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Fragility and robustness analysis of a multistorey RC building

The robustness of a reinforced concrete (RC) five-storey building (frame system stiffened by
walls) is analysed in the paper. A high ductility class structure is designed in accordance with
structural Eurocodes. The response of the structure to eight different scenarios of the ground
floor vertical element loss is analysed. Nonlinear Static Analysis (NSA) and Nonlinear Dynamic
Analysis (NDA) methods are used for the robustness analysis. Fragility curves of the building
are derived from statistical analysis of these results. The values obtained through NSA and
NDA, damage limit states of the system, and fragility curves, are compared. The influence of
the position of the removed element on robustness of the structure is also analysed.
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Znanstveni rad

Milo$ Coki¢, Radomir Folié

Analiza ostetljivosti i robusnosti viSekatne armiranobetonske zgrade

U radu je analizirana robusnost armiranobetonske (AB) peteroetazne zgrade (okvir ukruéen
zidovima). Konstrukcija visoke klase duktilnosti dimenzionirana je u skladu s nizom
konstrukcijskih norma Eurokod. Analiziran je odziv konstrukcije za osam scenarija gubitka
pojedinih vertikalnih elementa u prizemlju. Za analizu robusnosti primijenjene su metoda
nelinearne staticke (NSA) i dinamicke analize (NDA). Statistickom obradom konstruirane
su krivulje ostetljivosti zgrade. Usporedene su vrijednosti dobivene primjenom NSA i
NDA, granicna stanja oStecenja sistemai krivulje ostetljivosti. Proucen je i utjecaj polozaja
uklonjenoga elementa na robusnost.

Klju€ne rijeci:
AB konstrukcija zgrade, okvir ukrucen zidovima, robusnost, ostetljivost, progresivni slom, nelinearna

staticka analiza, nelinearna dinamicka analiza, grani¢na stanja ostecenja

Vorherige Mitteilung
Milo$ Cokié, Radomir Folié
Schadens- und Robustheitsanalyse eines mehrstockigen Stahlbetongebaudes

Die Arbeit analysiert die Robustheit eines flinfstockigen Gebaudes aus Stahlbeton (SB) (durch
Wénde versteifter Rahmen). Eine Konstruktion mit hoher Duktilitit wird in Ubereinstimmung
mit einer Reihe von Eurocode-Konstruktionsnormen dimensioniert. Die strukturelle Reaktion
wurde in acht Szenarien des Verlusts einzelner vertikaler Elemente im Erdgeschoss
analysiert. Fiir die Robustheitsanalyse wurden nichtlineare statische (NSA) und dynamische
Analysemethoden (NDA) verwendet. Statistische Schadenskurven des Gebaudes wurden durch
statistische VVerarbeitung erstellt. Die mit NSA und NDA erhaltenen Werte, die Grenzzustande
des Systemschadens und die Schadenskurve wurden verglichen. Der Einfluss der Position
des entfernten Elements auf die Robustheit wurde ebenfalls untersucht.

Schliisselworter:

Stahlbeton-Baukonstruktion, durch Wande versteifter Rahmen, Robustheit, Beschadigung, fortschreitender
Einsturz, nichtlineare statische Analyse, nichtlineare dynamische Analyse, Grenzzustande
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1. Introduction and literature overview

Until the end of the 1960's, the traditional analysis of structures
omitted action-loads called accidental or extraordinary loads; in
the USA, they are called abnormal loads. They occur very rarely
but often have significant consequences, i.e. progressive collapse
of the structure. Depending on their intensity, sudden effects
cause cracks and various damage to RC structures. Accidental
actions, however, cause great damage, and even collapse.
Therefore, it is necessary to assess the extent and location of
damage and their effect on the integrity of the structure or the
loss of bearing capacity of the system. After analysis of behaviour
of buildings subjected to accidental actions, which lead to local
or complete collapse, it was concluded that the worst damage
is “suffered” by buildings designed without adequate continuity
and joints of individual elements, and/or with elements of
insufficient ductility. When local collapse of a structure occurs, a
chain reaction takes place, i.e. the load is transferred to adjacent
elements, which can lead to either partial or full collapse of a
structure [1]. This phenomenon is called progressive collapse
(PQ). It is significantly larger in volume than local collapse, i.e. it
is disproportionate to initial damage [2]. Progressive collapse of
structures of multi-storey buildings usually occurs when one or
more vertical supporting elements (columns or walls) suddenly
lose their bearing capacity due to extreme actions imposed on
the structure (terrorist attacks, vehicle impacts, gas explosions,
etc). The most comprehensive overview of numerical and
experimental studies and technical regulations on progressive
collapse, with comparative analysis, is presented in

The collapse of a part of the Roman Point Tower in London on 16
May 1968 raised the level of interest in the study of progressive
collapse. This was the reason for the introduction of this concept
and the adoption of first technical regulations in Great Britain, in the
early 1970s, and then in Canada [3] and the USA [4]. By 2010, the
progressive collapse of several tall buildings led to major changes
in regulations for the design of structures and their protection,
as noted in [1]. Several extreme events and progressive collapse
of structures, along with the dates of publication of relevant
regulations and provisions, which followed these occurrences, are
summarized in [3]. Since the beginning of the 21 century, there
has been a growing interest in risk assessment associated with
extreme effects, although they rarely occur [1], especially after the
collapse of the World Trade Centre (WTC) Towers on 11 September
2011. The paper[5] is dedicated to acceptable riskin this field. In the
European standards for the design of structures, the provisions on
progressive collapse [6] were first introduced in 2002.

The concept of assessment of susceptibility of structures to
progressive collapse and related definitions differ to some extent
in various documents and papers published by individual authors.
The structures of prefabricated concrete buildings are significantly
more susceptible to progressive collapse than monolithic
structures [7]. Studies relating to the behaviour of structures
under earthquake action use a methodology that introduces the
notion of fragility of buildings [8]. Fragility is a measure of loss
Fragility curves provide insight into the probability of an event and

the degree of damage or complete collapse of analysed structures.
They can be used to assess the degree of damage to both existing
and new buildings In this way, it is possible to gain insight
into the threat to the usability of structures subjected to an
earthquake or accidental action. The paper [8] discusses fragility
of reinforced concrete structures that are used in Europe, while
the study of parameters affecting PC is presented in . Terms
and definitions used in the analysis of progressive collapse and
robustness, and ways to achieve robustness (insensitivity to local
collapse), integrity, and ductility of reinforced concrete structures,
are discussed in

In , a definition of robustness was proposed with risk

assessment related to the level of robustness of the structure.

