all, the geometry of the direct affected beam is changed. Then is investigated the

condition of a variable geometry in the adjacent members in order to define their influence

on the capacity of developing alternative load paths.

The starting geometry of the reinforced concrete frame is designed with a beam length

𝐿𝑏 = 6m and a column height 𝐿𝑐 = 3m, while the cross–sections are 420x450 mm and

420x350 mm respectively, as shown in Table 3.1. Starting from these values the parametric

analysis proceeds as explained in the following sections. The mechanical parameters when

performing these analyses are assumed constant and equal to the designed office building.
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Figure 3.2: Starting geometry of the finite element model in DIANA FEA (from Droognè et al.[5])

3.3.1 Beam Cross–Section

The cross–section shows in numerous researches to have the highest influence on the

development of alternative load path, especially on the development of compressive mem-

brane actions (CMA) which is the first branch in the load–displacement diagram, as it is

defined in Chapter 1 and showed in Figure 1.4. In fact, the behaviour depending on the

Compressive membrane actions can be seen in the load–displacement diagram if the hor-

izontal restrain is considered when defining it, if the element is considered unrestrained

horizontally, the load–displacement diagram shows to reach a lower maximum value of

resistance and this stays constant until failure of the element as shown in Figure 1.2.

During the loading procedure the joint is subjected to a horizontal displacement, first

outward when CMA starts to develop and then inward when the tensile membrane ac-

tion regime take place in the beam. As it is studied the behaviour considering the load–

displacement diagrams, it is possible to define the element behaviour as related to the stiff-

ness following the relationship 𝐹 = 𝐾𝛿, where the stiffness 𝐾 represent the slope of the

curve.

The horizontal displacement, 𝛿, is governed mainly by the horizontal stiffness of the
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beam as it is defined in the force–displacement relationship:

𝐹 =
𝐸𝑏𝐴𝑏
𝐿𝑏

𝛿 ⟶ 𝐾𝛿 =
𝐸𝑏𝐴𝑏
𝐿𝑏

(3.1)

where 𝐸𝑏 is the Young’s modulus of concrete, 𝐿 is the beam length and 𝐴𝑏 = 𝐴𝑐 +𝑛𝐴𝑠 is the

homogenised area of the beam cross–section. Further, 𝛿 depends in minimun part by the

flexural stiffness of the columns, in fact if one analyses the behaviour of the two columns,

this corresponds to the one of an element loaded in midspan by a concentrated force. In

this condition the relationship between load and displacement can be obtained from the

following equation and from that is derived the stiffness to the horizontal translation given

by the two columns:

𝐹 =
48𝐸𝑐𝐼𝑐
𝐿3𝑐

𝛿 ⟶ 𝐾 =
48𝐸𝑐𝐼𝑐
𝐿3𝑐

(3.2)

where 𝐸𝑐 is the Young’s modulus of concrete in the columns (if different from the concrete

in the breams), 𝐼𝑐 is the moment of inertia of the columns evaluated in the direction of the

displacement and 𝐿𝑐 is the total length of the two columns. In the equation 3.2 is illustrated

the simplified condition where the two columns have the same length.

Consequently, the ability to develop membrane actions and, therefore, the way in which

the load–displacement diagram develops, are directly proportional to the cross–section of

the RC beam subjected to the column removal, and inversely to the length, which is shown

in the analyses to have a lower effect on the load–bearing capacity.

The parametric analysis is performed considering a variable base–height ratio between

1.4 and 0.76, the parameter that is changed is the beam height, 𝐻𝑏, while the beam base

is kept constant equal to the starting geometry 𝐵𝑏 = 420mm. All the others geometry

parameters are kept constant equal to the starting geometry, their variation is investigated

in the following sections.

The adopted variable beam heights are listed below, with the correspondent base–height

ratios:

• 𝐻𝑏 = 300mm
𝐵𝑏
𝐻𝑏

= 1.4

• 𝐻𝑏 = 350mm
𝐵𝑏
𝐻𝑏

= 1.2

• 𝐻𝑏 = 450mm
𝐵𝑏
𝐻𝑏

= 0.93
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• 𝐻𝑏 = 550mm
𝐵𝑏
𝐻𝑏

= 0.76

First of all it is changed the dimensions of both the beam, then it is investigated the ultimate

behaviour of the reinforced concrete frame considering only the dimensions of the adjacent

unloaded beam as variable.

3.3.2 Beam Length

The starting geometry of the reinforced concrete frame is designed with a beam length

of 6m. Following the removal of a load bearing column, the direct affected beam is subjected

to a loss of support on one side. As a results the static scheme changes and the beam duoble

its length, in order to represent this in the FEM model a symmetry support is placed in

correspondence of the removed column as shown in Figure 3.2.

It is adopted a variable length of the beam in the range of 3 to 6 meters as listed below:

• 𝐿𝑏 = 3m 𝐿𝑏
𝐻𝑏

= 6.67

• 𝐿𝑏 = 4m 𝐿𝑏
𝐻𝑏

= 8.89

• 𝐿𝑏 = 5m 𝐿𝑏
𝐻𝑏

= 11.11

• 𝐿𝑏 = 6m 𝐿𝑏
𝐻𝑏

= 13.33

This sets of analyses is performed considering a variable length in the adjacent beam in

order to complete the investigation on the influence of the adjacent beam geometry on the

ultimate behaviour of the direct affected beam to the notional removal of the load–bearing

column.

3.3.3 Column Length

In the considered model it is investigated also the influence of the adjacent column to

the development of compressive and tensilemembrane action. These structural components

influence the joint behaviour with their stiffnesses, as a consequence they have an effect

on the horizontal displacement, 𝛿, and on the rotation, 𝜙, that arise in the joint after the

removal of the supporting column. They act on the horizontal displacement as explained in
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§ 3.3.1 through the stiffness in equation 3.2, while on the rotation with the flexural stiffness

related to the acting moment:

𝑀 = 𝑐
𝐸𝐼𝑐
𝐿𝑐

𝜙 ⟶ 𝐾𝜙 = 𝑐
𝐸𝐼𝑐
𝐿𝑐

(3.3)

where 𝑐 is a coefficient which depends on the support conditions.

It is possible to observe that the column length, 𝐿𝑐, in both the equations is located at the de-

nominator. As a result, increasing the length the stiffnesses decrease and then the resistance

should decrease with an increasing length.

The different length dimensions investigated in this analysis considered a variable col-

umn length as:

• 𝐿𝑐 = 3m 𝐿𝑐
𝐻𝑐

= 8.57

• 𝐿𝑐 = 4m 𝐿𝑐
𝐻𝑐

= 11.42

• 𝐿𝑐 = 5m 𝐿𝑐
𝐻𝑐

= 14.28

3.3.4 Column Cross–Section

The columns cross–section has the same effect as the length, i.e. it acts on the horizontal

displacement and the rotation in the beam–column joint. The differentiation of the analysis

considering first a variable length and secondly a variable cross–section allows to define

the parameters that influence the most the ultimate behaviour of the joint and in which

way they act on it. The effect of the cross–section is contained in the moment of inertia

equation, in particular it depends on the height of the column cross–section to the power

of 3, as a result, this is the parameter which is changed in the parametric analysis while the

base is kept constant to the one in the starting geometry, 𝐵𝑐 = 420mm. The base–height

ratios are the same in § 3.3.1

• 𝐻𝑐 = 300mm
𝐵𝑐
𝐻𝑐

= 1.4

• 𝐻𝑐 = 350mm
𝐵𝑐
𝐻𝑐

= 1.2

• 𝐻𝑐 = 450mm
𝐵𝑐
𝐻𝑐

= 0.93

• 𝐻𝑐 = 550mm
𝐵𝑐
𝐻𝑐

= 0.76
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3.4 Parametric Analysis: Mechanical Properties

3.4.1 Ultimate Reinforcement Strain, 𝜖𝑠𝑢

The steel used in the design is the Belgian BE500S with ductility class C and the ultimate

strain considered in the starting geometry and mechanical parameter is taken as 𝜖𝑠𝑢 = 7.5%.

The parametric analysis described in the previous paragraphs are performed with this con-

stant ultimate strain. Once all the results are obtained and the influence of the geometrical

parameters on the development of compressive and tensile membrane actions is observed,

it is possible to evaluate the influence of the mechanical parameters.

As a start of this analysis it is chosen to investigate the ultimate reinforcement strain,

𝜖𝑠𝑢, therefore the ductility of the reinforcement is changed. In fact, the plastic deformation

capacity and so the robustness of a reinforced concrete structure depends mainly on the

ductility of the reinforcing steel. Based on this parameter the reinforced concrete frame

can show or not the arise of tensile membrane action. It was found that the ultimate rein-

forcement strain has a big influence on the load bearing capacity in the regime of tensile

membrane action [11].

The same analysis performed varying the geometrical properties with an 𝜖𝑠𝑢 of 7.5% are

performed with different values of ultimate strain capacity as listed below:

• 𝜖𝑠𝑢 = 2.5%

• 𝜖𝑠𝑢 = 5.0%

• 𝜖𝑠𝑢 = 12.5%

These values are considered in order to define the influence of the ultimate strain on the

load–bearing capacity of the investigated reinforced concrete frame. As these analyses are

performed with a variable geometry of the investigate frame, it is also possible to evaluate

if the ultimate strain varies its influence changing the geometrical properties.