Robustness represents the ability of a structural system to resist

progressive collapse (PC) n , robustness is defined as

follows: “the ability of a structure to withstand events such asfires,
explosions, impacts, or the consequences of human error without
the occurrence of damage that is disproportionate to the cause”.

In , in addition to the above, several more definitions are

presented in technical regulations and the corresponding

literature. A more complete consideration of robustness and its
practical application is contained in , and in dissertation

Measures for achieving robustness, and robustness
assessment, are discussed in detail in .Nonlinear analyses

and parametric studies based on their application are used for a

more accurate assessment of robustness

The design of reinforced concrete buildings in accordance with

requirements for the prevention of PCis discussed in [11], while the

design of robustness based on risk optimization with uncertainty
assessment is considered in . Strategies for PC risk mitigation
are discussed in . Influential parameters for RC structures
with regard to PC are considered in . The problem of bearing
capacity of hinges and sub-units as related to PC is discussed in
. Energy-based methods of theoretical and experimental
studies of PC are considered in , while practical application
of energy-based methods and the potential of PC are presented in
. According to papers , one or more of the following
approaches can be applied in order to achieve adequate system
robustness:

- structural measures: the extent of damage to structural system
is limited; or the most important / key structural elements are
designed to withstand any possible load,

- non-structural measures: reducing the likelihood of collapse-
causing effects or reducing the intensity of the action
(prevention); mitigation of the consequences of failure of system
elements.

Most papers dealing with robustness and progressive collapse are
concerned with RC frame structures . Much fewer papers
analyse frame structures stiffened by walls — dual type, i.e. frame
structures stiffened by RC walls. Paper focuses on this type
of structures and analyses the mechanism of resistance of such
systems to progressive collapse. Paper discusses mitigation of
PC by activating the elastoplastic chain. The progressive collapse of
multi-storey buildings depends on several parameters, namely on
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the type of structural system and its regularity, while the typology
of collapse or collapse itself is described in detail in . The FEM
based analysis of PC of RC structures suffering column loss is
discussed in . Problems of progressive collapse of reinforced
concrete structures exposed to earthquakes are discussed in

. Paper explains the phenomena of progressive collapse
and proposes the above mentioned term disproportionate collapse
for such collapse. Three alternative approaches to the design
of structures resistant to disproportionate collapse are listed:
improved interconnection of elements or establishment of the
continuity of joints, removal of hazards and weak elements, and
design of key elements. A summary of the state-of-the-art of
methods used for assessing bearing capacity of building structures
is presented in
Progressive collapse is a dynamic process in which the system
is constantly “searching” for alternative paths for the load. The
loss of column is accompanied by large deflections, and the load
of the upper floors is transferred to adjacent beams and plates.
Thus, the analysis of structural behaviour requires application
of nonlinear methods, or energy-based methods . The
evaluation of modelling procedures and column removal times for
PC building structures is considered in [50]. The collapse does not
occur immediately. Mechanisms contributing to the resistance to
progressive collapse are: 1) The action of the sprocket of beams and
beams with plates that allows load transfer to adjacent elements;
2). Wirendel action of rigid frames above the removed column; 3)
Contribution of partitions and non-supporting elements (which is
most often neglected). This is similarly described in [51]. The Applied
Elements Method (AEM)is usedin to study progressive collapse
due to seismic action for different column removal scenarios
(@ngular, internal and external-facade). It was concluded that the
performance of plate chain has the greatest effect on the resistance
to PC. Even under the action of gravity load and earthquake, the
angular column removal is the most critical part.
If robustness conditions are explicitly considered when designing a
structural system, it should be checked whether the structure has
a sufficient bearing capacity, and whether it can redistribute actions
in the system through alternative paths . Significant
improvements in the definition and reliability of robustness
enhancement methods are proposed in COST Action TU-06012 -
Robustness of Structures andin . A review of the literature
and regulations / standards (EN, USA, Canada, and UK), and
recommendations for the design of monolithic and prefabricated
reinforced concrete buildings, are presented in [7]. A broader
literature review on progressive collapse resistance assessment,
and other aspects of robustness and progressive collapse, is given
in . A more extensive overview of experimental research on PC
in RC buildings is presented in . This paper has contributed to
the current more realistic knowledge on progressive collapse and
robustness of buildings and their sub-units.
The possibility of preventing collapse of tall buildings, and methods
of structural analysis, are discussed in the work of F. Fu . Four
methods for analysing behaviour of a structural system in the case
of column removal are proposed in [20]: linear static, linear dynamic,
nonlinear static, and nonlinear dynamic analysis. For assessing

resistance to PC, the paper describes and applies incremental
dynamic analysis in vertical direction, while the methods for
designing building structures with an increased resistance to PCare
described in
Apart from the indisputable importance in the design of new
structures, the analysis of the existing buildings is also important,
because they are the ones that suffer the greatest amount
of damage, especially after seismic action. In this respect, the
performance of damaged buildings is considered in for several
scenarios of vertical collapse, by also introducing the structural
damage coefficient. The paper presents the results of the
analysis of structural systems of buildings that serve as basis for
defining bearing capacity of new and existing buildings and their
effect on PC. The criteria for existing buildings are presented in

. In the United States, documents are used for seismic
assessment, rehabilitation, and reinforcement of structures.
Assessment of nonlinear behaviour of concrete structures with PC-
related damage is considered in . A similar procedure for the
analysis of PC in RC buildings with wall-stiffened frame systems is
presented in [66], while numerical simulations for studying PCin RC
buildings are discussed in
References and methods described in are used
to calculate the structure. In addition, methods presented in

are used in this paper. The influence of span length on PC of
multi-storey buildings is considered in , while the influence of
irregular structural system on progressive collapse is analysed in

.EN are used in the analysis of the structure with RC
walls, while the procedure describedin is used for constitutive
hinges of concrete and steel reinforcement. In addition to the
above, the procedures described in are also used in modelling
the structure. A certain similarity can be observed between
numerical procedures for the analysis of progressive collapse,
and the analysis of structures exposed to earthquake action. The
influence of the structure’s ductility on progressive collapse of the
system is investigated in [87], because excludes ductility and
residual bearing capacities, which is used in seismic design. The
corresponding regulations can be used to reduce the likelihood
of PC.
This paper analyses robustness of a five-storey RC building
with frame structural system stiffened by RC walls, as well as its
susceptibility to progressive collapse. The structure is designed as
a high ductility class (DCH) system. in accordance with structural
Eurocodes . Methods of nonlinear static analysis (NSA)
andnonlineardynamicanalysis (NDA)are used toanalyse robustness
of the structure. The structural response in the scenarios involving
the loss of a single vertical element on the ground floor of the
building (column or wall) is analysed. Beam elements are modelled
without and with the inclusion of the plate effective width, and the
results are compared. The results of NSA and NDA are presented in
the form of pushdown curves. Pushdown analyses are performed in
accordance with the UFC and GSA recommendations.
The NDA is applied to determine damage limit states of the system.
Using the methods of mathematical statistics and probabilities, the
fragility curves of the AB building are made based on the methods
used in mathematical statistics and probability assessment, and
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the probability of occurrence of damage limit states of the system
are identified. The pushdown analysis results are compared, as well
as the damage limit states of the system and the fragility curves.
The influence of the removed element’s position in the structural
system, and its distance from the structure’s centre of stiffness, on
the element’s ability to resist PC, is also analysed.

2. Materials and methods

2.1. Geometrical and physical characteristics of
structural system

The subject of the analysis is a RC business-residential 5-storey
building (ground floor + 4 floors). The structural system of the
building is framed in the X direction, and the frame is stiffened
by walls in the Y direction [84]. Main structural elements of
the analysed building are reinforced concrete plates, beams,

| - = 21 mu |
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g =il - m ™ |
* ja3 B3 3
MY | = - -] = ]
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B €1
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Figure 1. Base section and view of individual columns being removed for structure robustness

analysis (left) and 3D model of the building (right)

Table 1. Geometric properties of structural elements

columns, and walls. The grid of the structural system is shown
in Figure 1. The length of one span in both directions is 4.2 m
(total 5 x 4.2 m), the height of the ground floor is 3.6 m, and the
height of all other floors is 3.2 m, and so the building is 16.4 m
in total height. In order to simplify the modelling process and
calculation of the structure, all vertical elements are clamped
at the bottom level of the structural system, i.e. the structure —
ground interaction is not included in the calculation and design
of the structure.

Properties of concrete C30 / 37 [83] and reinforcing steel class
C (f, = 500 MPa, k = 1.15) [83] were adopted for the analysis
of the model. The building is designed as a ductility class high
(DCH) structural system [84]. The structure was designed in
accordance with the methods and recommendations given in the
European standards for building design [6, 13, 83, 84], while the
calculations were performed using [71]. The structural system
behaviour was analysed using nonlinear static analysis (NSA)
and nonlinear dynamic analysis (NDA).
Geometrical cross-section properties of
structural elements are shown in Table 1.
Parameters m,and m in Table 1 represent
cross section of the reinforcement for
cross-section, where m, is the cross
section of the stirrups perpendicular
to the width of the cross section b, and
m, is the cross section of the stirrups
perpendicular to the length of the cross
section d.

2.2. Robustness analysis
scenarios

Bearing capacity loss scenarios were
adopted for each individual column or wall
on the ground floor in order to analyse
robustness of the structural system. Since

the structure is biaxially symmetrical at
the base, it was sufficient to remove a

quarter of structural elements on the

ground floor for the analysis of the entire
system, as shown in Figure 1 (left).

2.3. Loads and actions

The following loads act on the structure:
dead load (DL) - the self weight of

structural elements and additional
constant load; live load (LL) and seismic

Element tvpe Dimension Dimension Reinforcement
VP notation [cm] [cm] [longitudinal]-[traverse]
Plate effective width d, /b, 55/14 ?12/20
Beams [3(upper zonea)+2(bottom zone)
in X direction (#20]-[@8/10], m, =m, =2
Facade beams
Y direction b,/d, 30/40 [3+3 #18]-[@8/10], m, = m, = 2
Internal beams
inY direction [3+3 @14]-[@8/8] ,m, =m, =2
Facade beams b /d 40/60 [14 @16]-[010/9],m, = m = &4
inY direction ¢ e LR
Svi ostali stupovi b./d, 40/100 [24 #20]-[#10/10], m =m =4
[16 @22 (1. and 2. floor-critical
) ) zone)]—[®10/6],mb:2, m,=7
Rubni element zida bye /e 30/80 [16 316 (3., 4.1 5. floor)]-
[@10/10],m,=2,m, =5
Unutarnji element zida b_/I 30/300 [50 @8]—[(2)1§/20—h0r|zontal
IETIE (shear) reinforcement]

load(S), which were used for the design of
the structure. Gravity load combinations
given in equations (1) and (2), and design
values of parameters and methods for
calculating robustness, were used for
the nonlinear robustness analysis of the
system, as given in documents [15, 16].
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Figure 2. Application of NSA pushdown procedure in column removal, according to [16]

G=12-DL+05"-LL (1)

Q=G 4, =Gpy=Q2-(1,2-DL+0,5-LL)=Q -G (2)
where G is the combination of gravity loads, Q, are increased
gravity loads (IGL) acting on the structural system, and Q is
the dynamic increase factor (DIF) for the analysis of nonlinear
behaviour of the system and structural robustness. In
robustness analysis, DIF (Q) increases incrementally until the
point of collapse, desired state, or the point of non-convergence
of the model, is reached. When applying both calculation
methods (NSA and NDA), the structure is subjected to load in
accordance with provisions givenin [15, 16].

When the NSA pushdown method is applied, the first step is to
apply gravity load (1) to the entire, previously unloaded structure
model, according to the corresponding capacity loss scenarios
for columns and the wall. After this step, the IGL combination
(2) is applied only in the fields where the beams are in direct
contact with the removed element (Figures 2 and 3), and the
load (2) is applied on all floors above the removed element
(Figures 2 and 3). The analysis of structural system continues by
applying a combination of loads (2) and by gradually increasing

Internal column

Rermoval location ™, L

External_ B!
column "
Removal " b i

lacation \ . |
L o

Plan I |
1
Gl.n"Gu o I:' I 1
| as appmplate " I
L _,a;/ [ 11

Gapplied to rest | —
of structure

GG orGy
as appruplate

the DIF (Q) until the maximum reference-point displacement, or
the state of collapse, is reached [15, 16].

When the NDA pushdown method is applied, the gravity load
(1) is incrementally applied onto the entire unloaded system,
in which the element predicted by the scenario has not as
yet been removed, until the system equilibrium is reached.
The replacement reactive load (RL) is applied for modelling
the vertical element that will be removed. The RL represents
reactions in the upper node of the removed element. Once
the equilibrium is reached, the RL is removed according to an
appropriate scenario.