The ultimate reinforced strength used in all the analysis is equal to 𝑓𝑢 = 605MPa and

the yielding strength is 𝑓𝑦 = 555MPa according to the steel mechanical properties and

as explained in section 3.2.
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3.4.2 Resisting Moment, 𝑀𝑟𝑑

The last set of parametric analysis is based on the elements resisting moment𝑀𝑟𝑑 which

is kept constant to the one computed in the starting geometry. The beam resisting moment

is evaluated in the support section because the element final failure is the rupture of the

top tensed reinforcement in correspondence of the connection between beam and columns

while the resisting moment in the columns is computed considering the acting axial force

𝑁𝐸𝑑 = 650kN. The respective value of resisting bending moment are𝑀𝑏𝑟𝑑 = −195kNm and

𝑀𝑐𝑟𝑑 = 170kNm.

This analysis is associated with the variable geometry of the elements, as a consequence,

in order to keep constant the resisting moment with the variable concrete resisting area,

the area of the reinforcement need to be changed.

In the investigate RC frame, the beam which is analysed is subjected to prevalent bend-

ing moment, and the designed reinforcement in the edge frame correspondent to the start-

ing geometry is 𝐴𝑠𝑡𝑒𝑛𝑠𝑒𝑑 = 4Φ18 (at the top) and 𝐴𝑠𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 = 2Φ18 (at the bottom), these

are continuous along the beam section. As approximation on safety side, the area of com-

pressed reinforcement is not considered. The tensed reinforcement areas associated with a

variable beam height are listed below:

• 𝐻𝑏 = 300mm 𝐴𝑠𝑡𝑒𝑛𝑠𝑒𝑑 = 7Φ18 (𝜌𝑠 = 0.014)

• 𝐻𝑏 = 350mm 𝐴𝑠𝑡𝑒𝑛𝑠𝑒𝑑 = 6Φ18 (𝜌𝑠 = 0.01)

• 𝐻𝑏 = 550mm 𝐴𝑠𝑡𝑒𝑛𝑠𝑒𝑑 = 3Φ18 (𝜌𝑠 = 0.003)

The columns are subjected to both bending moment and axial force. In this condition

of buckling the reinforcement computed in the starting geometry is equal to 𝐴𝑠 = 8Φ14

distributed homogeneously in the columns. The variable concrete area in the columns lead

to the variable reinforcement areas as defined below:

• 𝐻𝑐 = 300mm 𝐴𝑠𝑡𝑒𝑛𝑠𝑒𝑑 = 12Φ14 (𝜌𝑠 = 0.014)

• 𝐻𝑐 = 450mm 𝐴𝑠𝑡𝑒𝑛𝑠𝑒𝑑 = 4Φ14 (𝜌𝑠 = 0.003)

The section 𝐻𝑐 = 550mm is not considered in this study because the constant𝑀𝑟𝑑 lead to a

reinforcement geometrical percentage 𝜌𝑠 inferior than the minimum percentage defined in

the Eurocode.
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In this way it is possible to compare the same concrete cross–section with variable per-

centage of reinforcement while keeping constant the resisting moment. The results are

show in Chapter 4

3.5 Parametric Analysis: Elements Stiffnesses

In the previous Chapters is introduced the important role of the horizontal restrain con-

ditions to the development of alternative load paths in concrete structures.

As it is showed in the load–displacement diagram in Figure 1.4 the compressive membrane

actions effect on the load–bearing capacity can be evaluated only if it is considered the hori-

zontal restrained condition of the RC beam, the same consideration is done for the develop-

ment of the second phase in tensile membrane actions. Therefore, thanks to the horizontal

restrain condition, the load–bearing mechanism can change from bending mechanism to

catenary action (see Chapter 1).

Membrane actions consist of a significant increase in the load–bearing capacities in the

bending resisting mechanism and catenary action, as a result the horizontal restrain condi-

tions become relevant in the assessment of structural robustness. In this thesis it is inves-

tigated the influence of the geometrical and mechanical properties on the development of

both the load–bearing capacities, which can be translated into the influence of the members

stiffnesses to the horizontal translation and to the rotation as shown in Figure 1.5.

In the study case of this thesis the restraining conditions are given from the adjacent ele-

ments, horizontally by the beams axial stiffness and the columns stiffnesses to the horizon-

tal translation, that act as mentioned in paragraph 3.3.1, the rotation in the beam–column

joint is restrained by the adjacent beam and column bending stiffness. The stiffnesses de-

pends on the supports conditions adopted in the adjacent elements. As first approximation

are adopted hinges as external supports for all the elements in order to consider a condi-

tion which allow a higher rotation (this support conditions are used for all the parametric

analyses). This is a simplified way to define the formulas for all the stiffnesses that give

restrain to the horizontal and vertical displacement and to the rotation of the RC beam, the

formulas are defined from the linear elastic equation solutions, as given in the literature of

Science of Construction. In the following formulas are considered both the contribution to

the stiffnesses given by the beam and the columns:
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• Horizontal Stiffness:

𝐾𝛿 =
𝐸𝑐𝐴𝑏
𝐿𝑏

+
48𝐸𝑐𝐼𝑐
𝐿3𝑐,𝑡𝑜𝑡

(3.4)

• Bending Stiffness:

𝐾𝜙 =
3𝐸𝑐𝐼𝑏
𝐿𝑏

+
3𝐸𝑐𝐼𝑐
𝐿𝑐

+
3𝐸𝑐𝐼𝑐
𝐿𝑐

(3.5)

• Vertical Stiffness:

𝐾𝑣 =
𝐸𝑐𝐴𝑐
𝐿𝑐

+
6𝐸𝑐𝐼𝑏
2𝐿2𝑏

(3.6)

Figure 3.3: Simplified Finite Element Model geometry considering springs as the adjacent elements

Once the stiffnesses are computed it is possible to define a simplified 2D model which

contains only the RC beam subjected to the notional removal of the column and the adjacent

elements stiffnesses are applied by 2 Spring elements, one translational and one rotational.

This simplified model is often use in order to evaluate the behaviour of a full frame with a

lower computational time and to fastener the analysis.

The aim of this part is to compare the ultimate behaviour of the RC beam between the

two models for a part of the before mentioned analysis. One can note that by substituting

Plane Stress Elements with Spring element lead to a decrease in the stiffnesses implemented

by the FEM model elements equations. This way of approximation is widely used in the

definition of FEM model where the analysis is highly time consuming if the full frame it is

represented in the model, thus as the restraining effect is done by the members stiffnesses it

is possible to use this model to perform the nonlinear analysis even though the two different

model lead to a different approximation of the loads.
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Chapter 4

Analysis of the Results

The results observed in all the analyses are illustrated in this Chapter. In order to eval-

uate the load–bearing capacities, both in the bending resisting mechanism and in the cate-

nary mechanism, of the analysed RC frame and how they are influenced by the geomet-

rical and mechanical parameters used in the parametric analysis, the load–displacement

and membrane action–displacement diagrams are given and commented in the following

sections.

Accordingly to the previous Chapters, the load–bearing capacities of themembers, when

considering the horizontal restraining conditions, can be distinguished into two phases: the

first phase where the behaviour of the beam is governed by compressive membrane actions

and the resisting mechanism is based on the bending resisting mechanism and the second

phase when plastic hinges arise and tensile membrane actions take place in the members. In

this second phase the catenary action is the resisting mechanism which occurs when large

displacement arise in the frame. Following this distinction, it is possible to define the two

load–bearing capacities, first for compressive membrane actions, corresponding to the peak

in the load–displacement diagram, and then for tensile membrane actions, if they have the

opportunity to arise, which corresponds to the maximum load reached after the first peak

when the rupture of the top reinforcement in the joint occurs. Those two load–bearing ca-

pacities are influenced by the geometrical and mechanical parameters that are analysed in

the parametric analyses. Different parameters may influence them in different ways and

the same parameter may affects more the first peak comparing to the TMA resistance and
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vice versa. For example the ultimate reinforcement strain, 𝜖𝑠𝑢, influence the ductility of the

members and thus it influence the ability to develop TMA of the RC frame, while it does not

have any influence on compressive membrane actions. In fact, the maximum load resistance

is the same for all the different 𝜖𝑠𝑢 investigated values. It is clear from the performed analy-

ses that the main influence on the load–bearing capacities is given by the directly affected

beam characteristics, accordingly to other researches [11], while the adjacent elements ge-

ometry contribute more to the development of TMA as they have a higher influence on the

rotational stiffness of the beam–column joint. All the following diagrams are stopped in

correspondence of the rupture of the top reinforcement in the beam–column joint.

4.1 Variable Beams Geometry

CROSS–SECTION

In Chapter 3 is defined the range of variation of the beam cross–section. The analysis

of this parameter is performed firstly by changing the geometry of both the beams repre-

sented in the FEM model, in this way it is possible to evaluate the influence given by the

cross–section of the RC beam directly subjected to the column removal. Then the analysis

is extended to a variable cross–section of the adjacent beam, thus it is investigated the ef-

fect of the horizontal stiffness 𝐾𝛿 =
𝐸𝐴𝑏

𝐿𝑏
given by the adjacent beam. In order to distinguish

these two cases, the variable heights are indicated respectively with 𝐻𝑏1 and 𝐻𝑏2.

Figure 4.1: Load–bearing capacity curve for both variable beam cross-section
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4.1 – Variable Beams Geometry

Figure 4.2: Load–bearing capacity curve for variable cross-section of the adjacent beam

Figure 4.1 and in Figure 4.2 clearly show the different effect on the load–bearing capac-

ities.

First of all, the variable cross–section in the directly affected RC beam shows a high vari-

ation in both the load–bearing capacities while the variable cross–section of the left beam

does not show any influence on the load–bearing capacity in TMA as the diagrams shows

to reach rupture of the reinforcement at similar vertical displacement, but it affect the com-

pressive membrane action which is transmitted to the adjacent element even though the

effect is quite small.

In fact, the maximum value in CMA is variable between 37.5kN/m and 42.2kN/m, with a

difference of 11.2% between the lower and highest capacities. The maximum value of com-

pressive membrane actions transmitted to the adjacent beam is instead variable between

−1000kN to −800kN with a percentage of variation of about 20%.

The effect that can be seen in the first analysis is instead much more marked, in fact

the maximum load in bending resisting mechanism varies between 20kN/m and 50kN/m,

while the maximum compressive membrane action changes from −1200kN to −600kN. The

variation between the maxima load are respectively 40% and 50%. In this range of variation,

the answer of the beam in the analyses with a variable 𝐻𝑏1 changes from ductile to fragile

with a decreasing base–height ratio, which is shown by the increase of the ultimate load

in compressive membrane action condition and the decrease of ultimate vertical displace-

ment.
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4 – Analysis of the Results

Moreover, the development of the catenary mechanism become more difficult even though

the ultimate reinforcement strain is kept equal for all the analyses. As a result, having a

beam with a lower base–height ratio lead to a decrease of bending resistance, but it is more

likely to develop catenary action and vice versa with a high base–height ratio, for example

the analysis with 𝐻𝑏1 = 550mm, the behaviour became fragile thus the bending resistance

is quite high, but the development of TMA is almost null.

In addition, the ultimate displacement is not influenced by the variable 𝐻𝑏2 and the top

reinforcement in the beam–column connection shows to fail at the same values.

LENGTH

The analyses concerning the length of the adjacent beam does not show relevant effects

on the load–bearing capacities of the RC beam as it can be seen in Figure 4.3.

Figure 4.3: Load–bearing capacity curve for variable length of the adjacent beam

To complete the analysis of the results of this section, it is illustrated in Figure 4.4 the

evolution of the concrete strain, thus the development of cracks in correspondence of the

beam extremities and of the upper and lower column close to the joint, this evolution is in

accordance to the experiment done by Lew et al. [9]. The following Figure 4.5 shows the

reinforcement stresses at the peak load in bending resisting mechanism, at it define that the

reinforcement has already reached yielding in correspondence of the top reinforcement at

the beam–column joint and the bottom reinforcement at the other beam edge, where the
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4.1 – Variable Beams Geometry

rupture occurs during the nonlinear analysis.

(a) Concrete strain at the bending peak

(b) Concrete strain after the bending peak

Figure 4.4: Evolution of the concrete strain in the members

Figure 4.5: Reinforcement Stresses at the bending peak
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4.2 Variable Columns Geometry

The range of variation used in the columns cross–section is the same as the one used in

the analysis on the beam cross–section. The cross–section is changed for both the repre-

sented columns simultaneously.

It is clear that they influence the most the stiffness to the rotation in the joint, while

their effect on the horizontal stiffness is very low comparing it to the horizontal stiffness

of the beam. In fact, the contribute of the columns to the horizontal stiffness is more or

less 0.02𝐸𝑐𝐴𝑏

𝐿𝑏
. In fact in Figure 4.7 and Figure 4.6, that show respectively the results ob-

tained from the analyses with a variable column cross–section and a variable length, the

parameter which is more influenced by the geometry of the columns is the ultimate dis-

placement, while the maximum load in catenary mechanism is more or less the same in all

the performed analyses. As a result, the load–bearing capacity during the development of

tensile membrane action is not influenced, but it is affected the ability to change the resist-

ing mechanism from bending resistance to the catenary action. There is a little influence

on the bending resistance which decreases with a decreasing columns cross–section.

In particular, the two set of analyses show that with a decreasing area of the cross–

section vertical displacement at failure of the top reinforcement in the joint increases, while

with an increasing length the vertical displacement decreases, in fact they are directly and

inversely proportional to the rotational stiffness respectively, as can be seen in the equation
𝐸𝑐𝐼𝑐
𝐿𝑐
.

A comparison between the relevant parameters, such as the maxima resistances in com-

pressive membrane actions and tensile membrane actions and the displacement at failure

of the top reinforcement in the RC beam are shown in the following bar charts, considering

all the analyses performed with variable beam and column cross–sections and lengths. It is

easily notable that the influence given by the lengths is neglectable in all the analyses. On

the contrary, the comparison regarding the analyses performed with variable cross–section

show an high variability in all the results. Indeed, it is notable that, for all the analyses, with

increasing cross–section the bending resistance and the TMA resistance increase, the fail-

ure vertical displacement decreases instead.
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4.2 – Variable Columns Geometry

Figure 4.6: Load–bearing capacity diagrams for variable columns length

Figure 4.7: Load–bearing capacity diagrams for variable columns cross-section
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Figure 4.8: Comparison between the maximum load in CMA with variable cross–section

Figure 4.9: Comparison between the maximum load in TMA with variable cross–section
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Figure 4.10: Comparison between the failure displacement with variable cross–section

Figure 4.11: Comparison between the maximum load in CMA with variable length
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Figure 4.12: Comparison between the maximum load in TMA with variable length

Figure 4.13: Comparison between the failure displacement with variable length
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4.3 Influence of 𝜖𝑠𝑢
The parametric analysis carried out on the geometry of the reinforced concrete frame

is accompanied by an analysis of the mechanical properties, in this paragraph the results

obtained by varying the ultimate deformation of the reinforcement for all the geometric

analyses carried out are analysed.

This second parametric analysis showed to act similarly for all the different geometri-

cal conditions, in fact this parameter affect only the reinforcement ductility, therefore it

influenced only the ability of the RC element to develop tensile membrane actions thus

the ability to change the resisting mechanism from the bending resistance to the catenary

action.

Figure 4.14: Load–displacement diagram with variable 𝜖𝑠𝑢

In Figure 4.14 is illustrated the general effect on the load–displacement diagram derived

from the starting geometry of the analysed RC frame, considering the range of the adopted
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𝜖𝑠𝑢 values. In particular it is possible to observe that this parameter affects only the ultimate

vertical displacement which shows an high increase with an increasing 𝜖𝑠𝑢. The results ob-

tain from all the performed analysis with a variable reinforcement strain are depicted in

the following Figure. It is clear that the bending resistance is not influenced and the ability

to change the resisting mechanism increases with an increasing ultimate deformation.

Figure 4.15: Load–bearing capacity diagrams for beam cross–section and 𝜖𝑠𝑢 = 0.025

Figure 4.16: Load–bearing capacity diagrams for beam cross–section and 𝜖𝑠𝑢 = 0.05
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Figure 4.17: Load–bearing capacity diagrams for beam cross–section and 𝜖𝑠𝑢 = 0.125

Figure 4.18: Load–bearing capacity diagrams for beam cross–section and 𝜖𝑠𝑢 = 0.025

Figure 4.19: Load–bearing capacity diagrams for beam cross–section and 𝜖𝑠𝑢 = 0.05
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Figure 4.20: Load–bearing capacity diagrams for beam cross–section and 𝜖𝑠𝑢 = 0.125

Figure 4.21: Load–bearing capacity diagrams for beam length and 𝜖𝑠𝑢 = 0.025

Figure 4.22: Load–bearing capacity diagrams for beam length and 𝜖𝑠𝑢 = 0.05
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Figure 4.23: Load–bearing capacity diagrams for beam length and 𝜖𝑠𝑢 = 0.125

Figure 4.24: Load–bearing capacity diagrams for columns cross–section and 𝜖𝑠𝑢 = 0.025

Figure 4.25: Load–bearing capacity diagrams for columns cross–section and 𝜖𝑠𝑢 = 0.05
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Figure 4.26: Load–bearing capacity diagrams for columns cross–section and 𝜖𝑠𝑢 = 0.125

Figure 4.27: Load–bearing capacity diagrams for columns length and 𝜖𝑠𝑢 = 0.025

Figure 4.28: Load–bearing capacity diagrams for columns length and 𝜖𝑠𝑢 = 0.05
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Figure 4.29: Load–bearing capacity diagrams for columns length and 𝜖𝑠𝑢 = 0.125

All the results showed in the previous diagrams can be linked together in order to obtain

a full view on the effects of the reinforcement strain on the load–bearing capacities. In

Figure 4.30, 4.31, 4.32 and 4.33 it is illustrated this link between the analyses performed

with a variable ultimate reinforcement strain with the parametric analysis carried out on

the variable elements geometry. It is clear the influence of 𝜖𝑠𝑢 on the ability of the RC beam to

develop the catenary action. For those geometries that are able to develop catenary actions

themselves this effect is higher and vice versa.