It is desirable to remove the vertical element (or RL in this case)
rapidly but, if this is impossible, the time interval for removing
the element should be less than one tenth of the first modal
period associated with vertical response of the structural system
to the displacement of the reference point at the upper edge of
the removed vertical element. This phenomenon is discussed
in more detail in [23]. In this paper, the vertical elements were
removed abruptly, i.e. in the time interval of At = 0.01 s, which
is less than one tenth of the period associated with vertical
response of the structure to the displacement of the reference
point above the removed elements. The analysis of the system
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Figure 3. Application of NSA pushdown procedure when removing a wall, according to [16]
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Figure 4. TH functions for applying NDA pushdown method

response continues using the combination of loads (2) applied
to the entire structural system, with an incremental increase of
DIF (Q) until the maximum displacement of the reference point,
or the state of progressive collapse, is reached [15, 16].

Scenarios for the removal of vertical elements at the ground floor
and the overall NDA pushdown method were performed using
time-history (TH) functions that are related to the replacement
load function (Figure 4a) and the load combination (2) (Figure
4b). The replacement load (RL) consists of reactive forces in the
upper node of the removed element. The RLis used to model the
undamaged structure in the scenario of “removal” of the vertical
element and the NDA pushdown method. Instead of physical
presence of the element which will be removed according to
the corresponding scenario, RL is used as a “replacement” that
simulates its physical presence in the model. The TH functions
and their corresponding loads are shown in Figure 4. The values
t,=5s.t, .= 7 Swereadopted, and ¢, is the time required to

! "0, NDA , NDA
reach the state of progressive collapse.

2.3.1. Gravity load

The structure is subjected to two different types of vertical
loads: weight of structural elements and an additional constant
load (G), and the live load (Q). The value adopted for the
additional constant load is g, = 3.0 kN/m? at all floors. The
value of live load is g = 2.0 kN/m?[13] for all ceilings, except for
the roof plate where the load intensity is equal to g = 1.0 kN/m?
[13]. The adopted self weight of facade elements installed on
all facade beams, except for the roof fagade beams, is equal to
8pearn=10.0kN/mand g, =3.0kN/m. The value of the live load
reduction factor is y, = 0.3 [6].

2.3.2. Seismic action

The structure is designed for proper gravitational and seismic
response, based on the linear-elastic theory method using the
software package ETABS [71], and according to guidelines given
in structural Eurocodes [6, 13, 83, 84]. The Type 1 response
spectrum for the category C soil [84], with PGA of g, = 0.30 - g,
was used for the design of the structure. The building is designed
as a DCH RC structure, with behavioural factors of g=5.85 in the
X direction, in which the structure behaves like a frame system,
and g= 4.4 intheY direction, in which the structure behaves like

v

a wall system. The building is residential and commercial. The
adopted value for the damping factor in both directions is 5 %,
according to [84]. A more detailed discussion of the structural
system damping is given in [23, 60].

2.4, Calculation model
2.4.1. Model for linear-elastic analysis

A spatial (3D) model was used for the calculation and design of
the structure in [71]. The following parameters, assumptions,
and simplifications were adopted:

- The calculation includes the effects of the second order logic
(P-B);

- Theoccurrence of cracks in structural elements was included
inthe calculation with the stiffness reduction of the elements.
From the multitude of recommendations contained in
various codes for the calculation of RC structures [88], the
values given in [8S] were selected for all elements. These
values correspond to the values [90] recommended for the
software package [71].

- The elastic bending stiffness of columns was reduced to 70 %
and that of the beams to 35 %;

- The elastic (membrane) bending stiffness of walls was
reduced to 35 % in the critical zone (first two floors) and 70 %
on the other floors;

- The torsion stiffness of columns and beams and bending
stiffness of walls perpendicular to their plane were reduced
to 10 % of their elastic stiffness;

- The shear stiffness of columns, beams and walls was
reduced to 40 % of their elastic stiffness.

- The elastic stiffness of the RC plate was reduced to 25 %.

2.4.2. Model for nonlinear analysis

In models for post-elastic analysis of structural response

to the removal of individual vertical elements, the following

assumptions and simplifications were used:

- The calculation includes the effects of the second order logic
(P-n);

- To describe nonlinear behaviour of the material, nonlinear
properties of the material were used to describe the behaviour
of concrete (Figure 5) [85] and reinforcement steel [83];
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Figure 5. Stress-dilation functions for materials and elements used in nonlinear analysis

- Parameters describing the appearance of cracks in structural
elements from the linear-elastic model were not included in
the nonlinear model, because plastic hinges are modelled as
fibre elements, whereas the properties of fibres are described
by stress-strain relations in concrete and reinforcement
steel;

- Edge wall elements, columns, and beams were modelled
as confined RC elements with a protective layer of concrete
[85];

- The behaviour of RC is described by the Takeda hysteretic
model, while the Kinematic model of hysteresis was used
for reinforcement. Both models are an integral part of the
software package [71].

The contribution of the RC plate is included in the calculation
model through its corresponding effective widths in the
composition of the beams [83], i.e. plates are not treated as
surface elements, but within the “T" cross section of the beam.
The consequence of this simplification is that the results may
indicate lower system robustness than the actual one, but the
calculation favours safety.

In addition, in order to compare and evaluate the effect of
the plate effective width on progressive collapse, structural
robustness was also calculated without the inclusion of plate
effective width in the beam cross section.

2.4.3. Properties of plastic hinges

Plastic hinges in beams are modelled as fibre cross sections.
Facade beams contain 12 fibres of protective concrete layer and
4 fibres of unconfined concrete (interior of the RC plate), while
for internal beams (Figure 6), the number of fibres of protective
concrete layer is 16, and the number of fibres of unconfined
concrete is 8. All beams contain 32 fibres of confined concrete
(beam cores) and the corresponding reinforcement fibres — 5
for beams in the X direction and 6 for beams in the Y direction,
as well as 8 additional reinforcement fibres for each side of the
plate effective width. Plastic hinges in walls and columns are
modelled by automatic selection of fibre division in the cross
section of elements, which makes a total of 107 fibres in wall
sections and 31 fibres in facade columns in the Y direction,
and 41 fibres in all other columns in the structural system. The
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Figure 6. Schematic representation of “T" division of the beam cross section into fibres with appropriate stress state properties depending on

material used
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reason for the detailed modelling of plastic hinges in beams
is that they are, being horizontal elements in the structure,
most exposed to capacity loss and collapse due to incremental
application of gravity load. Plastic hinge lengths are calculated
according to [91].