Figure 4.30: Superposition of load–displacement diagrams of with variable 𝜖𝑠𝑢 and variable 𝐻𝑏1
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Figure 4.31: Superposition of load–displacement diagrams of with variable 𝜖𝑠𝑢 and variable 𝐻𝑏2

Figure 4.32: Superposition of load–displacement diagrams of with variable 𝜖𝑠𝑢 and variable 𝐻𝑐
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Figure 4.33: Superposition of load–displacement diagrams of with variable 𝜖𝑠𝑢 and variable 𝐿𝑏

4.4 Influence of constant 𝑀𝑟𝑑

The results obtained from the performed analyses with a constant 𝑀𝑟𝑑 and a variable

element geometry are illustrated in Figure 4.35 and Figure 4.37, that respectively shows the

results obtained maintaining constant 𝑀𝑟𝑑 with a variable beam cross–section and a vari-

able column cross–section. The results are coloured in red when considering the starting

geometry condition and in blue the analyses performed with a constant resisting moment.

In order to maintain constant the value of resisting moment computed in the analysed re-

inforced concrete frame while changing the cross–section of the load–bearing elements it

is necessary to place a different quantity of reinforcement bars.

In cross–sections smaller than the starting geometry the reinforcement to insert in or-

der to maintain the same value of 𝑀𝑟𝑑 is incremented, vice versa in bigger cross–sections.

As a result the load–bearing capacities in the bending resisting mechanism and the cate-

nary action are higher comparing them to the analyses where the reinforcement is kept

constant for all the different cross–section. This led to an higher ability to develop the cate-

nary action. The opposite happens for sections that are bigger than the one of the starting

geometry, because the reinforcement to be placed to maintain constant the 𝑀𝑟𝑑 is lower
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than the starting amount.

The TMA load–bearing capacity in the two cases with 𝐻𝑏1 equal to 300mm and 350mm

increases while in the case of 𝐻𝑏1 = 550mm is almost the same. In fact, the maximum load

in catenary action are higher in the first two geometry, the corresponding vertical displace-

ment has more or less the same value, while in the analysis with 𝐻𝑏1 = 550mm the load

in catenary action is almost the same thus there no increment in the resistance, but the

vertical displacement showed to increase.

The same analysis is performed for the variable geometry in the columns, the starting

reinforcement is the one for the cross–section equal to 𝐻𝑐 = 350mm, thus equal to 8Φ14

distributed symmetrically in the columns, this is the amount kept constant in the paramet-

ric analyses carried out with a variable geometry, from that it is then changed considering

the 𝑀𝑟𝑑 equal to the cross–section of 350mm.

In Figure 4.37 it is possible to note that the influence on both the resistances, bending and

Figure 4.34: Load–displacement diagram with constant 𝑀𝑟𝑑 and variable 𝐻𝑏

catenary action, is very small. The only effect that can be evaluated from this analyses if
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Figure 4.35: Membrane Action–displacement diagram with constant 𝑀𝑟𝑑 and variable 𝐻𝑏

that for smaller cross–sections the rotational capacity of the beam increases because the

ductility of the columns is higher than the starting condition, due to the higher reinforce-

ment area, thus the vertical displacement at rupture of the top reinforcement in the beam

is higher, vice versa for bigger cross-section. All the comment about the analyses results on

the relevant parameters in the capacity diagrams are highlighted in the bar charts that fol-

lows, which it easily shown the comparison between all the analyses maintaining constant

the resisting moment, equal to the on computed in the design of the analysed RC frame.
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Figure 4.36: Load–displacement diagram with constant 𝑀𝑟𝑑 and variable 𝐻𝑐

Figure 4.37: Membrane Action–displacement diagram with constant 𝑀𝑟𝑑 and variable 𝐻𝑐
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Figure 4.38: Comparison between the maximum load in CMA with constant 𝑀𝑟𝑑 and variable 𝐻𝑏

Figure 4.39: Comparison between the maximum load in TMA with constant 𝑀𝑟𝑑 and variable 𝐻𝑏
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Figure 4.40: Comparison between the failure displacement with constant 𝑀𝑟𝑑 and variable 𝐻𝑏

Figure 4.41: Comparison between the maximum load in CMA with constant 𝑀𝑟𝑑 and variable 𝐻𝑐

78



4.4 – Influence of constant 𝑀𝑟𝑑

Figure 4.42: Comparison between the maximum load in TMA with constant 𝑀𝑟𝑑 and variable 𝐻𝑐

Figure 4.43: Comparison between the failure displacement with constant 𝑀𝑟𝑑 and variable 𝐻𝑐

79



4 – Analysis of the Results

4.5 Influence of the Stiffnesses

The previous Chapter illustrate the influence of the adjacent element stiffnesses to the

horizontal displacement and rotation of the RC beam subjected to the column removal. The

equations used to evaluate those two parameters are defined, accordingly to the CNR 2018

in the paragraph 1.2.2 of Chapter 1. The geometry parametric analysis and lots of researches

showed that the horizontal restraining condition, which is derive from the stiffness to the

horizontal translation of the adjacent element,
𝐸𝐴𝑏

𝐿𝑏
for the beam and

48𝐸𝑐𝐼𝑐
𝐿3𝑐

for the columns,

is the condition necessary to take into account when assessing robustness in order to define

the increase in the resistance in the bending resisting mechanism, i.e. to develop compres-

sive membrane actions, and also the ability of the frame to change the resisting mechanism

from bending to catenary action. If it is not considered the development of membrane ac-

tion in the structural members the load displacement diagram follows the curve depict in

Figure 1.2, where after reaching the bending resistance a plateau at the same load take place

until failure.

Figure 4.44: Load–displacement diagram for the two different FEM model

On the other hand, the ability of the structure to change the resisting mechanism from

bending to the catenary action is more influenced by the cross–section of the direct af-

fected beam. In fact tensile membrane actions are more likely to arise for high base/height

ratios, and by the rotational stiffness given by the adjacent elements in correspondence of
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the beam–column joint which depend also from the supports that are adopted to model the

elements connection to the reinforced concrete frame.

Once the stiffnesses are computed from the solution defined in Science of Constructions

by the linear elastic equation, it is possible to model their effect with spring elements, ap-

propriately linked to the RC beam. In this simplified model two springs are modelled, one

translational for the horizontal stiffness and one rotational which represent the rotational

stiffness. The comparison between the load–displacement diagrams obtained from the two

models is showed in Figure 4.44. In the diagrams it is depicted a more rigid behaviour in

the FEM model in which is represented the full geometry accordingly with the complete

representation of the stiffnesses in the FEM software, while considering linear spring ele-

ment lead to a decrease in the stiffnesses in the model, thus the behaviour of the RC beam

in the model with the two springs result more ductile than in the FEM model with the full

geometrical representation of the structural members.
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Chapter 5

Corrosion

Corrosion is the most common degradation process which affects the majority of the

existing reinforced concrete structures. There are many methods to give a structure the

necessary resistance measure to the attack of carbonation depending on the different ex-

posure conditions, but most of the existing buildings at one point during they service life

suffer of this degradation phenomenon.

This main deterioration mechanism lead to a loss of safety in the structures. Maintain-

ing the safety and the serviceability of existing buildings is a significant challenge for the

countries and to distribute the resources in a better way in order to guarantee the establish-

ment of the correct safety level plays a crucial role. It is then very important in reinforced

concrete structures to foresee proper maintenance over time, to prolong the service life of

the building and to avoid degradation mechanisms, such as corrosion, causing excessive

damage to the structure. In fact, during its service life, the structure is subjected to the de-

signed serviceability loads and load paths develop in order to take the applied load to the

last bearing members, the foundations.

The load paths develop following the adopted structural design. If the structure is damaged,

the load paths need to change and thus the loads are taken to the foundations in a different

way; an alternative load path arose within the structure.

The development of this alternative load path is possible only if the load bearing members

are able to withstand the overload to which they are subjected. The condition of excessive

damage or the removal of a load bearing elements in damaged condition can lead to the
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structural disproportionate failure.

Figure 5.1: Cover detachment after corrosion of steel reinforcement

In the field of Structural Robustness is significant the ability to develop alternative

load paths, but first the ability to withstand the applied load. Structures that are already

damaged by some degradation processes cannot meet either the safety requirement in ser-

vice conditions or in the occurrence of exceptional events such as vehicle impacts, human

errors or terrorism attacks. It become then important the evaluation of ultimate bearing

capacity of reinforced concrete frame in such conditions.

5.1 Degradation Mechanism of Corrosion

Corrosion is the degradation mechanism to which is subjected steel in wet environ-

ments. This process affects the steel surface, for this reason it can be avoided by adopting

the various methods of protection available in the literature, such as using a corrosion re-

sistant metal, protective coatings, environmental measures or sacrificial coatings.
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5.1 – Degradation Mechanism of Corrosion

Some metallic materials are able to cover their surface with a protective layer, this be-

haviour is known as passive behaviour. In the case of iron, it behaves like a passive metal

if it found itself in a basic environment in the presence of oxygen and it is covered with a

very thin oxide layer, the thickness of which is of a few molecular layers, under these con-

ditions, which are called passive, its corrosion rate is practically zero. The reinforcement

used in concrete structure is protected by the concrete layer called cover from the external

environment and by the fact that concrete create a basic environment around the steel re-

inforcement, with a pH equal to more or less 13÷14.

However, it can happen in some very aggressive environment and with porous concrete,

that water come inside the concrete covering layer starting the so–called process of carbon-

ation. In fact, if the value of the pH goes down to 12 or less, the oxide film is damaged and

corrosion can start. The process starts when its rate reaches a value where the corrosion

is not neglectable. This rate depends on a variety of parameters, the most important are

oxygen and moisture. The same happen when considering the concentration of chloride

ions in the atmosphere, when this reaches the critical value, the localizide corrosion called

pitting starts and the corrosion rate gives the evolution in time of the phenomenon.

Consequently, in literature the two main corrosion mechanisms are distinguished in:

• CARBONATION: This corrosion is due to the simultaneous presence of carbon diox-

ide, CO2, and water, H2O, in the atmosphere. The carbon dioxide neutralizes the al-

kaline property of concrete changing the pH value from 13 to 9. As it is shows in

Figure 5.2, the CO2 and H2O start to enter in the concrete pores following the time–

dependent law 𝑠 = 𝐾√𝑡. If the concrete pores are already full of water the carbona-

tion speed decrease because carbon dioxide has to diffuse very slow into water, even

though carbonation needs water to start. It is then defined a range of humidity within

the carbonation is more likely to happen which is 50 to 80%. Carbonation is a uniform

corrosion process.

• PITTING: This is the most dangerous corrosion process. It starts when chloride ions

are present in the environment and their concentration reach the critical content equal

to 0.4÷1.0% of the cement weigh. During the development of this phenomenon, corro-

sion is localized and pits occurs in the reinforcement, that correspond to a decrease of
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Figure 5.2: Carbonation evolution process

the reinforcement cross–sectional area in localized point. Chloride ions from de–icing

salts or marine exposure are carried into the concrete in solution in water. At the steel

surface, even in alkaline concrete, they attack and break down the passivating layer

and then accelerate the steel corrosion process, following the development as shown

in Figure 5.3

Figure 5.3: Pitting evolution process

The damage of the protective film is the necessary precondition for corrosion to occur.

Once the film has been destroyed, corrosion occurs only if water and oxygen are present

at the reinforcement surface. Depassivation occurs only on reinforcements reached by the

carbonation front or the critical chloride content, therefore it is possible that corrosion af-

fects only a part of the structure or a part of the structural element.

This circumstance can lead to the formation of a couple of forces between the corroded

reinforcement bars and the remaining bars still in passive conditions but electrically con-

nected to the previous ones by the stirrups. In particular conditions, the formation of this

couple can increase the speed with which the attack is produced on the reinforcements that

are already corroding.

As a result, it is possible to recognise two macro phases in the corrosion degradation

process of reinforced concrete structures as it is illustrated in Figure 5.4:
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• Initiation period: this phase occurs when the carbonation reaches the reinforcement

or the chlorides concentration exceed the critical value, the reinforcement is depassi-

vated, thus the protective film is uniformly or locally destroyed;

• Propagation period: during this second phase the reinforcement is directly affected

and its cross–section is reduced. In addition, corrosion products are accumulated around

the reinforcing bars and this may eventually lead to cracking and spalling of the con-

crete cover.

Figure 5.4: Initiation and Propagation periods in a structure subjected to Carbonation

The corrosion evolution process is governed by many parameters that can be associated

with the design and execution phases (for example concrete cover, water/cement ratio…),

in fact, the chlorides can derive from the concrete packaging phase, or it can related to the

environmental conditions. Furthermore, it is important to note that the corrosion mecha-

nism affects only the reinforcing steel, but when the corrosion starts on the bar surface, rust

and other corrosion products settle around it. As a result, the volume occupied by the bar

and the corrosion products increases, creating a thrust on the surrounding concrete. This

thrust can generate cracking and spalling of concrete and finally the failure of the whole

structure if the corrosion process continues.

All the existing RC structures can be thus distinguished into two categories: RC struc-

tures which found themselves in the initiation period and RC structures that are in the

propagation period, so it become important the evaluation of corrosion phenomenon in
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time and its effects on the material and structural proprieties. In order to model the corro-

sion as a time–dependent mechanism, its evolution and its effects on thematerial properties

are defined with time–dependent laws.

First of all, the corrosion initiation time, 𝑇𝑖, is computed with the Fick’s diffusion equa-

tion and the available models are used to define the necessary inputs to the corrosion, such

as the corrosion rate,𝑖𝑐𝑜𝑟 𝑟 [28], the loss of steel cross–sectional area,𝐴𝑝𝑖𝑡 [25], the loss of steel

ductility, 𝜖𝑠𝑢,𝑟 𝑖𝑑 [14] [34], and in the end the loss of concrete cover, 𝑓𝑐,𝑟 𝑖𝑑 [19]. All the param-

eters mathematical models and the necessary inputs are described in the following section.

In the following analysis in order to analyse an aggressive environment, it is assumed an

exposure environmental class XD1 or XS1 which is define in the Model Code 2010 as an

aggressive environment in which the corrosion is induced by chlorides. A water/cement

ratio of 0.5 is adopted. From these assumptions are derived the corrosion inputs as defined

in DuraCrete.

5.2 Corrosion effects on material properties

The main effects of corrosion on concrete and steel are:

• Reduction of Cross–section of reinforcing bars;

• Reduction of reinforcement ductility;

• Concrete strength is affected by splitting cracks, delamination and spalling of the con-

crete cover;

Corrosion also affects the bond strength between steel and concrete, but this aspect is

not modelled in this analysis.

As this mechanism affects all these material properties, it is clear that it causes a significant

decrease in the structural safety. Consequently, it becomes important to evaluate the ability

of a reinforced concrete structure to withstand different corrosion levels and to develop al-

ternative load paths under different corrosion conditions. In this study the corrosion effects

on the analysed reinforced concrete frame are investigated with an analysis in longitudinal

direction of the reinforcement present in the structural members considering a simulated

induced chloride corrosion for an attack length of 10mm in all the structural members at
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the extremities near the beam–column joint.

The analyses are performed considering a simulated chloride corrosion in the RC frame

modelled with the software DIANA FEA used in the geometrical and mechanical paramet-

ric analysis described in the previous chapters. To simulate the effects of corrosion by the

reduction on the cross–section of the reinforcing bars and the materials proprieties, the sec-

tions where it is assumed the localized corrosion, are modelled considering the proprieties

evolution in time during the building working life of 50𝑦𝑒𝑎𝑟𝑠 as defined for office building

in the Eurocode 0, by implementing in the .py file which contains all the geometry, mesh

and non linear analysis properties the mathematical models necessary to compute the evo-

lution of corrosion in time. The models used to define the material proprieties reduction are

described in the following sections, the results obtained for all the inputs in the different

time instants are then illustrated in Table 6.1 in the following Chapter 6.

Figure 5.5: Indicative design working life from EN 1990:2002

5.2.1 Corrosion rate and initiation time

The corrosion phenomenon starts when the chloride contents reaches the chloride crit-

ical concentration,𝐶𝑐𝑟 𝑖𝑡, which is defined numerous researches to be around 0.1% and 1.96%

measured as a percentage by weight of cement in the concrete mixture. Only a little per-

centage of chloride is sufficient to starts the pitting corrosion.

In this analysis is used a 𝐶𝑐𝑟 𝑖𝑡 = 0.4 (wt%cement) as suggest in Gjorv [30] (see Figure 5.6).

When this value is reached at the rebar depth of the RC member the corrosion starts

and the evolution in time of the chloride concentration can be evaluated from the Fick’s
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Figure 5.6: Qualitative connection between 𝐶𝑐𝑟 𝑖𝑡, environmental condition and concrete quality
(Gjorv, 2009)

diffusion equation as described by DuraCrete [22] in the following equation 5.1:

𝐶(𝑥,𝑡) = 𝐶𝑠(1 − 𝑒𝑟𝑓(
𝑥

2
√
𝑘𝑡𝑘𝑒𝐷𝑅𝐶𝑀(

𝑡0
𝑡
)𝑛𝑡

)) (5.1)

with:

𝐶(𝑥 = 0, 𝑡) = 𝐶𝑠
𝐶(𝑥, 𝑡 = 0) = 0

where 𝐶(𝑥,𝑡) is the chloride concentration, 𝐶𝑠 Cs is the equilibrium chloride concentration at

the concrete surface, both these values are expressed as a percentage by weight of cement

(wt.% cement), 𝑥 is the cover depth, 𝑘𝑡 and 𝑘𝑒 are coefficients that express respectively the

transfer variable and the environmental transfer variable (𝑘𝑡 is taken equal to 1 according

to FIB-CEB Task Group 5.6), 𝐷𝑅𝐶𝑀 is the chloride migration coefficient measured in m2/s,

𝑡0 = 0.0767𝑦𝑒𝑎𝑟𝑠 is the reference point of time corresponding to the concrete curing period

of 28 days, 𝑡 is the time in which corrosion is computed, 𝑛 is an aging exponent and 𝑒𝑟𝑓 is

the Gaussian error function. All the values of the variables necessary to compute 𝐶(𝑥,𝑡) are

listed in table 5.1 or derived from the structure geometry.