"Fibre models of plastic hinges are more accurate because
the nonlinear material ratio of each fibre is automatically
integrated into the interaction, changes along the moment-
rotation curve, and the plastic axial stress. The problem with
this approach, in plastic hinge modelling is that the use of fibres
is computationally more demanding” [92].

3. Results and discussion
3.1. Damping and modal analysis

Rayleigh mass (M) - tangential stiffness (K)), viscous damping
was applied in the NDA (Figure 4). The damping matrix of the
system is a combination of the mass and stiffness matrices, as
shown in the following equation:

[C]=a, Ml +a, - [K] 3)

where [(], [M] and [K/] are the damping, mass, and tangential
stiffness matrices, respectively. Parameters a,,,and o represent
proportional coefficients of the damping of mass and stiffness,
and they are equal to:

ST =S Tai Y = Ti-Ty . 2 T =61 T,
e
T -T 4 T~ T

oy =4r- (4)

where T,.and T, are the first and the last periods of vibration of
interest for the analysis of structural response. £, .and &, are the
corresponding relative damping coefficients with the adopted
values of 0.05. The Rayleigh damping function is calculated by

applying the expression:
2
@ = -,-_j (5)

1

Ay
2w,

i

+ =
2 4.7 T

1

& =S8mi+Ski=

Oy - @; ,aM'Ti+aK'” {
,

Table 2. First and last relevant vibration periods for the NDA system

where o,istheangular frequency for the corresponding inherent form
of vibration. The value of T, is the first vertical period of translation in
the Zdirection, related to the vertical displacement of the upper node
of the removed element. The value of T, is the vertical translation
period in the Z direction, which refers to vertical displacement of the
upper node of the integrated element in which the structural system
reaches at least 90 % of the sum of effective modal masses in the Z
direction. The values of periods used are shown in Table 2.

In the first case, without inclusion of the RC plate effective width
in the calculation model, the ratio of vibration period values, from
the lowest to the highest, can be described as follows: A3 < C1<
(3 < (2 < B3 <B1<B2<W1.In the second case, with inclusion
of the plate effective width in the calculation model, the ratio of
vibration period values, from the lowest to the highest, can be
described as follows: (3 <2 <C1<A3=B3<B2<B1<W1.In
both cases, vibration period values in the case of removal of wall
W1 are significantly higher than vibration period values in the case
of removal of columns.

3.2. Influence of removal of vertical elements on
structural system

Figure 7 shows vertical displacements of the upper nodes of the
removed columns, with a time increment of At = 0.01s in the case
of the column removal scenario (¢,,,) (Figure 3, left). There is a
noticeable difference in deflection between the beam system in
which the influence of the plate effective width (left) is excluded, and
the system in which it is included (right). Initial values of deflection
after element removal are expected to be higher in the first case
(left). Also, the inclusion of the plate effective width in cross sections
of facade beams (one-sided) and inner beams (two-sided), which
contributes to the reduction of vertical deformations, also results
in different ratios of deflection values for different scenarios when
comparing the first (left) and the second case (right).

In the first case (Figure 7, left), without inclusion of the plate effective
width in calculation model, the displacement values, from the lowest
to the highest, after the system “calms down’, can be described as
follows: A3 < C1< C3 < (2 < B3 <B1<B2<WH1.Inthe second case
(Figure 7, right), with inclusion of plate effective widths in calculation
model, the displacement values from the lowest to the highest after

Element notation Without plate effective width With plate effective width
Vibration period [s] T, T, T, T,
w1 3.212 0.023 0.371 0.020
B1 0.273 0.022 0.209 0.020
c1 0.212 0.022 0.182 0.020
B2 0.326 0.022 0.196 0.020
2 0.224 0.021 0.172 0.020
A3 0.210 0.022 0.185 0.020
B3 0.233 0.022 0.185 0.020
3 0.220 0.021 0.165 0.020

34

GRADEVINAR 73 (2021) 1, 27-44



Fragility and robustness analysis of a multistorey RC building

o >
=5
-0
T e S pe—|
15 = =
Fecy -0
E =
E .5
]
=30
e
35 ". e =
) LY =i
1 e e
L5 \
=50 * 1
[aa] 02 04 (11 0a 1.0
t[s]
W B €1 B
2 A3 —— @3 3

o -
«5 g
."{ 1 -
el ¥ -"._. — — —— = |
I B e = — |
15 I — g
£ -
L S
— 20 o
= !
E 1
- 5 \
o { -
-3 1 Fi ~
\ / >
1 \ i =
i i =
0 ) I
\
-&&
oo 02 (11 oiE og 10
tis]
W B1 (] B2 |
—C2 A3 B3 3

Figure 7. Vertical displacements of the upper points of the removed vertical element: without inclusion of plate effective width (left), with

inclusion of plate effective width (right)

the system “calms down" can be described as follows: C3 < C2 < A3
< (1 < B3 < B2 < B1 < W1, where the difference in the amount of
displacement between the elements A3, C1, and B3 is negligible.
In both cases, reference point displacement values in the case of
removal of wall W1 are significantly higher than the corresponding
values in the case of removal of columns.

In the first case (Figure 7, left), maximum displacement values
due to column removal range from 18.58 mm to 45.58 mm, while
displacement values after the system “calms down” vary from 11.65
mm to 41.35 mm. In the second case (Figure 7, right), maximum
displacement values due to column removal vary from 12.37 mm
to 19.78 mm, while the displacement values after the system
“calms down" vary from 7.13 mm to 12.88 mm. In the first case, the
progressive collapse of the edge part of the structural system will
occur after wall removal. In the second case, after wall removal, the
maximum displacement value is 43.90 mm, while the displacement
value after the system “calms down" is 33.67 mm.
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3.3. Nonlinear pushdown analysis

Analyses based on the NSA and NDA methods were performed
according to provisions given in references [15, 16], while the
method used for loading the damaged structure model is
described in detail in Section 2.3. Using these methods, the
post-elastic behaviour of the system, depending on the adopted
damage scenarios, was analysed. For the adopted scenarios, the
relations between the structural capacities to resist progressive
collapse were analysed, depending on whether the plate
effective width is included in the models or not. The pushdown
analysis results are shown in Figure 8.