From this equation it can be derived the corrosion initiation time by substituting the
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critical chloride content to 𝐶(𝑥,𝑡) as it is employed in other studies [26][21][33]:

𝑇𝑖 = (
𝑥2

4𝑘𝑡𝑘𝑒𝐷𝑅𝐶𝑀𝑡20
(𝑒𝑟𝑓 −1(1 −

𝐶𝑐𝑟 𝑖𝑡
𝐶𝑠

))
−2
)

1
1−𝑛

(5.2)

For the analysed RC structures the chloride content reaches the critical value around an

initiation time of about 𝑇𝑖 = 5𝑦𝑒𝑎𝑟𝑠 which is in line with the concrete cover of 3cm and the

assumed parameters of the corrosion process as it is assumed a highly aggressive environ-

ment.

Table 5.1: Mean values of the corrosion input parameter

Parameter Distribution Mean(𝜇) COV

𝑇 °C Normal 17 0.20
𝐷𝑅𝐶𝑀 m2/s Normal 1.58E-11 0.20
𝐶𝑐𝑟 𝑖𝑡 % Beta truncated (limits: 0.2-2.2) 0.4 0.25(a=9.2)(b=13.8)
𝐶𝑠 % Normal 1.2825 0.20
𝑛 Beta 0.3 0.05(a=279.7)(b=652.6)
𝑘𝑒 Normal 0.67 0.10

Once it is defined the corrosion initiation time and time–dependent mathematical model

of the chloride concentration at the rebar depth, it is possible to define the corrosion rate,

𝑖𝑐𝑜𝑟 𝑟. The corrosion rate is not constant in time, as a result its evolution in time need to

be predicted. In various researches it was found that this variable depends on different

parameters, some of them are:

• Chloride concentration 𝐶𝑡 computed from equation 5.1 expressed in [kg/m3] of ce-

ment;

• Temperature at rebar depth 𝑇 [K];

• Electrical resistance of concrete cover 𝑅𝑐 [Ω];

• Time 𝑡 [years].

From these parameters Liu and Weyers proposed a formulation for the corrosion rate as

described in the following equation:

𝑖𝑐𝑜𝑟 𝑟 = 0.926 exp(7.98 + 0.7771 ln(1.69𝐶𝑡) −
3006
𝑇

− 0.000116𝑅𝑐 + 2.24𝑡−0.215) (5.3)
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where 𝑅𝑐 is related to the chloride concentration, 𝐶𝑡, with the following equation:

𝑅𝑐 = exp(8.03 − 0.549 ln(1 + 1.69𝐶𝑡)) (5.4)

In the equation 5.3 the corrosion rate is computed in 𝜇A/cm2 which is the measure of the

current intensity of the metal. The corrosion rate is then defined in 𝜇mm/years with the

Faraday’s law by multiplying 𝑖𝑐𝑜𝑟 𝑟 with the conversion coefficient of 0.0116.

5.2.2 Loss of cross-section in the reinforcing bar

The first effect of corrosion is the damage and removal of the passive film in the rein-

forcement bars. As a result, the cross–section of the corroded bars is reduced with an in-

creasing damage in time following the corrosion rate equation. Pits in corroded bars have

an irregular shape as shown in Figure 5.7 which increases its depth and extension in bar

surface during time. A more detailed effect on the bar cross–section is shown in Figure 5.8.

Various models have been developed in order to predict the evolution of the pitting

corrosion in time. In this study it is followed the model depicted by Val et al. where it is

assumed a pitting shape as illustrated in Figure 5.9 where it is assumed that the pit starts

in the point A and follows an evolution in time within a circular shape with radius equal

to the pitting depth 𝑝(𝑡), which is computed with the equation:

𝑝(𝑡) = 𝑅0.0116𝑖𝑐𝑜𝑟 𝑟(𝑡 − 𝑡𝑖) (5.5)

where 𝑅 is the pitting corrosion factor assumed equal to 9 according to Biondini and Ver-

gani [34], 0.0116𝑖𝑐𝑜𝑟 𝑟 is the corrosion rate in 𝜇mm/years and 𝑡 − 𝑡𝑖 is the time at which is

evaluate the corrosion less the initiation time 𝑡𝑖.

The time–dependent evolution of the pit area, 𝐴𝑝𝑖𝑡, is then described by the following

equations:

⎧
⎪

⎨
⎪
⎩

𝐴𝑝𝑖𝑡(𝑡) = 𝐴1 + 𝐴2 if 𝑝(𝑡) ≤
𝐷0

√2

𝐴𝑝𝑖𝑡(𝑡) = 𝐴0 − 𝐴1 + 𝐴2 if
𝐷0

√2
≤ 𝑝(𝑡) ≤ 𝐷0

𝐴𝑝𝑖𝑡(𝑡) = 𝐴0 if 𝑝(𝑡) ≥ 𝐷0

(5.6)
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(a) Starting condition (b) Corrosion after 10 days

(c) Corrosion after 20 days (d) Corrosion after 30 days

Figure 5.7: Different stages of pitting corrosion in a reinforcing bar (Apostolopoulos et al.,2008)

Figure 5.8: Loss of cross–sectional area due to pitting corrosion
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Figure 5.9: Pitting area shape model by Val–Melchers

where 𝐴0 is the cross–sectional area of the reinforcing bar in the virgin state and the vari-

ables 𝐴1 and 𝐴2 are described as follow:

𝐴1 = 0.5(𝜗1(
𝐷0
2
)
2
− 𝑏

||||

𝐷0
2

−
𝑝2(𝑡)
𝐷0

||||
) (5.7)

𝐴2 = 0.5(𝜗2𝑝2(𝑡) − 𝑏
𝑝2(𝑡)
𝐷0

) (5.8)

𝐴0 =
𝜋𝐷2

0
4

(5.9)

𝑏 = 2𝑝(𝑡)
√
1 − (

𝑝(𝑡)
𝐷0

)
2

(5.10)

𝜗1 = 2 arcsin(
𝑏
𝐷0

) 𝜗2 = 2 arcsin(
𝑏

2𝑝(𝑡)
) (5.11)

In conclusion, it is possible to define the net cross–sectional area of the corroded rein-

forcement as:

𝐴𝑛𝑒𝑡 = 𝐴0 − 𝐴𝑝𝑖𝑡(𝑡) (5.12)
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and also the percentage of area reduction due to pitting corrosion as:

𝛼𝑝𝑖𝑡 =
𝐴𝑝𝑖𝑡

𝐴0
(5.13)

parameter which is necessary in the evaluation of the loss of ductility in the reinforcement

following the formulation defined by Coronelli et al. as explained in the next section 5.2.3

5.2.3 Loss of steel ductility

Another consequence of corrosion is the reduction of steel ductility which lead to a brit-

tle behaviour in the reinforcement. This lack of ductility is taken into account modelling

the reduction of the ultimate strain in the corroded bars, which is related also to the cross–

sectional reduction of the steel bar.

In this study two different formulation are investigated to determine the reduction in the

ultimate reinforcement strain, 𝜖𝑠𝑢,𝑟 𝑖𝑑.

The first model to be analysed is the one proposed by Coronelli et al., which computes

𝜖𝑠𝑢,𝑟 𝑖𝑑 considering the ratio between the percentage of area reduction consequently to the

corrosion attack, 𝛼𝑝𝑖𝑡, and the maximum percentage that this may reaches, 𝛼𝑝𝑖𝑡,𝑚𝑎𝑥, thus the

model works following the equation 5.14:

𝜖𝑠𝑢,𝑟 𝑖𝑑 = 𝜖𝑠𝑦 + (𝜖𝑠𝑢 − 𝜖𝑠𝑦)(1 −
𝛼𝑝𝑖𝑡

𝛼𝑝𝑖𝑡,𝑚𝑎𝑥
) if 𝛼𝑝𝑖𝑡 ≤ 𝛼𝑝𝑖𝑡,𝑚𝑎𝑥 (5.14)

where the value of 𝛼𝑝𝑖𝑡,𝑚𝑎𝑥 has been found to be variable between 0.1 and 0.5.

The second model which is analysed follows a different formulation to define the loss of

steel ultimate strain and it is the one proposed by Biondini and Vergani [34]. In this model

the reduction in the ultimate reinforcement strain is derived from experimental sample by

computing a damage index 𝛿𝜖𝑠𝑢 , which is applied as follow:

𝜖𝑠𝑢,𝑟 𝑖𝑑 = 𝜖𝑠𝑢0(1 − 𝛿𝜖𝑠𝑢) (5.15)
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where the damage index is defined as:

{
𝛿𝜖𝑠𝑢 = 0 if 𝛿𝐴𝑠 ≤ 0.016

𝛿𝜖𝑠𝑢 = 1 − 0.1521𝛿−0.4583𝐴𝑠
if 𝛿𝐴𝑠 > 0.016

(5.16)

where 𝛿𝐴𝑠 is the damaging index which refers to the reduction in the cross–sectional area

of the reinforcing steel. In this formulation is considered the damage index related to the

uniform loss in the cross section, as in the experimental samples is measured the mass loss

and not the attack depth. Therefore, the equation 5.17 shows how to compute this damage

index:

{
𝛿𝐴𝑠(𝛿) = 4𝛿(1 − 𝛿) if 0 ≤ 𝛿 ≤ 0.5

𝛿𝐴𝑠(𝛿) = 1 if 𝛿 > 0.5
(5.17)

where 𝛿 is the depth of the corrosion attack. A comparison between the two models results

is given by Vergani in the diagram depicted in Figure 5.10. This diagram shows how the

model proposed by Vergani et al. is able to accurately interpret the experimental results

obtained from the tests.

In conclusion, by computing those two models, the first one was found to be highly de-

pendent on the assumption of the 𝛼𝑝𝑖𝑡,𝑚𝑎𝑥 value. According also to the researches by Botte

et al. [14], ”using 𝛼𝑝𝑖𝑡,𝑚𝑎𝑥 = 0.1 provides very conservative estimates, while 𝛼𝑝𝑖𝑡,𝑚𝑎𝑥 = 0.5 pro-

vides unconservative estimates”. On the other hand, the formulation by Biondini and Vergani

gives values on the loss of steel ductility which are in between the values computed by the

Coronelli et al. model and they are not influenced by external parameters, as it depends

only on the loss of cross–sectional area of the steel bar, thus in these analyses it is chosen

to follow the model proposed by Biondini and Vergani. The results are showed in Table 6.1.

5.2.4 Concrete cover reduction

During the corrosion process the reinforcement is the main material which is affected,

but as this is embedded in concrete, the interaction between the two material generate a

degradation also in the concrete proprieties.
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Figure 5.10: Ductility reduction as function of the cross–sectional bar loss

The most common degradation in concrete due to corrosion is the damage of the con-

crete cover and consequently there is a progressive damaging of its mechanical proprieties

followed by its detachment from the reinforcing bar. In fact, corrosion products are formed

around the steel bar and, as their volume is higher than the corroded steel, a radial pressure

arise. This pressure can lead to cracking and spalling of the cover if it exceeds the tensile

strength. In the end, cover detachment occurs when the crack opening due to corrosion

become higher than 1mm.

This corrosion effect is taken into account by reducing the concrete cover strength ac-

cording to the model proposed by Coronelli and Gambarova [19]:

𝑓𝑐,𝑟 𝑖𝑑 =
𝑓𝑐

1 + 𝐾 𝜖𝑡
𝜖𝑐0

(5.18)

where 𝑓𝑐 is the concrete compressive strength, 𝐾 is a coefficient related to the bar diameter

and roughness which is taken equal to 0.1, 𝜖𝑐0 = 0.2% is the concrete strain at the peak
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compressive strength and 𝜖𝑡 is the average tensile strain in the cracked concrete due to the

increasing of corrosion products. This last variable is computed as:

𝜖𝑡 =
𝑏𝑓 − 𝑏𝑖
𝑏𝑖

=
𝑛𝑏𝑎𝑟𝑠𝑤𝑐𝑟

𝑏𝑖
(5.19)

where 𝑏𝑖 is the section with in the integer state and 𝑏𝑓 is the section with after expansion

due to rust. 𝑏𝑓 − 𝑏𝑖 is the increased section due to crack opening and it is approximated as

defined in the equation 5.19 with 𝑛𝑏𝑎𝑟𝑠𝑤𝑐𝑟, where 𝑛𝑏𝑎𝑟𝑠 is the number of bars in the layer

under compression and 𝑤𝑐𝑟 is the total crack width for a given corrosion level, computed

with equation 5.20

𝑤𝑐𝑟 = ∑
𝑖
𝑢𝑖𝑐𝑜𝑟𝑟 = 2𝜋(𝑣𝑟 𝑠 − 1)𝑥 (5.20)

where 𝑣𝑟 𝑠 is the ratio of volumetric expansion of the corrosion products, it is assumed

equal to 2 according to Simioni [20], 𝑥 is the pitting depth and 𝑢𝑖𝑐𝑜𝑟𝑟 is the opening of each

single crack. When 𝑢𝑖𝑐𝑜𝑟𝑟 reaches the limit value of 1mm, concrete cover detaches and its

resistance is reduced.
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Chapter 6

Analysis in simulated chloride

corrosion

6.1 Modelling of Corrosion

The Static–Nonlinear analyses performed with variable geometrical and mechanical

properties of the analysed RC structure is extended with a study concerning the evolution

of the structure performance in time considering the effect of simulated chloride corrosion.

The building working life is assumed of 50 years according to the Model Code 2010 for

office buildings.

The reduction generated in the mechanical parameters affected by corrosion, such as

𝐴𝑠, 𝑓𝑐 and 𝜖𝑠𝑢, is implemented in the FEM model following the mathematical models as in-

troduced in Chapter 5, defining the effect of corrosion at time instants of 10 years, 20 years,

30 years, 40 years, 50 years. In this way it is possible to represent the effect of corrosion on

the load–bearing capacities of the structural members in time. The values obtained from

the models for all the parameters necessary to evaluate the effect of corrosion in time are

illustrated in Table 6.1. The starting values of the affected parameters are the one from the

virgin state, such as:

• Virgin bar cross–section:

– Beam reinforcement Φ18: 𝐴𝑠 = 254.47mm2;

– Column reinforcement Φ14: 𝐴𝑠 = 153.94mm2;
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• Virgin ultimate reinforcement strain 𝜖𝑠𝑢 = 12.5%;

• Virgin concrete compressive strength 𝑓𝑐 = 38.8MPa;

The starting FEM geometry inputs are chosen to be compatible with the starting geometry

used in the previous analyses.

Moreover, the parametric analysis performed with a variable ultimate reinforcement

strain showed to increase the load–bearing capacity in the catenary mechanism in all the

results with an increasing 𝜖𝑠𝑢, as a consequence it is chosen to perform these analysess

considering the value of ultimate reinforcement strain equal to 12.5% as it shows to increase

consistently the load–bearing capacity in catenary action.

Table 6.1: Evolution of corrosion effect in time (𝑊𝑙 𝑖𝑓 𝑒 = 50𝑦𝑒𝑎𝑟𝑠)

Parameter Corrosion time 𝑡 [years]
10 20 30 40 50

𝑖𝑐𝑜𝑟 𝑟 [A/cm2] 0.696 0.688 0.675 0.663 0.653
𝐶𝑡 Kg/m3 1.716 2.115 2.323 2.458 2.556
𝛼𝑝𝑖𝑡 % 0.32 1.23 2.62 4.42 6.6
𝐴𝑠,𝑟 𝑖𝑑Φ18 mm2 253.65 251.34 247.8 243.2 237.7
𝜖𝑠𝑢,𝑟 𝑖𝑑Φ18 % 12.5 10.05 8.43 7.46 6.79
𝐴𝑠,𝑟 𝑖𝑑Φ14 mm2 153.12 150.84 147.3 142.9 137.5
𝜖𝑠𝑢,𝑟 𝑖𝑑Φ14 % 12.23 8.97 7.53 6.66 6.06
𝑓𝑐,𝑟 𝑖𝑑 [MPa] 37.97 37.20 36.49 35.83 35.20

Table 6.1 shows that the mean value of the corrosion rate evaluated in this study with

equation 6.1 is around 0.675𝜇A/cm2 which correspond to a category of medium corrosion

phenomenon as defined qualitatively in Table 6.2.

Table 6.2: Corrosion rate qualitative classification (Brite–EuRam,1995)

Corrosion rate [A/cm2]

Neglectable < 0.1
Low 0.1 ÷ 0.5
Medium 0.5 ÷ 1
High > 1
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6.1 – Modelling of Corrosion

Consequently, having a medium corrosion level lead to a reduction in the reinforcement

cross–section of about 7% and 11% for bar diameters of 18mm and 14mm respectively. The

decrease of the area among the assumed working life period is showed in Figure 6.1 in

comparison with the cross–sectional area in the virgin state. The reduction in the concrete

strength is 10%.