As expected, the ratio of pushdown functions, i.e. the capacity of
the structure to resist progressive collapse, corresponds to the
results and the ratio determined by the analysis of the effects
of vertical element removal on vertical displacement of the
reference point.

350*

300

%)

Figure 8. Results of pushdown analysis obtained using NSA (left) and NDA (right)
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Figure 9. DIF () values depending on damage limit states of the system (LSi): without inclusion of the plate effective width (left), with inclusion

of the plate effective width (right)

It is obvious that the capacity of the structural system is much
higher in the second case than in the first case of system
modelling. This difference can clearly be seen in Figure 8. In
addition, the expressed fragility of the system to wall removal is
obvious compared to the removal of other elements (columns).
In the first case, without inclusion of the plate effective width in the
calculation model, the robustness of the system obtained by applying
the NSA method (Figure 8, left) from the lowest to the highest, from
the aspect of DIF (Q), can be described as follows: A3>C1>(C3>(2 >
B3>B1>B2>WH1, which also corresponds to the value interrelation
obtained by applying the NDA method (Figure 8, right). In the second
case, with inclusion of plate effective widths in the calculation model,
the robustness of the system obtained by applying the NSA method
(Figure 8, right) from the lowest to the highest, from the aspect of DIF
(Q), can be described as follows: (3 >C2>C1>A3=B3>C1>B2>
B1 > W1, which also corresponds to the value interrelation obtained
by applying the NDA method (Figure 8, right). Also, in both cases, the
robustness of the system in the case of the removal of wall W1 is
significantly less than the robustness of the system in the case of
the removal of columns. In addition to the above, a slightly higher
capacity of the system with regard to progressive collapse can be
observed after inclusion of the plate effective width in the calculation
model, when applying the NSA method (Figure 8, left) compared to
the NDA method (Figure 8, right).

3.4. Damage limit states

The methods proposed in [77, 78] were used in order to quantify
and compare column removal scenario results from the aspect of
the risk of progressive collapse of the structure. Damage limit states
(LS) of the structure were determined for the results obtained using
the NDA method. Damage limit states were defined on the basis
of recommendations proposed in [61], depending on the values of
dilatations of the beam material running in the X'and Y directions,
as follows:

State LS1 (minor damage): Depends on steel and concrete values.
LS1 occurs either in the first step, when reaching the reinforcement

creep limit (e, = 2.5 %) [83] or the stress limit of concrete with
maximum strength in the protective layer of concrete (e , = 2.16 %)
[85].

State LS2 (moderate damage): Occurs when the vertical
displacement, obtained as the ratio of displacement of the top above
the removed column and the length of the beam span, exceeds the
determined threshold D, = 1.0%[61].

State LS3 (significant damage): This level of damage is assumed
to occur when reaching the stress limit in the protective layer of
concrete (sm = 4.2 %o) [85] or the maximum stress of the confined
concrete core (e[w( ar= 245 %o €, = 2.62 %o).

State LS4 (severe damage): Occurs in the first step, when the
ultimate stress is reached in the confined concrete core (g
14.33 %0, &, = 16.71 %) [91].

State LS5 (progressive collapse): This state results in the case
of tensile fracture of longitudinal reinforcement bars (sw =10 %),
the end vertical drift of the beam in the floors above the removed
column (6 = 6 ) with the loss of system balance or lack of numerical
convergence. In this paper, LS5 was determined as the state at the
dilatation value in steel at which tensile fracture in the longitudinal
reinforcement bar occurs [83].

Figure 9 shows damage limit states caused by removal of the
corresponding vertical elements, without the influence of the plate
effective width (left) and with the influence of the plate effective
width (right). There is a big difference between the bearing capacity
of beams in the first (left) and second (right) case, which certainly
corresponds to the tendencies observed in previous analyses.

The ratio of damage limit states corresponds to the results
presented so far and to their ratio. In the first case, without inclusion
of the plate effective width in the calculation model, the response of
the structure in the form of reaching the damage limit states from
the most favourable to the most unfavourable, can be described as
follows: A3 >C1>C3>(C2>B3>B1>B2>W1.In the second case,
with inclusion of plate effective widths in the calculation model, the
response of the structure from the aspect of reaching the damage
limit states from the most favourable to the most unfavourable can
be described as follows:

cucXdir =
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B3> A3 (zalLS1iLS2) >C15B2>B1>W1,

A3 >B3(zalS3ilLS4)

3> 02>

exceptin the case of state LS5 where the entire bearing capacity
is transferred to the reinforcement up to the point of reaching
its limit dilatation, after which the state of progressive collapse
occurs. In this case, the damage limit state LS5 from the most
favourable to the most unfavourable can be described as
follows: C3>(C2 >B3>B2>A3>(C1>B1>W1.

Figure 10 shows mean values of structural damage limit states
caused by removal of the corresponding vertical elements,
without inclusion of the plate effective width (Figure 10, left)
and with inclusion of the plate effective width (Figure 10, right).
There is a big difference between the bearing capacity of beams
in the first and second case, and it is higher in the second case.

The bearing capacity of beams modelled with inclusion of the
plate effective width (Figure 9, right) contributes to a higher
structural system robustness compared to the models in which
the RC plate effective width is not taken into account (Figure 9,
left). From the state LS1 to the state LS4, which are dependent
on dilatations in concrete at yield strength of reinforcement, the
difference in system capacity

_ Qwith eff. width Qwi/a eff. width
LSi — LSi LSi

AQ

before reaching the corresponding damage state varies from
111.85 % to 125.22 % of the dynamic increase factor (DIF) of
the gravity load acting on the system (Figure 10). The effect of
modelling beams with inclusion of the RC plate effective width
on the increase in the system'’s bearing capacity is obvious.
In the case of state LS5, which depends on reaching the limit
tensile stress in the reinforcement, this difference is slightly
higher and amounts to 225.10 % (Figure 10), which makes the
beam cross-section modelling, with and without inclusion of
plate effective width, the most influential factor.
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Figure 10. Mean values of damage limit states (LSi)

High DIF values in the second case with LS5 (Figure 9, right) also
follow the number of beams that are joined above the removed
element, i.e. the DIF value for LS5 is significantly higher in cases
when four beams are joined in the node at the location of the
removed element, compared to three beams in other scenarios.
This phenomenon is characteristic of the second case (Figure 9,
right), where the plate effective width is included in calculation
and does not apply to the first case (Figure 9, left), where the plate
effective width is not included. In the first case (Figure 9, left), the
most resistant systems are those in which a smaller number of
beams are joined in the node of the removed element, at a greater

distance from the edge of the system at the base (A3 and C1). The
same cannot be said for the case of the column B1 removal, where
the system exhibits less robustness. Also, unlike the second case,
thereis no effect of “T” and “L’ beam cross-section, which increase
the capacity to accept pressure stress in the upper beam zone
at the reference points (at the location of the removed element),
nor additional reinforcements in the effective part of the plate
that increases the capacity to absorb tensile stress in the upper
beam zone at the other end of the span (relative to the point of
the removed element). In addition to the above, one of the very
important factors that depends on the system robustness is the
influence of position of the removed vertical element in relation
to the centre of stiffness of the structure, which is discussed in
Section 3.6.

3.5. Calculation of fragility curves

Based on damage limit state calculation results, the method
of mathematical probability and statistics was applied for the
purpose of calculating and constructing functions of fragility
curves. In this way, results of the scenario of removing vertical
elements of the structure in the ground floor were quantified
and compared from the perspective of probability of occurrence
of different degrees of system damage.

According to [9] “fragility functions can be defined as
mathematical functions that express the probability of an
adverse event to occur. The fragility function is the cumulative
distribution of the function of capacity of a structural system to
resist an undesired limit state.’

Fragility functions are functions of dependence of the intensity
measure (IM) and the probability of exceeding a certain limit state
of structural damage. The use of a log-normal, normal, or uniform
distribution function is the most appropriate in seismic engineering
and fragility analysis [9]. Based on the software package [93],
and the Kolmogorov-Smirnov and Anderson-Darling tests, it was
found that the application of the normal distribution function is
more suitable for the construction of fragility curves:

] 71'[ Qj-pysi ]2
f(Q)=—®—-e 2\ oLsi

o5 N2rm

(6)

where y . and o represent parameters of the mean value and
standard deviation value of the corresponding damage limit
state LSi. The probability of occurrence of the corresponding
damage limit state (LSi) for the DIF (Q) value is calculated by
applying the analytical cumulative distribution function (CDF)
for normal distribution:

Q-
PLSi[QirﬂLSivGLSI]ZQ(%j (7)

where @ is the CDF for the standard normal distribution
function. The ratio of probability of occurrence of damage limit
states is clearly defined as:
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Table 3. Statistical parameters for constructing fragility curves

Distribution parameters Without plate effective width With plate effective width
Damage limit state [T G Giscy Gis e [T G Giscy Gls e
LS1 1.725 0.282 1.,448 113.575 62.724 62.724
LS2 39.375 33.058 33.058 164.600 62.188 62.188
LS3 59.150 27.939 30,579 30.772 174.750 58.865 95,878 60.738
LS4 68.800 29.569 29.700 190.600 56.944 58.475
LS5 74.425 30.463 30.463 299.525 155.564 91.893

PLS1 (QI) > PLSZ (QI) > PLSS (Ql) > PLS4 (QI) > PLSS (QI)

(8)

Maximum Likelihood Estimation (MLE) method was applied

When constructing system fragility curves, it is common for
certain fragility functions to “intersect” for various damage
states, i.e. deviations from expression (8) can occur. The solution
is considered in [S]and it is based on the adoption of a common

parameter o, for all damage limit states. In this paper, the

P-]

]

[S, 94]. The condition (8) is satisfied, but some deviations of
results relating to uncorrected values (Figure 11, left and
Figure 12, left) can be further reduced. This can be achieved by
correcting parameters o, so that the corrected values o,
can be determined as values with the lowest deviation from

the calculated values of 5, ., while maintaining the order (8). The

o
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Figure 11. Fragility curves (without the inclusion of the plate effective width): according to [9] (P, ) (left), minimum corrections of standard

deviation (PLSI,CZ) (right)
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Figure 12. Fragility curves (with the inclusion of plate effective width): according to [9] (P,

(PLS,,Q) (right)
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Figure 13. Deviation values of corrected fragility functions: without inclusion of plate effective width (left), with inclusion of plate effective width

(right)

response parameters y,, o, G, ando,,, of the structural
system to the progressive collapse from the aspect of the
damage limit states are shown in Table 3.

Figures 11 and 12 show fragility curves without inclusion
of the plate effective width. Figures 11 and 12 (left) show
fragility functions obtained using the procedure described in [9]
(PLSW), while fragility functions in Figures 11 and 12 (right) are
calculated using aniterative procedure P, ., so that values of the
corresponding standard deviations have a minimum deviation
from uncorrected values (PLSI‘, e Meeting the condition (8).
Figure 13 shows deviations corrected from originally calculated
fragility functions, according to the expression:

AP =P g~ Pl (151,2,3,4,5),(=1,2) (9)
It is necessary to mention that very high values of deviation
were obtained for meeting the condition (8) for state LS1
(without inclusion of plate effective width). In the case of the
first method (C1), this value reaches a deviation of less than 1 %
from the uncorrected values only at Q = 80 %, while in the case
of the second method (C2), the deviation value for LS1 reaches
a value of less than 1 % from the uncorrected values already at
Q =6 % (Figure 13, left), which points to higher accuracy of the
second method (C2).

When applying both methods (with inclusion of the plate
effective width), the maximum value of deviation of the results
in relation to the uncorrected fragility function for LS5 (Figure
13, right) is £ 11.49 % (C1) and = 12.45 % (C2), respectively.
Higher deviation values are the result of satisfying condition
(8).

It can be observed that the deviation values are in most cases
lower when the second result correction method (C2) is applied,
that is, it can be concluded that the results obtained using the
second correction method (C2) are more accurate in describing
probability of different damage limit states.

Table 4. Deviations of corrected fragility functions from uncorrected
fragility functions

Deviation values Without plate With plate effective
effective width width
Dam;ife"mit c @) c1 2
LS1 +4855% | £30.33% | £10.12% | =0.00%
LS2 +1.89% | £0.00% | +1031% | +0.00%
LS3 +2.18% +234% | £11.57% | +0.75%
LS4 +081% | £011% | £1232% | =0.64%
LS5 +0.09 % +000% | £11.49% | £12.45%

3.6. Effects of position of removed element on limit
states of system damage

The results of previous analyses show a clearly less favourable
response of the system in which the beams were modelled without
inclusion of the plate effective width, compared to the system in
which the beams were modelled with inclusion of the plate effective
width. In addition, there is a difference in the resistance of the
structure to reaching certain limit states depending on the position
of removed element in the structural system.