(a) Reinforcement diameter Φ18 (b) Reinforcement diameter Φ14

Figure 6.1: Reinforcement cross–sectional area reduction during 50 years

Furthermore, it is notable that the evolution of pits area percentage, 𝛼𝑝𝑖𝑡, is the same

for both the bar diameters, while the reduction in steel ductility is a bit higher in the bar

with a diameter of 14mm. This is in accordance with the evolution depicted in the model

by Biondini and Vergani of the damage index 𝛿𝐴𝑠 , which assumes the values defined in

Table 6.3, where are also listed the values of the damage index 𝛿𝜖𝑠𝑢 .

Table 6.3: Evolution of damage indexes in time (𝑊𝑙 𝑖𝑓 𝑒 = 50𝑦𝑒𝑎𝑟𝑠)

Damage index Corrosion time 𝑡 [years]
10 20 30 40 50

𝛿𝐴𝑠 (Φ18) 0.0134 0.0264 0.0387 0.0506 0.0622
𝛿𝜖𝑠𝑢 (Φ18) 0.0 0.1957 0.3252 0.4031 0.4567
𝛿𝐴𝑠 (Φ14) 0.0172 0.0339 0.0497 0.0648 0.0795
𝛿𝜖𝑠𝑢 (Φ14) 0.0217 0.2825 0.3978 0.4671 0.5148

The diagrams defining the evolution of the ratio 𝜖𝑠𝑢 and 𝜖𝑠𝑢0, which define the comple-

mentary value of the damaging index equal to (1 − 𝛿𝜖𝑠𝑢) are illustrated in Figure 6.2. They
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6 – Analysis in simulated chloride corrosion

show, together with Table 6.3 that for a maximum 𝛿𝐴𝑠 of about 8% the reduction on the steel

ductility, after 50 years, is 50%.

(a) Reinforcement diameter Φ18 (b) Reinforcement diameter Φ14

Figure 6.2: Loss of steel ductility during 50 years

After computing all the input parameters necessary to evaluate the corrosion effects

during the building working life, to perform the analyses on simulated chloride corrosion, it

is necessary to define some sections where to apply the reduction in thematerial properties,

as this phenomenon consists in a localized pitting corrosion.

Figure 6.3: FEM model to assess robustness under the corrosion effects
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6.2 – Analysis of the Results

In order to investigate the effects provides on the load–bearing capacities of the analysed

RC frame, the corroded elements are applied in the FEM model considering a length of

10 ÷ 20cm in correspondence of all the structural members extremities close to the joint,

where the failure of the RC beam subjected to the column removal happens for crushing of

concrete and rupture of the top reinforcement, as it is shown in Figure 6.3.

6.2 Analysis of the Results

This section thoroughly presents the analysis of the results on the corrosion effects

over time. As it is explained in the previous section, a nonlinear analysis considering a load

controlled procedure is performed using the arc–length algorithm method by applying the

corrosion localized effect in longitudinal direction affecting the elements close to the frame

integer joint, that are the most stressed after the removal of the load–bearing column.

In these analyses are investigated all the effects of corrosion on the material properties

as explained in Chapter 5. One may notice, from the values obtained by computing the

mathematical models, that the higher effect from localized pits is on the loss of bars cross–

section and consequently on the steel ductility which is highly reduced during the period

of 50 years. In fact, starting from a ultimate reinforcement strain of 𝜖𝑠𝑢 = 12.5%, for both

the diameters that are used in the RC frame of 14mm and 18mm, after a period of 50 years

the reduction is around 45% and 50% respectively.

The load–displacemet diagram and the membrane action–displacement diagram ob-

tained from the Static–nonlinear analyses are shown in Figure 6.4 for the different time

instants defined in the previous section.

First of all, it should be noted that the load–bearing capacity in compressive membrane

action is not influenced, for all situations. This is in accordance with the diagram shown in

Figure 4.14, which illustrates the results obtained varying the ultimate reinforcement strain

in all the member reinforcement thus with the highest influence on 𝜖𝑠𝑢 by pitting.

Moreover, it is clear that, as the main effect due to localized corrosion is the reduction of

the reinforcement strain, during the period of 50 years the load–bearing capacity is highly

decreased. In fact, the percentage of decrease is about 50% and it lead to a complete loss

103



6 – Analysis in simulated chloride corrosion

Figure 6.4: Load–bearing capacity diagram in simulated chloride corrosion

in the structure ability to develop catenary action, following also what is depicted in Fig-

ure 4.14.

In conclusion, although localised pitting corrosion has many effects on material prop-

erties, the major effect affecting the load–bearing capacity of the structure, considering a

longitudinal analysis to assess the robustness under the degradation phenomenon, is the

reduction in the steel ductility. Consequently, as the analysis performed increasing the ul-

timate reinforcement strain leads to an increase in load–bearing capacity in the catenary

mechanism thus to the vertical displacement in correspondence of it, corrosion has the ex-

act opposite effect. Indeed, it leads to the reduction of the TMA resistance and to the failure

vertical displacement, until the last analysis with 𝑡𝑐𝑜𝑟 𝑟 = 50𝑦𝑒𝑎𝑟𝑠 where the RC frame is not

capable to change the resisting mechanism and TMA do not occurs.
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6.2 – Analysis of the Results

Figure 6.5: Comparison between the maximum load in CMA under corrosion evolution in time

Figure 6.6: Comparison between the maximum load in TMA under corrosion evolution in time
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6 – Analysis in simulated chloride corrosion

Figure 6.7: Comparison between the failure displacement under corrosion evolution in time
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Chapter 7

Conclusions

In this thesis, the concepts of Structural Robustness and Corrosion of reinforced

concrete structures have been addressed.

These two phenomena are, to date, of relevant importance with regard to existing struc-

tures, in terms of both corrosion and robustness, and for newly designed structures in as-

sessing structural robustness.

The latter is related to the ability of a structure to develop alternative load paths fol-

lowing the occurrence of exceptional events, whose mode of computational representation

consists in the removal of a load-bearing column. Therefore, a FEM model is developed

using the DIANA FEA software, taking as reference the building designed by Drogneè et

al. [5], from which a part of the outer frame subject to the removal of an intermediate col-

umn is extrapolated. The FEM model and nonlinear analysis properties are also defined

following the validated FEMmodel by Botte et al. [11] and, also, according to Guidelines for

non linear finite element analysis of concrete structures [7] .

In the first part of this thesis, a parametric analysis is performed varying the geometrical

and mechanical characteristics of the investigated RC frame.

From the parametric analysis of the geometry, it can be seen, as in other studies, that the

cross–section of the beam, which is connected to the point where the column is removed, is

the one that most affects the resistant mechanisms of the frame. In particular, as the height

of the section increases, the peak of bending resistance increases, while the capacity of

the structure to change the resistant mechanism to the catenary mechanism decreases and
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therefore, it is not able to develop alternative load paths.

Since the geometric analysis on the variability of the geometry of the adjacent elements

and on the rotational capacity of the beam–column joint was then performed, it was pos-

sible to observe that the greatest influence comes from the cross–section of the columns.

In fact, by increasing the section of the columns, the rotational capacity decreases and,

consequently, a decrease in the ultimate vertical displacement is observed. With regard to

bending resistance and resistance during the development of tensile membrane actions, the

influence of the geometrical properties of adjacent members is very low and in some cases

null.

The analysis carried out with the variation of the ultimate reinforcement strain has led to

a considerable variation in the failure load at which the rupture of the top reinforcement of

the beam occurs. This is due to the fact that the ductility of the reinforced concrete section is

consistently modified. The analyses cover a range of variation starting from ductility values

too low to be able to develop the catenary mechanism to sufficiently high values to ensure

an increase in resistance following the bending peak. In particular, the analyses carried out

with a ultimate strain of 12.5 percent guarantee in almost all the analyses the development

of tensile membrane actions in the frame during the static non–linear analysis.

The last parametric analysis is carried out keeping the resistant moment constant in the

structural elements. In this case there was an increase in both resistances for beam cross–

sections smaller than that corresponding to the starting geometry and vice versa for bigger

ones. The analysis keeping constant the resistant moment in the columns did not produce

significant results in terms of resistances, but only a small variation in the rotational capac-

ity of the joint, accordingly to the analyses carried out with variable column cross–section,

a decrease in the overall column cross–section lead to an increase in the vertical displace-

ment.

Finally, after defining which geometrical and mechanic characteristics have the greatest

influence on the capacity diagram of the reinforced concrete frame, an analysis is carried

out considering the evolution in time of the effects due to simulated chloride corrosion on

the robustness, whereas the structure has deteriorated over a working life of 50 years.

For this purpose, the outer frame has been extrapolated and a parametric analysis has

been carried out under simulated chloride corrosion conditions considering different time
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7 – Conclusions

instants. The corrosion effects are localized in correspondence of the beam column joint

where failure occurs. The analyses carried out showed that, the reduction of the reinforce-

ment area and the consequent reduction of the steel ductility, are the parameters that most

influence the ultimate behaviour of the reinforced concrete frame, considering the per-

formed analyses in longitudinal direction. As a result, with the evolution in time of the

corrosion effect the reduction in the steel ductility lead to a decrease in the maximum load

under catenary actions, until the capacity of the reinforced concrete structure to develop

alternative load paths is completely nullified, due to the assumed highly aggressive envi-

ronment.
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