In the first case (Figure 9, left), the system has the highest resistance
to progressive collapse when facade columns A3 (smaller cross
section than others, Table 1) and C1 are removed (these columns are
also the furthest facade columns from the edge of the building at the
base). They are followed by the inner columns C3 and C2, which are
also the furthest innermost columns from the edge of the building at
the base. They are followed by the facade column B1, equally distant
as (2 from the edge of the system at the base, but at a distance of
one span from the column presenting the smallest dimensions. This
is followed by columns B1 and B2 whose associated beams rely on
the RC wall. The system is the weakest when removing the wall W1,
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Table 5. Distance of columns from the centre of stiffness of the system

Removed element c3 c2 B3 B2 A3 Cc1 B1 W1
D - Di f -
‘ 'Stani‘;]rom cosa 2.97 6.64 6.64 891 10.71 10.71 12.24 13.45
1200 000
L] '-uﬂl A iil 57]
S— o mLS: i mLs:
1000 R i s0a0 i mis3|
. SR L5%| Ra 0 [EL54)
wo | S=Tine.m PN T oo e,
? ; .--"""'"--_.,_ "“h‘\ .-‘;;-'JIJI ; ." I“““.n 'E 3 "I't
-?- BOO e i -.'-‘ ~u ;‘, ', 1I|I ., -:—:- 3000 ,
T S e i e e B - o
i s, k| i . 1,‘.,' SE = h"-- ===l .’&_‘
X i vioW e ‘--..,::: T
- " i 1 » < s, - LN
00 o v sl  STEEE o
“ [ "'I.\“’i
oo Mﬂh‘{lﬂ—)— ao "‘._-.-.-_-.p.-.
F- £ B B 10 12 14 16 b & H 1 12 1% 16
D, [m] 0, [m]

Figure 14. Influence of the distance of the removed element from the centre of the system rigidity on the damage limit states: without the
inclusion of the plate effective width (left), with the inclusion of the plate effective width (right)

located at the very edge of the building at the base, which results, as
already mentioned, in progressive collapse.

In the second case (Figure 9, right), the system has the highest
resistance to progressive collapse when removing the inner columns
(3 and C2, which are also the furthest inner columns from the edge
of the building at the base, and the closest to the centre of stiffness
of the system. They are followed by internal column B3, equally
distant as C2 from the edge of the building at the base, but at a
distance of one span from the column of the smallest dimensions.
This is followed by an inner column B2 whose associated beam is
supported by and extended perpendicular to the RC wall. This is
followed by facade column A3 (smaller cross-section compared to
the others, Table 1), and then by facade columns C1 and B1. The
system is the weakest after removal of wall W1 located at the very
edge of the building at the base. The centre of stiffness (CoS) of
the system is located in the very centre of the section at the base,
because the structure is biaxially symmetrical. Figure 14 shows the
influence of distance of the removed elements from the CoS on
their resistance to progressive collapse from the aspect of DIF (Q).
Distance of the columns from the CoS is shown in Table 5.

While in the first case (Figure 14, left) there is no clear dependence
between Q and CoS, in the second case, it is very clear and thereis a
noticeable tendency towards decreasing system robustness as the
distance of the removed element from CoS increases. In the second
case, it can be said that system robustness is inversely proportional
to the distance of the removed vertical element from the CoS.

4, Conclusions and recommendations

Since buildings cannot be designed for every hazard to which the
structural system may be exposed during its lifetime, a general design
approach should take into account the action associated with low
probability events and huge consequences for the structural system,
which is characteristic of progressive collapse [7]. It is very important

to provide a reserve capacity for nonlinear system behaviour and
force redistribution. Such behaviour essentially depends on ductility
and detailing of the elements and on their interconnections, as well as
on the ability of the structure to develop an alternative load transfer
path in the event of loss of a vital element. In addition, to ensure that
the elements can act together, an adequate continuity of ductility
of joints and reserves of bearing capacity should also be ensured —
higher static uncertainty, i.e. (redundancy) [71. Structures designed in
accordance with recommendations for seismically resistant buildings
show lower fragility than those that are not designed in accordance
with seismic regulations [77]. After a column is removed, a beam with
a double span is formed, so that the lower and side reinforcement
should be continued, which is necessary in seismically active areas.
A number of documents and codes contain recommendations for
the calculation of structures that are less susceptible to progressive
collapse, i.e. robust structures. Structural design regulations should
focus on guidelines that are aimed at achieving a sufficient level of
system resistance to progressive collapse.
This paper analysed the robustness, i.e. the capacity of a five-
storey RC building to resist progressive collapse. Nonlinear analysis
methods (NSA and NDA) were used to analyse robustness of the
structure. The structural response for the scenarios of loss of one
vertical element on the ground floor (column or wall) was analysed.
The results of NSA and NDA application are presented in the form
of pushdown curves. More precisely, the states of damage limit of
the system were determined by applying the NDA method based
on the stress-strain states of the material, according to [61]. Using
the methods of mathematical statistics and probability, fragility
curves of the RC building were constructed and probabilities for the
occurrence of damage limit states were obtained.
- Two approaches in beam element modelling were compared:
- without inclusion of the plate effective width
- with inclusion of the plate effective width, and comparing the
results.
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From the obtained results, it can be concluded:

- The first and last relevant vibration periods related to translation
of reference points in the Z direction are higher in the first case,
which is expected, since the system has a higher vertical stiffness
in the second case.

- Effects of removal of vertical elements, from the aspect of
magnitudes of vertical displacements of the reference point, are
also better absorbed by the system in the second case.

- The results of modal, pushdown analysis, calculation of fragility
limit states, as well as calculation of fragility curves, indicate a
much more pronounced measure of system robustness in the
second case than in the first case of structural modelling.

- Inaddition, by comparing the results of the analysis, the following
was concluded:

- Thereisapronounced fragility of the structural system to the loss
of the wall compared to the loss of columns. It was found that in
the first case of system modelling, when the wall is lost, thereis a
progressive collapse of that part of the system.

- Although the application of both methods to correct the
intersecting fragility curves leads to certain deviations from the
uncorrected values, the application of the second correction
method (C2) provided results of higher accuracy.

- It was found that robustness of the structural system decreases
with the distance of the removed vertical element from the
centre of stiffness of the system, i.e. that the system is most
susceptible to progressive collapse when removing the edge and
facade vertical elements.

Based on the derived conclusions, it is recommended that the second
method of system modelling be applied in the analysis of robustness
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